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Experimental observations on the ISIS 1, ISIS 2, ISEE 1, and DE 1 spacecraft demonstrate that strong lower
hybrid (LH) waves can be excited by VLF electromagnetic (em) whistler mode waves as the em waves propagate
through regions of the ionosphere and magnetosphere where small-scale magnetic-field-aligned irregularities
exist in the mean plasma density. There is strong evidence that the LH waves are excited by linear mode
coupling as the em waves scatter from the irregularities. The present paper considers two related aspects of
the linear mode conversion mechanism: (1) the controlled heating of suprathermal ions in the ionosphere and
magnetosphere over a powerful VLF/ELF transmitter using LH waves excited by the em transmitter signals
through linear mode conversion; (2) the excitation of intense LH waves in the auroral regions through the
linear conversion of VLF/ELF em auroral hiss, and the subsequent heating of ions by the excited LH waves.
In addressing both aspects a critical feature is the behavior of the mode coupling mechanism at frequencies less
than 10.2 kHz, the lowest value observed in earlier experiments. Using the results of controlled experiments
carried out at Siple Station, Antarctica, it is demonstrated that strong LH waves can be excited by em waves
down to frequencies as low as 2 kHz in the subauroral low-altitude magnetosphere. Extrapolating from these
observations and making use of ISEE 1 satellite wave amplitude data, we conclude that a ~250 kW VLF/ELF
transmitter operating in the subauroral region at 2 kHz could excite sufficiently intense LH waves to heat
suprathermal 1 eV H* ions and 16 eV O* ions to roughly 50 eV in a region extending in altitude from
1000 to 5000 km above the transmitter with a horizontal scale of ~500 km. Furthermore, if coherent wave
stochastic heating occurs, the energy gain of O" ions could be as large as 200 eV. This effect would be
readily measurable with available satellite instramentation. Using a recently developed model of the linear
mode coupling mechanism, we furthermore conclude that a significant portion of the LH waves observed in
the auroral zone in regions of ion conic development may be excited by em VLF/ELF auroral hiss as the hiss

propagates through the irregular background plasma commonly observed in the auroral regions.

1. INTRODUCTION

The purpose of this paper is to consider two aspects of the
linear mode conversion of electromagnetic whistler mode waves
into quasi-electrostatic lower hybrid waves in regions of the iono-
sphere and magnetosphere where magnetic-field-aligned irregular-
ities exist in the mean plasma density. The first aspect concerns
the controlled heating of ions over powerful VLF transmitters us-
ing lower hybrid waves produced by linear mode conversion. The
second concerns the production of intense lower hybrid waves in
the auroral regions through the linear conversion of VLF electro-
magnetic auroral hiss and the subsequent heating of ions by the
excited lower hybrid waves. .

Lower hybrid waves are an important plasma wave mode in a
number of diverse fields of plasma physics. They have been pro-
posed as a means of plasma heating in fusion devices [Tripathi
et al., 1977; Antani and Kaup, 1984], as a means of heating jons
and creating ion conics in the auroral region [Lysak et al., 1980;
Chang and Coppi, 1981; Koskinen, 1985; Kintner and Scales,
1989; Retterer et al., 1986, 1989; McWilliams, 1989; Lysak, 1989]
and as a means of thermalizing the incoming energetic ions at the
bow shock [Mellott and Greenstads, 1988). They are also appar-
ently involved in ionospheric modification experiments [Wong et
al., 1981] and in the ion heating cbserved over powerful VLF
transmitters [Dzhordzhio et al., 1987].
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Although lower hybrid waves have been studied extensively
in magnetospheric physics in the last decade, their origin is still
unclear. In the auroral regmn it has been proposed that lower
hybnd waves are produced either as a result of a drift instability
or a beam-driven instability [Chang and Coppi, 1981; Koskinen,
1985] In the foot of the bow shock their origin has been at-
tributed to cross-field instabilities [Gary et al., 1987]. In addition,
the generation of lower hybrid waves through nonlinear paramet-
ric interactions has been extensively studied [Tripathi et al., 1976;
Lee and Kuo, 1984; Riggin and Kelley, 1982; Koskinen, 1985] in
recent years. Although much of the past work on the generation
of lower hybrid waves in the magnetosphere focused on specific
regions of the ionosphere and magnetosphere, such as the auroral
regions or bow shock, it has become clear from recent satellite data
that high-amplitude lower hybrid waves are commonly stimulated
throughout large regions of the ionosphere and magnetosphere by
ordinary electromagnetic (em) VLF whistler mode waves, such
as whistlers and signals from VLF transmitters, as they propagate
through regions where small scale magnetic-field-aligned plasma
density irregularities -exist [Bell et al., 1983b; Titova et al., 1984;
Tanaka et al., 1984; Inan and Bell, 1985; James and Bell, 1987,
Tanaka et al., 1987; Bell and Ngo, 1988, 1990]. We believe that
these irregularities do not arise from random temporal thermal
fluctuations but are actually relatively time independent spatial
changes in the mean plasma density which occur transverse to the
Earth’s magnetic field Bo. These irregularities may be similar to
HF ducts [Gross and Muldrew, 1984] in terms of their extension
along Bo and peak density enhancement, but their scale trans-
verse to Bo is apparently smaller. The known characteristics of
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these irregularities are discussed below in section 4. Since the
amplitude of the excited lower hybrid waves can exceed that of
the input electromagnetic waves by as much as 30 dB [Bell et
al., 1983b; Bell and Ngo, 1990], understanding the mechanism of
excitation of the lower hybrid waves is crucially important for the
understanding of wave-particle interactions in the ionosphere and
magnetosphere.

Although other explanations have been proposed [Titova et al.,
1984; Groves et al., 1988], we suggest that the lower hybrid waves
are excited by a passjve linear mode coupling mechanism as the
em waves are scattered by the small scale irregularities [Bell and
Ngo, 1988, 1990]. Accordmg to this model, the lower hybrid
waves are a type of quasi-eléctrostatic whistler mode wave whose
wave vector lies close to the resonance cone direction.

In the linear mode conversion model [Bell and Ngo, 1990],
for the case of planar irregularities, high-amplitude lower hybrid
waves are excited whenever the following two conditions are sat-
isfied:
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where f is the frequency of the input electromagnetic whistler
mode wave, ) is the wavelength of the electromagnetic whistler
mode wave, f7, g R is the lower hybrid resonance frequency, fi7.
is the electron gyrofrequency, N is the mean thermal plasma den-
sity, and z is the direction perpendicular to both the Earth’s mag-
netic field Bo and the planar irregularities. When (2) holds, the
WKB approximation fails for the electromagnetic wave and strong
mode coupling occurs between the electromagnetic whistler mode
waves and the quasi-electrostatic lower hybrid waves.

Within the plasmasphere, (2) is readily satisfied for the case of
small-scale magnetic-field-aligned irregularities. For example, a
5% change in the mean plasma densxty occumng over a distance
of 50 m gives N~'dN/dz ~ 10~2m™!, whereas typical values
for the whistler mode wavelength are A ~ 1 —3 km. Relation (2)
can also be readily satisfied in the auroral and subauroral regions
where large gradients in N are known to commonly exist.

In addition, in both the auroral and subauroral regions a signifi-
cant background spectrum of electomagnetic whistler mode waves
exists which could act as the input energy sourcg for exciting the
lower hybrid waves. Thus it would gppear that all the conditions
necessary to produce high-amplitude lower hybnd waves by linear
mode coupling are present throughout those large portions of the
magnetosphere where lower hybrid waves are actually observed.

These facts underscore the need to understand the linear mode
coupling mechanism in order to evaluate its importance with re-
spect to the other proposed lower hybrid wave generation mech-
anisms and to determine the effect of the excited waves upon
the energetic and thermal particle population in the auroral and
subauroral magnétosphere.

Spacecraft observations of lower hybrid waves excited by em
whistler mode waves clearly define their' characteristics. For ex-
ample, because the group velocity of the the stimulated lower
hybrid waves is small compared to that of the em waves which
stimulated them and because they are able to propagate thousands
of kilometers, they are observed ona spacecraft with time delays
as large as 500 ms with respect to the em whistler mode wayes
which, excite them. Furthermore, since the lower hybrid waves
have a ‘relatively short wavelength (5 m< A <100 m), they are
observed on a moving spacecraft with a large Doppr shlft [Bell
et al. 1983b, Bell and Ngo, 1988, 1990]. Because of these charac-
teristics, the lower hybrid (LH) waves are most readily observable
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when the input em whistler mode wave is coherent with known
frequency-time characteristics. In particular, lightning-generated
whistlers and signals from VLF transmitters are useful.

2. THE HEATING oF JoNs UsING
VLF/ELF TRANSMITTERS

The first topic we treat is the heating of jons by lower hybrid
waves which are excited through linear mode coupling by signals
from VLF/ELF transmitters. We base our arguments on the results
of controlled experiments designed to study the lower hybrid wave
excitation effect using the VLF/ELF transmitter at Siple Station,
Antarctica, and the Canadian ISIS 2 spacecraft. We use these
results to predict the lower hybrid wave field and ion heating that
might be produced in the subauroral region over a wave injection
facility.

The Siple experiments were part of a series of joint VLF/ELF
wave injection experiments involving the Communications Re-
search Centre af Ottawa, Canada, and the Stanford University
STAR Laboratory. The joint wave-injection experiments had four
main components: (1) broadband VLF/ELF receivers on the ISIS
1 and ISIS 2 satellites; (2) a broadband (1-20 kHz) controllable
VLF transmitter located at Siple Station, Antarctica [Helliwell and
Katsufrakis, 1974); (3) various VLF navigation and communica-
tion transmitters, such as those of the worldwide Omega network;
and (4) ground stations in the Antarctic and Canada.

The main goal of these, and similar, experiments is to acquire
understanding of interactions between coherent VLF waves and
energetic particles in the magnetosphere and ionosphere [Helli-
well and Katsufrakis, 1974; McPherson et al., 1974; Dowden et
al., 1978; Bell et al., 1981, 1983a; Helliwell, 1988; Bell and
Ngo, 1988, 199Q]. Sources of the coherent waves involved in
these studies include VLF transmitters, large-scale power grids,
whistlers, and other natural coherent VLF signals.

The VLF wave source in the wave-injection study reported
herein was the Siple Station VLF transmitter at L ~4.3 (76°S,
84°W geographic). One of the major advantages of the Siple
transmitter was its ability to produce controlled VLF signals at
frequencies in the range 1.5-6 kHz. This is the approximate range
of the lower hybrid resonance frequency (LHR) at ISIS 2 altitudes
(~1400 km) on magnetic shells in the range 4 < L <6. Thus
Siple transmitter signals can be used to study changes in lower
hybrid wave excitation characteristics that occur as the wave fre-
quency is swept through the local LHR frequency. These changes
include bandwidth increases [Bell et al., 1983b], as well as am-
plitude increases [Bell et al., 1985].

The ISIS 2 spacecraft was in a nearly circular orbit at approx-
imately 1400 km altitude with an inclination of 89° prograde.
The 75-m (tip-to-tip) receiving dipole antenna fed a VLF receiver
operating in the 50-Hz to 30-kHz range. The receiver featured a
linear amplifier with an automatic gain control (AGC) providing a
total dynamic range of 70 dB. Signals were telemetered to ground
and recorded in real time using a conventional FM modulation
scheme. Telemetry of data was arranged through the courtesy of
H. G. James.

Receivers, recorders, and antennas necessary to acquire the
telemetry signal from the analog portion of the ISIS 2 VLF wave
experiment were }n§talled at Siple Station in January 1982. Be-
cause of funding hﬁutauons, equipment necessary to acquire the
digital telemetry froih the spacecraft was not avaiable, As a re-
sult of this limitation, information concerning the absolute gain
level of the satellite VLF receiver was not recovered, although
the wave spectral distribution was fully recovered. Furthermore,
data from other operable spacecraft experiments, such as the top-
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side sounder, which might have provided important correlative
information, were also not recovered because they were carried
on the digital telemetry signal. As a consequence of this situation,
the absolute amplitude of the excited electrostatic waves reported
here could not be determined. However, their relative amplitude
with respect to the input signals was generally readily measurable.
In addition to the ISIS 2 observations made at 1400 km over Siple
Station, a few observations of the effect were also carried out in
the northern hemisphere near the conjugate point of Siple Station
using the ISEE 1 satellite (as well as the ISIS 2 spacecraft).

2.1. Observations

Figure 1a shows the typical experimental configuration during
periods in which strong lower hybrid waves were excited by pulses
from the Siple transmitter as these pulses propagated along the
short 1400-km path to the spacecraft through the ionosphere and
lower magnetosphere. In all cases the ISIS 2 satellite was located
near the Siple Station magnetic meridian at an invariant latitude
in the range 58° to 75° and at an altitude of approximately 1400
km. The distance in the Earth-ionosphere wave guide between
the subsatellite point and the Siple transmitter location (T") was
<1100 km.

The lower hybrid wave excitation experiments at Siple Station
were carried out from late April through early August in 1982.
Transmissions to the ISIS 2 spacecraft were attempted on 28 sepa-
rate passes during this time interval, and during 20 of these passes
lower hybrid waves excited by transmitter pulses were observed
on the spacecraft.

Figure 1b shows the invariant latitude and geomagnetic longi-
tude of the ISIS 2 satellite for representative passes when excited
electrostatic waves were observed. Most observations of the effect
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Fig. 1. (a) Sketch showing the typical experimental configuration during
periods in which strong lower hybrid waves excited by Siple transmitter
signals were observed on ISIS 2; (b) satellite position in invariant latitade
and geomagnetic longitude during periods of strong lower hybrid wave
excitation. The circled cross represents the position of Siple Station.
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were made in the subauroral region poleward of the plasmapause
location (67° > A; >60°) and were spread with rough uniformity
over 16° of geomagnetic longitude, centered approximetely on the
transmitter meridian.

Typical examples of excited electrostatic waves are shown in
the spectrograms of Figure 2. The upper panel of Figure 2a shows
six swept-frequency transmissions from Siple when the local LHR
frequency at the satellite was below 3 kHz. The lower panel of
Figure 2a shows the signal format as transmitted at Siple. The
bandwidths of the received signals lie in the range 200-500 Hz,
more than 2 orders of magnitude larger than the nominal 1-Hz
bandwidth of the transmitted signals. The upper panel of Figure
2b shows six swept-frequency transmissions from Siple when the
local LHR frequency was above the highest transmitted frequency.
The local LHR frequency is equal to the lower cutoff frequency of
the LHR noise band and is marked by an arrow on the frequency
axis at the beginning of the spectrogram [Laaspere et al., 1971].
The lower panel of Figure 2b shows the signals as transmitted at
Siple. For this case, measurements show that the bandwidths of
the transmitted and received signals are comparable.

This figure illustrates a characteristic feature of the Siple/ISIS
2 data, i.e., lower hybrid waves were excited only when the fre-
quency of the input signal f equaled or exceeded the local lower
hybrid resonance frequency. This condition is identical to that
found during earlier observations at frequencies above 10 kHz
{Bell et al., 1983b; Titova et al., 1984, Tanaka et al., 1984; Inan
and Bell, 1985; Bell and Ngo, 1988] and helps to identify the
excited waves as lower hybrid waves.

A unique feature of the 1982 ISIS 2 observations was the fact
that they included the subauroral region outside the plasmapause
(4< L <6) where the local frgp at the satellite location was
often as low as 2 kHz, a value comparable to those obtaining in
the low-altitude auroral region. As a result of this circumstance
it was possible to demonstrate that lower hybrid waves could be
excited at these frequencies, as long as the condition fryr < f
was satisfied.

An example of lower hybrid wave excitation for <3 kHz is
shown in Figure 3. At this time satellite data indicated that
frgr ~25 kHz. The spectrogram in the figure shows lower
hybrid waves excited within an apparent bandwidth of ~300 Hz
centered on the instantaneous frequency of the input pulse as the
frequency decreases linearly with time from 4 kHz down to ~2.5
kHz, the approximate local value of fryr . For f < fLHR »
no lower hybrid waves are excited and the signal bandwidth is
~1 Hz. The format of the transmitted input pulse is similar to
those shown in Figure 2. As the frequency of the input signal ap-
proaches the value f ~ fr ;g , shortly before the 4 s. mark, there
is an abrupt increase in apparent bandwidth, from ~300 to ~500
Hz, as well as an increase of ~3 dB in total signal amplitude.
This increase of apparent bandwidth and amplitude of the lower
hybrid waves when f — frygr from higher frequencies was a
common occurrence during our study and may be a characteristic
feature of the excitation mechanism.

‘When lower hybrid waves were excited by input signals from
the Siple transmitter, their total electric field intensity with respect
to the input pulse ranged from a few dB up to as much as 30 dB.
Figure 4 shows a few typical examples of the dynamic power
spectral density (PSD) of the electric field of lower hybrid waves
excited by Siple transmitter pulses. The units of the plot are
(volis)*/Hertz. The input signals for Figures 4a and 4b were fixed
frequency pulses at 4.45 and 4.95 kHz, respectively. The PSD
of each pulse was sampled every 50 ms using a digital spectrum
analyzer with 4-Hz frequency resolution, and the results were
plotted on moving photographic paper. Each PSD sample was



11,382

ISIS-I

A= 57.47°S, L+3.69,

0933 UT
[ P d e T TR . 3

m\e?..,\..‘\-“

kHz
3

kHz

3-

0935 uT

3

B8 -

kHz

0 5 IO

ng”!" Lx\

BELL ET AL.: HEATING OF IONS BY LOWER HYBRID WAVES

9 JULY 19882
$g* 78.4°W, h: 1403 km
1SIs-I

st (a)

ISIS-II

s1 (o)

N S

20 sec

Fig. 2. (a) Lower hybrid waves excited by signals from the Siple Station transmitter when f > f1 gR. (b) lower hybrid waves

are not excited when f < frur.

plotted across the paper in 8 ms and new samples were obtained
every 50 ms. Thus each panel shows approximately 300 ms of
data. The intensity is measured on a logarithmic scale with respect
to the sloping baseline. Figure 4a shows the most common case in
which the spectrum of lower hybrid waves was distributed roughly
symmetrically about the input pulse frequency. In this example
the lower hybrid wave intensity exceeded that of the input pulse
by roughly 10 to 20 dB over the 300 ms time interval. Figure
4b shows a less common case in which the lower hybrid waves
appear predominantly at lower apparent frequencies than the input
pulse. Here the lower hybrid wave intensity was roughly 5 to 15
dB above that of the input pulse.

2.2. Antenna Response

to theary [Bell et al., 1983b; James and Bell, 1987;
Bell and Ngo, 1988; 1990], the frequency difference Aw, between

any given lower hybrid wave component and the input pulse, is
given by the well-known Doppler shift expression:

Awp =Ky - Vs (3)

where ELH is the wave vector of the lower hybrid wave and 17,
is the spacecraft velocity vector. As a consequence of (3), the
PSD plot of Figure 4 can be used to determine the electric field
amplitude of lower hybrid waves as a function of wave length.

In general, the PSD approaches the background noise levels
fairly smoothly as |Awp| increases beyond 100 Hz. However,
there is good reason to believe that this intensity decrease is a
feature of the satellite dipole antenna response rather than a char-
acteristic of the lower hybrid wave spectrum.

Physically, we would expect the response of an electric dipole
antenna to the electric field of a lower hybrid wave might be much
reduced whenever the wavelength Ap g of the lower hybrid wave
was much less than the antenna length |I]. This condition can be
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Fig. 3. Lower hybrid waves excited by a transmitter pulse of descending frequency. Amplitude and apparent bandwidth of the

lower hybrid waves increase as f — fLuR.
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Fig. 4. Power spectral density of lower hybrid waves excited by two
transmitter pulses. (a) lower hybrid spectrum roughly symmetric about
input pulse frequency (denoted by arrow on frequency axis) (b) lower
hybrid spectrum observed predominantly at lower apparent frequencies
than that of the input pulse.

written:
Iz » ALl 4)

where I is the component of Ta.long E. When (4) is satisfied the
phase of the wave clectnc field will go through a large number of
complete cycles along T and the antenna voltage produced by the
wave electric field will tend to average toward zero. On the other
hand, using similar arguments, we expect the antenna response to
be relatively independent of wavelength when the wavelengths in
question are such that

Ie <App/2 (5)

Equation (5) restricts the antenna length in the direction of E
to values less than, or equal to, one half of the wavelength of the
lower hybrid wave. Applying (5) to the case of the ISIS 2 dipole
antenna whose total length is 75 m, we conclude that the antenna
response may decrease for lower hybrid waves whose wavelength
is less than 150 m. The expected maximum Doppler shift for
ALH ~150 m can be calculated from (3), using Vs ~7 km/s:

|Afp| ~ 50Hz ©)

Equation (6) suggests that, in the case of excited lower hybrid
waves whose apparent frequency differs by more than 50 Hz from
the input wave frequency, the measured amplitude must be cor-
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rected for the reduced antenna response in order to determine the
true wave amplitude. This correction is not straightforward since
at the present time thers is no generally accepted theory which
describes the response of an electrically long antenna in a magne-
toplasma. However it is of interest to consider a model of antenna
response which has been successfully applied to the case of short
wavelength electrostatic waves in the magnetosheath [Gallagher,

1985]. In this model the antenna response for ISIS 2 has the form

sin® z
x4

where « is the angle between ELH and7, and z = (ELH ~T)/4.

In the limit of long wavelengths, z <1, and R ~ cos’a as
expected. In the short wavelength limit, k! > 1, and two
cases need to be considered. First, if & ~0, then:

()"
Ro~ (~EEL

On the other hand, R has an absolute maximum value when
a=cos k)l

-2
krgl
- (4)

and the maximum value Ry, occurs when the projection of the
antenna length along the wave electric field vector is roughly one-
half wavelength.

Comparing (8) and (9), it can be seen that the antenna response
can vary greatly as a function of antenna orientation in the lower
hybrid wave field. This variation is believed to be the cause of
the large changes in the apparent bandwidth of the lower hybrid
waves which have been correlated with antenna orientation [Bell et
al., 1983b]. Examples of lower hybrid wave bandwidth variation
with antenna orientation can be found in the work by Bell et al.
[1983b] where it is shown that maximum bandwidths of as much
as 2 kHz can be observed when strong transmitter signals are
involved.

To understand how the bandwidth can be controlled by the
antenna orientation with respect to Bo, consider the following
argument. When the antenna is roughly parallel to kL o, lower
hybrid waves for which kpp! >1 will produce only a small
antenna response, according to (6) and will be suppressed. For
some given value of kzpy = kN LH» the measured intensity of the
lower hybrid waves will _]llSt equal the intensity of the noise back-
ground, and for krz > kLH it will be below that of the noise
background. When the antenna approaches the position where
the maximum response of the antenna occurs, as shown in (9),
the short wavelengths are not suppressed as strongly and a range
of lower hybrid wave components with k77 > ki z will now be
measured at intensity levels above that of the noise. Since these
short wavelengths are associated with larger Doppler shifts, the
apparent bandwidth of the lower hybrid waves will then increase.

It is of interest to apply (8) to the data of Figure 4, which shows
that the lower hybrid wave intensity reaches the background noise
level when |Afp| ~150 Hz. From (3) this implies a maximum
wavelength of Ay ~45 m, and for this value R ~0.03. Thus if
(7) is correct, the PSD plot in Figure 3 actually underestimates
the true intensity of the lower hybrid waves with |fp| ~150 Hz
by roughly 15 dB. These considerations suggest that the ratio of
total lower hybrid wave intensity to input wave intensity is larger
than the spacecraft observations at first sight appear to indicate.

R=cos’a

@

®)

)

With the data of Figure 3 it is not possible to determine the
existence of lower hybrid waves with A <45 m. However,
satellite observations of lower hybrid waves excited by signals
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from more powerful transmitters show lower hybrid waves with
Doppler shifts of up to 1 kHz. For Vs = 7 km/s this implies a
wavelength of roughly 7 m [Bell et al., 1983b].

2.3. Ion Energy Gain

The fact that lower hybrid waves can be readily excited by
electromagnetic whistler mode waves from VLF/ELF transmitters
and that the lower hybrid wave amplitude can exceed the ampli-
tude of the input wave by as much as 30 dB suggests interesting
possibilities for using this phenomenon to produce significant ion
heating in the ionosphere over a powerful VLF/ELF transmitter.
In particular, it might prove possible to produce ion conics under
controlled conditions and thereby shed light on this important au-
roral phenomenon. Experimental measurements of lower hybrid
waves in regions of ion conic formation give values generally in
the range 0.2-10 mV/m for the lower hybrid wave electric field
amplitude [Kintner and Garney, 1984; Peterson et al., 1988].

To reach the upper/end of this amplitude range, 10 mV/m,
would require an input electromagnetic whistler mode wave am-
plitude of roughly 1 mV/m, assuming a 20 dB ratio of lower
hybrid wave amplitude to input electromagnetic wave amplitude.
Measurements on the ISEE 1 spacecraft indicate that when the
radiated power is roughly 1 kW, the amplitude of 2-5 kHz signals
from the Siple Station transmitter is at least 0.2 mV/m up to an
altitude of 5000 km directly over the station and over a horizon-
tal scale of ~500 km centered on the station. Thus a radiated
power of roughly 25 kW would be needed to produce an input
wave amplitude of 1 mV/m over the transmitter. Experience with
the Siple transmitter suggests that radiation efficiencies of 10%
are achievable with a multielement horizontal antenna array even
for frequencies as low as 1 kHz. Thus interesting ion heating
experiments should be possible with antenna input powers in the
250-kW range.

To illustrate these possibilities, in the appendix we calculate
the energy gain of suprathermal ions moving through the excited
lower hybrid wave field using a model similar to that descussed by
Lysak et al. [1980] and developed by Chang and Coppi [1981].
This model treats the suprathermal ions as unmagnetized, in which
case the ions resonate with a given lower hybrid wave whenever
the condition holds

w
v ¥ —

kL (10)

where v is the ion velocity perpendicular to ﬁo and k, is the
wave number of the lower hybrid wave perpendicular to Eo. Since
satellite observations suggest that the minimom wavelength for
excited lower hybrid waves is roughly 7 m, the smallest value
of ») which will satisfy (10) for a 2-kHz frequency is v, ~ 14
km/s, or roughly the velocity of a 1 eV H* ion or a 16 eV O*
ion.

As discussed in the Appendix, if it is assumed that the LH wave
field consists of waves with random phases (other simplifying
assumptions are also discussed in the Appendix) the energy gain
A¢ of an ion moving through the lower hybrid wave field has the
approximate value:

Ag ¥ [arg)t [%quA(kl)ﬁ an

where r is the radial distance from the center of the Earth to the
center of the scattering region, £ is the length of the scattering
region along Eo, ¢ is the ion charge, and P4 (k) is the average
power spectral density over the band 0 < k) < "Lo’ and v ¢ is
the initial ion velocity. From (A14) of the appenihx it is found
that Pya(ky) ~ 10? (mV)zlm for an rms value of 10 mV/m for
the LH wave electric field.
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Assuming a scattering region extending from 1000 to 5000 km
above the transmitter and a value of 10 mV/m for the lower hybrid
wave RMS electric field, it is found that the energy gain of both
1 eV H* ions and 16 eV O* ions is approximately

Af ~ 50 eV (12)

This same energy increase will occur for H* ions of energy
greater than 1 eV since (11) is independent of initial ion energy
as long as (10) is satisfied. Larger energy changes are possible
if the minimum lower hybrid wave length An, is larger than 7 m
since then the range of k; will be decreased and P4(k, ) must
be larger to produce the same rms electric field amplitude of 10
mV/m. For example, if Ay, = 14 m, H* ions below 4 eV will not
be resonantly heated, but H* ions of energy 4 eV and above will
increase in energy by approximately 70 eV. Similarly if Ay, = 28
m, H* ions below 16 eV will not be heated, but H* ions above
16 eV will increase in energy by approximately 100 eV.

Clearly, many interesting possibilities for ion heating appear to
exist if the required lower hybrid wave amplitude can be produced
above the transmitter. One method of enhancing the amplitude of
these waves might be to artificially increase the plasma turbulence
above the transmitter by chemical releases from rockets, since
theory [Bell and Ngo, 1990] predicts that the amplitude of the
lower hybrid waves will be proportional to the amplitude of the
small-scale magnetic-field-aligned plasma density fluctuations that
exist in the plasma over the transmitter. However, we know of
no experimental data which demonstrates that the required small-
scale irregularities can be created during chemical releases.

The foregoing analysis assumes that H* and O* ions are heated
quasilinearly, that is to say, the cumulative heating is due to a
superposition of accelerations by a large number of waves with
random phases. While this assumption of random phase agrees
with the bulk of the observations concerning excited LH waves
[Bell et al, 1983b; Bell and Ngo, 1988}, it is nevertheless common
to find that energy in the LH wave field is concentrated at just
a few values of k) (for example, see Figure 11 of Bell et al,
[1983b]). In these cases the wave field can be modeled as a sum of
a few coherent LH waves, and if an ion maintains a definite phase
relationship with respect to one or more coherent wave modes,
its phase space trajectory can become stochastic. This implies
that the particle trajectory will eventually fill the available phase
space and have access to energies up to some maximum value
which has been calculated [Karney and Bers, 1977; Karney, 1978;
Papadopoulos et al., 1980]. This type of acceleration, which
amounts to the coherent addition of accelerations by Eg cos(kzz—
wt— &) versus the addition of random fields as E%t. has a threshold
for the stochastic filling of available phase space given by Karney
[1978] for coherent LH waves:

1

1{wy; 3w
Eg =~ — B,
0% 3% ( w ) k1 0
where Ey is the threshold field, wg; is the ion gyrofrequency,
and By is the magnitude of the Earth’s magnetic field. When the
LH field exceeds (13), ions of mass M and charge ¢ satisfying

the resonance condition (10) can then be heated to a maximum
energy [Karney, 1977; Papadopoulos et al., 1980]:

2
() (=) () (£)]
Mg e T Ty fu
14)
where ¢ is the potentical of the LH wave and Mg, Ty, py, and
fH are the mass, temperature, gyroradius, and gyrofrequency, re-
spectively, of hydrogen ions. The energy gain of (14) is achieved

after ~1000 cyclotron periods of the heated ions [Karney, 1978].

13)

fmaz

Ty
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For O* ions between 1000 and 5000 km altitude this represents
an interaction time of roughly 30 s. During this short a period the
heated O* ions will traverse only a small altitude range (~200
km) and thus (14) represents a relatively local heating effect as
compared with the quasi-linear heating of (11) which requires
a ~4000 km altitude interaction region. According to (13), for
given values of k) and w lower values of Eq will occur at higher
altitudes where By and wpy; are smaller. Furthermore, accord-
ing to (14), greater stochastic heating will also occur at higher
altitudes for the same reason. At 5000 km altitude near L ~5,
fu ~150 Hz and for A\; =7 m and f=2 kHz we find Ey ~15
mV/m for 1 eV H* ions and Ep ~6 mV/m for 16 eV O* ions.
According to (14) the maximum stochastic heating for the 16 eV
O* ions when E ~10 mV/m, keeping other parameter constant,
is €mazr ~90 eV. Since the mass dependence factor in (14) is
unity for H* but ~10% for O, it is clear that the coherent wave
stochastic heating is much more efficient for heavy ions. For in-
stance, (14) predicts that even a large LH field amplitude of 40
mV/m gives for H* ions an energy gain of only émaz ~6 eV,
while (11) predicts that the same rms field would heat H* to 200
eV. Thus it can be seen that the quasi linear acceleration is much
more efficient than the coherent wave acceleration in heating H*,
while the coherent acceleration is more efficient in heating O*.

Which heating mechanism operates depends on whether the
LH waves are sufficiently coherent and of large enough ampli-
tude. If coherent, the quasi-linear assumption of random phases
breaks down, and one would expect that waves whose ampli-
tudes are above threshold for stochastic heating would heat oxygen
more than hydrogen. There is evidence for higher perpendicular
fluxes of oxygen than helium and hydrogen in the observations
of Dzhordzhio et al. [1987] concerning the presence of heated
ions at altitudes near 1700 km over a powerful VLF transmitter.
In this experiment the transmitter frequency was 15 kHz, the ra-
diated power was 300 kW, and the enhanced fluxes of ~300 eV
H*, He*, and O* ions were observed for roughly 1 min as the
ARCAD 3 satellite passed over the transmitter location (64°N,
42°E geomagnetic). The heating was attributed to the presence
of an intense lower hybrid noise band with amplitude ~30 mV/m
near 4.5 kHz which was produced by the 15-kHz transmissions.
Dzhordzhio et al., [1987] suggested that the lower hybrid waves
were excited through a parametric conversion of the transmitter
signals into lower hybrid waves and electrostatic ion cyclotron
waves.

Are the Dzhordzhio et al. results due either to quasi-linear or
stochastic heating by the lower hybrid waves at 4.5 kHz? Near
the satellite location we have fy ~400 Hz and assuming A ~7
m we find from (13) a threshold value of Eg ~90 mV/m for H*
ions and Eg ~40 mV/m for O* ions. Thus the measured LH
wave amplitude does not appear large enough to have produced
stochastic heating effects. To calculate the possible quasi-linear
heating for the 30 mV/m LH wave amplitude, we use £ ~1000 km
in (11) (since the upgoing ions were heated below the satellite) to
obtain A¢§ ~100 eV, a value too small to explain the observations.
Thus we conclude that an additional heating mechanism may have
been operating in the Dzhordzhio et al. experiments.

Although the mechanism of excitation of the lower hybrid
waves is not certain in the Dzhordzhio et al. experiment, ex-
perience with the Siple transmitter suggests that a VLF wave in-
jection facility capable of radiating 25 kW at 2 kHz could be
readily modified to radiate ~300 kW at ~15 kHz. Thus consider-
able flexibility in the means of producing lower hybrid waves for
ion heating would appear to be available using VLF transmitters.
In particular, in an experiment similar to that of Dzhordzhio et
al. the radiated power from the transmitter could be varied in
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order to determine under controlled conditions the threshold LH
amplitude level at which the transition from quasi-linear to mass
dependent heating takes place. This intriguing possibility could
aid our understanding of why preferential heating of oxygen is
often observed in naturally occuring ion conics.

In addition to the heating mechanisms discussed above, it may
also be possible to heat suprathermal ions by lower hybrid waves
which are generated by parametric instabilities in which the trans-
mitter signal acts as the input energy source. A three-wave para-
metric interaction of this kind has been discussed by Riggin and
Kelley [1982], and a four-wave interaction has been discussed by
Groves et al. [1988]. An input wave amplitude of 1 mV/m appears
sufficient to satisfy the threshold requirements for these interac-
tions. However, neither Riggin and Kelley [1982] nor Groves et
al. [1988] show that the wavelengths of LH waves produced in
their models will be small enough (<10 m) to resonantly heat
1-eV ions. Thus these interactions need further study in order to
determine their efficacy in ion heating.

3. LoweER HYBRID WAVE EXCITATION
IN THE AURORAL REGIONS

The origin of the lower hybrid waves observed in regions where
ion heating and ion conics are found is not clear. Thus we ask
the question: Can a significant portion of the lower hybrid waves
observed in the auroral regions be excited by linear mode con-
version as electromagnetic VLF/ELF auroral hiss scatters from
the magnetic-field-aligned irregularities which exist in the mean
plasma density in the auroral region?

In order to estimate the level of lower hybrid wave activity in
the auroral regions that might be produced though linear mode
coupling, we assume that the auroral irregularities are planar and
roughly magnetic-field-aligned, perhaps analogous to the sheets
of ionization produced by auroral energetic particle precipitation.
In this case we can represent the mean cold plasma density N(z)
in any given region containing irregularities by the Fourier series:

2]
N(@@)=No+ »_ ANm e *m?
m=o0o
where km = 2rm/W, m = 1, 2, etc,, and W is the width of
the irregular region along the z axis.

It is useful to identify each term in (15) so that our formulation
is clear. As stated above, N(z) is the mean plasma density, i.e., the
time averaged value of the local plasma density. Consequently,
N(z) has no explicit time variation and is a function only of
distance transverse to the ambient magnetic field direction. The
terms on the right-hand side of (15) are defined by the usual
relations for Fourier series:

1 w
Ny = W/o N(z)dz

as)

1 ik
AN,, = N IBmT
77 /0 (z)e dz

Thus Ny is a constant which is equal to the average value of
the mean plasma density, and the ANy, are the time-independent
amplitudes of the spatial Fourier components which together con-
tain all the information concering the gradients of N(z) within
the region of width W.

According to the theory of Bell and Ngo [1990], an electromag-
netic whistler mode wave propagating across the irregular region
will excite lower hybrid waves whenever conditions (1) and (2)
are satisfied. The amplitude of the excited lower hybrid waves
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will maximize whenever the matching condition is satisfied:

EM LH
T +km = T

(16)

where kf M and ki’H are the x components of the wave vectors of
the electromagnetic and lower hybrid waves respectively. Since
sz M & k,I,’ , the matching condition becomes k£‘H ~ km,
and thus the excited lower hybrid wave amplitude will maximize
whenever the wavelength of the lower hybrid wave matches that
of any of the Fourier components of N(z).

This behavior is illustrated in Figure 17 of Bell and Ngo [1990],
where an electromagnetic whistler mode wave scattering from a
series of 10 equally spaced Gaussian mean plasma density en-
hancements is shown to excite lower hybrid waves whose ampli-
tude increases linearly with distance. The amplitude increase in
this case occurs because the spacing between the Gaussian den-
sity enhancements is approximately equal to the wavelength of the
lower hybrid wave excited by the input whistler mode wave. Thus
the lower hybrid waves excited on each enhancement add coher-
ently along the £ axis and the total lower hybrid wave amplitude
increases with distance. In this case, (16) is just the condition
necessary for the coherent addition of amplitudes for the lower
hybrid waves from each enhancement. One way to understand
this result is to think of N(z) as a time-independent diffraction
grating with spatially periodic components discribed by the sec-
ond terms in (15). Waves scattered (excited) by this grating will
add coherently whenever (16) is satisfied. Otherwise, the scat-
tered (excited) waves will mutually interfere and lower intensity
will result,

Equation (AS5) of Bell and Ngo [1990] gives the lower hybrid
wave amplitude (in the electrostatic limit) excited by an input
electromagnetic whistler mode wave scattering from the general
mean plasma density profile given in (15). For present purposes
we simplify this expression by assuming that there is a domi-
nent spatial Fourier component with wave number &k, and that:
N(z) ~ Nog+ANm cos(km z+¢), where ¢ is an arbitrary constant.
In this case it can be shown from (A8) of Bell and Ngo [1990] that
when (16) is satisfied, the amplitude Ef g of the excited lower
hybrid wave is related to the spatial mean density change by the
expression:

2 2 2
1 D AN,
|ELH|2=z(ka) (g) (T:') IEem> (D

where Eg)ps is the electric field amplitude of the input electro-
magnetic wave, and D and S are components of the cold plasma
dielectric tensor as defined by Stix [1962].

For frequencies near wy g R,

D f (HTY
S_fHe szM

is the wave number of the input electromagnetic wave

(18)

where ka
along ﬁo.

Now consider typical low-altitude (~2000 km) auroral con-
ditions with frgyr ~ 2 kHz, fyg. ~ 800 kHz and kEM ~
10~3m =1, In this case if we assume ANy [Ng ~ 0.1%, W ~500
m, and A, ~10 m, where km=27/Am, (17) becomes

|ELer|* = 3 x 104 Egpr 2 (19)

The choice of W=500 m is consistent with the data shown in
Figure 2 [Bell and Ngo, 1990]. However, the appropriate value
in the auroral regions is not known.

Typical values for the electric field tral density of elec-
tromagnetic auroral hiss range from 10™ %0 10~2(v/m)’Hz~!
[Laaspere et al., 1971; Gurnett and Frank, 1972] at frequencies
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within a few kHz of wy g r. Taking the midpoint of this range
and using a bandwidth of 2 kHz, we obtain

2
|Egml? ~ 2 x 10‘2("‘?">

Using (19) and (20), we obtain

2
|ELg|? ~ 6 x 102 (%)

The prediction of (19) lies at the upper end of the range of lower
hybrid wave amplitude in regions of ion conic formation and is
also comparable to the lower hybrid wave amplitudes required to
produce ion conics according to the theory of resonant ion heating
suggested by Lysak et al. [1980] and developed by Chang and
Coppi [1981}.

Thus it appears possible that in the auroral regions significant
ion heating may be produced by lower hybrid waves which are
excited through linear mode coupling as electromagnetic VLF au-
roral hiss scatters from spatial irregularities in the mean plasma
density. The necessary condition is that the mean plasma density
must possess some periodicity with a spatial wavelength of the
order of 10 m or less transverse to the ambient magnetic field
direction.

(20

(21)

4. DiscussioN AND CONCLUSIONS

An important unresolved question in the foregoing development
is the nature of the small-scale irregularities which are associated
with the excitation of the LH waves. We do not believe that
they are ordinarily produced through random temporal thermal
fluctuations since LH wave excitation by whistler mode waves is
not always observed at mid-latitudes [Bell et al., 1983b] within
the plasma sphere, a region in which the temperatures of ions
and electrons do not usually vary considerably in space or time.
However thermal fluctuations could lead to a low level of LH
wave excitation which might appear as random noise in the wave
detector. To treat the problem of thermal fluctuations, a formu-
lation different from the one given above is required, but this is
beyond the scope of the present paper. However, a mathematical
treatment of this effect might be analogous to that of Sentman
[1982].

In the linear mode coupling theory [Bell and Ngo, 1990] these
irregularities are assumed to consist of spatial changes in the mean
plasma density. They maybe similar to HF ducts [Gross and Mul-
drew, 1984] in terms of their extension along By, peak density
enhancement, and sheetlike geometry. However, their scale in at
least one dimension transverse to By is generally much smaller.
Satellite observations of variations in the local value of fr iy g dur-
ing periods of LH wave excitation suggest that the mean plasma
density varies by as much as a few percent in a distance of ~5 m
[Bell et al., 1983b]). This supports the assumption of the theory.
Attempts to determine the physical properties of the irregulari-
ties using satellite observations in conjunction with theory have
yielded information concemning the amplitude of the irregulari-
ties at scales as small as 13 m [Bell and Ngo, 1990]. However,
satellite observations with smaller electric antennas (<10 m) are
needed to determine irregularity amplitudes at scales less than 13
m. Such measurements have recently been carried out on the DE
1 spacecraft [Bell et al., 1991].

The origin of the irregularities is also not known at the present
time, but it is possible that they are produced by a feed back
mechanism involving the precipitation of energetic particles by
the excited LH waves [Bell and Ngo, 1988].

We conclude that significant heating of suprathermal ions in
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the low-altitude subauroral magnetosphere can be achieved using
lower hybrid waves excited by VLF/ELF transmitters through lin-
ear mode coupling. Thus controlled experiments of this important
auroral phenomenon may be possible using a VLF/ELF wave in-
jection facility. In particular it may be possible to determine the
threshold value of lower hybrid wave amplitude at which the tran-
sition from quasi-linear heating to mass-dependent heating takes
place. Furthermore, we conclude that a significant component of
the lower hybrid waves associated with ion heating and ion conics
in the auroral and subauroral magnetosphere may be generated by
a linear mode coupling mechanism as electromagnetic VLF au-
roral hiss scatters from magnetic-field-aligned irregularities in the
background mean plasma density.

5. APPENDIX: HEATING CALCULATIONS

Given that a lower hybrid wave amplitude of roughly 10 mV/m
can be excited up to 5000 km above a 250 kW VLF transmitter,
what heating rates can be expected for suprathermal ions? This
question is difficult to answer precisely since there is presently no
commonly accepted mechanism for the heating of ions by lower
hybrid waves, and both resonant [Chang and Coppi, 1981] and
nonresonant [Singh and Schunk, 1984] heating mechanisms have
been proposed, as well as nonlinear resonant heating [Karney and
Bers, 1977; Karney, 1978; Papadopoulos et al., 1980].

For the sake of argument, we assume that linear resonant heat-
ing is the dominant mechanism and that the effect of the Earth’s
magnetic field on the motion of the ions can be neglected [Chang
and Coppi, 1981]. For simplicity, we also assume that the plasma
density irregularities within which the lower hybrid waves are
excited are planar and extend roughly parallel to Bo and that con-
sequently the electric field vectors of the excited lower hybrid
waves lie on the resonance cone in a direction roughly normal to
the irregularities [Bell and Ngo, 1990]. In this case an ion will
respond to any given component of the lower hybrid wave field

according to the Lorentz relation:

V= iEe"‘“’“’“"" (A1)
where -4- is the ion charge to mass ratio, and E is directed along
. For f ~2 Hz, the resonance cone angle 8, ~ 90°, k, < k;
and |E;| < |Ex|; thus to a good approximation (Al) can be
written

g = lEzei(wt—k,x)
m

(A2)
where the £ axis is normal to the planar irregularities.

For a given amplitude Fy the largest changes in vz will occur
when the resonance conditon is satisfied:
w
ke
Furthermore, the ion will also interact strongly with lower hybrid
waves with k; values close to those defined in (A3) as long as
the phase factor in (A2) remains small, i.e.,

[(w — kzvz)AL] < 27

(A43)

vz =

(A4)

where At is the interaction time.
Expanding kz in (A4) about the value defined in (A3) we ob-
tain:

vz AkzAL] X 2% (A5)

Equation (A5) defines the interaction time for an ion in resonance
with a set of lower hybrid waves with wave number spread Akz.
The mean square energy change of the ion due to this interaction
over a time At can be obtained from (A2):
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2% quz

2s =
<@Y> ==m5

(A6)
where ¢ = 1/2mv§..
From (A6) the diffusion rate for energy can be calculated:
D=SB> _ api, (A7)
where we have ehmmated At on the right-hand side using (AS5),
and where P(kz) = E2 /Ak is the power spectral density defined
by the relation
Eh= / P(kz)dk; (A8)
where Eg is the root-mean-square value of the lower hybrid wave
electric field.
After moving in the lower hybrid wave field for a time r, ions
can experience a net energy increase of roughly

A¢ ~ (rD)}

where we have assumed that P(kz) is roughly constant over the
range of k. An approximate value for 7 can be found from the
equation which describes the adiabatic motion of the ions in the
Earth’s dipole magetic field:

(A9)

2
L
2r
where By = |§o| and r is radial distance of the ion from the
Earth’s center. If we assume that vi increases linearly with time
and that r does not vary significantly over the altitude range of

the lower hybrid waves, we can integrate (A10) up through the
scattering region to obtain the result:

) 129 o~
Uz = _E’U.ZL a—z[log Bo] = (A]-O)

are)
y GrO% (A1)
vyf
where ¢ is the length of the scattering region along }3’0 and v ¢
is the final velocity of the heated ion as it leaves the scattering
region.

We now use the average value of v in (A7) and combine this

with (A9) and (A1l) to arrive at
L 1
AL ~ [4rl]? [Ze*Paka)]? (412)
where P4 (kz) is the average value of P(kz). Note from (A12)
that the energy gain is independent of ion mass for a given power
spectral density P(kz).

What energy gain can we expect from a lower hybrid wave
field of 10 mV/m? For the heating to take place as hypothesized
we must have kz values which cover the range:

Lok > 2
vi0 vig
Since vy ¢y > v, the necessary total bandwidth in k, is

~ —

vio
Tﬂ‘us we have from (A8)
E% = Paka)=")
v10

(A13)

(A14)

If we now assume that the scattering region extends from 1000
to 5000 km above the transmitter operating at 2 kHz and that the
ions are originally 1 eV H* ions, we have £ ~4000 km, r ~9000
km, vy o ~14 km/s, and P,=1.1x10?> (mV)*/m. In this case

(A12) becomes
Af ~ 50 eV (A15)

This is also the energy gain for 4 eV H} ions and 16 eV O*
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ions since these ions will also have an initial velocity of 14 km/s
and can satisfy (A3) throughout the interaction region.
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