VOL. 81, NO. 19

JOURNAL OF GEOPHYSICAL RESEARCH

JULY 1, 1976

ULF Wave Generation Through Particle Precipitation
Induced by VLF Transmitters

T. F. BELL

Radioscience Laboratory, Stanford University, Stanford, California 94305

Recent experiments have shown that significant fluxes (10~! erg/cm? s) of energetic electrons can be
precipitated into the ionosphere at times when VLF emissions are triggered in the magnetosphere by
whistlers. If similar fluxes can be produced during the artificial triggering of VLF emissions by ground- or
satellite-based VLF transmitters, then a powerful tool would be available for studying the dynamics of the
lower ionosphere. In the present paper we explore the feasibility of a technique to stimulate ULF waves in
the ionosphere using the tool of controlled particle precipitation. Periodic (period of >} s) transmissions
from a VLF ground-based transmitter are used to trigger VLF emissions and precipitate energetic
electrons. The periodic precipitated flux modifies the conductivity of the D and E regions, inducing
periodic changes in current flow which in turn result in the generation of Pc | ULF waves. Calculations
indicate that ULF wave amplitudes of |1 v may be produced in this process. Furthermore, steady state
magnetic field perturbations may reach 100 y at ground level. Since both these amplitudes would be
readily measurable with present techniques, the results lend plausibility to the idea of attempting to
produce detectable ULF waves by using ground- or satellite-based VLF transmitters.

INTRODUCTION

At the present time a high-power (100 kW) variable fre-
quency (1-20 kHz) VLF transmitter is in operation at Siple
Station in the Antarctic. The main purpose of this transmitter
is to perform controlled wave-particle interaction experiments
in the magnetosphere [Helliwell and Katsufrakis, 1974] with
the aim of determining the underlying physical processes
which dictate the characteristics of energetic particles and
waves in the magnetosphere. With understanding comes the
possibility of control of these particles and the ability to (1) tap
the energy of energetic particles to provide amplification of
signals for the benefit of VLF communication and navigation
systems, (2) increase or diminish the average energy of trapped
energetic particles in the magnetosphere, (3) precipitate ener-
getic particles out of the magnetosphere, and (4) study the
physics of the aurora and the lower ionosphere by using con-
trolled particle precipitation as a tool.

While some of these goals may prove difficult to accomplish,

others are presently within reach. For instance, the amplifica-
tion of VLF signals by energetic particles has been well docu-
mented and is presently under study, the Siple facility being
used [Stiles and Helliwell, 1975]. Another goal apparently
within reach is the controlled precipitation of energetic par-
ticles from the magnetosphere. The rationale for this belief is
provided by recent experimental evidence which indicates that
significant and readily detectable fluxes of energetic particles
can be precipitated out of the magnetosphere by discrete VLF
signals such as whistlers and VLF emissions [Rosenberg et al.,
1971; Helliwell et al., 1973].
" In these interactions the discrete signals appear to trigger a
powerful natural instability in the energetic particle popu-
lation, and the energy content of the precipitating particles is
many orders of magnitude greater than the energy content of
the triggering signal.

With the tremendous leverage available in an interaction of
this kind, significant particle precipitation effects may be in-
duced even by triggering signals of relatively low amplitude
compared to typical whistlers and emissions. In particular, it
may be possible to trigger these precipitation events by using a
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VLF transmitter such as that available at Siple Station, If this
can be done, then a powerful tool would be available for the
study of the physics of the lower ionospHere as well as the
physics of the aurora and airglow.

An additional possible use of controlled particle precipi-
tation lies in the artificial generation of ULF waves in the
lower ionosphere, in particular, the type of ULF wave known
as geomagnetic micropulsations. In general, micropulsations
consist of short-period (0.1 s to 10 min) fluctuations of the
earth’s magnetic field. The origins of micropulsations are not
clear, but they have important diagnostic applications to the
structure of the magnetosphere.

Many previous proposals to generate micropulsations arti-
ficially have suffered from the fact that the size of effective
radiating structures is so large (~100 km in scale) that con-
struction of these structures is a major undertaking [Fraser-
Smith et al., 1972 C. Greifinger, 1972; Fraser-Smith and Bube-
nik, 1974; Greifinger and Greifinger, 1974]. It is the purpose of
this paper to suggest a method whereby this handicap can be
overcome and whereby the tool of controlled particle precipi-
tation can be used to create large-scale ULF radiating struc-
tures in the lower ionosphere. The idea behind this method is
that controlled particle precipitation can be used to vary the
current flow periodically in the E and D regions of the iono-
sphere. This varying current then produces QLF radiation in
the micropulsation frequency range. As ore of the referees has
pointed out, an analogous (but naturally occurring) mecha-
nism has been proposed by Campbell [1967] to explain au-
rorally associated irregular pulsations of the natural elec-
tromagnetic field. If Campbell’s theory is correct, the
feasibility of our own plan would become more certain.

MoDEL

The model ol micropulsation generation which we wish to
suggest is represented schematically in Figures 1-3. As is
shown in Figure |, a fixed frequency pulse of approximately -s
duration is injected through the ionosphere and into the mag-
netosphere from a high-power (100 kW) VLF transmitter lo-
cated at mid-latitude (50°-60° invariant). This pulse follows
the earth’s magnetic field lines and subsequently arrives near
the earth’s magnetic equatorial plane and begins to interact
strongly with energetic electrons through gyroresonance. In
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Fig. 1. Schematic representation of VLF wave injection experi-
ment to produce particle precipitation. A pulse from a VLF ground
transmitter (or satellite transmitter) is injected into the magnetosphere
and follows the earth’s static magnetic field lines to a region near the
magnetic equatorial plane, where it begins to interact strongly with
energetic electrons through gyroresonance. In the gyroresonance inter-
action, VLF emissions are produced, and numerous energetic elec-
trons are scattered into the loss cone, proceed down the magnetic field
lines, and precipitate into the ionosphere, where they create large-scale
enhancements of ionization.

the gyroresonance interaction the injected wave amplitude
may grow as much as 30 dB [Stiles and Helliwell, 1975], VLF
emissions may be produced, and significant numbers of reso-
nant energetic electrons are pushed into the loss cone. The loss
cone electrons then proceed down the field lines and precipi-
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tate into the lower ionosphere, where they produce numerous
secondary electrons and create an impulsive enhancement of
ionization throughout the volume of the precipitation region,
as is indicated schematically in Figure 2. In the volume of
enhanced ionization the ionospheric conductivity (being pro-
portional to the ionization density) is also enhanced, and the
existence of an ambient electric field E, being assumed, this
initially produces an enhancement of the ionospheric currents
flowing in the perturbed volume.

At the boundaries of the perturbed region, continuity of
current requires that a polarization charge be built up. This
charge gives rise to an electric field E, which cancels a portion
of E, and also begins to drive currents both perpendicular and
parallel to the earth’s magnetic field lines B,. Because of the
much higher conductivity along B, the bulk of the current
flows along B,. Thus the net effect of the increase in the
canductivity in the precipitation region is to drive a current
enhancement Al through the perturbed region and along B,
toward the conjugate ionosphere. Field-aligned currents of
this type that originate from conductivity variations have been
called ‘secondary Birkeland’ currents [Bostrom, 1974]. The
situation depicted in Figure 2 is the simple one in which both
the electric field and the conductivity are constant throughout
the perturbed volume. In this case, E, = E, — E,and Al = I
= [I, — 1. The more general case, where E, varies with
altitude, is treated in Appendix A.

In the perturbed region the current enhancement produces
an electromagnetic pulse whose spectrum contains a wide
range of frequencies, most of which may lie outside the micro-
pulsation range. However, if the VLF transmitter is pro-
gramed to transmit a continuous train of pulses with a pulse
repetition frequency in the micropulsation range, a large frac-
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Fig. 2.

Schematic two-dimensional representation of enhanced current flow in region of enhanced ionization produced

by particle precipitation. The electric field inside the perturbation E, is the sum of the ambient field E, plus the polarization
field E,. Periodic variation of the precipitated flux with approximately a 1-s period causes a periodic variation of current
inside the perturbed region, leading to the radiation of ULF waves. Continuity of current 1s provided by a field-aligned

current component /.
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Fig. 3. Two-dimensional schematic representation of ULF wave
transmission line linking the perturbed and conjugate ionospheres.

tion of the coherent radiation from the variable ionospheric
current in the precipitation region will be within the micro-
pulsation range.

In our model the current flow along B, is described by using
4 transmission line analogy: the field lines threading the
boundaries of the perturbed region and carrying the field-
aligned currents are the guiding surfaces of the transmission
line; the termination of the line is the resistive impedance of
the conjugate ionosphere; and the source of the transmission
line waves is the current AJ injected into the line in the per-
turbation region. A two-dimensional schematic representation
of the proposed transmission line is shown in Figure 3 and
discussed in Appendix A.

The current AJ which results from each burst of precipitated
particles is directly proportional to |E,| in the perturbed re-
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gion, Initially, E, is just the ambient field, but as the precipi-
tation continues, the polarization charge p, on the boundaries
of the perturbed region may build up to such an extent that
|E| << |EJ. In this case, AJ will be minimized.

Because of the high value of t“h‘e conductivity parallel to B,,
pp > 0 only if the current flow along B, is limited. Con-
sequently, if the ionosphere acts as a constant voltage source
across the perturbed region, then p, ~ 0, E, will remain ap-
proximately equal to E, and AJ will be maximized. On the
other hand, if the ionosphere acts as a constant current source
across the pérturbed region, the polarization charge can build
up, and both E, and AJ may be reduced. In our model we take
the more conservative approach and assume that the iono-
sphere acts as a constant current source. With this assumption
the value of E; and AJ in the ‘steady state’ will depend upon
the magnitude of the current that can be drawn from the
conjugate ionosphere.

PARTICLE PRECIPITATION

The feasibility of our ULF wave generation plan depends
upon the #mount of particle precipitation that can be pro-
duced by a ground-based VLF transmitter. Unfortunately, to
date, this quantity is unknown. However, we can make a
rough estimate of tuis parameter using results of a recent
expérimient [Rosenberg et al., 1971; Foster, 1973] in which
Bremsstrahlung X ray fluxes were measured in high-altitude
ballocns at the same time that VLF emissions were detécted on
the ground. During a long period of enhanced activity a one-
to-one correlation was found betweeﬁ short bursts (approxi-
mately 4 s in length) of X rays and biirsts of VLF emissions.
The excess X ray count rate distribution was consistent with an
exponential primary electron energy spectrum of the form

J(>E) ~ 10%-E/Eo cm~2 s~

where E, = 45 keV.

Rosenberg et al. [1971] concluded that the flux of (1) repre-
sented a backscattered flux from the northern hemisphere. If a
typical backscatter ratio of about 1:10 was used, the precipi-
tated flux in the northern hemisphere would have been of the
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order of
J(>E)~ 107e E/Eocm 25! (2)

resulting in an energy deposition rate of approximately 2
erg/cm? s, approaching that of a moderate aurora.

Recent experience has shown that Siple transmitter pulses
can readily trigger emissions similar in strength and frequency
content to those reported by Rosenberg et al. [1971]. Although
emission stimulation does not necessarily imply significant
precipitation, it is perhaps not unreasonable to suppose that
the flux given in either (1) or (2) may resemble that which can
be produced by a VLF ground transmitter. For the sake of
argument we will assume that this is the case. Since we cannot
substantiate this assumption, our aim will not be to show that
ULF waves can be generated by a VLF ground transmitter but
rather to assess the feasibility of the idea.

DENSITY AND CONDUCTIVITY ENHANCEMENTS

The ionospheric density enhancement produced by the flux
in (2) can be estimated by using some results from a paper by
Bailey [1968] in which he plots the ion pair production rate as
a function of altitude for precipitation fluxes with an ex-
ponential form similar to (2). This precipitation-induced den-
sity enhancement is shown in Figure 4 both for the case of a
single 4-s long burst of particles and also for the steady state
case in which it is assumed that the flux of (2) is continuous in
time.

From the figure it is clear that a single 4-s burst of precipi-
tated particles will produce a significant perturbation in the
normal nighttime ionospheric electron density over the alti-
tude range 60-110 km. In the daytime the significant range of
perturbation is approximately 60-100 km.

The density enhancement associated with the precipitation
burst results in an enhancement of conductivity, which is
shown as a function of altitude in Figure 5 for both the Hall
(02) and Pedersen (¢,) conductivities. The enhancements were
calculated by using the ionospheric parameters given by Han-
son [1961] for average nighttime conditions. Enhancements for
average daytime conditions are similar. The height-integrated
conductivity enhancements for the Pedersen and Hall con-
ductivities have the values

AZ,

f Ao, dh >~ 0.3 mho
3)

AZ, = f Aoy, dh = 1.5 mhos

The conductivity enhancement calculated above will persist
in the perturbation region until recombination and attachment
effects significantly reduce the density enhancement toward the
ambient levels. We assume that these effects are governed by
the well-known relation

dN/dt = ¢ — ¥YN? )

where N is the electron density, g is the volume rate of produc-
tion of electron-ion pairs, and ¥ is the effective loss coefficient
for electrons. For simplicity we assume that ¥ is independent
of N and ¢ and has the constant value ¥ = 6 X 10-7 cm®/s.
This value for ¥ appears to be reasonable for the 70- to 110-
km altitude range in the ionosphere [Bailey, 1968; Watt et al.,
1974; Swider and Dean, 1975].

It is of interest to determine the time behavior of N and
subsequently of Ag,, by using (4) for the case in which the
VLF transmitter injects a series of identical pulses with period
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burst.

T into the magnetosphere. We assume that each induced burst
of precipitated particles is impulsive in nature, that each burst
conforms to (2), and that each burst enters the same volume of
the ionosphere and produces identical enhancements (as is
shown in Figure 5). Given this assumption, it is found for large
¢t that the total conductivity enhancement A¢” has both a
steady (Ao,,;°) and a fluctuating (Ae,,,") component:

Acy,T(h, t) = Ay () + Acy (B, 1) %)
where 4 is altitude and where
Ady 2"(h) = Ad, ()3 T No(W)™*
Acy ' (h, £) 2 Aay J(WF + m — (t/ T)]
m+1)>¢/)T>m m=0,1,2,3,---

The quantities A, 5(h) in (6) are the enhanced Pedersen and
Hall conductivities as shown in Figure 5. The quantity Ny(h) is
the single-burst electron density enhancement as shown in
Figure 4. Equations (6) are valid only at altitudes for which
Ny(h) is much larger than the ambient ionization levels. From
Figure 4 it can be seen that this limits the region of validity to
altitudes below about 100 km. For altitudes between 80 and
100 km, Ny(h) ~ 3 X 10* cm~? and Ag, ,°(h) =~ 10Ac, ,(h) for T
= | s. Over this altitude range the length of time ¢, necessary
to reach the state described by (5) and (6) has the value #,, ~
[(1/2TY¥No(h)] 2 ~ 10 s.

The horizontal area over which these conductivity enhance-
ments can be produced may be large. For instance, results
from the first year of VLF transmissions from Siple Station
indicate that the transmitter can illuminate those magnetic
field lines whose end points are within 500 km of the trans-
mitter location. If precipitation can be induced on the majority
of these field lines, the scale of the region of enhancement may
be as large as 1000 km.

(6)

AMBIENT ELECTRIC FIELD

The ambient ionospheric electric field E, is one of the most
important quantities of our model. This field provides the
basic driving force for current flow through the perturbation
region and along B,. Experimentally, the magnitude of E, has
been found to vary with latitude, time of day, and degree of
magnetic disturbance. Within the plasmasphere at mid-lati-
tudes, values of the east-west component of E, inferred from
whistler measurements (mapped from the equatorial plane)
range from 0.5 mV/m during periods of prolonged quiet up to
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20 mV/m in the dusk sector during substorm activity [Carpen-
ter, 1970]. Slightly inside the plasmapause, combined whistler
and balloon measurements [Mozer et al., 1974] have indicated
values of E, in the range 1-10 mV/m during a period of
quieting following a day of moderate disturbance. At higher
latitudes, barium cloud releases [Foppl et al., 1968; Wescott et
al., 1969], incoherent scatter experiments [Banks et al., 1974;
Carpenter and Kirchoff, 1975], and satellite dc electric field
measurements [Cauffman and Gurnett, 1971] commonly give
values of E, ranging from 2 to 100 mV/m, the higher values
being associated with substorm activity. For the purpose of the
present discussion we assume that the induced particle precipi-
tation takes place somewhat outside the plasmapause and
during a quieting period following a magnetic storm when E,
~ 10 mV/m.

RESULTS

Given the model discussed above and in Appendix A, we
wish to estimate the magnetic field fluctuations that might be
measured by a ground observer during an induced particle
precipitation experiment. We assume that the VLF transmltter
has been in operation for a period of minutes and has been
periodically inducing the precipitation of energetic electrons
during this time. The enhanced conductivity in the} per-
turbation region has reached the asymptotic value given By (5)
and (6). The dc component of the conductivity As, ;* will give
rise at the ground to a dc perturbation in B, AB®. Given that
the horizontal scale of the perturbed region is 200 km or larger
and that the ground observer is beneath this region, the magni-
tude of AB® will have the value |AB*| ~ u,AJ%, where AJ® is
given in (B5) of Appendix B. Parameters for the model calcu-
lations are listed in the tabulation below.

Parameter Value
v 6X 10-"cm™®s~!
Zs 0.05 mho
R 3 mhos
>/ 0.3 mho
2z 6 mhos
| Eql 10-2V/m
3.0 0.25 mho
z,° 15 mhos
> 1.5 mhos
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Fig. 6. Power Py(w) of stimulated ULF waves for the case of
moderate current flow from the conjugate ionosphere. Units of Ps(w)
are in terms of 107 G2, i.e., v2. The transmitter pulse repetition
period is 1 s.
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Using the parameters listed above (daytime conditions in con-
jugate ionosphere, nighttime in perturbed ionosphere) we find

|ABY| ~ 100 v Q)

A perturbation of this magnitude would be readily detectable
by magnetometers commonly used at the present time which
have sensitivities of approximately 10~3 v

The power distribution in the ac perturbation (i.e., the ULF
wave field) that would be observed on the ground under the
perturbed region is given by (A13). This equation represents
an infinite series made up of power coefficients for each wave
component of frequency m/T, where m is a positive integer.

Using the parameters in the tabulation above we have
plotted in Figure 6 the power distribution Pg(w) in the ac
component of AB (i.e., AB") for the case in which T'= 15. The
units of Pg(w) are ¥2 (y = 10~° G). The solid bars in Figure 6
represent the power in AB’ at the integer frequencies 1-7 Hz.
There is no power at intermediate frequencies, since the sys-
tem is assumed to be periodic with period T. Like most trans-
mission lines the ULF transmission line discussed here has
both a resonance and an antiresonance condition for which the
wave amplitude at the input point reaches a maximum (reso-
nance) or a minimum (antiresonance). In general, each har-
monic component of frequency m/T will have its own unique
resonant/antiresonant condition which, given the parameters
of the tabulation above, depends only upon the wave fre-
quency, the length of the transmission line, and the plasma
parameters (gyro and plasma frequencies) along the line. Since
the latter two quantities are known only roughly, in an actual
experimental situation the amplitudes of the bulk of the har-
monic waves would probably be neither at their maximum nor
their minimum value but somewhere in between. To reflect this
uncertainty, we have indicated in Figure 6 the resonance (R)
and antiresonance (A) power values for each harmonic wave.
In addition, the solid bars represent the power in the harmonic
components for the special case in which the third harmonic is
at its resonance value. This special case illustrates a distribu-
tion that could conceivably arise in an experimental situation
[e.g., Willis and Davis, 1976]. Note that the amplitude of the
fundamental and the first two harmonics is approximately 1 v,
a readily measurable value. Also note that the antiresonance
curve, which gives the minimum value for each component,
gives an amplitude greater than 30 my even for the seventh
harmonic at 7 Hz.

The ULF wave amplitudes given in Figure 6 were calculated
by assuming daytime conditions in the conjugate ionosphere.
This gives a reasonable current flow between hemispheres in
the steady state condition. A counter assumption might be that
very little current flows between hemispheres. This situation
might occur if the conjugate ionosphere is in a nighttime
condition of low conductivity or if anomalous resistivity
[Kindel and Kennel, 1971] or a plasma double layer [Block,
1972] has prevented significant current flow from building up.
This low current flow condition is explored in Figure 7, where
we have plotted the power of the ULF waves for the case Z,¢
~ 0. All other parameters are as they are in the tabulation
above, and T = 1 s. The curves in Figure 7 are similar to those
of Figure 6. Once again the solid bars represent the special case
in which the third harmonic is at its resonance value. We note
that the power in the waves is about 2 orders of magnitude
lower than that shown in Figure 6. However, even at its
antiresonance point the amplitude of the fundamental is
greater than 30 my.

Both Figures 6 and 7 were plotted for the case T = 1 5. A
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Fig. 7. Power Py(w) of stimulated ULF waves for the case of zero

current flow from the conjugate ionosphere. The transmitter pulse
repetition period is 1 s.

question of interest concerns the variation of ULF wave power
as a function of the pulse period 7. This relationship is illus-
trated in Figure 8, where the power of the ULF component at
the fundamental frequency (1/7) is plotted versus T. In this
plot the parameters of the tabulation apply with the exception
of 2¢, as is noted in the figure. It can be seen that the power in
the fundamental wave is a slowly increasing function of T for
T = 5 and a rapidly decreasing function for T < 4. Despite the
fact that the power in the fundamental increases with 7, the
power at any fixed frequency generally decreases rapidly with
T. As an example of this feature, the envelope of the power in
the component at 1 Hz is shown in the figure. It can be seen
that the power at 1 Hz is down by 30 dB for T = 10 s, in
comparison to what it is at T = 1 s. It can also be seen that the
power in the low current flow case, i.e., Z.° >~ 0, is always sub-
stantially lower than in the high current flow case | Z.°| >> 1
(actual value used for Z.° is given in the tabulation).

As a final example of the predictions of our model we
present in Figure 9 a plot of the power of the ULF component
at the fundamental frequency of 1 Hz versus the magnitude of
the periodic precipitated flux. In this figure we hold the spec-
tral form of the flux constant in keeping with (1) and (2) but
vary the magnitude of the total flux J,. It can be seen that the
ULF power is a slowly increasing function of J, for J, > 10°
but a rapidly decreasing function for J, < 10°. This is true for
both the high and low current flow cases. It is of interest to
note that the power is approximately the same for both the
high and low current flow cases for J, < 10°. This situation
results from the fact that at these low flux levels the enhance-
ment in conductivity in the perturbation region is small and
the maximum current that can be drawn from the conjugate
ionosphere is also small, albeit greater than zero. We note that
even at low flux levels, J, ~ 10° and the ULF amplitude at the
1-Hz fundamental is 10 m+y, a readily measurable value.

DiscussioN

Given that the VLF transmitter-induced precipitation flux
resembles (1) or (2), our model predicts ULF wave amplitudes
in the range of 10-10® my at the low-altitude boundary of the
perturbed region. If the horizontal scale of the perturbed re-
gion is 200 km or more, these amplitudes would also prevail on
the ground under the perturbation region. Since ULF wave
amplitudes of 10-10° m+y are readily measurable, it appears
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feasible that a ground-based VLF transmitter can stimulate
ULF waves through the mechanism of controlled energetic
particle precipitation. Furthermore, it would appear that a test
of our model could be made straightforwardly by using a
facility such as Siple Station, where a high-power VLF trans-
mitter is available and where ULF wave measurements are
routinely recorded. In fact, data to test the present theory have
been and are presently being acquired both at Siple Station
and at its conjugate, Roberval, Quebec. The results of the early
experiments have been outlined in a recent paper [Fraser-
Smith and Cole, 1975] which reports that during a week in
September of 1973, when the Siple VLF transmitter program
was designed to stimulate ULF waves, it was found that all
ULF Pc | pulsations that occurred during the experiment
started during intervals of transmitter operation. Further-
more, the average rate of occurrence of the ULF activity was
about twice the rate observed on days with no transmissions.

Fraser-Smith and Cole also found that the frequency struc-
ture, duration, and other characteristics of the Pc | events
appeared to be independent of the VLF transmissions, and, in
particular, the average frequencies of the Pc | events bore no
apparent relation to the pulse repetition frequency of the VLF
waves, On this basis they concluded that their data did not
support either an early version of the present theory [Bell,
1972] or an alternative theory involving parametric interaction
between whistler mode waves [Harker et al., 1974].

A similar experiment involving the U.S, Navy VLF trans-
mitter at Cutler, Maine (NAA), has produced interesting but
somewhat different results. Willis and Davis [1976] have re-
ported the results of a month-long experiment during which
NAA was square wave modulated at frequencies of 0.2, 1, and
5 Hz (T = 5, 1,0.2 s), and a network of sensitive magnetom-
eters was employed as ULF detectors. According to the au-
thors, under favorable magnetospheric conditions, otherwise
natural-appearing ULF waves (micropulsations) may be in-
duced or enhanced at a harmonic of the transmitter modula-
tion frequency.

Other similar experiments have also been reported recently
[Koons et al., 1974; Reasoner, 1974]. From the experimental
data it seems reasonably clear that waves from VLF trans-
mitters, under favorable circumstances, can stimulate ULF
waves. The theory outlined in the present paper provides a
direct method of producing ULF waves at a frequency equal
to the transmitter pulse repetition rate and harmonics thereof.
The possibility for resonance excitation of any of the harmonic
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Fig. 8. ULF wave power Pg(w), at the fundamental frequency w =
2x/T, plotied as a function of pulse-repetition period T.
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modes on the VLF transmission line means that the dominant
mode is not necessarily at the fundamental but can be at a
higher harmonic. This feature is in agreement with the obser-
vations of Willis and Davis [1976]. However, the purpose of
the present paper is not to show that our particle precipitation
mechanism has been responsible for producing ULF waves
but rather to assess the feasibility of the idea. It is our opinion
that the idea is feasible. Whether the mechanism is presently
producing ULF waves is uncertain.

In principle, our mechanism can produce much larger Pc 1
ULF wave amplitudes than have been predicted for other
generation schemes. For instance, the radio wave heating tech-
nique outlined by Willis and Davis [1973] is estimated to
produce a maximum ULF wave field of about 5-15 my at
ground level. The Harker et al. [1974] parametric amplifica-
tion technique is estimated to produce a 2- to 5-m+y field.
Finally, the direct radiation techniques which involve huge
ground-based antennas [C. Greifinger, 1972; Fraser-Smith et
al., 1972; Greifinger and Greifinger, 1974] are estimated to
produce wave fields of the order of 10 m+y. Thus if the particle
precipitation technique can be successfully applied, it should
offer significant advantages to the ULF experimenter.

In the event that the horizontal scale of the precipitation
region is significantly less than we have assumed (200 km), the
ULF amplitude prevailing at ground level will be reduced. For
instance, if the horizontal cross section of the perturbed region
is circular with a diameter as small as 40 km, then Pp at
ground level will be reduced 30 dB below the values shown in
Figures 6-9. For diameters D of 40 km or smaller, Py < D%
and thus in order to produce a measurable signal at the ground
the horizontal scale of the perturbed region must be at least 10
km,

Another factor which influences our results is the recombi-
nation coefficient. Although lor our calculations we have cho-
sen a value ¥ = 6 X 10~ cm?®/s, it is possible in practice that
the effective value of ¥ could be much larger than this (al-
though not much smaller). In our model the main eflect of ¥ is
in determining the steady state values of enhanced con-
ductivity, current flow, and driving electric field in the per-
turbed region (a secondary effect concerns the damping of one
of the normal modes). For large values of ¥ it can be shown
that Pg depends upon ¥ mainly through the dependence of Py
on the driving electric field E*. According to (B4), E?® increases
as ¥ increases, and since Py « | E®|%, Py also increases as ¥
increases. For example, if we pick ¥ = 6 X 10~% cm3/s, a value
10 times that used in our model, we find through (A13) that
the new values of Py for |Z.%? >> 1 are approximately a
factor of 2 larger than those shown in Figures 6, 8, and 9 and
for | Z.°| =~ 0, a factor of 10 larger than those shown in Figures
7, 8, and 9.

The increase of Py with ¥ makes sense physically. Larger ¥
results in smaller Ao®, leading to a reduction in the polariza-
tion field and an increase in the total driving field in the
perturbation region, leading to incréased current flow and
higher wave amplitudes.

As was mentioned above, in order to maximize the ULF
wave amplitude produced by the particle precipitation it is
necessary to draw a moderate current along the earth’s mag-
netic field lines from the conjugate region. If this current is not
available, the ULF wave amplitudes, although apparently still
easily measurable, are reduced by approximately an order of
magnitude. This behavior is illustrated in Figures 6 and 7. At
least two factors can serve to limit the parallel current flow
along the magnetic field lines linking the perturbed and con-
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Fig 9. ULF wave power Py(w), at 1 Hz, plotted as a function of
the magnitude of the periodic precipitated flux J,. The pulse-repetition
rate is | s.

jugate regions. One of these is the presence of a region of
anomalous resistivity [Swift, 1965; Kindel and Kennel, 1971],
and the other is the presence of a double layer [Carlquist and
Bostrom, 1970; Block, 1972; Carlquist, 1972; Bostrom, 1974].
In theory, either of these factors can conceivably limit parallel
current flows to maximum values of 10-5-10-¢ A/m?, and
these theoretical results compare well with experimental mea-
surements of Birkeland currents at auroral latitudes which
tend to show maximum current densities of a few times 10~°
A/m? [Anderson and Vondrak, 1975].

In view of this apparent limitation on parallel current flow
in the auroral region it is of interest to estimate the steady state
current density required in our model to produce the max-
imum ULF wave amplitude. From the steady state relation (8)
and the tabulation of parameters used we find that in the
perturbed region the total field-aligned current per unit of
horizontal distance perpendicular to the flow is approximately
7 X 1072 A/m. Taking account of the finite conductivity of the
ionosphere, the radiation pattern of the ground transmitter,
the distributed nature of the VLF wave fronts in the magneto-
sphere, and the effects of convective drifts, we estimate that
there must be a transition region of the order of 10 km or more
surrounding the perturbation region in which the .ionization
gradually builds up from the ambient levels to the levels pre-
vailing inside the perturbation region. The bulk of the field-
aligned current will flow in this transition region, and the mean
current density there would be roughly 10-°* A/m?, somewhat
below the typical maximum values measured in the auroral
regions. Thus in practice the phenomena of anomalous resis-
tivity and double layers may not have an important effect upon
the ULF wave generation mechanism proposed here.

Another factor which may affect the magnitude of the stim-
ulated ULF waves is the presence of finite perpendicular con-
ductivity in the magnetosphere due to the energetic particle
population. One effect of this finite perpendicular conductivity
is to reduce any polarization field that exists across the trans-
mission line boundaries, the effective driving electric field in
the perturbation region thus being increased and the ampli-
tude of the stimulated ULF waves thereby being increased.

A second and perhaps more important effect of the energetic
particle population is to amplify the transmission line waves.
The amplification of Pc | ULF waves in the magnetosphere is
thought to proceed via a cyclotron interaction with energetic
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protons [Jacobs, 1970], Amplifications of 20 dB have been
estimated for this interaction, and if those estimates are cor-
rect, the final amplitudes of the transmission line waves could
conceivably be quite different from those shown in Figures 6
and 7. In particular, the dominant mode would perhaps be
more a function of the amplification mechanism than of the
transmission line resonance conditions.

Although our discussion has been devoted primarily to ef-
fects that can be produced by VLF ground-based transmitters,
it should be noted here that our model can apply equally well
to the case of a satellite-based VLF transmitter. In fact, as is
indicated in Figure 1, a satellite-based transmitter can operate
close to the emission generation region near the equatorial
plane and even at low power outputs can conceivably create a
much larger flux of precipitated particles than a more powerful
and distant ground-based transmitter.

At low altitudes a satellite-based VLF transmitter should
still enjoy significant advantages over ground-based trans-
mitters in experiments to precipitate energetic particles. For
example, a good portion of the radiation from a ground trans-
mitter is lost in the earth-ionosphere wave guide and does not
enter the magnetosphere. Thus the satellite transmitter would
make more efficient use of the available power. Furthermore,
the satellite transmitter can stimulate a much wider range of
wave normal angles in the magnetosphere than can a ground-
based transmitter. This capability significantly expands the
options available for maximizing the precipitated flux.

It is our expectation that ongoing ground-based VLF wave
injection experiments at Siple and elsewhere will serve to es-
tablish the practicality of ideas such as those outlined here.
This in turn will lead to improved second-generation experi-
ments which can be carried out both from the ground and
from space stations such as the Atmospheric, Magnetospheric,
and Plasmas in Space (AMPS) Laboratory. Hopefully, in
this process the goals discussed in the introduction will be
achieved.

APPENDIX A

Transmission line equations. Figure 3 shows a two-dimen-
sional schematic representation of our proposed ULF trans-
mission line. This line possesses distributed inductance L and
capacitance ¢ which vary with position along the earth’s mag-
netic field lines. The equations which describe the propagation
of waves along the transmission line (i.e., through the iono-
sphere and magnetosphere) are the following:

VxE = —aB/at (A1)
VxB = c20E/at + pg (A2)
j=Nvi—ve) (A3)

AV, e/dt = 0, o[E + VieXBo] — 0.0Vie (A4)

where the first two equations are Maxwell’s, the third defines
the current density for a two-component plasma consisting of
an equal number N of electrons e and ions i, and the last is the
linearized transport relation for the charge carriers (assumed
to be of zero temperature). The quantities V;,, 7., and v, . are
the velocity vectors, the charge-to-mass ratios, and the effec-
tive collision frequencies of the ions and electrons, respec-
tively."The quantity B, is the earth’s magnetic field. In general,
the conductivity along B, is always very large in comparison to
the conductivity perpendicular to B,. For simplicity we assume
that the parallel conductivity is infinite and that E-B, = 0.
Thus equations (A1)-(A4) will apply only to the transverse
component of E, i.e., E,.
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Perturbation region. The perturbation region lies in an alti-
tude range of the ionosphere where, for ULF, collisional ef-
fects dominate wave effects, i.e., »; . >> w. In this case the term
dV,./dt can be neglected in (A4). In the steady state regime
both a steady and fluctuating component of current will be
drawn along B,, and E and B on the transmission line will also
possess both a steady and fluctuating component. In the case
of E the steady component arises because of polarization
charges along the boundaries of the transmission line, and the
polarization field due to these charges acts to reduce the total
electric field in the perturbation region. The steady com-
ponents of the fields are related through the expression

V x B, = ued5E,

To simplify the equations for the fluctuating components of
the ULF fields, we assume that B, is vertical in the per-
turbation region and that the horizontal components of the
ULF fields in the perturbation region can adjust in-
stantaneously at any given altitude to changes in current flow
that may occur because of particle précipitation effects. This
amounts to a quasi-static condition on E, iri the horizontal
plane, ie., V,xE, = 0, or

E,,/ay = E,y/ax (AS)

By combining (A1)-(A5) a wave equation can be written for
E, in terms of the two normal modes E. = (E;, £+ {E;y)

[ﬁ _ ) m]E

Az c ar — HoOx at — Mo ot +
9 o
= ko5 (0.7 EL) (A6)
whete z is along the vertical, 6. = 0.° + 0./, 0.° = ¢° £ ig5’,
./ = o/ % iof, E,* = E,* £ iE,*, and the steady s and
fluctuating f components of the Pedersen and Hall con-
ductivities, o, and o, can be found from (6). Equation (A6)
describes the excitation and propagation of transmission line
waves through the perturbation region. In general, it is diffi-
cult to solve because of the temporal and spatial variation of
o.. To simplify the calculations, we make a slab approxima-
tion of the enhanced conductivity profile in the perturbed
region (Figure 5) and assume that the enhanced conductivities
are constant throughout a height range bf +10 km about their

maxima and zero elsewhere. In this approximation we have
from (3)

Ac,(h) ~ 1.5 X 107> mho/m
Aoy(h) >~ 7.5 X 107° mho/m

(A7)

In addition, we approximate the quantity o.. by its steady state
value of o.°. This approximation is reasonable if |s.%| >>
|Ae.f}, an inequality which holds for the parameters of our
model. Furthermore, we neglect all ionospheric drift effects.
With these approximations, (A6) can be solved for E. through
the use of elementary methods.

Magnetosphere. In the magnetospheric portion of the
ULF transmission line it is generally true that collisional ef-
fects are unimportant and that source currents, such as those
on the right-hand side of (A6), are absent. If it is also the case
that curvature of the earth’s magnetic field lines is negligible
on the scale of a wavelength, then (A1)-(A4) yield the follow-
ing equations for ULF transverse electromagnetic (TEM)
waves on the transmission line in the limit w — 0;
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_s 0°E,
ar

d’E.
(A8)

I
©

9 . .4
(ax +1 ay)E*

where the second relation is the normal mode analog to La-
place’s equation, where (AS5) holds; z is the distance measured
along B,; and ¥V, is the lecal Alfvén velocity, assumed to
depend upon z alone. Since, in general, for wave frequencies in
the Pc | range the fractional change in V, in the space of a
wavelength is small, a WKB solution to (A8) should suffice to
describe the ULF wave structure.

The use of (A8) is predicated upon the assumption that only
the transmission line TEM mode is important. If higher-order
modes are considered, the equations for oblique propagation
must be used with attendant complications [P. Greifinger,
1972]. A TEM mode structure appears appropriate at low
altitudes. However, at high altitudes the differential phase shift
between the normal modes may produce a more complex
mode structure.

Conjugate ionosphere. In the conjugate ionosphere, linked
by the earth’s magnetic field lines to the perturbation region,
we assume that (A6) applies with the right-hand side set equal
to zero (no sources) and with the conductivity ¢, set equal to
the ambient value ¢.¢ appropriate to the local time of interest.
The assumption of no sources in the conjugate region cannot
strictly be correct, since a fraction (~10%) of the precipitating
electrons in the perturbed region will backscatter and produce
periodic enhancements of ionization in the conjugate region as
well. However, the strength of the sources in the conjugate
region will be comparatively small, and the major effects
should be produced in the perturbation region.

In order to find the ULF wave reflection coefficients at the
top of the conjugate ionosphere, we must solve (A6). For
nighttime conditions, ¢.° is quite small, the ionosphere is
essentially transparent to ULF waves, and a WK B solution of
(A6) will suffice. For daytime conditions the strong height
variation of ¢.° generally necessitates a numerical solution of
(A6) [Greifinger and Greifinger, 1965]. To avoid this com-
plexity, we derive an approximate relation between E. and B,
that holds at the top of the conjugate ionosphere and that
allows the reflection coefficient to be obtained. Neglecting the
small displacement current, we integrate (A2) from the base to
the top of the conjugate ionosphere, assuming that E. varies
slowly in this region and noting that because of strong daytime
absorption, B. =~ 0 at the base. This procedure yields the
relation

By >~ LipZ . °E, (A9)

where 2.¢ is the height-integrated conductivity. Although
(A9) is only a rough approximation, use of it avoids the
unwarranted complexity of a full wave solution in the con-
jugate ionosphere.
Boundary conditions. At the interface between line sections
Jj and k the appropriate boundary conditions are
EX*=E/ (A10)
At each base of the transmission line, i.e., immediately below
the perturbed and conjugate ionospheres, we assume that the
conductivity is infinite and thus

E.:ibase = 0 (All)
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Condition (All) is equivalent to the assumption that the
earth’s surface is a perfect conductor and that the phase shift
of ULF waves between the earth and the ionosphere is negli-
gible. This approximation has been used previously by other
authors [e.g., Jacobs and Watanabe, 1962; Prince and Bostick,
1964], and its validity has been studied in some detail [Greifin-
ger and Greifinger, 1965; Field and Greifinger, 1965].

For daytime conditions in the conjugate ionosphere the Pc 1
ionospheric transmission coefficients are quite small, and thus
(All) is not a significant boundary condition; instead we use
(A9). In addition, at the transverse boundaries of the transmis-
sion line, i.e., at the location of the field lines which carry the
current, we have

n-(E, — E,) = p/e
nx(E —E)=0
|nx(Be - Bl)l = FO]J

n'(Be - B:) =0

(A12)

where n is a unit normal pointing outward from the surface
defined by the field lines connecting the perturbation region,
E.. and B, are the interior and exterior solutions for the
transmission line electric and magnetic fields, respectively, j/ is
the Auctuating current along B, at the transmission line
boundaries, and p’ is the fluctuating surface density of charge
on the boundaries.

Finally, in the portion of space exterior to the current-
carrying field lines we apply the condition £. — 0 as r — =,
where r is the horizontal distance from the boundaries of the
perturbed region.

Field amplitude. Equations (A6)-(A12) form the complete
set necessary to find E, along the transmission line and the
current flow in the perturbed and conjugate ionosphere. In
solving (A6) for the interior of the perturbed region we assume
that the linear approximation is valid and that the con-
ductivities ¢, and ¢,/ are functions of time alone and do not
vary with position. When applying (A6) to the exterior of the
perturbed region, we assume that ambient conditions apply,
with ¢, = ¢.% and 6./ = 0. For simplicity we assume that the
perturbed region resembles a cylindrical section of radius R
and height /. As is shown in Appendix B, with this geometry,
E; is constant in the perturbed region. Thus as can be seen
from (A6), E. will not be a function of x or y in the interior
region. This fact makes the determination of the field structure
in the interior region fairly straightforward.

By using a Fourier transform in the time domain the follow-
ing solution can be obtained for the power in the ULF per-
turbation field at the base of the perturbed region:

Py = u’|E. Pl | Ple.|?
. g;l QTN)IG. Qe N/T)’ + |G_2xN/T)’]  (Al13)

where the term of order m in the series represents the power at
the angular frequency w = 2wm/T, where the driving electric
field E.*® is given in (B4) of Appendix B, where

2 |1/2
. &8 w
lwpeo s — —5]
[ c

k., =

and where
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G.(w) = tanh (%){1 -+ [cosh (ky)

iw 1 —R.Y . -t
+ V.. (1 T R:!:) sinh (Iki)] }
= 1 - Mo VACE:ti e—z:wﬂ(u)
14+ Mo VAczd:c

where V,¢ is the Alfvén velocity at the top of the conjugate
ionosphere, s is the field line path length between ionospheres,
and g(s) = [,*Va ! dz.

R,

APPENDIX B

Horizontal electric field distribution in the ionosphere. In
order to determine the VLF transmission line current flow in
the ionosphere we need first to determine the steady state
electric field distribution in the ionosphere. Continuity of cur-
rent in both the perturbed and conjugate ionospheres requires

v/ J, (B1)

where I is the height-integrated horizontal current density and
J, is the field-aligned current density flowing into the iono-
sphere. By definition we also have

I=

where £ is the horizontal height-integrated conductivity tensor
and E; is the steady state ionospheric horizontal electric field.
Since VxE, = 0, E, is derivable from a scalar potential
function ¢. The equation for ¢ is derived by combining (B1)
and (B2) to yield

o'
ox*

2-E, (B2)

e _

o= e (B3)

+

where Z, is the height-integrated Pedersen conductivity.

The boundary conditions to be applied are the following.

1. The component of E tangent to the boundary (assumed
to be sharp) of the perturbation region is continuous.

2. The component of I normal to the boundary is discon-
tinuous by the factor J,.

3. In the perturbed ionosphere, far from the perturbed
region, the current flow is steady at the value J, = £¢-E,,
where the ambient field E, is assumed to be constant over a
large region.

4. In the conjugate ionosphere, far from the field lines
linking the perturbed region, the current flow is steady at the
value J, = 2¢-E,.

5. The conductivity along B, is infinite.

In effect, the third and fourth conditions constrain the per-
turbed and conjugate ionospheres to act as constant current
SOUTCES.

For explicitness we assume that the perturbed region is
roughly circular in cross section with a radius R. In this case
the solution for ¢ can be readily obtained, and it is found that
the field inside the perturbation region is constant and is
deviated in direction by an angle ¢ = tan™' [(8 — n)/(a — )]
from the direction of the ambient field E,.

The amplitude of the field has the value

|E| = 2y[(e + v} + (n — B¥] 7 Ed| (B4)

wherea =2°+ 25,8=22+2°5y=2°+ 2 andy =
2.2 + Z,°. The total enhanced current in the perturbation
region due to the electric field described by (B3) can be found
from the relation AJ® = |Z*-E, — Z-E,, or
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(@ — 7)Y+ (n — B)
(@ + 7Y + (n — BY

1/2
AJ’=(72+112)”2|: ] [E.| (BS)
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