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An active satellte-ground coordinated space plasma experiment was conducted from May to De-
cember, 1982, in which electrons were precipitated from (he radiation belts into the ionosphere by the
controlled njection of VLF signals from ground-based transmitters. The results confirm the hypothesis
that can be p itated from the radiati beltsbygr d-based VLF tr and they
provide information relatmg to the effects of such p ion on the i h The ioni:
produced in the atmosphere of the northem h:rmspherc at L =23 by the modulated signals from
ground -based VLF tnmsmltters was shown to be as great as one 1on pair/em® s at 80 km altitude. The

ion at bl ions produced by naturally occurnng electron precipitation vanes great-
ly, and can be as low as 01 1on pair/em® s, but is also sometimes larger than 100 10n pairs/em? s at

times of lightning flashes.

INTRODUCTION

An active experiment, stimulated emission of ener-
getic particles (SEEP), was conducted during May—
December 1982. In this experiment the U.S. Navy
operational VLF transmitters at Cutler, Maine
(NAA); Annapolis, Maryland (NSS); and Jim Creek,
Washington (NLK) and the Stanford University re-
search VLF transmitter at Siple Station, Antarctica,
were operated in special controlled formats at times
of overpasses of the low-altitude polar-orbiting satel-
lite S81-1. The spacecraft payload measured both
direct electron precipitation >2 keV and brems-
strahlung X rays >4 keV from the atmosphere. The
experiment concept is illustrated schematically in
Figure 1. The locations of the VLF transmitters are
indicated along with a representation of the satellite
paths during three successive passes. In addition, the
modulated VLF waves and their regions of interac-
tion with the trapped electrons are also shown.
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LIV

The SEEP experiment payload on the three-axis
stabilized polar-orbiting S81-1 spacecraft contained
an array of cooled silicon solid state detectors to
measure electrons and ions directly with high sensi-
tivity and fine energy resolution [Voss et al, 1982].
The data presented here were taken with electron
spectrometers mounted at 90° zenith angle and at 90°
to the orbit plane (TE detector), at 0° zenith angle
(ME1) and at 180° zenith angle (ME2). The TE spec-
trometer had an electron threshold energy of 6 keV,
an acceptance angle of +20° and a geometric factor
of 0.17 em? sr. It is sensitive to both electrons and
jons, but on the basis of the responses of other detec-
tors in the payload, all of the precipitation events
presented here are taken to be associated with elec-
trons. Each of the ME1 and ME2 spectrometers had
an electron threshold energy of 45 keV, an accept-
ance angle of +30° and a geometric factor of 2.47
cm? sr. A thick window on ME1 and ME2 prevented
ions with energies below 0.5 MeV from impinging on
the silicon detector, and therefore in all of the data
shown the counts were predominantly due to elec-
trons. The measurements were performed at satellite
altitudes of ~220 km.
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Fig. 1. Schematic illustration of the SEEP experimenlt concept. The locations of the pertinent VLF transmitters
are indicated along with a representation of the satellite paths dunng three successive passes. Also shown are the
modulated VLF waves and the region of wave-particle interactions.

OBSERVATIONS OF ELECTRONS PRECIPITATED

With this payload the first observations were made
BY VLF TRANSMITTERS

of direct bounce loss cone precipitation of radiation

belt electrons by the controlled injection of VLF sig-
nals from a ground based transmitter [Imhof et al.,
19834]. Although past observations had shown that
electrons can be precipitated from the radiation belts
by ground-based VLF transmitters, the evidence was

A good example of electron flux modulations
correlation with the transmitter on-off signals oc-
curred on August 17, 1982 at 86808740 seconds UT
when the SEEP payload was passing near the NAA
transmitter as it was being modulated with a 3-s on

based predominantly on observations of electrons in and 2-s off pattern. In Figure 2 the electron fluxes
the drift loss cone. Narrow resonant peaks in the measured at various zenith angles are plotted as a
energy spectra [Imhof et al., 1974, 1981; Vampola and function of time. A modulation period of 5 + 0.1 s is
Kuck, 1978; Koons et al, 1981] and coordinated clearly seen for 12 consecutive cycles. For reference,
wave-particle observations [Imhof et al., 1981] had the measured on times of the transmitter at NAA are
provided evidence for the effects of transmitters. In indicated. The risetime of the electron flux and the
spite of the SEEP findings, relatively little is known observed delay in decay time of ~1.5 s are now un-
about the importance of transmitters in relation to derstood [Inan et al, 1985] in terms of the pitch
other loss processes for radiation belt particles. It is angle dependence of the particle distribution near the
realized, however, that electrons are regularly pre- edge of the loss cone and by the multiple interaction
cipitated from the radiation belts and that these elec- of the particles with the waves due to significant at-
trons can cause measurable ionization at midlati- mospheric backscatter.
tudes. Differential energy spectra of the precipitating elec-
The purpose of this paper is to assess the effects on trons taken during the times of enhanced electron
the ionosphere of electrons precipitated by the trans- precipitation showed prominent peaks but there was
mitters NAA and NSS during the observed SEEP little evidence of thewr presence during times of mini-
events and to compare these with the eflects of elec- mum intensity. It was shown that the measured peak
tron precipitation induced by natural causes. energies and their variations with L are consistent
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Fig 2. Electron fuxes on August 17, 1982, plotted as a function of time. Also shown are the on and off times of
the NAA transmitter.

with those expected for cyclotron resonance with
waves of the transmitter frequency travelling paralfel
to the earth’s magnetic field lines [Imhof et al.,
19834].

From surveys of the SEEP data five electron mod-
ulation events were found from the 65 passes of the
satellite when one of the transmitters was being mod-
ulated in a special 3-s on and 2-s off format. No such
events were found in the 175 passes when neither the
NAA nor NSS transmitter was being modulated in
one of the special SEEP formats. All of the time
profiles for the events displayed a similar pattern in
which the fluxes increased rather slowly after start of
the on period and reached a maximum about 2 s
later. The temporal profile and the absolute count
rates of the observed fluxes were found to be in good
agreement with the predictions of an extended test
particle model of the wave-particle interaction m the
magnetosphere [Inan et al., 1985].

Although modulated electron precipitation events
associated with the controlled injection of VLF sig-
nals from a ground-based transmitter were not ob-
served frequently, transmitters may still play a strong
role in the precipitation of electrons from the radi-
ation belts. Narrow peaks in the energy spectra of
electrons precipitating from the inner radiation belt
in the drift loss cone have been shown to result from
cyclotron resonance interactions with waves from
ground-based transmitters [Imhof et al., 1981]. Even

in the bounce loss cone the transmitters might have
contributed significantly to the observed fluxes in the
absence of a detectable modulation. To assess the
role of transmitters it is important, therefore, to com-
pare the absolute fluxes of electrons measured during
normal operations with those observed when the
transmitters were either off or operated in a special
manner such as in the SEEP 3-s on and 2-s off
format. Unfortunately, a significant amount of data
were not acquired with both the NAA and NSS
transmitters off. Normal operation consisted of a
constant amplitude signal with the frequency shifted
as often as once every 25 ms. In the SEEP format the
frequency was fixed during the on time of 3 s. The
wider bandwidth signal during normal operations
may possibly have inhibited temporal growth of the
waves, as found in earlier Siple experiments [Raghu-
ramet al., 1977].

The possible effects of transmitter operation on the
fluxes of precipitating electrons are illustrated in
Figure 3 where the median electron fluxes >6 keV
observed during a 5.6-s period centered at L = 2.3
are plotted as a function of longitude. Separate sym-
bols are used for the normal operation of both trans-
mitters and for the special modulation of either
transmitter in the 3-s on and 2-s off format. During
the normal mode pass on August 11, 1982, a narrow
spike of precipitating electrons with the clear charac-
teristics of those induced by lightning [Voss et al.,
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Fig. 3. The median electron flux measured during a 5.6-s period centered al L = 2.3 plotied versus longitude.
Solid circles mndicate fluxes measured on a pass when an event was observed. Median Aux levels for normal
operation and for modulation 1n a special format (3-s on/2-s off) are shown in 10° longitude bins.

1984b] was observed at an L value close to 2.3 and
that event is treated later in this paper with a shorter
summation time interval. To minimize the flux var-
ations associated with magnetic activity the time
period July 7-21, 1982, has been excluded from the
plot. At the times covered in the figure the electron
fluxes in this longitude interval increased by as much
as an order of magnitude subsequent to the magnetic
storms with a peaking at a time delay of about 4
days [Voss et al., 19844]. The pronounced transmit-
ter modulation event on August 17, 1982, occurred
during one of these enhanced electron periods. The
median flux levels shown for 10° longitude bins do
not seem to indicate a significant change in the
average precipitation rate when the transmitters were
operated at fixed frequency with a 60% duty cycle as

compared to the normal broader frequency operation
at 100% duty cycle. Although evidence for a strong
effect of the transmitters was not found by this tech-
nique (see also Imhof et al. [1983b]), it should be
emphasized that the ideal experiment was not con-
ducted 1n which one could compare the fluxes of
precipitating electrons observed when both NAA and
NSS transmitters were off and when both were on.

EFFECTS OF PRECIPITATED ELECTRONS
ON THE IONOSPHERE

‘We now consider the ionization in the atmosphere
that would be associated with the pronounced trans-
mitter modulation events of August 17 and August
25, 1982, and compare the ionization profiles with
other representative cases of electron precipitation.
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Fig 4 Energy spectra of elecirons measured m the northemn hemisphere during each of several satellite passes.
The curves are best fits to the measured data points For the August 11, 1982, event the spectrum was summed over
a time period of 0.70 s. For all of the other spectra the summation interval was 8.19 s,

Based on both the energy spectrum and the pitch
angle distribution of the precipitating electrons the
10nization profile can be calculated by using the
AURORA computer program [Walt et al, 1968].
Energy spectra of the electrons in the northern hemi-
sphere were measured with fine energy resolution,
and the spectra at L = 2.3 and longitudes of 286°E to
294°E during these transmitter modulation events
and at other selected times are shown in Figure 4.
The applicable time interval 1s 8.19 s except for the
lightning associated spectrum on August 11, 1982, for
which the summation time is 0.70 s. These spectra
represent electrons observed with the detector at a
central pitch angle of 90°-96°. All of the observed
electrons have mirror points below sea level in the
southern hemisphere; ie., the electrons were all pre-
cipitating within one bounce, except for back-
scattering, Only those with pitch angles less than
~78° precipitated in the northern hemisphere, but
for purposes of calculating energy deposition profiles
we shall assume the spectra of electrons precipitating
in the north are the same as shown in Figure 4.

The pitch angle distributions were measured di-
rectly at positions above the atmosphere with the
array of collimated electron spectrometers in the
SEEP payload. However, measurements were made
at only a few pitch angles with relatively broad angu-
lar resolution. A histogram representation of the
fluxes observed in those detectors during the August
17, 1982, measurement is shown in Figure 5. A Gaus-
sian fit (B) to the northern hemisphere measurements
is also shown in the figure, normalized to unity at
90°. In addition, a narrower Gaussian pitch angle
distribution (C) is plotted based on the measurements
in the northern hemisphere for some of the other
events. It should be realized that both the absolute
fluxes and the shapes of the pitch angle distributions
can vary considerably from one satellite pass to an-
other. Although the transmitters were routinely oper-
ated at the same power level, the intensities of the
waves after passage through the ionosphere are
known to vary considerably due to changes in iono-
spheric conditions [Heyborne, 1966].

We have calculated energy deposition profiles at
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Fig. 5. Pitch angle distnbutions at L = 2.3 in the northern
hemisphere for electrons >45 keV. Curves A and B are histogram
and Gaussian representations, respectively, of the distribution
measured durmg the transmitter modulation event on August 17,
1982 Curve C 1s a narrower Gaussian distribution based on the
TE measurements at a vanety of longitudes. The piich angle dis-
tributions are normalized to 1.0 at 90°

L =23 using the AURORA program for the pitch
angle distributions shown in Figure 5 each normal-
ized to the same flux at 90° pitch angle and for the
observed spectral shape. The results are shown in
Figure 6. As one can see, the differences between the
histogram (A) and the corresponding Gaussian pitch
angle distribution (B) for the August 17, 1982, event
are only of the order of 25% and therefore the details
of the pitch angle distribution measured during this
event are not critical in regard to the calculated
energy deposition profile. The deposition profile for
the August 17, 1982, event was also calculated as-

ing the narrower pitch angle distribution (C)
shown 1n Figure 5. For this narrower distribution,
not actually measured during the event, the energy
deposition profile would be reduced by a factor of
2-3. The energy deposition profiles A and B ip
Figure 6 are equivalent to an energy input of ~10~4
ergs/cm? s and a corresponding riometer absorption
of ~0.06dB at 30 MHz [Reagan et al., 1983].

Energy deposition profiles corresponding to the
various energy spectra in Figure 4 and for the appro-
priate histogram pitch angle distributions are pre-
sented in Figure 7. The applicable histogram pitch
angle distribution is based on the observed responses
in detectors TE and ME1 during the satellite pass of
interest, and the ratios of these responses are provid-
ed in Table 1. In all of these cases the counting rates
in detector ME2 were much lower than in MEL. The
modulated signals from the NAA transmitter during
the August 17, 1982, event produced an ionization
rate of ~ 1 ion pair/cm? s at 80 km altitude. Both the
shapes and the absolute intensities of the ionization
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Fig. 6. Energy deposition profiles calculated with the Aurors
program for the energy spectrum and pich angle distributions
shown in Figures 4 and 5, respectively. Curve A 1s for the histo-
gram pitch angle distribution and curve B for the Gaussian pitch
angle distribution. For the August 17, 1982, event, curve C corre-
sponds to the narrower Gaussian pitch angle distribution
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profiles at L = 2.3 vary over a wide dynamic range,
but may be as low as 0.1 ion pair/cm?® s at (260°—
310°) E in the northern hemisphere, Some of the pre-
cipitation events were fairly steady as observed from
the satellite over broad time and latitude intervals.
At other times, such as during the modulated trans-
mitter events or lightning associated precipitation,
significant variations were observed on a short time
scale. These fluctuations can be particularly large for
the precipitation produced by lightning. The latter
type event on August 11, 1982 was summed over the
peak response period of 0.70 s, but all of the other
profiles were averaged over 8.19 s. For this and other
lightning flashes the ionization rates at ~80 km alti-
tude can be of the order of 100 ion pairs/cm® s or
greater. Since the average electron precipitation is
comparable to that observed during the August 17

TABLE 1. MEIKTE Flux Ratios
Date uT Ratio
Aug. 8, 1982 0228 0.241
Aug. 11, 1982 0256 0808
Aug. 17, 1982 0225 0.155
Aug 25,1982 0241 0149
Sept. 17, 1982 0224 0243

g rates d 1n

event, it is not known at present how much of the
ionization normally occurring in the northern hemi-
sphere at L = 2.3 in this longitude region is associ-
ated with transmitters and how much results from
other processes.

Analysis of the data acquired on many satellite
passes through the regions of space considered here
shows that a measurable ionization from precipi-
tating electrons is generally produced at altitudes of
70-120 km. Some portion of this 1onization in the
northern hemisphere 1s generally present as a result
of backscatter in the southern hemisphere of elec-
trons in the drift loss cone. One of the two transmit-
ters NAA and NSS was usually operating and so it
has not been possible in this experiment to establish
conclusively what the contribution of these transmit-
ters is to the electron precipitation normally oc-
curring. These ambiguities could be resolved with use
of a much more powerful transmitter operating at a
lower frequency, on a different L shell and/or one
placed above the ionosphere on a satellite such that
the waves from the transmitter are much stronger in
the near equatorial regions and the associated ioniza-
tion effects considerably greater. It may then be pos-
sible to affect the ionosphere significantly through
the controlled precipitation of electrons from the
radiation belts.
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SUMMARY

The modulated signals from a ground-based VLF
transmitter have been shown to produce ionization
rates at altitudes of ~80 km in the midlatitude
(L = 2.3) northern hemisphere as high as 1 ion
pairfem? s. The naturally occurring ionization rates
in this latitude region show large variations, are lon-
gitude dependent, and at (260°-310°) E in the north-
ern hemisphere may be as low as 0.1 jon pair/cm?® s.
At these same locations the iomzation at ~80 km
associated with lightning flashes is sometimes in
excess of 100 1on pairs/cm?® s, but for each flash the
time duration of the intense precipitation is of the
order of only 1 s.

Acknowledgments. The LPARL portion of the SEEP experi-

d by the lled of VLF signals from a
gmund -based transmitter, Geophys Res. Lett., 10, 361, 1983q,
Imhof, W. L, J B. Reagan, H. D. Voss, E. E. Gaines, D, W,
Datlowe, J. Mobilia, R. A. Helliwell, U. S Inan, J. Katsufrakis,
and R. G. Joiner, The modulated precipitation of radiation beit
electrons by controlled signals from VLF transmitters, Geophys

Res. Lett, 10, 615, 1983b.

Inan, U. S, H. C. Chang, R. A. Helliwell, W. L Imhof, J B,
Reagan, and M. Walt, Precipitation of radiation belt el
by man-made waves. A companson between theory and
measurement, J. Geophys. Res., 90, 359, 1985,

Kooos, H. C, B. C. Edgar, and A. L. Vampola, Precipitation of
inner zone electrons by whistler mode waves from the VLF
transmutters UMS and NWC, J, Geophys. Res., 86, 640, 1981,

Rnghumm, R. T F Bell, R. A. Hellwell, and J P. Katsufraks,

d ion of coh VLF tr signaly
m the magnelusphcre, J. Geophys. Res., 82, 2787, 1971,

Reagan, J. B, W L Imhof, H. D. Voss, E. E. Gaines, R. A

Helhwell u. S Innn J Katsufrakxs, and R. G. Joiner, Effects of

ment was sponsored by the Office of Naval R
NO00014-79-C-0824). Launch and orbital suppurt were provxded by
the USAF Space Test Program Office. Ap 18 ded to

on the i here, Eos Trans.
AGU, 64, 302, 1983.
Vv la, A L, and G A Kuck, Induced precipitation of inner

the payload system engineer, S. J. Battel, to D. P. Cauffman for his
program management of the satellite paylnad develupmem. and to
J. C. Bakke [or his role in developing the instr We

zone electrons, 1, Observations, J. Geophys. Res., 83, 2543, 1978,
Voss, H. D,, J. B. Reagan, W. L. Imhof, D. O Murray, D. A,
D P. Cauffi and J. C. Bakke, Low temperature

acknowledge the efforts of W E. Francis, B. A -Beck, J.

W, Holley, Jr., and P. Filbert in data analysis The Stanford Uni-
versity effort in SEEP was supported by ONR grant N00014-82-
K-0489 and by the Diwision of Polar Programs of the National
Science Foundation under grants for the Siple Station, Roberval
end Palmer Station experiment programs.

REFERENCES

Heyborne, R. L., Observations of whistler-mode signals mn the
OGO satellites from VLF ground station transmutters, Tech.
Rep. 3415/3418-1, Stanford Univ., Stanford, Calif., 1966.

Imhof, W. L., E. E Gaines, and I B. Reagan, for the

istics of solid state detectors for energetic x-ray, ion
and electron spectrometers, IEEE Trans. Nucl. Sci., NS-29, 164,
1982,

Voss, H. D, W. L. Imhof, J. Mobilia, E E Games, and J. B.
Reagan, Energetic particles in the nighttime middle and low
latitude ionosphere, Space Res., 25, in press, 1984a.

Voss, H. D, W. L. Imhol, J. Mobilia, E. E. Gaines, M. Walt, U. S.
Inan, R. A. Helhwell, D. L. Carpenter, J. P. Katsufrakis, and H.
C. Chang, Lightning induced electron precipitation, Nature,
312, 740, 1984b.

Walt, W., W M McDonald, and W. E. Francis, Penetration of
auroral electrons into the atmosphere, in Physics of the Mag-

Pprecip af ic el from the slot
region of the radiation belts, J. Geophys Res., 79, 3141, 1974,
Imhof, W. L., R. R. Anderson, J. B. Reagan, and E. E. Gaines, The
significance of VLF i m the of inner
belt electrons, J. Geophys. Res., 86, 11,225, 1981,
Imhof, W. L., J. B, Reagan, H. D. Voss, E. E. Gaimnes, D. W.
Datlowe, J. Mobilia, R A. Helliwell, U S. Inan, J Katsufrakis,
and R G. Joiner, Direct observation of radiation belt electrons

here, edited by R L Carovillano, J, F. McClay, and H. R
Radosky, p 534, D. Reidel, Hingham, Mass., 1968.

D. W. Datlowe, E. E. Gaines, W. L. Imhof, J. Mobilia, J. B.
Reagan, and H D Voss, Lockheed Palo Alto Research Labora-
tory, Palo Alto, CA 94304.

R. A. Helliwell, U. S, Inan, and J. Katsufrakis, STAR Labora-
tory, Stanford University, Stanford, CA 94305,

R. G Joiner, Office of Naval Research, Arlington, VA 22217.



