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Abstract. The ISEE-1 spacecraft has been an 
important component of VLF wave injection ex- 
periments for studying interactions between 
coherent VLF waves and energetic particles. 
The coherent waves are injected into the mag- 
netosphere by ground-based transmitters such 
as that at Siple Station, Antarctica (76øW, 
84øS geographic, L ~ 4.1), and those of the 
worldwide Omega navigation network. During 
the period October 1977-August 1979, the Stan- 
ford VLF receiver on ISEE-1 acquired data on 
approximately 90 separate orbits in the plasma- 
sphere in which the satellite longitude lay 
w•thin 30 ø of the magnetic field lines linking 
the North Dakota Omega transmitter (98øW, 46øN 
geographic, L ~ 3.5). During 12 passes the 
nonducted Omega signals at 10.2 kHz were ob- 
served to trigger VLF emissions on magnetic 
shells ranging from L -- 1.8-3.8. The emis- 
sion characteristics often differed signifi- 
cantly from those of emissions triggered by 
ducted signals and detected at ground stations. 
In many cases each of the triggered signals 
consisted of a large array of discrete rising 
tones whose rate of change of frequency ap- 
proached 40 kHz/sec, a value much larger than 
that usually associated with emissions trig- 
gered by ducted signals. The emission activi- 
ty occurred during periods in which signals 
propagated to the spacecraft on at least two 
separate ray paths of disparate time delay and 
with a received signal duration of 2 to 4 times 
that of the transmitted pulses. Typically, 
the emission activity took place only along 
the paths of longer time delay. Unusual emis- 
sion activity involving signals from the Si- 
ple Station transmitter was also observed on 
two occasions outside the plasmasphere. Our 
results indicate that the emission generation 
process can take place under much more general 
conditions that previously believed. 

Introduction 

This paper reports new observations of non- 
ducted coherent VLF waves from ground-based 
transmitters and associated VLF emissions in 

the magnetosphere. The data reported were ac- 
quired by the Stanford University VLF Wave In- 
jection Experiment on the ISEE-1 satellite[Bell 
and Helliwell, 1978]. The experiment has four 
main components: (1) a broadband (1-32 kHz) VLF 
receiver on ISEE-1 connected to a long electric 
antenna, (2) a broadband (1-20)kHz controllable 
VLF transmitter located at Siple Station, An- 
tarctica [Helliwell and Katsufrakis, 1974], (3) 
various VLF navigation and communications 
transmitters, such as those of the worldwide 
Omega network, and (4) ground stations in the 
Antarctic and Canada. The main goal of this 
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experiment is to acquire understanding of in- 
teractions between coherent VLF waves and ener- 

getic particles in the magnetosphere, in par- 
ticular the whistler mode instability through 
which both natural and stimulated VLF emissions 

are produced. Sources of the coherent VLF 
waves involved in these studies include VLF 

transmitters, large-scale power grids, whis- 
tlers, and other natural coherent VLF signals. 
The Stanford University experiment on ISEE-1 
is an outgrowth of classic 'ground-to-ground' 
VLF wave injection experiments carried out over 
the past 5 years using the Stanford University 
broadband transmitter at Siple Station [Helli- 
well and Katsufrakis, 1974]. However, there 
are a number of important differences between 
the ground-to-ground experiments and the 
'ground-to-satellite' experiments described in 
the present paper. 

As shown in the sketch of Figure la, in a 
typical mode of operation of the ground-to- 
ground experiments VLF waves are injected 
into the ionosphere from a ground-based source, 
such as a VLF transmitter, and a small frac- 
tion of these waves travel in ducts of enhanced 

ionization along paths that are closely 
aligned with the earth's magnetic field. Near 
the magnetic equatorial plane these waves in- 
teract with energetic electrons to produce 
wave amplification (up to 30 dB), triggering 
of VLF emissions, and scattering of energetic 
electrons in pitch angle and energy [Helliwell 
and Katsufrakis, 1974; McPherson et al., 1974; 
Dowden et al., 1978]. 

The injected signals and the associated 
triggered emissions travel to the ionospheric 
region conjugate to the source and can enter 
the earth-ionosphere waveguide to be observed 
on the ground. An example of such a triggered 
emission is shown in the lower panel of Figure 
la. On the other end of the field line the 

scattered electrons precipitate into the iono- 
sphere causing a variety of perturbations that 
can be detected from the ground. For example, 
fluxes of natural VLF wave-induced precipita- 
tion have been observed to excite X rays 
[Rosenberg et al., 1971], photoemissions [Helli- 
well et al., 1980a], and electron density en- 
hancements [Helliwell et al., 1973]. 

Although ground-based experiments can deter- 
mine a number of important features of the 
interaction, in $itu satellite measurements 
are required to determine the wave and par- 
ticle properties in or close to the interac- 
tion region. In addition, such measurements 
represent the only means of studying the class 
of injected waves which are nonducted. In 
general, most of the waves injected by aground- 
based transmitter propagate in the magneto- 
sphere in a nonducted mode. Although these 
waves are capable of strong interaction with 
energetic particles in the magnetosphere, the 
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b) (a) 
Fig. 1. Schematic representation of two classes of wave-injection experiments. (a) 
The classic case of ground-to-ground experimentation in which both the source and 
observation points are ground-based. In these experiments a small fraction of the 
total injected wave energy travels in ducts of enhanced ionization along paths that 
are closely aligned with the earth's magnetic field. In the interaction region 
(shaded) near the magnetic equatorial plane these waves interact with energetic 
electrons (solid arrow) to produce wave amplification, triggering of VLF emissions 
and scattering of energetic electrons. The injected signals and associated emis- 
sions then propagate in the duct to the ionospheric region approximately conjugate 
to the source, enter the earth-ionosphere waveguide, and are observed on the ground. 
A spectrogram of a typical emission triggered by a ducted wave in this type of ex- 
periment is shown in the lower portion. In %his example recorded at Roberval, the 
ground station conjugate to Siple Station, a 1-s-long pulse from the Siple Station 
transmitter at 3.6 kHz triggers a strong VLF emission which rises in frequency for 
approximately 1 s at a rate of approximately 2 kHz/s. (b) The case of ground-to- 
satellite experimentation in which the main observation point is satellite-based. 
This is the case considered in the present paper. In these experiments the injected 
waves generally travel in a nonducted mode with high wave normal angle and can reach 
the satellite through a number of distinct ray paths. Nonducted waves can be divided 
into two groups, the direct waves which reach the satellite directly, and the indi- 
rect waves, or echoes, which reach the satellite only after undergoing one or more 
reflections. Both classes of waves can intersect the interaction region (shown 
shaded), where they can interact with energetic electrons (solid arrows) to produce 
wave amplification, triggering of VLF emissions, and scattering of energetic par- 
ticles. A spectrogram of a typical emission triggered by a nonducted wave in this 
type of experiment is shown in the lower portion. In this example, observed on the 
ISEE-1 satellite, pulses from the North Dakota Omega transmitter at 10.2 and 11 1/3 
kHz, with durations of 1.2 and 0.9 s respectively, trigger bursts of VLF emissions 
while propagating to the satellite via an indirect path. The individual elements of 
each emission burst rise in frequency at a rate approaching 40 kHz/s. 

output of these interactions is not observable 
on the ground because the nonducted waves 
generally cannot penetrate the lower ionosphere. 
Thus the only means of observing the output of 
wave-particle interactions involving nonducted 
injected waves is through the use of satel- 

lites. It is the ground-to-satellite iniection 
experiments which are the subject of the pre- 
sent paper. 

As shown in Figure lb, the nonducted waves 
propagate in the magnetosphere along non-field- 
aligned paths, usually with high wave normal 
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angles. Such waves reach the satellite along 
'direct' ray paths, which involve no reflec- 
tions, or along indirect paths of longer time 
delay which involve either magnetospheric re- 
flection [Walter and Angerami, 1969] or a 
specular reflection at the lower ionosphere. 
For simplicity, the figure shows only one re- 
flected wave component. However, in experi- 
mental situations such as our own, waves can 
arrive at the satellite after experiencing 
large numbers of reflections in both hemi- 
spheres [Edgar, 1976]. The case of multiple 
reflections of waves is discussed in the ap- 
pendix. Although the nonducted waves are not 
confined to a particular field line, they can 
be expected to interact with energetic par- 
ticles during each traversal through the in- 
teraction region, thought to lie near the mag- 
netic equatorial plane. During some of these 
traversals the nonducted waves can be expected 
to trigger VLF emissions. A typical example 
of one such emission is shown in the lower 
portion of Figure lb. As shown in the fol- 
lowing sections, the characteristics of emis- 
sions triggered by the nonducted waves differ 
in a number of important respects from emis- 
sions triggered by ducted waves. 

During these wave injection experiments the 

•m 5øW 

Sl• • /,.,.• INPUT 

• ••••:•••/J - WAVE 
•,• • OCTOBER 77 

-- OCTOBER 79 

(a) 

16 

kHz 13'6 t 
11.O5-.I 

10.21 

.... 13.1 

__ -- __ __ -- [1911/3 0 • 1•) • 20 sec 

Fig. 3. North Dakota Omega transmission format 
for 10.2, 11.05, 11 1/3, 13.1, and 13.6 kHz. 
Pulse lengths vary from 0.9 to 1.2 s. The pulse 
length for the 10.2-kHz pulses is 1.2 s. The 
format is repeated every 10 s. 

Stanford ISEE-1 VLF receiver determines the 

properties of the interactive waves within, 
or near, the interaction region. The energetic 
particle properties are in turn measured by 
particle experiments also on ISEE-1. Corre- 
lation of these measurements then helps to 
provide a description of the physics of the 
nonlinear whistler mode instability which pro- 
duces the wave amplification, the emission 
generation, and the particle scattering effects. 

In the present paper we describe only the 
wave phenomena observed on ISEE-1 during the 
wave injection experiments. Description of 
the concurrent wave-particle correlations will 
be presented in a future paper. 

During the first 2 years of spacecraft opera- 
tion the two main sources of coherent waves 

for the Stanford experiment have been (1) the 
VLF transmitter at Siple Station, Antarctica, 
with its precisely controlled frequency and 
amplitude characteristics and (2) the Omega 
VLF navigational transmitter located in North 
Dakota. With the aid of these sources the 

Stanford experiment has acquired data concern- 
ing the characteristics of nonducted coherent 
waves and associated triggered VLF emissions 
in the magnetosphere. 

In this paper we present examples of nonduct- 
ed coherent VLF signals from the Siple and 
North Dakota Omega transmitters detected by 
ISEE-1 over large regions of the plasmasphere 
and show that the associated triggered emis- 
sions differ in several important respects 
from those associated with ducted waves. 

Experiment Background 

•' _ •m • 35øW 

•,•7/-•"•,• INPUT 
-- WAVE 

\ 
A -- OCTOBER 77 

• -- OCTOBER 79 

(b) 

Fig. 2. ISEE-1 inbound and outbound orbits. (a) 
Projected on the Siple-Roberval meridional plane. 

Figure 2 depicts the inbound and the out- 
bound legs of typical ISEE-1 orbits near the 
longitude of the Siple-Roberval magnetic 
meridian (magnetic longitude, •m, ~5øW) and 
the longitude of the North Dakota Omega mag- 
netic meridian (•m ~35øW)' Inbound and out- 
bound legs are shown for two time periods, 
October 1977 (launch) and October 1979. In 
each case the orbits have been projected onto 
the appropriate meridional plane. 

Siple and Roberval stations are magnetically 
conjugate and lie at the base of the L ~ 4.1 
magnetic shell. The North Dakota Omega trans- 
mitter lies at the base of the L ~ 3.5 mag- 
netic shell. 

As shown in Figure 2a, measurements of Siple 
signals near or within the interaction region 

(b) Projected on the meridional plane intersect- (magnetic equator) in the range 2 < L < 4 were -- -- 

ing the location of the Omega transmitter in North possible on the inbound leg of the ISEE-1 orbit 
Dakota. Orbit configurations shortly after launch for a few months immediately following launch 
(October 1977) and approximately 2 years after on October 1977. The inclination of the ISEE-1 
launch (October 1979) are both shown orbit at that time was approximately 30 ø but ß , 
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Fig. 4. Examples of transmission formats employed by the Siple transmitter and typical 
examples of these signals as received on the ISEE-1 satellite. 

by October 1979 the inclination had increased 
to 52 ø and the inbound leg lay far to the 
south of the interaction region, generally al- 
lowing measurement of the signals only prior 
to their traversal of the interaction region 
and thus prior to the times of emission trig- 
gering. 

On the other hand, the outbound legs of the 
orbit during the 2-year period provided data 
only on the output waves from the interaction 
region. The general character of these orbits 
was not a function of the inclination angle. 
As a consequence, the data on VLF emissions 
triggered by nonducted Siple signals have been 
obtained largely on the outbound leg of the 
ISEE orbit. 

Measurements of Omega signals were made in 
the 2 < L < 4 range within and slightly to 
the south of the interaction region on the in- 
bound leg of the ISEE-1 orbit, as shown in Fi- 

gure 2b. Thus on the inbound leg, the output 
waves from the interaction region could be 
readily measured. This situation had not 
changed radically by October 1979. 

Omega data acquired on the outbound leg of 
the orbit were limited mainly to direct input 
waves, that is, those that had not crossed the 
equator. However, occasionally, Omega signals 
were observed both in the direct mode and also 

in a reflected mode after having been reflect- 
ed at the ionosphere in the southern hemi- 
sphere. This mode of propagation is shown in 
Figure lb. In some cases, these 'echoes' were 
accompanied by VLF emissions which had pre- 
sumably been triggered by the direct input 
signals as they passed through the interaction 
region. Thus data acquired on the outbound 
leg near the North Dakota Omega meridian 
included both the wave input to the interaction 
region and the wave output from this region. 
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Fig. 5. Viewing area of the SiDle transmitter, 
mapped onto the geomagnetic equatorial plane in 
a centered dipole system. The angular scale 
gives geographic longitude. Portions of the ISEE-1 
orbits for the period October 29, 1977, to August 
2, 1978, are shown. The heavy lines indicate 
the times when the transmitter signals were re- 
ceived on the satellite. The intersection with 

the equatorial plane of the magnetic field lines 
through the SiDle and Omega transmitters are in- 
dicated by circled crosses. Points of reception 
of signals from the North Dakota Omega transmit- 
ter are not shown, but these signals were observed 
on nearly all of the portions of the orbits shown 

specific questions concerning the physics of 
the wave-particle interaction which leads to 
the triggering of VLF emissions. For example, 
the variable pulse length format shown in the 
upper panel of Figure 4 was designed to study 
the effect of input pulse length on the emis- 
sion process [Stiles and Helliwell, 1975] and 
to determine on which side of the earth's mag- 
netic equator the generation of rising and 
falling tones takes place [Helliwell, 1967]. 
The 'stair-step' format, also shown in the 
upper panel, is designed to study the depend- 
ence of the emission process on input wave 
fcequency and to study the wave entrainment 
process [Helliwell and Katsufrakis, 1974] in 
which triggered emissions are 'captured' or 
entrained by subsequent transmitter pulses. 
Finally, the ramp format of the lower panel 
is designed to study multipath effects and 
the effect upon the emission process of changes 
in the frequency of the input wave and to de- 
termine how the wave growth rate varies with 
the sign and magnitude of df/dt. In general, 
the output power varies by less than 3 dB 
throughout each ramp with the maximum output 
produced at the center frequency. In all for- 
mats the input wave amplitude can also be 
varied to show how emission generation depends 
on wave amplitude. Typical examples of these 
formats as received on the satellite are shown 

above each panel. Note that the received pul- 
ses are longer than the transmitted ones. This 
pulse elongation is produced whenever multiple 
paths of propagation of disparate group time 
delay exist between the ground and the satel- 
lite. This effect is also evident in the re- 
ceptions of the frequency ramp format (lower 
panel), where each discrete ramp of minimum 
time delay is seen to be followed by a diffuse 

that lay in the range 1.5 < L < 4 (see Figure 8). distribution of a number of ramps that reach 

Partially as a result of these orbital con- 
siderations the observed incidence of VLF emis- 

sion triggering on ISEE-1 was approximately 3 
times as high for Omega signals as it was for 
SiDle signals. Other factors contributing to 
this disparity include differences in trans- 
mitter output power (SiDle ~ 1 kW at 6 kHz; 
Omega ~ 10 kW), location, and operation fre- 
quency. 

Because of the navigational mission of the 
Omega transmitter only the standard modulation 
format was available for observation by the 
ISEE-1 satellite. This format, shown in Figure 
3, consists of continuously repeated segments 
of 10-s duration. Each segment has eight fixed- 
frequency pulses of fixed duration at 10.2 (one 
pulse), 11.05 (one pulse), 11 1/3 (one pulse), 
13.1 (four pulses), and 13.6 kHz (one pulse). 
Each pulse is separated in time from its 
successor by 200 ms, and the average pulse 
length is approximately 1 s. 

During the ISEE-1 wave injection experiments 
from SiDle Station, several transmission for- 
mats were used, examples of which are shown 
in Figure 4. In general, the formats are a 
series of fixed-frequency pulses of variable 
duration as well as variable frequency ramps 
of both positive and negative slope. Each for- 
mat is designed to investigate one or more 

the satellite at different times (see the ap- 
pendix). 

In the following sections we first present 
data on the distribution of coherent nonducted 

waves in the magnetosphere and then report on 
the new observations of triggering of VLF 
emissions by these waves. Interpretation of 
the data presented requires that the magneto- 
spheric ray path(s) from the transmitter to 
the satellite be identified and that the wave 
characteristics along this path be determined. 
In most of the data there was clear evidence 

that the observed signals propagated to the 
satellite along non-field-aligned (i.e., non- 
ducted)paths, with time delays of ~1 to ~4 s. 
As a result of the superposition of the sig- 
nals from these different paths, the observed 
pulse duration greatly exceeded that of the 
transmitted pulse (~1-1.2 s). The magneto- 
spheric ray paths can be determined by recon- 
ciling the time delay and multipath properties 
of the received signals with the results of 
raytracing studies in a model magnetosphere. 

Typical ray paths of 10.2-kHz (Omega) and 
5-kHz (SiDle) signals in the inner magneto- 
sphere are discussed in the appendix for a sim- 
ple magnetospheric ,nodel. The results show 
that in general there are two kinds of signals 
that reach the satellite: (1) the direct pulse 
arriving at the satellite prior to any re- 
flections, and (2) the echoes that arrive at 
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the satellite after either being magneto- 
spherically reflected at the point where f = 
fLHR or specularly reflected from the lower 
edge of the ionosphere. Some of the echoes 
may be reflected a number of times in both 
hemispheres (see Figure A1). As shown in the 
appendix, the direct signals would typically 
have a time delay of ~0.5-1.0 s, while the re- 
flected echoes can have time delays of up to 
~4 s depending on the injection latitude of 
the signal into the magnetosphere. In general, 
there would be multiple echoes associated with 
each direct signal, a feature in keeping with 
the experimental findings. In the following 
the terms 'direct pulse' and echoes will be 
employed as defined here. 

Distribution of Coherent Nonducted Waves 

in the Magnetosphere 

In this section we show that VLF signals 
from the Siple and North Dakota Omega trans- 
mitters are detectable continuously over large 
regions of the plasmasphere. In addition, we 
show that the intensity distribution and the 
group time delay of the received signals are 
generally smooth functions of the satellite 
position. As discussed in the final section 
of the text, the smooth variation of these 

parameters provides strong evidence that the 
observed waves have propagated to the satel- 
lite in a nonducted mode and not in a ducted 

mode. The widespread distribution of these 
nonducted waves in the magnetosphere indicates 
that perhaps the primary interaction between 
energetic particles and coherent waves from 
ground-based transmitters may occur in the 
nonducted mode. 

Figure 5 shows a projection upon the magnet- 
ic equatorial plane of the ISEE-1 inbound or- 
bits on which Siple transmitter signals were 
received during the period October 29, 1977, 
to August 2, 1978. Receptions during this 
period were typical of those during the 2-year 
period. The orbital sections along which re- 
ception occurred were denoted by thick lines. 
Because of the necessity for telemetry time 
sharing, data could be obtained only on those 
orbits which fell within an operational 'win- 
dow' in geographic longitude. The meridional 
range in which the wave injection experiment 
was carried out is indicated by dashed radial 
lines at the 50øW and the 110øW longitude po- 
sitions. The receptions of North Dakota 
Omega signals are not indicated since those 
signals were observed on nearly all of the or- 
bits shown for 1.5 < L < 4. A typical inten- 
sity distribution of the received Omega sig- 
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Fig. 7. Typical variation of the group time 
delay of Siple signals as observed on the sa- 
tellite, shown for one of the orbits of Figure 
5. The smooth variations of the signal time 
delays is an indication that the observed sig- 
nals are nonducted. 

nals is given in Figure 9. Our discussion of 
Figure 5, therefore, is limited to Siple sig- 
nals. The larger probability of reception of 
North Dakota Omega signals as compared to 
Siple signals is attributable to higher radiat- 
ed power (~10 kW Omega, ~1 kW Siple). In a 
simple dipole model the magnetic field lines 
through Siple and North Dakota Omega stations 
intersect the magnetic equatorial plane at 

3o 

Pi = 46 kW 
f= 5.6 kHz. 1100-1110 UT 
f = 5.0 kHz, 1111-1200 UT 

BW = 100 Hz 

FEB 21, 1978 

"' 2 ø •jV._./-•,• / h •, t , 

2[ •H 
w 10 • 
< o 
ß P = 4.6 kW 

o o \N 

0 H = HAM ACTIVE • i i I 
1100 1115 1130 1145 1200 UT 

L = 4.5 3.9 3.2 2.6 2.0 
Xm = 0 ø 3 ø 7 ø 10 ø 20øS 
•m = 4øW 3øW 0 ø 5øE 25øE 

Fig. 8. The amplitude variation of the Siple 
signals received on ISEE-1 on February 21, 1978. 
The amplitude is measured in a 100-Hz band cen- 
tered on the transmitter frequency. The 0-dB 
level corresponds to an absolute electric field 

OMEGA N.D. EQUATORIAL ELECTRIC FIELD 

20øW 0 

Fig. 9. The equatorial amplitude distribution 
of 10.2-kHz signals from the North Dakota Omega 
transmitter during the 9-month reference period. 
The amplitude in a 100-Hz band centered on 10.2 
kHz is averaged within sectors measuring 5 ø in 
longitude and 0.2L in radius. In this figure, 
the 0-dB level corresponds to an absolute elec- 
tric field intensity of ~3 pV/m. The data are 
based on 14 separate orbits, and there are at 
most two sets of points in each sector. The 
high intensities observed in the 0ø-14 ø E lon- 
gitude range are mainly due to a single orbit 
on March 29, 1978. 

about L = 4.2, longitude 75øW and L = 3.5, 
longitude 108øW, respectively. Each inter- 
section is marked by a circled cross. 

During the period indicated, Siple signals 
were detected on 12 of 16 orbits during which 
transmissions were made. Lack of signal de- 
tection on the four other orbits was attributed 

to the relatively higher background noise le- 
vels that existed during the times of data ac- 
quisition. The transmitter signals were re- 
ceived mainly inside the plasmasphere, but 
reception was continuous over wide ranges of 
L value, magnetic latitude and longitude, and 
the signal time delays at the satellite varied 
very smoothly as a function of satellite po- 
sition as illustrated in Figure 7. As dis- 
cussed later in the text, these features of 
the data provide strong evidence that the ob- 
served signals were generally nonducted. The 
'gap' in Figure 5 between L = 3 and L = 5 near 
the 90øW-80øW meridians is due to an absence 
of data for the corresponding passes for this 
9-month reference period. Data from other 
times (e.g., October-November 1978 interval), 
which are not shown here, indicate that Siple 
signals are readily detected on the space- 

intensity of ~0.1 pV/m. The southern foot of the craft in this region. Thus there does not 
field line passing through the satellite on this appear to be any marked longitudinal variation 
date is indicated in Figure 5. The solid lines in the probability of reception of the Siple 
indicate periods where the signal was received; signals. 
the dashed lines indicate periods where either Sample spectrograms of the Siple signals re- 
no transmissions were made or strong interfer- ceived on ISEE-1 are shown in Figure 6. The 
ence from another experiment (HAM) caused the two panels show the received signal spectra 
receiver to saturate. The background noise level for two different days for which the orbits 
during periods of no transmissions is indicated 
by circles directly beneath the dashed portions. 
The reduction in intensity in the interval 1120- 
1125 UT is due to deliberate 10-dB reduction in 

the transmitter radiated power in this period. 
The L value and geomagnetic latitude %m are also 
shown. 

are shown in Figure 5. Note that for both 
days receptions at approximately the same lo- 
cation in space are showfL. The transmitted 
frequency-time format is identical in both 
cases. In the upper panel the individual 
transmitter pulses •re easily distinguished 
since on this day there apparently was only 
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Fig. 10. North Dakota Omega signals and triggered emissions received on ISEE-1 on 
February 7, 1978. (a) Frequency-time spectrograms. (b) Amplitude (dB) versus t•me, 
where the arrows indicate the beginning of the reception of the direct pulse. 
On this day, the signal was receivedduring 0430-0440 UT as the satellite moved outward 

. from L = 2.4 to L = 3.6, at a geomagnetic latitude •m -• 33øN. The K• value at this 
time was ~2 and the satellite local t•me was ~2000 LT. Time code pulses appear at top 
of spectrogram. 

one ray path available from the ground to 
the satellite. The reception of the same for- 
mat on a day when multipath and/or echoing 
(see the appendix) effects were prominent is 
shown on the lower panel. In this case the 
pulses are not distinguishable, indicating that 
the signals reached the satellite through vari- 
ous paths with group time delay differences of 
up to ~2 s. The qualitative nature of these 
ray paths is similar to those shown in Figure 
1 of Edgar [1976], i.e., the direct signal is 
associated with at least two echoes. 

An interesting feature of the transmitter sig- 
nals observed on ISEE-1 was the fact that the 

group time delay of the received signals was 
observed to vary smoothly as a function of sa- 
tellite position, as would be expected from a 
distribution of nonducted rays reaching the sa- 
tellite. An example of this feature is shown 
in Figure 7, where the group time delay is 
plotted versus time for the same day represent- 
ed by data in the upper panel of Figure 6. 

In order to prepare the plot, the group time 
delay of the Siple pulses was sampled once 
every minute. The error bars represent the 
measurement uncertainty associated with the 
plotted points, and this uncertainty decreases 
with time because of the increasing S/N ratio 
of the pulses as the satellite moves near the 
earth. 

The plot shows that the signal time delay 
varied smoothly over a period of ~30 min or 
over a distance of ~8000 km. As discussed 

later in the text, the presence of ducted waves 
in the data would be manifested in a sharp de- 
crease in time delay during the interval that 
the spacecraft was in the duct. No such de- 
crease is evident. The lack of large variation 
in time delay suggests that if ducted waves 
are occasionally present in the data, their 
presence is limited to intervals of less than 
1 min. Since the satellite velocity during 

the period of observation was approximately 
5 km/s, the maximum allowable width (radial) 
of unobserved ducts would be approximately 
300 km. Although the presence of a few of 
these small ducts cannot be ruled out, it is 
clear that they would have little overall ef- 
fect on the total wave structure observed by 
the satellite. 

The amplitude of the Siple signals as mea- 
sured on the ISEE-1 spacecraft varied over a 
range of ~40 dB. The higher amplitudes were 
usually recorded on those orbits which passed 
close to the Siple-Roberval meridian. The 
data from one such orbit is displayed in 
Figure 8, where the 1--min average of the wave 
electric field amplitude is plotted as a func- 
tion of time, L shell, magnetic latitude and 
longitude. The higher amplitudes for L > 3 
correspond to times when the southern foot of 
the field line passing through the satellite 
was within 500 km of the transmitter. The 

type of slow amplitude change shown here as 
a function of L shell (shown in Figure 8) is 
typical of Siple signals received inside the 
plasmasphere on ISEE-1 and provides further 
support for the idea that the received signals 
propagate mainly in the nonducted mode. 

The equatorial amplitude distribution of 10.2 
kHz signals from the North Dakota Omega trans- 
mitter during the 9-month reference period is 
shown in Figure 9. The amplitude in a 100-Hz 
band centered on 10.2 kHz is averaged within 
sectors measuring 5 ø in magnetic longitude and 
0.2L in radius. These data are based on 14 

separate orbits, and there are at most two 
sets of points in each sector. Although each 
sector of Figure 9 is plotted in the magnetic 
equatorial plane, the •ata points used in this 
plot corresponds to measurements made at 5 ø- 
15 ø geomagnetic latitude. The equatorial in- 
tercept of the magnetic field line linking 
the transmitter is shown on the figure as a 
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Fig. 11. North Dakota Omega signals and associated emissions received during the 
triggering event of October 27, 1977, as the satellite moved outward from L = 2.8 
(1005 UT). The Kp value at this time was 3 + and satellite local time was ~0400 LT . 
(a) Beginning of the triggering event, where arrows on the time axis indicate the 
instant at which the direct pulses reach the satellite. (b) Intense noise bursts 
triggered by the Omega signals. The intensity modulation with ~1 s period is caused 
by the spin of the satellite (see text). Arrows here indicate the arrival of the 
echo and associated emissions. 

circled cross near L ~ 3.5. Note that rela- 

tively high values of wave amplitude are found 
not only near the field lines linking the 
transmitter but also on occasion at longitudes 
as far as 60 ø east of the transmitter location. 

The high amplitudes shown near 20øE result 
mainly from data obtained on a single orbit on 
March 29, 1978. 

Since magnetic conditions at this time were 
disturbed, we suggest that this 'hot spot' of 
signal activity may have been caused by the 
nonlinear whistler mode instability which can 
amplify waves by up to 30 dB and also produce 
VLF emissions [Helliwell and Katsufrakis,1974]. 

The absolute intensities given in Figures 8 
and 9 are subject to error as much as 10 dB, 
due to a malfunction of the housekeeping cir- 
cuitry which monitors the envelope of the re- 
ceived signal waveform. A joint study is pre- 
sently under way with the University of Iowa 
experimenters on ISEE-1 [Gurnett et al., 1978] 
to recalibrate the Stanford experiment and re- 
fine the amplitude values given in the figures. 

VLF Emission Characteristics 

In this section we present examples from 
the ISEE-1 data set of artificially stimulated 

VLF emissions triggered by coherent waves from 
VLF transmitters. In most of the observed 

cases, the triggering wave appears to have been 
propagating in the nonducted mode when emission 
generation took place. Compared with trigger- 
ing by ducted signals, these emissions differ- 
ed principally in their spectral characteris- 
tics and in the ray path selectivity of the 
emission process. These differences are illus- 
trated below with specific examples. 

The first example involves signals from the 
North Dakota Omega transmitter at frequencies 
of 10.2, 11.05, and 11 1/3 kHz, as shown in 
the spectrogram of Figure 10a. The intensity 
of the Omega signal at the lower frequency, 
10.2 kHz, is shown versus time in Figure 10b. 
Arrows along the time axis indicate the arrival 
time of the direct 10.2-kHz pulses at the 
satellite. The example shown is characteris- 
tic of the data received during a 15-min inter- 
val on this day. 

The figure shows that well-defined direct 
pulses were received at the satellite at 
all three operating frequencies of the trans- 
mitter. However, only the direct pulses at 
10.2, 11.05, and 11 1/3 kHz are followed by 
echoes with emissions (see the appendix). 
The direct pulses at 10.2-kHz arrive at the 
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Fig. 12. Multiemission noise bursts triggered by North Dakota Omega signals on Hay 
21, 1979, observed as the satellite moved from L = 2.3 (1455 UT) to L = 1.4 (1510 UT). 
The Kp value for this time period was 4- and the satellite local time was in the range 
0700-0900 LT. (a) Reception in the southern hemisphere where direct signals as well 
as the echoes trigger emissions. (b) Reception in the northern hemisphere where only 
the echo pulses trigger emissions. 

spacecraft at the 3.4-, 13.4-, and 23.4-s 
marks, as indicated by the three arrows along 
the time axis. The duration of the 10.2 kHz 

direct pulses is approximately 1.2 s and these 
pulses stand out clearly in the amplitude plot 
in Figure 10b. Following shortly after (<0.5 
s) the sharp trailing edge of the direct pulses 
are the echoes and associated VLF emissions. 

These following signals can be identified 
by the fact that they exhibit much deeper 
amplitude fading than the direct signals. 
Since the duration of the direct pulses is 
within 50 ms of the transmitted pulse dura- 

tion, we conclude that the direct rays at 
these frequencies reached the satellite 
along a single path from the transmitter. On 
the other hand, the associated echoes with 
emissions last much longer than the direct 
pulse. This behavior is found to be charac- 
teristic of emissions triggered by nonducted 
signals. The amplitude plot of Figure 10b 
shows that the intensity of the echo and ac- 
companying emissions at 10.2 kHz is less than 
that of the direct signal. Examination of 
data over a 10-min period showed that the 
average amplitude of each emission group did 
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three •e•te [•e•ue•c•e• (•0.2, 11.05, • 11 •/3 •) t•e• e••o•. 
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Fig. 14. The solid line shows the average rela- 
tive intensity of the initial 1.2-s segment of 
the Omega pulses at 10.2 kHz received on Febru- 
ary 21, 1978 (see Figure 13). The dashed line 
shows the average amplitude of the remaining 
portion of the 10.2 kHz pulses. 

not appear to depend upon the average inte[zsity 
of the associated direct pulse. One reason 
for this is that the observed direct pulses 
do not follow ray paths that return to the sa- 
tellite as echoes. Instead, as shown in the 
appendix, the echoes may be produced by waves 
injected into the magnetosphere at magnetic 
latitudes higher than those of the direct pulse. 

A second example of echoes with accompanying 
emissions is shown in the two panels of Figure 
11. The data samples of the two panels are 
4 min apart in time and are representatives of 
receptions during a period of triggering that 
lasted ~10 min. As in the previous example, 
the durations of the echo and triggered emis- 
sions are much longer than that of the direct 
pulse. However, the spectral characteristics 
of the emissions are markedly different from 
those of Figure 10. Figure 11a shows the 
wave spectrum at the beginning of the event. 
Arrows along the time axis indicate the instant 
at which the strong direct pulses at 10.2 kHz 
reach the satellite. The echoes and emissions 

arrive approximately 1 s later, producing a 
continuous signal of approximately 4 s duration 
(see the appendix). At this time the emissions 

consist of short rising tones of small band- 
width and relatively low intensity. 

The situation is reversed a few minutes la- 

te , as shown in'Figure 11b. Here the ampli -ø 
tude of the direct pulses at 10.2 and 11 1/3 
kH•. is only slightly above the noise level, 
whereas the echoes are strong and trigger in- 
tense multiemission noise bursts. Arrows a- 

long the time axis indicate the arrival time 
of the echo and associated emissions. The 

time delay between the direct pulse and the 
echo pulse is ~2 s. The emissions consist of 
discrete tones which rise rapidly in frequency 
across a 5-kHz band above the transmitter fre- 

quency. The rate of change of frequency of 
these rising tones approaches 40 kHz/s, a 
value much larger than the ~1 to 10-kHz/s rate 
for natural emissions observed on the ground 
(presumably ducted) [Allcock and Mountjoy, 
1970] and natural emissions observed outside 
the plasmasphere [Burtis and Helliwell, 1976]. 
The discrete nature of the rising tones is ob- 
scured because of the large number of emissions 
triggered by the echo; thus they appear noise- 
like in character. 

Spin modulation of ~l-s period is seen in 
the amplitude of the triggered noise bursts in 
Figure 11b and in the background noise near 
the 10-s mark. This modulation occurs at one 

half the spin period of the satellite (at this 
point in time the spin rate was 30 rpm) and 
results from the nonuniform excitation of the 

dipole antenna as it rotates in the wave field. 
When corrections are made for the fading due 
to antenna orientation, the corrected intensity 
of the triggered noise bursts can be shown to 
vary smoothly in time. 

A further example of multiemission noise 
bursts triggered by nonducted signals is shown 
in Figure 12. The data shown are characteris- 
tic of receptions at the beginning and end of 
a ~15-min period during which triggered emis- 
sions were observed. In Figure 12a, with the 
satellite to the south of the magnetic equa- 
tor, direct pulses at 10.2 kHz arrive at the 
satellite close to the 0-, 10-, and 20-s marks 
with the duration of each pulse stretched to 
~3 s by multiple propagation paths (see the 
appendix). Each direct pulse group is accom- 
panied by numerous intense emissions which 
arrive approximately 0.5 s after the leading 

:HE;M: :EXPER•t.ME:.N:i:T:• 

Fig. 15. The burstlike emissions triggered by nonducted Omega signals on January 16, 
1978. Note the compressed time scale. Emissions were observed as the satellite 
moved inward from L = 3.8 (1447 UT) to L = 3.0 (1507 UT), at a geomagnetic latitude 
of %m = 5øS' The Kp value was 4- and the local time was ~0900 LT. Time code pulses 
appear at the top of the spectrogram. 
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Fig. 16. The triggering event of March 12, 1978, associated with North Dakota Omega 
signals. The emissions were received as the satellite moved inward from L = 2.2 
(1502 UT) to L = 2.0 (1507 UT). The Kp value for this time was 1- and the local t•ne 
was ~0700 LT. The North Dakota Omega signal was received shortly after the 2-s mark. 
The weak pulse between the 1- and 2-s marks is the 10.2-kHz signal from the Omega 
station in Hawaii and causes no observable triggering. (a) Beginning of triggering 
event; pulse duration of ~2 s indicates propagation along at least two separate paths. 
(b) Pulse duration of ~2.5 s indicates at least three separate propagation paths. 
Only pulses of longer time delay are associated with triggered emissions. (c) One 
of the strongest emission events. (d) Amplitude of signal shown in Figure 16 in 
1-kHz band centered on 10.2 kHz. 

edge of the direct pulse. Each emission group 
consists of hiss and discrete tones that rise 

~6 kHz above the signal frequency at a maximum 
rate of ~30 kHz/s. These emissions resemble 
closely those of Figure 11 except that the lat- 
ter were triggered by the echoes of Omega 
pulses. The frequency-selective nature of the 
emission process is shown by the fact that only 
the lowest frequency Omega pulses trigger emis- 
sions. 

Figure 12b shows the wave spectrum at a later 
time when the satellite is in the northern mag- 
netic hemisphere; again, the direct signals at 
10.2 kHz arrive near the 0-, 10-, and 20-s 
marks, but now the burstlike emissions follow 
the leading edge of the direct pulse by approx- 
imately 1.5 s. Since no emissions are asso- 
ciated with the initial 1.5 s portion of the 
received pulses, it is clear that the shortest 
time delay signal does not trigger emissions. 
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Absence of triggering by the direct pulse of 
shortest time delay is found to be a consistent 
feature of nonducted waves. This is clearly il- 
lustrated in Figure 13. During a ~15 min peri- 
od on this day all frequencies of the North 
Dakota Omega transmitter were received although 
only the lower frequencies (10.2, 11.05, and 
11 1/3) were accompanied by emissions. The 
received signals at these frequencies consisted 
of a superposition of pulses which had travel- 
ed on different paths to reach the satellite. 
Because the duration of the pulse group at 
11.05 and 11 1/3 kHz was ~2 s, at least two 
separate paths were available. At 10.2 kHz, 
the duration of the pulse groups was ~3-4 s, 
requiring at least three separate paths. At 
all three frequencies, emission generation 
is seen to occur ~1.5-2.0 s after the arrival 

of the pulse of shortest time delay, indicating 
that only the longer time delay pulses are in- 
volved in the triggering process. 

From the spectrogram, the arrival times of 
the direct 10.2 kHz pulses of shortest time 
delay can readily be determined (near the 4.7- 
s mark and every 10 s thereafter). However, 
the arrival time of the longer time delay 
pulses is obscured because of pulse overlap. 
Pulse resolution was achieved through the use 
of amplitude plots similar to that of Figure 
10b, making use of the fact that the amplitude 
and fading pattern of each overlapped pulse was 
generally different. 

Amplitude plots (not shown) of the 10.2-kHz 
pulses indicated that each pulse group dis- 
played three clearly identifiable components: 
(1) a direct pulse of minimum time delay with 
duration of 1.2 s, (2) a second pulse, also of 
approximately 1.2-s duration but slightly lower 
amplitude, which was delayed approximately 1 
s with respect to the first pulse and which 
triggered a number of VLF emissions, including 
a falling tone at the pulse trailing edge, and 
(3) a final lower amplitude (~10 dB) pulse 
following shortly after the second pulse, which 
also was associated with VLF emissions and 

which was delayed 2.6 s with respect to the 
leading edge of the first pulse. 

The apparent duration of the third pulse was 
mope variable than the first two and lay in 
the range 1.2-1.6 s. Although the third pulse 
sometimes appeared to merge continuously with 
the second pulse, its separate identity was 
confirmed at a later stage of the triggering 
event when the second pulse was no longer 
received, while the first and 'third' preserved 
their characteristics. 

As in Figure 10, the echoes and the asso- 
ciated emissions of Figure 13 are weaker than 
the shortest time delay pulses. This is illus- 
trated in Figure 14 where the average intensity 
of the initial 1.2 s segment of the Omega pul- 
ses at 10.2 kHz is shown together with the 
average amplitude of the remaining portion. It 
is clear that the two amplitudes are not well 
correlated. This behavior supports the idea 
that the pulse of minimum time delay propagates 
along a magnetospheric path that differs signi- 
ficantly from the paths followed by a longer- 
delayed pulses, and that the wave-particle in- 
teractions which occur along these separate 
paths are signficantly different. It is sur- 

prising that the direct pulses, which do not 
trigger emissions, have higher amplitudes than 
the echoes and associated emissions since in 

cases of triggering by ducted waves, those 
signals which trigger emissions have higher 
amplitudes than those which do not [Helliwell 
et al., 1980b]. 

Another example of emissions triggered by 
nonducted waves is shown on a compressed time 
scale in Figure 15. The data displayed are 
characteristic of ISEE-1 receptions over a 
~20-min period. Again, the signals at 10.2 
kHz consist of a superposition of multipath 
pulses. 

Examination of amplitude plots shows that 
the initial 2 s of each signal group consist 
of two separate overlapped pulses of 1.2-s 
duration, with the second pulse delayed 200 
ms with respect to the first. Each double 
pulse group is followed after 300-500 ms by 
a diffuse hisslike noise burst of approximate- 
ly 4-s duration, which has a sharp lower cut- 
off frequency of 10.2 kHz. Analogous noise 
bursts are triggered by the pulse groups at 
11.05 and 11 •/3 kHz. Unlike previous examples 
of triggered emissions, these noise bursts con- 
tain no detectable structure; they are similar 
in spectral form to quasi-periodic noise bursts 
[Ho, 1974]. Since no emissions or noise are 
triggered during the first 2 s of the pulse 
group, it is reasonable to conclude that the 
noise is produced by longer time delay pulses 
which accompany, but are obscured by, the 
noise bursts. However, we cannot positively 
rule out the possibility that the unusual 
noise bursts were generated through some un- 
known delayed triggering mechanism activated 
by the earlier pulses. 

Another type of triggered emission seen on 
ISEE-1, with impulsive components in its 
spectrum, is shown in Figure 16. Three se- 
parate events, typical of the ~5-min period 
during which triggering occurred, are shown. 
Figure 16a shows the wave spectrum at the 
beginning of the triggering event. The North 
Dakota Omega signal in all panels starts at 
~2.2 s. The faint pulse between the 1-s and 
2-s marks is the 10.2 kHz signal from the Omega 
station in Hawaii. In the discussion below we 

consider only the North Dakota Omega signals. 
Direct North Dakota pulses at 10.2 kHz arrive 
at the satellite along at least two separate 
paths, resulting in a signal duration of ~2 s. 
Figure 16b shows that ~1 min later, direct pul- 
ses arrive along at least three separate paths, 
resulting in a pulse duration of ~2.5 s and 
that longer time delay pulses are associated 
with triggered VLF emissions. Figure 16c shows 
one of the strongest emission events of the 
series. The spectral forms of the emissions 
in Figures 16b and 16c are discrete and impul- 
sive in nature, suggestive of the band-limited 
impulses often associated with ducted waves 
[Helliwell, 1979]. 

The amplitude of the pulses and emissions of 
16c is shown in Figure 16d in a 1-kHz band 
centered on 10.2 kHz. The pulse of minimum 
time delay stands out clearly; it reaches 20- 
dB amplitude above the pulse group immediately 
following and is ~1.2 s long, the nominal du- 
ration of transmitted pulses at 10.2 kHz. The 
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peak amplitude of the later VLF emission burst 
slightly exceeds that of the direct pulse. As- 
suming that the emissions are triggered by the 
later pulses, the data indicate that ~20 dB 
of amplification take place before the emis- 
sions are triggered. This behavior would 
agree well with that of emissions triggered 
by ducted waves [Stiles and Helliwell, 1975]. 

Perhaps the most important characteristic 
of the VLF emissions shown in this section 

is that the triggering was seldom seen to occur 
on the most direct path from the ground to 
the satellite. Instead, triggering took place 
along the paths of longer time delay. 

It is important to show that this path in- 
ference characteristic is a general feature of 
emission triggering by nonducted waves and is 
not simply unique to the ISEE-1 data base or 
to the time frame of the ISEE mission. In 

this regard it can be pointed out that this 
path preference had previously been noted on 
a few occasions in data obtained on the low- 

altitude satellite OGO-4 during the 1967-1968 
period [Angerami and Bell, 1971]. However, 
at the time only a few, low power (1 kW), 
limited duty-cycle VLF transmitters operated 
below 15 kHz. Consequently, the relatively 
few cases of emission triggering observed on 
OGO-4 were insufficient for establishing wheth- 
er the observed path inference was an anomaly 
or a common feature of emission triggering by 
nonducted coherent waves. 

Figure 17 shows an example of OGO-4 data when 
the satellite was close to the magnetic conju- 
gate point of a prototype Omega transmitter 
at Aldra, Norway, and was observing direct sig- 
nals from the transmitter at 10.2 kHz and 11 
1/3 kHz• These signals were accompanied by 
triggered VLF emissions. The direct signals 
at each of the two frequencies consisted of a 
superposition of direct pulses that had tra- 
veled different paths to reach the satellite. 
The time delay of the first arriving pulses was 
~0.6 s. The nonducted nature of the following 
pulses is evidenced in their relatively longer 
time delay, which is a consequence of the high 
wave normal angles characteristic of nonducted 

signals in the conjugate hemisphere [Walter 
and Angerami, 1969]. The nominal pulse length 
at both frequencies is ~1 s, while the duration 
of the received pulses is >2 s. Thus at least 
three separate paths were available to the 
Omega signals. Since emissions were triggered 
only toward the end of the pulse of longest 
time delay, the path selectivity of the emis- 
sion triggering interactions is clearly in 
evidence. 

Since our ISEE-1 data base contains no trig- 
gering events involving Omega signals in which 
the waves could be shown to be ducted, it was 
not possible to determine whether triggering 
by ducted Omega signals involves a path se- 
lectivity similar to that displayed in the 
case of triggering by nonducted signals. How- 
ever, this important point can be investigated 
by examining data from other spacecraft. For 
instance, data from the OGO-4 spacecraft show 
at least three cases in which ducted Omega 
signals were observed to trigger VLF emissions. 
In none of these cases did the emission pro- 
cess exhibit a preference between available 
paths. An example from OGO-4 is shown in 
Figure 18. The data displayed are representa- 
tive of receptions over a ~3 rain period ranging 
from the time when the satellite entered the 

plasmasphere at L = 4 to the time when it 
reached L -• 3. Signals from the prototype 
Forest Port (New York) Omega transmitter at 
10.2 and 11 1/3 kHz were observed during this 
period, and these signals were accompanied by 
triggered VLF emissions. The pulse duration at 
10.2 kHz was ~1.5 s, somewhat longer than the 
transmitted pulse length of ~1.2 s.' Thus the 
signals reached the satellite along at least two 
separate but closely spaced ray paths. Wave 
amplification and emission triggering occurred 
within the first 200 ms of each pulse group at 
10.2 kHz, and it was evident that the pulse of 
minimum time delay was directly involved in the 
triggering process. The presence of intense 
falling tone emissions at the termination of 
each pulse group gave evidence that the pulse 
of maximum time delay was also involved in the 
triggering process. In general, the triggered 

... 
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Fig. 17. Emissions triggered by signals from the prototype Omega transmitter located 
at Aldra, Norway, as they were received on the OGO-4 satellite on December 16, 1967. 
The emissions were observed during 1602-1604 UT as the polar orbiting satellite was 
moving southward. The Kp value at this time was 2 and the local time was ~1700 UT. 
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•g. 18. (a) g•ss•o•s t•gge•e• by slg•als •o• t•e p•ototype Omega 
1ocate• 1• •o•est •o•t, •e• •o•, a• •ecel•e• o• t•e OGO-4 satellite o• •uly 26, 
1968. •e e•lss•o•s •e•e obse•e• •u•l•g 1217-1220 U• as t•e satellite •as 
•o•t•a•. •e •p •alue at t•ls t•me •as 3 a• t•e local t•me •as •0600 •. (b) 
Simultaneous V• •eceptlo•s at •y• Station, •a•ct•ca (119ø•, 80øS). . 

emissions resembled closely those routinely 
observed at ground stations and interpreted as 
triggered by ducted waves. 

During this event the satellite was located 
near the magnetic field lines linking Byrd 
Station in Antarctica (119øW, 80øS), and VLF 
dat• were also acquired at Byrd. A portion of 
this simultaneous ground data is shown in Fi- 
gure 18b. The Forest Port Omega pulses at 10.2 
kHz received on OGO-2 also appear on the ground 
records. The pulse time delay at Byrd is ap- 
proximately 100 ms longer than the delay at 
the satellite, indicating, as expected, that 
the pulses received on the satellite were propa- 
gating downward. The amplitude of the 10.2- 
kHz pulses on the ground is rather low, and 
the associated emissions are difficult to de- 
tect, perhaps because of spreading losses in 
the earth-ionosphere waveguide. 

Further evidence that the signals were ducted 
are the three-hop echoes of the Omega pulses 
at 10.2 kHz with a time delay of •3.2 s with 
respect to the direct pulse. The time delay 
of the direct pulse is •1.6 s, the ratio of 
time delays for the three-hop and one-hop pul- 
ses is 3:1, exactly as expected in a case of 
ducted propagation. In contrast, in cases of 
nonducted propagation, the ratio of time delays 
for three-hop and one-hop pulses is generally 
much larger than 3:1, since the wave normal 
angle increases continuously with hop number. 

The Byrd data shown in Figure 18b also include 
ground wave signals at 10.2, 13.6, and 11 1!3 
kHz from the Hawaii Omega transmitter. The 
ground wave signal at 13.6 kHz is strong and 
and evident; the signal at 11 1/3 kHz is also 
strong and can be distinguished by the fact 
that it arrives at Byrd approximately at the 
same time as the 10.2 kHz pulses from Forest 
Port Omega. The ground wave signal at 10.2 
kHz is weak and difficult to see. It arrives 
approximately 1.2 s ahead of the ground wave 
pulse at 13.6 kHz. The difference in amplitude 
between the ground wave pulses is attributed 
to differential attenuation in the earth- 
ionosphere waveguide. These ground wave signals 
do not penetrate the ionosphere with sufficient 
amplitude to be seen in the satellite data. 

Based on the OGO-4 data, there is good reason 
to believe that the emission triggering mecha- 
nism involving ducted coherent signals does not 
generally display a preference between available 
paths. This finding is in accord with observa- 
tions from ground stations [Helliwell and Kat- 
sufrakis, 1974 ]. 

Up to this point our examples have concerned 
only emission-triggering events which have oc- 
curred inside the plasmasphere. In fact, only 
two observations of transmitter signals trig- 
gering outside (L > 4) the plasmasphere have 
been made with the ISEE-1 satellite, and these 
events have both involved signals from the Si- 
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ple transmitter. The apparent inability of 
Omega pulses to trigger emissions outside the 
plasmasphere can be reasonably attributed to 
the whistler mode gyrofrequency cutoff which, 
near the magnetic equator, generally confines 
the Omega signals to regions where L < 4.4. 

Examples of emissions triggered by the Si- 
ple signals outside the plasmapause are shown 
in Figure 19; they are representative of a ~15- 
sin period during which Siple signals were 
observed on ISEE-1. As shown in the figure, 
the transmitter pulses were occasionally ob- 
served to trigger very intense noise bursts. 
The upper panel shows a Siple pulse at 5.8 kHz 
triggering such a burst of rising emissions. 
The beginning of the triggering pulse is in- 
dicated by an arrow. Following this event, 
a second, less intense noise burst is trig- 
gered by a Siple pulse at 5.6 kHz. The lower 
panel shows a 1-s pulse at 5.6 kHz triggering 
two intense rising emissions and a weak hook- 
like tone which oscillates in frequency for a 
short time and apparently triggers a second 
intense noise burst consisting of multiple 
rising tones. 

These triggering events were observed at a 
time when the satellite was located in the 

northern hemisphere on a magnetic shell out- 
side the plasmapause at L m 9. At such a 
location direct field-aligned propagation to 
the satellite is not possible since the equa- 
torial gyrofrequency on this L shell is less 
than the transmitter frequency. However, ray- 
tracing studies combined with signal time delay 
measurements indicate that wave propagation took 
place in the low density region outside the 
plasmapause and reached the satellite after 
reflection from the ionosphere. The emissions 
triggered by the Siple pulses are unusual in 
that the intense burstlike structure of the 

emissions in Figure 19 resembles the structure 
of emissions triggered by ducted whistlers 
propagating just outside the plasmapause [Car- 
penter, 1978]. The triggering of this type 
of emission by transmitter pulses has not pre- 
viously been reported. It is interesting to 
note that the triggering events of Figure 19 
do not display a path preference characteristic 
such as that displayed in the Omega triggering 
events discussed previously. 
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Fig. 19. Emissions triggered by Siple transmitter signals and observed on ISEE-1 
on July 27, 1979. The data shown are representative of the observations during 1327- 
1344 UT when the satellite moved outward from L = 6.4 to L = 9.6 at %m = 60øN- The 
Kp index for this time was 3 and the satellite local time was in the range ~0900-1100 
LT. Note that emissions were triggered by whistlers and other natural signals as well 
as the Siple transmitter pulses.. The locations of the transmitter pulses that are 
clearly triggering emissions are indicated by arrows on both the time and frequency 
axes. 
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Discussion and Conclusions 

Ducted and Nonducted' Propagation 

In our opinion the ISEE-1 data set suggests 
that the bulk of the transmitter pulses observ- 
ed on the satellite have not propagated to the 
spacecraft in a whistler-mode 'duct,' but in- 
stead have reached the spacecraft via a 'non- 
ducted' mode. 

Whistler mode ducts were originally postulat- 
ed to explain the observed characteristics of 
multipath whistlers and whistler echo trains. 
Although the physical characteristics of 
these ducts have never been measured directly, 
they are generally thought to consist of field- 
aligned enhancements (~10%) of ionization which 
guide whistler mode waves somewhat as an op- 
tical fiber guides a light ray [Helliwell, 
1965]. Whether thesesducts are 'two-sided, ' 
like a Gaussian perturbation, or 'one-sided,' 
like a step perturbation, is not clear [Gorney 
and Thorne, 1980; Inan and Bell, 1977]. How- 
ever, indirect measurements suggest that the 
cross-L thickness of these ducts ranges from 
200-400 km near the magnetic equatorial plane 
and that the radial separation of the ducts 
ranges from 100-1000 km [Angerami, 1970]. 

Long-term studies of whistler propagation 
characteristics at numerous ground stations 
suggest that the ducts are distributed through- 
out the plasmasphere and occupy no more than 1- 
10% of its volume (D. L. Carpenter, private 
communication, 1980). 

For the purposes of the present discussion, 
we define a whistler mode duct to be any field- 
aligned structure capable of guiding whistler 
mode waves along a given magnetic field line 
with a wave normal closely parallel (<30 ø ) to 
the magnetic field line direction. This is the 
key characteristic that a whistler mode duct 
must possess to explain the •round observations 
of whistler characteristics [Helliwell, 1965]. 
Thus we assume that any ducted wave will propa- 
gate closely along a particular magnetic field 
line with small wave normal angles. 

Since nonducted waves are not guided by field- 
aligned structures, their propagation paths and 
wave normal directions will be determined by 
the gradients of the ambient magnetic field 
and background ionization. In our data the 
evidence for the nonducted character of the 

observed transmitter pulses takes three forms: 
(1) Continuity of the spatial distribution of 
the transmitter signals, (2) continuity of the 
amplitude distribution of the transmitter sig- 
nals, and (3) continuity of the time delay dis- 
tribution of the transmitter signals. 

Spatial distribution. One of the outstand- 
ing characteristics of the ISEE-1 data set is 
the continuity of the spatial distribution of 
the transmitter signals. Whenever signals 
from a given transmitter are observed on the 
spacecraft near the magnetic equatorial plane, 
they are generally observed continuously over 
distances which vary from 4000-20,000 km. A 
widespread distribution of propagation paths 
is a well-known characteristic of nonducted 

propagation in the magnetosphere [Edgar, 1976; 
Walter and Angerami, 1969]. On the other 
hand, since whistler mode ducts were postulat- 

ed in order to explain the discrete nature of 
multipath whistlers, they must be discrete- 
ly distributed in space, and thus any array 
of ducted waves should be discretely distri- 
buted in space. Although it is possible that 
waves which have leaked from the ducts will 

be present in the interduct regions, these 
components can generally be identified through 
their amplitude and time delay characteristics. 

.Amplitude distribution. Since ducts repre- 
sent guiding structures, the wave spreading 
loss in a duct is generally smaller than the 
spreading loss experienced by nonducted waves 
[Edgar, 1976]. Furthermore, as nonducted 
waves propagate within the magnetosphere, 
their wave normals generally swing out toward 
the resonance cone angie, and their refractive 
indices become very large compared to that of 
ducted waves [Walter and Angerami, 1969]. 

As the wave's refractive index increases, 
more of the wave energy is concentrated in the 
wave magnetic field, and the wave electric field 
can substantially decrease below that of a duct- 
ed wave of equal frequency and power at the same 
point in space. As a consequence of these two 
effects, it might be expected that the trans- 
mitter signals would exhibit a sharp increase 
in amplitude whenever the satellite entered a 
duct. On the basis of the study of Angerami 
[1970], the amplitude enhancement should endure 
from 1-5 min. Very few such enhancements exist 
in the ISEE-1 data set; instead, the transmit- 
ter wave amplitude distribution is generally 
smooth and continuous, as illustrated in Fi- 
gure 8. This result suggests that the bulk of 
the transmitter signals observed on the ISEE-1 
satellite have propagated to the spacecraft in 
a nonducted mode. 

Time delay distribution. Nonducted whistler 
mode waves in the magnetosphere are generally 
characterized by large wave normal angles, 
large phase and group refractive indices, and 
relatively large travel times compared to duct- 
ed waves of the same frequency. In particular, 
the time delay of nonducted transmitter pulses 
propagating to points in the conjugate hemi- 
sphere can exceed by a factor of 2 or more 
the time delay of ducted transmitter pulses (of 
identical frequency) to the same points [Walter 
and Angerami, 1969]. Because of this circum- 
stance the time delay of the transmitter pulses 
observed on the ISEE-1 spacecraft would be ex- 
pected to show significant decreases for a 
period of 1-5 min whenever the satellite en- 
tered a duct. Very few such decreases have 
been observed in the ISEE-1 data set; instead, 
the transmitter pulse time delay distribution 
is generally smooth and continuous, as illus- 
trated in Figure 7. Once again this result 
suggests that the major portion of the trans- 
mitter signals observed on the ISEE-1 satellite 
have propagated to the spacecraft in a non- 
ducted mode. 

In the VLF emission triggering events dis- 
cussed in the previous section, the presence 
of the three types of evidence discussed above 
was assumed to be a necessary condition for 
the transmitter waves associated with the trig- 
gering to be labeled as nonducted waves. In 
addition, we required that the time delay of 
the various pulses in each pulse group be con- 
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sistent with the model of nonducted propagation 
given in the appendix. 

Applying these same criteria to our entire 
data set, we conclude that the bulk of the 
transmitter signals propagate in the magneto- 
sphere in nonducted modes. Furthermore, the 
widespread distribution of these nonducted 
waves in the magneto sphere suggests that the 
primary interactions between energetic particles 
and coherent signals from VLF transmitters may 
occur in the nonducted mode. 

Frequency of Occurrence of Nonducted 
Wave Particle Interactions 

It is instructive to compare our satellite 
results on nonducted waves with previous work 
on ducted signals observed on the ground. Car- 
penter and Miller [1976] showed that during 
the 1973-1974 time period, Siple signals were 
detected at Roberval on approximately 20% of 
the days on which signals were transmitted 
(72 out of 374 days). During periods of re- 
ception the average Kp was =2. Approximately 
80% of the signals observed at Roberval were 
determined to have propagated along magnetic 
shells in the range 3.5 < L < 4.5, and none of 
the observed signals was found to have propa- 
gated on magnetic shells of L values less than 
3 or greater than 5. 

Additional features of the Siple-Roberval cor- 
relation which did not appear in the Carpenter 
and Miller study are (1) the Siple signals were 
observed to trigger VLF emissions on 85% of the 
days on which signals w•re detected at Rober- 
val and (2) the average I Kp value during periods 
of emission triggering was ~2 + in 1973 and ~2- 
in 1974. 

In our own study of nonducted waves we have 
found that for those times when ISEE-1 was 

within the plasmasphere at a longitude within 
30 ø of the transmitter location, the probabili- 
ty of observing Siple and Omega signals was 
~50% and ~80%, respectively. Thus the non- 
ducted transmitter signals were observed on 
ISEE-1 much more frequently than ducted Siple 
signals were observed at Roberval. This re- 
sult agrees well with a previous study of sa- 
tellite reception of nonducted signals from 
the Siple transmitter [Inan et al., 1977]. 

There are at least two reasons for the higher 
probability of reception on satellites. First, 
ground stations such as Roberval must rely upon 
the presence of active whistler ducts near the 
station in order to guide the magnetospheric 
signals into the earth-ionosphere waveguide, 
from where they can propagate to the receiver. 
If ducts are not present at any particular time, 
the nonducted signals will suffer internal re- 
flection in the ionosphere and will not reach 
the ground station. Second, the duct e•dpoint 
must lie within approximately 300 km of the 
receiver location or else the signals suffer 
too much attenuation in the earth-ionosphere 
waveguide and will generally not be observed 
[Carpenter and Miller, 1976]. The stringency 
of these conditions for reception of ducted 
signals precludes a high detection probability. 

Although the probability of detecting non- 
ducted transmitter signals on the ISEE-1 space- 
craft was relatively high, the probability 

that these nonducted signals would trigger VLF 
emissions was more modest. During the period 
of October 1977-August 1979 the Stanford ex- 
periment on the ISEE-1 spacecraft acquired 
data on approximately 90 orbits within 30 ø of 
the magnetic meridian through the North Dakota 
Omega transmitter. Of these 90 passes, 12 con- 
taine periods in which nonducted signals from 
the transmitter were observed to trigger VLF 
emissions. Thus the probability of triggering 
VLF emissions by nonducted transmitter signals 
was ~13%. While this value is comparable to 
the 17% probability reported for emission- 
triggering by ducted Siple transmitter signals, 
the comparison is complicated by many factors. 
For instance, the radiated power of the Omega 
and Siple transmitters differ by 10 dB, being 
~10 and ~1 kW, respectively, while the usual 
Siple operating frequencies are less than 6 
kHz, while the Omega frequencies are greater 
than 10 kHz. In addition, the two transmit- 
ters are located on different magnetic shells 
and illuminate somewhat different portions of 
the magnetosphere. Furthermore, the Siple- 
Roberval transmissions were carried out mainly 
during the 0100-1000 LT interval, when emis- 
sion activity is known to peak, while the 
satellite orbits sampled all local times equal- 
ly. The importance of this latter factor is 
underscored by the fact that of the 12 cases 
in which triggered emissions were produced by 
nonducted waves, only two cases occurred out- 
side the 0300-1000 LT sector. During the 12 

triggering events the average Kp was ~3, a 
value comparable with but slightly higher than 
that obtained during the Siple-Roberval trig- 
gering events. 

During the period of October 1977-August 
1979 the probability of detecting events on the 
ISEE-1 spacecraft in which Siple transmitter 
signals triggered VLF emissions proved to be 
approximately 4%. This value is approximately 
¬ of the probability reported for ground ob- 
servations of emission triggering by ducted 
Siple transmitter signals. One reason for the 
low value of this probability is the fact that 
due to a variety of circumstances, Siple wave 
injection experiments could only be carried out 

'on 50% of the orbits in which the satellite 
was located in the 0100-1000 LT sector and 

within +30 ø longitude of the transmitter. 
Transmissions at other local times were accom- 

plished about 90% of the time. A second reason 
concerns the orbital configuration as explained 
above in the experiment background section. 

The relatively low output power (~1 kW) of 
the Siple transmitter may also be an important 
factor, although this has clearly not been a 
handicap in past ground-to-ground wave injec- 
tion experiments. 

The Generation of VLF Emissions by Nonducted 
Waves 

Our study has revealed important differences 
between the characteristics of triggered VLF 
emissions observed on a high-altitude satel- 
lite and those on the ground. First, the 
satellite emissions often consist of intense 

multiemission noise bursts of large bandwidth, 
and the maximum time rate of change of frequen- 



Bell et al.: VLF Emissions Triggered by Nonducted Waves 4667 

cy of the individual emissions in these noise 
bursts is often as much as 3-4 times higher 
than that of emissions triggered by ducted 
waves [Allcock and Mountjoy, 1970]. 

Second, emissions triggered by nonducted 
coherent waves are regularly observed on mag- 
netic shells as low as L = 2, while those 
triggered by ducted waves are not generally 
observed below L = 3. 

Third, triggering was seldom seen to occur 
on the direct path of the shortest time delay 
from the ground to the satellite. Instead, 
emissions were generally triggered on longer 
time delay paths. 

The lack of observations of emission trigger- 
ing on magnetic shells below L = 3 may be due 
to lack of data concerning low L shells since 
most VLF ground stations lie at L • 3, or the 
difference may arise because the nonducted 
waves interact with a different class of ener- 

getic electrons. The parallel kinetic energy 
necessary for nonrelativistic electron gyrore- 
sonance with 10.2-kHz waves near the magnetic 
equator at L = 2, assuming a cold plasma den- 
sity of N o -• 4000 cm -3, is given approximately 
by 

E,, •- 90(cose) -• keV (•) 

For ducted waves, e ~ 0 and the necessary paral- 
lel energy is ~90 keV. On the other hand, if 
the cold plasma near the L = 2 magnetic shell 
is in a state of diffusive equilibrium, it can 
be shown (see the appendix) that the wave nor- 
mal angle for nonducted waves exceeds 65 ø near 
the magnetic equatorial plane, for which case, 
E,, > 200 keV. Thus, nonducted waves should 
interact with higher energy, quasi-relativis- 
tic electrons, and the pitch angle distribution 
of these particles during disturbed times could 
conceivably be more favorable for the emission 
generation process. The fact that nonducted 
coherent signals can interact with inner ra- 
diation belt particles lends further credence 
to the suggestion that certain anomalies dis- 
covered in the pitch angle distribution of 
energetic electrons might be due to gyrore- 
sonance interactions in the magneto sphere with 
coherent VLF signals from grou•d transmitters 
[Vampola, 1978 ]. 

The sharp differences that exist between VLF 
emissions triggered by ducted waves and those 
triggered by nonducted waves may arise because 
of basic physical differences that exist in 
the generation mechanisms of these two classes 
of emissions. 

One possibility is that nonducted signals 
can readily trigger emissions only at locations 
where the ratio of wave frequency, f, to local 
gyrofrequency, fH, approaches 0.5 [Angerami and 
Bell, 1971]. This suggestion is based on the 
observation of Carpenter [1968] that ducted 
signals have a higher probability of trigger- 
ing emissions when they propagate on field 
lines on which f = •fH at the magnetic equator. 
In this model the nonducted signals of shortest 
time delay would not be likely to trigger 
emissions since everywhere along their path of 
propagation the condition holds: f < fH/2' On 
the other hand, one or more of the nonducted 
signals of longer time delay, which propagate 

on paths which reach higher L values, could 
reach regions where f ~ fH/2 and could trig- 
ger emissions there. This model could be 
applied to a number of the cases we have shown 
above but does not appear to fit our data con- 
cerning emissions triggered near L ~ 2. A 
second possible mechanism for producing VLF 
emissions by nonducted waves is the longitudinal 
Landau resonance, the condition for which is 
given by 

m=k-v 

where m is the wave frequency, k is the wave 
number and v is the particle velocity. Here 
the waves and the particles travel in the 
same direction and spatial bunching of the 
energetic electrons is accomplished by the 
wave longitudinal electric field [Brice, 1964]. 
Since the magnitude of the longitudinal com- 
ponent of the wave electric field increases 
with the angle between the wave normal and the 
earth's magnetic field, it might be expected 
that the probability of the triggering of VLF 
emissions by Landau resonance also would in- 
crease with wave normal angles. For this 
reason, it is perhaps less likely that waves 
propagating along paths of shortest time de- 
lay would trigger emissions becase of their 
relatively small wave normal angle. Waves 
propagating along paths of longer time delay, 
however, would generally have higher wave nor- 
m•l angles and could perhaps more readily trig- 
ger emissions. 

In order to test such mechanisms it is ne- 

cessary to determine the location of the 
various paths of propagation and the wave nor- 
m•l distribution along these paths. While 
well-known ray tracing programs can be employ- 
ed to calculate this information, the accuracy 
of the ray tracing depends upon the accuracy 
of the cold plasma density model. 

At the present time we are cooperating with 
other ISEE-1 experimenters in an effort to 
map the cold plasma distribution along the 
satellite path on those orbits on which trig- 
gering was observed. These data will lead to 
more realistic cold plasma models for use in 
the required ray tracing study. Results of 
this work will be reported in the near future. 

Append•ix: Nonducted Wave Propagation 
in the Inner Magnetosphere 

In this appendix we discuss typical magneto- 
spheric VLF ray paths of 10.2-kHz signals, the 
North Dakota Omega transmissions shown in 
this paper. In calculating the ray paths we 
have used the Stanford VLF ray tracing program 
[Kimura, 1966; Walter, 1969; Burtis, 1974]. A 
more recent description of this program is given 
as an appendix by Inan and Bell [1977]. 

Figure A1 shows ray paths of 10.2-kHz rays in- 
jected at ~500-km altitude with vertical 
wave normal and at different latitudes. The 

point of injection is indicated by an arrow 
near the earth's surface. A diffusive equili- 
brium model is used for the cold plasma density 
profile [Park, 1972], while a centered dipole 
model is used for the static magnetic field 
[Mlodnosky and Helliwell, 1962]. The equatorial 
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cold plasma density at L = 3 is taken to be 
~600 el/cm 3, whereas the plasma composition at 
the base level of 1000-km altitude is taken to 

be 70%H + and 30%0 +. The base level density and 
composition is assumed constant between 30 ø and 
40 ø latitude. With this particular model the 
lower hybrid resonance (LHR) frequency is >10.2 
kHz for altitudes near 3000 km, and the magne- 
tospheric reflections of the 10.2 kHz rays 
shown in Figure A1 occur close to the point 
where fLHR = 10.2 kHz. 

In the event that the base level oxygen per- 
centage is larger than 30% it could be the case 
that the wave frequency is always larger than 
fLHR- In t,his circumstance the rays will not 
be magnetospherically reflected but instead 
can be specularly reflected from the lower iono- 
sphere boundary. In the absence of horizontal 
gradients in the ionosphere the resulting ray 

TYPICAL NON-DUCTED RAY PATHS 

L--4 

Xmo: 58 ø 42 ø 
(a) (b) 

, 

ß 

44 ø 46 ø 

(c) (o) 

Fig. A1. Typical nonducted ray paths of 10.2- 
kHz signals in the inner magnetosphere. All the 
rays are injected at 500-km altitude with verti- 

paths would not be significantly different 
from the ones shown in Figure A1. 

All of the rays shown terminate at the point 
where the total group time delay from the ini- 
tial injection point reaches 4 s. This value 
is representative of the largest group time 
delays observed on the North Dakota Omega 
signals. Since the rays shown are typical of 
rays that reach the satellite in the inner 
magneto sphere (L < 3), it is evident that de- 
pending on the satellite position, the trans- 
mitter signals can reach the satellite with 
group delays of 0.3-4.0 s. It is also clear 
that most points in the same region can be 
reached by more than one of the rays shown. 
When this occurs, the signal observed on the 
satellite is a superposition of two or more 
1.2-s-long pulses with time delays that differ 
as much as ~3.5 s, resulting in a pulse with 
a duration of as much as 4-5 s on occasion. 

This is evidenced in the data displayed in 
Figures 10-12. 

The initial portion of such extended pulses 
is due to the direct ray which arrives at the 
satellite prior to any reflections. Portions 
received with a time delay of more than 1.2 
s with respect to the leading edge of the pulse 
are due to echoes that arrive after being 
magnetospherically reflected at the point where 
f = fLHR (or specularly reflected at the lower 
ionosphere). 

As illustrated in Figure Ala, the echoes may 
arrive at the observations point after reflect- 
ing a number of times in both hemispheres [see 
also Edgar, 1976, Figure 1]. This feature is 
in keeping with our experimental findings. 

The text discussion of Figures 10-12 employs 
the terminology of direct pulses and echoes 
with the above understanding of these terms. 
It should be noted that the ray path distribu- 
tion shown in Figure 1A will not completely 
describe all of the cases shown in Figures 
10-12. Some locations in the region L < 3 seem 
to be accessible by single ray paths only (the 
direct ray path); others are accessible by only 
two or three discrete paths not in keeping with 
a continuous received pulse as displayed in 
Figure 10. These discrepancies are due to the 
very simple cold p%asma model that is used 
for computing the ray paths of Figure Al. The 
inclusion of horizontal gradients in the iono- 
sphere, for instance, would affect the wave 
normals of injected waves at low altitudes and 
would cause a spreading of ray paths within 
a given mode. Consequently, some regions of 
space could be illuminated by multiple direct 
rays from the transmitter. Similarly, hori- 

cal wave normals at different initial geomagnetic zontal gradients in the vicinity of the re- 
latitudes %mo. The point of injection for each flection points would account for even further 
case is shown with an arrow. The dots on the ray dispersion of the paths and some regions of 
paths are placed at 0.5-s intervals in group time space could be illuminated by multiple echoes 
delay. (a) Wave injection at 38 ø latitude. Sip- of identical reflection number. Thus, for 
nal reflects twice in each hemisphere before 
group time delay equals 4 s. (b) Wave injection 
at 42 ø latitude. Signal reflects once in hemi- 
sphere conjugate to source and reaches low alti- 
tude in original hemisphere before group time 
delay equals 4 s. (d) Wave injection at 46 ø la- 
titude. Signal reflects once in hemisphere con- 
jugate to source and reaches equator before group 
time delay equals 4 s. 

more complex models the inner magnetospher- 
ic region shown in the figure will be essen- 
tially filled with ray paths, the general 
character of which will be as shown. This 

case, the satellite could simultaneously re- 
ceive pulses with group time delays of 0.5-4 s, 
in keeping with the ISEE-1 observations. 

Typical plasmaspheric ray path distributions 
for lower wave frequencies typical of Siple 
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transmissions (f < 6 kHz) can be found in 
a study by Edgar I•976]. 
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