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INTRODUCTION

THERE has been an increased interest in recent years
in natural low-frequency electromagnetic radiation and
its propagation through the upper atmosphere. In this
connection, attempts were also made to investigate the
propagation of low-frequency electromagnetic signals
broadcast by radio stations. The number of papers
(for the most part experimental, strictly speaking ob-
servational in character) devoted to this group of prob-
lems is continuously increasing.

A considerable part of the natural radiation is due
to atmospheric electric discharges, received in the
form of whistling sound (whistling atmospherics). An-
other part is connected with the interaction between
streams of charged particles from the sun and the ion-
ized gas of the earth’s upper atmosphere. Observation
of this radiation was part of the program of the Inter-
national Geophysical Year (IGY) and was carried out
at numerous special stations. We refer here to fre-
quencies 0.4 — 15 kes (wavelengths 750 — 20 km ),
which are within the range of the human ear (16 —
20,000 cps) and are directly audible with a loud-
speaker. This is a very favorable factor in the inves-
tigation of this radiation, for the primary observation
can be simply carried out by ear.

Low-frequency electromagnetic radiation is also of
considerable interest because it can pass through the

ionosphere and reach interplanetary space. If there
were no external magnetic field, the ionosphere layers
would block all the low frequencies and the penetration
of such radio waves through the upper layer of the at-
mosphere would be impossible. This can be seen from
the expression for the index of refraction n of ionized
gas

e 2,02
nt=1— /o

where w, is the plasma frequency (see below) and w
the circular frequency of the wave. It follows there-
fore that when w < w, we have T2< 0 and propagation
of waves is impossible without attenuation. The pres-
ence of the earth’s magnetic field Hy makes the iono-
sphere transparent also to sufficiently low frequencies,
the values of which will be given later (Sec. 2), so that
n? > 0.

The propagation of low-frequency waves usually has
a unique character. In the upper atmosphere the radio
signals propagate along definite trajectories, con-
nected with the earth’s magnetic field. The electro-
magnetic radiation may be trapped in a region located
between magnetically-conjugate points on the earth’s
surface. The position here is reminiscent somewhat
of the capture of corpuscular radiation by the earth’s

magnetic field (the earth’s outer and inner radiation
belts ).
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We can thus speak of the channeling of the low-
frequency electromagnetic radiation. We note that
analogous phenomena are frequently encountered in
dealing with the propagation of radio and acoustic
waves.!»?

Such propagation of the low-frequency waves is con-
nected with the properties of ionized gas (plasma). In
the case considered here the trajectory is a horseshoe
curve, terminating at points of the earth’s surface
which are symmetrical about the magnetic equator.

A low-frequency signal transmitted from the earth

goes a considerable distance away from the surface
and returns to the conjugate point; it may even bounce
several times between these points. The low-frequency
radiation generated in the upper atmosphere by various
processes reaches the earth through channels of this
kind.

An investigation of the low-frequency radiation may
be quite useful to the study of the upper layers of the
atmosphere. Data on the propagation of whistling at-
mospherics have already yielded much valuable infor-
mation on the concentration of electrons at high alti-
tudes above the earth and other useful data.

The present survey consists of three parts. In Sec-
tion 1 we consider data obtained by observation of
natural low-frequency emissions. In Sec. 2 we give
the theory of propagation and generation of these emis-
sions, and in Sec. 3 we consider low-frequency radio
emission as one of the possible sources of information
on the upper atmosphere.

1. OBSERVATIONAL DATA ON THE NATURAL LOW-
FREQUENCY RADIO EMISSION

Low-frequency electromagnetic emission (we are
essentially interested in the interval from 0.4 to 15
kes, sometimes up to 32 kes) produces audible sound
in a loudspeaker. As already noted, this simplifies
the primary observation of natural low-frequency sig-
nals. The receiving apparatus consists essentially of
an amplifier fed through a vertical antenna (the ver-
tical position ensures isotropic reception), the output
of which is fed to a loudspeaker.’* The necessary fre-
quency interval is separated by suitable filters. The
sound can be recorded on magnetic tape and simulta-
neously heard by the operator. The time of arrival of
the whistler is recorded either by the operator or by
time markers fed to the magnetic tape.

The tape is eventually replayed and the character-
istic low-frequency signals are selected aurally. These
can be copied on other tapes and subjected to frequency
analysis. Usually the frequency of the low-frequency
emission varies with time, but not too rapidly. It is
therefore quite readily possible to determine the fre-
quency corresponding to a given instant of time — the
instantaneous frequency. The instantaneous frequency
is determined from the maximum response of a suit-
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able sharply-tuned resonator. In the interval of inter-
est to us, up to 50 resonators are used. S’corey3 used
12 selective amplifiers with parallel inputs in his in-
vestigations. These amplifiers were provided with a
tape recorder. In addition, suitably located neon bulbs
connected to the resonators were used for monitoring
purposes. The flashing bulbs were photographed on
film. If the low-frequency signal had a gliding tone,

it excited each of the amplifiers in turn and the depend-
ence of the observed frequency f on the time t was
directly obtained on the film.

A specially constructed analyzer, called sonograph,
was used by an American group.*

If a definite dependence f = f(t) is stipulated from
theoretical considerations, the correctness of this de-
pendence can be verified in the following manner. The
bulbs are arranged in a rectangular grid, in which the
vertical distances correspond to the proposed time de-
pendence f(t), and the horizontal spacing is uniform.
If the proposed law is correct, the flashing bulbs will
lie on a straight line.

Direct observations of the low-frequency signals
thus make it possible to establish the time of their
appearance and their duration, while subsequent spec-
tral analysis gives their frequency composition; the
frequency vs. time of arrival f(t) curve can also be
obtained.

Systematic observation of low-frequency signals
has led to the conviction that although these signals
are quite variegated, they can be distinctly separated
into two groups, which we shall call whistlers®* and
ultra-low-frequency radiation.’ Both groups appear
in the same frequency region, but are of entirely dif-
ferent origin.

Whistlers have been reliably established to be due
to atmospheric electric discharges. A broad frequency
range is simultaneously generated in these discharges.
I the discharge takes place near the receiver, the
spectrogram displays first the arrival of all the fre-
quencies (sferic), which the ear perceives as a
crackle. This is sometimes followed by a signal which
is spread out in frequency and in time. The simulta-
neous arrival of different frequencies is caused by the
fact that the pulse passes over a sufficiently long path
in a dispersive medium from the point of generation
to the receiver. In the literature these noises are
called whistlers or whistling atmospherics. We shall
use here the shorter term, whistlers.

As regards the very low frequency radiation (VLF)
emission, this noise was noted already in the early in-
vestigations of Storey,® who called attention to the fact
that low-frequency signals clearly not due to dis-
charges are observed. In these signals, the depend-
ence of the frequency on the time of arrival f(t) is
not the same as in whistlers; they also differ in sound
from the whistlers. By the sound analogy, Storey
called them ‘‘dawn chorus.’”” Following Storey, this
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term was applied to all signals which differed from
whistlers in their properties. However, the ‘‘non-
whistlers’’ were found to comprise an extensive cate-
gory, consequently the term ‘‘dawn chorus’’ lost its
definite connotation and it became necessary to discard
this term in general. Following Gallet, we shall call
this noise VLF emission. The latter is not connected
with the atmospheric discharges and is closely corre-
lated with magnetic disturbances.

A third group of noise should also be mentioned.
This noise is produced by interaction between whistlers
and VLF emission. Examples of this group have been
observed rarely and little is known about it

Later in this section we shall give details on the ob-
servation of whistlers and VLF emission. In the ac-
count of the observational results, the theory will be
used only to the extent necessary for qualitative inter-
pretation of the phenomena. A detailed theory of the
propagation of low-frequency signals in the ionosphere
and other theoretical problems are developed espe-
cially in Sec. 2 ofthis survey.

a) Whistlers

The first whistlers were apparently observed by
Barkhausen in 1919. By 1933 it was firmly established
that these signals were due to atmospheric discharges.
This conclusion was based on the fact that certain
whistlers were preceded by small sferics on the spec-
togram (heard in the form of crackles).* A systematic
investigation of whistlers was first carried out by
Storey.? Many features were disclosed by later work-
ers.*

Dispersion. Figure 1 shows schematically typical
spectrograms of whistlers. To the left of Fig. la is

Long whistler and echoes,

kcs sferic 7 2 3
8 I AN N~
4 | a)
g
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Short whistler and echoes,
kes 7 2
& \
‘ )
]
g ! 2 F 4 5.sec

FIG. 1. Typical spectrograms of whistlers (schematic). The
vertical axis represents the observed frequency and the horizontal
axis the time of observation (of arrival): a) Vertical bar — sferic.
This is followed by three consecutive whistlets of decreasing
strength. This is a picture typical of a ‘‘long’’ whistler followed
by an echo (see below); b) three successive whistlers without
a preceding sferic. This is a typical picture of a ‘‘short’’ whistlet
with subsequent echo. As a rule, single whistlers are observed
(with or without a sferic). The echo is relatively rarely observed.

*More detailed information on the history of the investigation of
low-frequency radio emission can be found in references 3 and 4.
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shown the solid vertical band corresponding to the ar-
rival of a sferic (all frequencies arrive simultane-
ously). It is clear from the figure that after approxi-
mately one second a signal appears, with a frequency
f that diminishes gradually with time. We shall dis-
cuss the subsequent signals later on. The spectro-
gram of Fig. la is characteristic of the so-called

long whistlers, the appearance of which is preceded,
as a rule, by a sferic. It is natural to assume that
both the whistler and the sferic have a common origin.
At the same time, some whistlers are not preceded

by sferics. In spite of this, the same generation
mechanism is assumed for such whistlers; the cor-
rectness of this assumption was finally confirmed in
reference 3. It follows from this mechanism that all
the frequencies are generated simultaneously at the
point of discharge, and the relative delay of the differ-
ent frequencies is due to peculiarities in the propaga-
tion of the low frequencies.

Through a study of a large number of spectrograms,
obtained in the frequency interval from 1 to 8 kcs, the
following dependence of the frequency received at a
given instant on the time t was established:

3

t=Df/, (1.1)

where D is a coefficient called the dispersion. For a
long whistler (see Fig. 1a), the time t is reckoned,
from the instant of occurrence of the sferic. If the
whistler is not preceded by a sferic, the choice of the
time reference becomes more complicated. It can be
established uniquely only in certain cases when an
echo is observed (see below).

The plot of £~¥2 vs. t for a whistler is a straight
line, and the slope of this line relative to the f axis
gives the value of the dispersion D (Fig. 2). The
validity of relation (1.1) within a definite frequency in-
terval is one of the characteristic features of whistlers.
As will be shown in detail in Sec. 2, the dependence
(1.1) may be fully due to the dispersion properties of
the ionized gas in the frequency range from 1 to 8 kes.*
Thus, the observed law (1.1) is further evidence of the
simultaneous generation of all the frequencies in the
interval under consideration. Relation (1.1) distin-
guishes the whistles from other types of low-frequency
emission.

Long and short whistlers. In simultaneous observa-
tion of signals of which some are accompanied by sfer-
ics and others have no sferics, Si:orey3 established that
they have different dispersions (Fig. 3). The disper-
sion of the signals of the first kind (long whistler) was
as a rule twice the dispersion of the signals of the sec-
ond type (short whistlers). This difference was ex-
plained as follows. There are theoretical (see Sec. 2,
Storey’s theorem) and experimental (see below)
grounds for assuming that the motion of the low-fre-

*In some cases the dependence (1.1) may break down even when
f< 8 kes.
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FIG. 2. Analysis of a long whistler and echo. The instant of
arrival of the sferic is designated zero: A —first whistler, B—
second whistler (echo), the dispersion of which is twice the dis-
persion of the first whistler. The dispersion is determined by the
tangent of the angle relative to the vertical axis, i.e., by the
angle y.
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FIG. 3. Case when a short (B) and a long (A) whistler is ob-
served. The difference in the dispersion of these two whistlers is
obvious.

quency electromagnetic signals follows certain trajec-
tories connected with the force lines of the earth’s
magnetic field. I we accept this statement, we can
explain naturally the behavior of the long and short
whistlers. Both whistlers are produced by electric
discharges in the atmosphere, which occur for all
practical purposes on the earth’s surface (the height
of the discharge is negligibly small compared with the
distance traversed by the whistlers). Let us assume
that the discharge occurs in the northern hemisphere
near the point of reception; then the receiver first de-
tects the sferic, i.e., the direct signal from the dis-
charge, followed somewhat later by a signal that has
traveled along the trajectory to the point on the south-
ern hemisphere symmetrical about the magnetic equa-
tor (the magnetically-conjugate point), and then re-
turned to the receiver along the same trajectory. Such
a signal makes a round trip over a horseshoe-like tra-
jectory (Fig. 4).

On the other hand, the received signal may have
been produced by an electric discharge in the southern
hemisphere. This signal will travel only one way
along the same trajectory, and its dispersion will be
half the dispersion of the long whistler (Fig. 5).

If the initial pulse is sufficiently strong and the
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FIG. 4. Trajectories of a N
long whistler. The signal pro-
duced by a discharge at point /
A produces a sferic in the re-
ceiver (direct signal) and then
makes the round trip from A to
B and back. The dispersion of
the first (indirect) signal is de-
termined by twice the length of
the arc AB. s

Long whistler

FIG. 5. Trajectory of a 1
short whistler. The discharge
occurs at the point B” and
travels over a certain trajec-
tory to the point A% The sferic
is not received as a rule. The
dispersion of the observed sig-
nal is determined by the length
of the arc A’B’, covered by the
signal. s

Short whistler

propagation conditions are sufficiently favorable, the
signal may be reflected several times, and the re-
ceiver records not only the primary signal, but sev-
eral subsequent signals (echo train). All the echoes
pass through equal time intervals with decreasing am-
plitude. The dispersion of each subsequent echo in-
creases.

The presence of echoes makes it possible to differ-
entiate reliably between long and short whistlers. Natu-
rally, if the whistler follows the sferic after several
seconds then, except for random coincidences, we can
assume that the whistler is long. But the sferic is not
always registered, even if it is produced in the same
hemisphere as the receiver. Storey believed that a
sferic is registered by the receiver only when the dis-
charge is not more than 2,000 km away from the re-
ceiver.® This conclusion, however, is not always cor-
rect (we shall give below more recent information).

In any case, in the presence of an echo, a long

. whistler is clearly distinguishable from a short one.

For a long whistler the ratio of the dispersion of the
initial signal to the dispersions of the subsequent
echoes is 1:2:3:4... (both the signal and the echo
make the round trip). For a short whistler this ratio
is 1:3:5:7... (the signal goes one way, the echoes
make the round trips). Figures 2 and 6 show the dis-
persions of the main signal and of the echo for short
and long whistlers.

Thus, short and long whistlers differ in the magni-
tude of the dispersion. However, the only reliable way
of distinguishing between the two is a comparison of
the dispersions of the subsequent echoes.

Multiple whistlers. In addition to the whistler-echo
combination, whistlers are observed also in different
well-defined associations. Among these ars whistlers
corresponding to multiple discharges (multiple
flashes). These whistlers are characterized by the
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FIG. 6. Spectrograms of a short whistler and its echo. The dis-
persion of the echo is three times as large as the dispersion of the
main signal.

fact that they follow each other at definite time inter-
vals, and their dispersions and amplitudes®* are more
or less equal (Fig. 7). Very interesting are whistler
pairs (Fig. 8). They differ from an echo in that the

amplitude of the second whistler is not only not smaller,

but is sometimes even greater than the amplitude of the
first. Although the dispersion of the second whistler is
indeed greater than the dispersion of the first, it is not
twice as large. The dispersion lines of both whistlers
converge to a single point, indicating that both compo-
nents are produced in the same discharge. Apparently
the appearance of whistler pairs is connected with the
presence of two paths for the signal propagation.
Nose whistlers. The usual form of whistler spec-

trograms is as shown in Fig. 1. In 1956 Helliwell et al.®

observed an unusual spectrum. Whereas the ordinary
whistler spectrum is a decreasing function of the time,

ar
s
/
2+
&u FIG. 7. Spectrogram of
éﬁ whistler in the form of a
g multiple discharge. The dis-
s,l / persion is the same in all
; y whistlers,
/7
0 i
7 Z {,sec
ir
® Zr FIG. 8. Spectrogtam
o of a whistler pair, The
i dispersion in the pair
) is not in an integer ratio.
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in this case both a rising and descending branch of the
spectrum were observed, converging to a single point
at the so-called ‘‘nose frequency’’ (Fig. 9). Nose
whistlers are frequently observed in the form of mul-
tiple whistlers, with decreasing nose frequencies of
the subsequent signals. Nose whistlers are apparently
the most common form of a whistler, the ordinary
whistler being the descending branch of the nose-
whistler spectrum.

1, kes

By B & G
N A e S

i L

1 2 tsec
a b

&

2 1sec

FIG. 9. Schematic representation of a spectrogram in the form
of a nose: a) Single nose, b) multiple noses. The nose frequency is
denoted by a bullet.

Discharges that generate whistlers. Storey sought
a connection between the discharges in the vicinity of
the receiver and long whistlers. He concluded that if
the discharge is not more than 2,000 km from the re-
ceiver, a sferic is observed, and if the discharge is
sufficiently strong, the sferic is sometimes followed
by a whistler. The loudness of the whistler decreases
with increasing distance between discharge and re-
ceiver. The spherics preceding the whistlers were
always of the usual type, characteristic of an atmos-
pheric discharge. At the same time, Storey indicated
that sufficiently strong sferics were noted without be-
ing followed by a whistler. However, whenever whis-
tlers were actively generated, loud sferics were ac-
companied by whistlers.

Helliwell et al.’ investigated especially the features
of discharges that preceded the whistlers. He found
that sferics that gave rise to whistlers made up only
a small part of the total observed sferics. They were
characterized by a frequency spectrum with a maxi-
mum located near 5 kcs. Sferics of this kind occur
more frequently over the sea than over dry land.

Most discharges form sferics with frequency spec-
tra that have maxima near 10 kes. Such sferics do not
produce whistlers. The visible thunderstorm dis-
charges accompanied by lightening are also frequently
unaccompanied by whistlers. Why it is that precisely
the discharges with maximum near 5 kcs give rise to
whistlers has not yet been convincingly explained.

Experimental data on the trajectories of whistlers.
The existence of long and short whistlers and particu-
larly their echo is clear indication that the propagation
of low~frequency signals is over certain horseshoe-like
paths terminating on the surface of the earth. As will
be shown in detail in Sec. 2 (from the theoretical point
of view), low-frequency signals must propagate over
definite trajectories.
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Further evidence of the propagation of whistlers
along trajectories that are closely related to the force
lines of the earth’s magnetic field is provided by the
following experimental facts. Firstly, whistlers have
never been observed on the equa.i:or.8 Secondly, simul-
taneous reception of whistlers from one and the same
source was registered in magnetically-conjugate re-
ception points.?

At low geomagnetic latitudes, the trajectories of
the whistlers are characterized in the equatorial re-
gion by relatively small distances from the earth’s
surface, so that the effect of the ionosphere becomes
noticeable. This is confirmed by the establishment of
a connection!®!! between the dispersion D of whistlers
and the critical frequencies of the F, layers. The ob-
servations reported in references 10 and 11 were car-
ried at 24° and 32° northern magnetic latitude.*

Naturally, the question was raised of the transmis-
sion of man-made low-frequency signals from one con-
jugate point of the trajectory to the other. Such an ex-
periment was actually carried out with a pulse trans-
mitter, operating at 15.5 kcs in Annapolis.12 Direct
signals from this transmitter were heard at the con-
jugate point at Cape Horn. The echo of the man-made
signal, with a time delay of 0.7 sec, was almost always
heard at night. Simultaneous recording of the whistlers
yielded precisely this time delay for the corresponding
frequency. In some cases, when the echo was observed,
the whistlers were not heard at all. This clearly indi-
cates that the absence of signals is frequently due not
to disturbances in the propagation conditions, but sim-
ply to the fact that the whistlers are not generated.
Analogous experiments with a transmission frequency
of 17.44 kes were carried out between Tokyo and Tas-
mania.!3

At the same time, the entire picture of propagation
of low frequency pulses is much more complicated
than motion along a single definite trajectory. Firstly,
awhistler generated by one and the same source is ob-
served at many stations which are sufficiently far

- from each other; secondly, one observes at a given sta-
tion whistlers which are apparently generated by one
and the same source, but which arrive to the receiver
over different paths. Once the material obtained dur-
ing the IGY is processed, a large number of cases will
probably be disclosed, in which whistlers produced by
the same source were simultaneously observed in
many stations. However, even now there are isolated
data to confirm this statement.

For example, a whistler from the same source was
observed simultaneously in Hanover (long. 0°, north.
lat. 55°) and Washington (long. 350°, north. lat. 50°).4
Both observations yielded the same dispersion. Whis-
tlers were observed simultaneously in Seattle (long.
295°, north. lat. 55°), Boulder (long. 315°, north. lat.
48°), and Stanford (long. 300°, north. lat. 45°). In the
latter case, two circumstances are noteworthy. First,
~ *We use geomagnetic coordinates throughout.
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the whistlers appeared differently at different stations.
A pure-tone whistler was observed in Stanford, i.e., a
well pronounced single frequency was observed on the
spectrogram at each instant of time, and the whistler
itself had a definite musical tone; in Boulder and
Seattle, the same whistler produced on the spectro-
gram a relatively broad band of frequencies, and no
definite tone could be ascribed to this whistle by ear.
Whistlers of this kind, which produce a sound with a
decreasing average frequency, are called in the litera-
ture ‘‘swishy.”” Judging from the available data, the
separation of whistlers into ‘‘pure-toned’’ and ‘‘swishy’’
has no relation to the nature of the whistler, and is
wholly connected with the propagation conditions. Sec-
ondly, the dispersion of one and the same whistler in
the three indicated stations was different: For the 4-
kes frequency, it was found to be 44 — 110, 80 — 120,
and 92 — 120 sec¥? in Stanford, Boulder, and Seattle
respectively. It is seen therefore that the dispersion
has a tendency to increase with increasing geomag-
netic latitude. This is evidence in favor of stating that
the trajectories of the signals, corresponding to the
three points, are essentially different.

One of the interesting cases of observation, which
can be explained by assuming two different propaga-
tion paths, is described in reference 14.

There are also other data indicating that the tra-
jectories of the whistlers are not unique. These data
follow from observation of nose whistlers. In Sec. 2
of this survey we shall show that the nose frequency,
under certain limitations, is determined by the mini-
mum gyrofrequency of the electrons along the path of
propagation of the pulse. However, multiple nose fre-
quencies show a decrease inthe minimum frequency with
increasing time of arrival. This indicates that the sig-
nals arriving at a given point move over different
paths.*

Helliwell and Morgan? give an example in which the
same whistler was recorded at ten stations, spaced a
considerable distance apart. Eight of these stations
were located in the northern hemisphere and two in
the southern one. The dispersion of the main compo-
nents in the northern hemisphere was half of that in
the southern hemisphere. Consequently, this whistler
was long in the southern hemisphere and short in the
northern hemisphere. In contrast with earlier state-
ments,® it was noted that the sferic generating the
whistler, and also some other sferics, were identified
simultaneously in both hemispheres. It is exceedingly
remarkable that the whistler was observed in one
hemisphere at stations spaced approximately 7,000 km
apart. All this is evidence that, generally speaking,
the pulse generating the whistler need not be at all
located in the direct vicinity of the receiver or any-
where near the conjugate point of the trajectory.

Systematic variations of properties of whistlers.
The changes in the frequency of appearance of whis-
tlers depend on two circumstances — the frequency of
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occurrence of atmospheric discharges, and change in
conditions on the path of propagation of the electro-
magnetic signals through the atmosphere. However,
data on the frequency of occurrence of thunderstorms
on earth are sufficiently scanty and this makes the
interpretation of the data difficult. At the same time,
some variations can be readily explained. Thus, for
example, the average frequency of appearance of
whistlers is greater during the night than during the
day (local time). This is customarily associated with
the daily variations of absorption in the D layer. The
increase inthe number of short whistlers and the de-
crease in the number of long whistlers indicates a
change in the number of discharges in the conjugate
hemisphere (the summer is characterized by a larger
number of thunderstorms ).4

As was already indicated, the changes in disper-
sion show a correlation with the variations of the crit-
ical frequency in the F, layer.

The connection between the properties of whistlers
and geomagnetic phenomena is of great interest, but
has been investigated little. In any case, there is no
clear cut connection between the magnetic activity and
whistlers. We shall see that this property also differ-
entiates between whistlers and VLF emission.

Observation of whistlers in the IGY program.
Although whistlers can serve as a mean of investigat-
ing the upper layers of the atmosphere, the main pur-
pose of the IGY program on whistlers was to study the
properties of the whistlers themselves. For a syste-
matic observation of whistlers and VLF emission, a
network of special stations was organized; one of the
stations was located below Moscow (see map, Fig. 10).

The territorial location of the stations was guided
by the following principles:

a) Locating the stations at different geomagnetic
latitudes from the equator to the pole, in order to dis-

4,15

close the latitude-dependent properties of whistlers.

b) Organization of pairs of stations, located at
points symmetrical about the magnetic equator. The
relations between whistlers observed on both ends of
a single trajectory were investigated at these stations.

c) Placement of stations along the geomagnetic par-
allels. These stations made it possible to observe the
longitude-dependent properties of whistlers and at the
same time segregate the phenomena dependent on the
local time from phenomena which are common for all
stations independent of local time.

During the IGY, whistlers and VLF radiation were
recorded on magnetic tape for 35 — 37 minutes of each
hour, simultaneously with local-time signals. Owing
to the large volume of the material obtained during the
IGY, its processing and interpretation have not yet
been completed and will apparently require a few more
years.

b) Very Low Frequency Emissions

As already indicated in a), both whistlers and VLF
emissions are observed in approximately the same
frequency band. The VLF emission is distinguished
from whistlers by its spectrograms. It has been pos-
sible to distinguish reliably VLF emissions from whis-
tlers only after the start of 1957, when a large number
of high grade spectrograms were obtained.’ An analy-
sis of these spectrograms has shown that the character
of the spectrum is in many cases not at all connected
with the features of the propagation of electromagnetic
waves. We shall give below proof that the character
of the propagation of VLF emissions is precisely the
same as that of whistlers. At the same time, the gen-
eration of the VLF emission is of considerably greater
interest than is the propagation of the signals. The
generation of VLF emissions is closely related to the
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interaction with corpuscular streams from the sun,
which penetrate the outer part of the atmosphere — the
exosphere.* Therefore observation of the VLF emis-
sions may yield information on these streams, which
play an important role in many geophysical phenomena.
In this connection, we shall emphasize in this descrip-
tion those properties of VLF radiation which are of
significance to the understanding of the mechanism of
production of this radiation. Before proceeding to de-
scribe the individual types of VLF emissions, we
list the systematic classification proposed by Gallet®
for the observed VLF noise, including whistlers. The
further exposition of the data of observation of VLF
emissions is also based on reference 5. The classifi-
cation proposed there is based on the distinguishing
features of the spectrograms and is as fellows:

Systematic Classification of Observed VLF Noise

I. Whistlers
Produced by atmospheric discharges; radiation
of all frequencies is simultaneous; shape of the
spectrum is due to the dispersion of the pulse
along the path.

II. VLF Emissions
Certainly produced by non-atmospheric dis-
charges; very closely related with magnetic
perturbations; subdivided into two principal
parts:

1. Continuous radiation (a broad frequency
spectrum is observed simultaneously); the radi-
ation is continuous in both frequency and time.

It corresponds to steady-state conditions and is
observed as a hiss.

2. Discrete radiation (a narrow frequency
spectrum is observed at each given instant of
time); the radiation itself lasts relatively little
and is characterized by a tendencey to repetition.
It corresponds to a transient situation. A rather
large number of classes is known (Fig. 11).

III. Interaction between whistlers and VLF emissions
This interaction includes both the continuous and
the discrete VLF emissions. This group is en-
countered much more rarely than I and II.

It follows from this classification of VLF emissions
that there exist stable and unstable states causing the
generation of this radiation. The unstable states give
rise to the discrete radiation, while the stable ones
to hiss. Different classes of discrete radiation are
shown in Fig. 11.

Certain features of discrete radiation. Numerous
spectrograms indicate that a well defined frequency
corresponds to each instant of time. The received
average frequency varies with time in a definite man-
ner.

*The exosphere is the region of the upper atmosphere higher
than 800 or 1,000 km above the earth.
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8. Exceptional strong noises with train of echoes

1. Hooks

2. Risers

2B. Hook with long rising tail

3. Quasi vertical
(typical ““Chorus’?)

4. Falling tones
4B. Pseudo whistlers

5. Quasi horizontal -

SB. Combination of 4 and §.

6. Pseudo noses

7. Unclear cases

FIG. 11. Different classes of discrete VLF emissions.

The spectra repeat in time with a high degree of
accuracy. The time intervals between the appearances
of a spectrum of a given type can range from seconds
to months. For example, during the time of magnetic
storms the ‘‘hooks’’ are frequently repeated every few
minutes or even seconds. More frequently, however,
repetition of a class is observed rather than an iden-
tical repetition of an individual spectrum.

In any case, all the types of radiation noted, includ-
ing the rarest, are observed at numerous times within
a cycle of approximately two years. The reproducibil-
ity of the different types of radiation indicates that the
radiation conditions are far from random, but corre-
spond to certain definite states of the upper atmosphere,
which repeats from time to time.

Method of propagation. The observations indicate
with great degree of reliability that the VLF radiation
does not propagate like the whistlers. The most con-
vincing proof is obtained from observations of echoes
that follow strong VLF radiation. In one of the cases
it was possible to observe in addition to the initial sig-
nal also eleven succeeding echoes. In spite of the fact
that a very small frequency interval was contained in
the signal, it was possible to observe quite clearly and
to measure the dispersion of the succeeding echoes.
This dispersion was in full agreement with the disper-
sion of the whistlers observed at the same time in the
same frequency interval.

On the other hand, additional features worthy of at-
tention were observed in the same case. Firstly, the
frequency interval is broadened in the echo. This in-
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dicates the presence of a certain nonlinear mechanism
which transfers energy from one frequency to an adja-
cent one. Secondly, in some cases a clear amplifica-
tion of the echo is observed, occurring somewhere
along its propagation; the observed echo is found to be
stronger than the signal that generates it.

Tendency to form horizontal or gliding tones. Fre-
quently the signals (classes 5 and 5B in our classifi-
cation) are of exceedingly pure tone, occupying a very
narrow frequency band on the spectrogram. The usual
duration of such a signal is 0.5 —1 sec, but longer sig-
nals are also observed. For example, Gallet? gives a
spectrogram of a signal lasting 2.5 seconds, the aver-
age frequency of which is near 12 kes. Frequently
slowly descending or even practically horizontal tones
are separated on the spectrogram against the continu-
ous noise band (hissing). These tones appear gradu-
ally inside the signal, indicating that such a signal
consists actually of discrete lines. The fine structure
of the hiss is described in detail by Watts.!6

It must be emphasized that the VLF radiation fre-
quently contains constant frequencies, emitted during
a prolonged time interval. In the case of hissing, these
constant frequencies appear as part of the overall ra-
diation.

Connection with magnetic activity. The frequency
of appearance of VLF radiation at a given place is
clearly correlated with the magnetic activity. Almost
every significant magnetic storm is accompanied by
various kinds of VLF radiation. It was noted that the
hissing appears most frequently during the abatement
of a magnetic storm, although sometimes this noise
is generated also during one or two hours of the maxi-
mum period.

There are at present many investigations carried
out at different points, which may in time establish
clearer and simpler laws.'""1* We shall mention some
of the latest data. Observations at the Geophysical
Observatory of Kurina (Sweden),! located in the
aurora region, have led to the conclusion that a cor-
relation exists with the local micropulsations of the
magnetic field Hy. During the time of observation,
magnetic disturbances were fixed three times, October
12 — November 11, 1958, December 12, 1958 — January
11, 1959, and April 15 — May 14, 1959. A continuous
VLF radiation, connected with the micropulsations of
the magnetic field, was observed 11 times during these
storms. This radiation was concentrated in two bands,
0.5—1.4 and 1.8 —4.5 kcs. The average maximum
frequency of the first band was relatively stable at
750 £ 150 cps; in the second band the maximum fre-
quency was located in the interval between 2.5 and 3.4
kes.
all 11 cases, the magnetic recordings disclosed micro-
pulsations with a period 0.5 — 6 minutes and a maxi-~
mum amplitude 50y. In four cases of the most pro-
longed VLF radiation, the first band was observed
during the interval between two phases of a magnetic

The first band was narrower than the second. In .
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storm, during which micropulsations were noted. The
authors of reference 17 indicate that both radiation
bands were probably parts of one and the same signal.

A second group of observers!® noted on November
27, 1959 a rare case, when a whistling sound, starting
with a frequency of about 2 kcs, gradually became
higher in pitch until it turned near 10 kcs into a hiss
lasting for several minutes. Simultaneously, micro-
pulsations of the magnetic field were observed, with
periods of 10 — 20 seconds and with an amplitude that
diminished gradually from 2.5 to 0.4y within five min-
utes. Some time after the observation of the described
hiss, a red aurora appeared on the sky and lasted for
about a half hour.

The observed coincidence of the occurrence of VLF
radiation with the micropulsations of the magnetic
field is due to their having a common source, the
streams of charged particles. Recently the question
of the causes of magnetic pulsations have been inves-
tigated in detail in many works (see, for example,
references 20 and 21).

Comparison of steady states (hissing) with tran-
sients (discrete radiation). The discrete VLF radia-
tion corresponds to unstable phenomena, which are
sharply outlined in frequency and in time. In contrast,
the hissing appears as a continuous rather broad band
of noise of considerable duration. The statistics of
the visual observations of hissing spectra discloses
that the average duration in 122 observed cases is
1.6 hours. The distribution of the duration decreases
more slowly than the exponential function. Conse-
quently cases are possible when the hissing lasts con-
tinuously for ten hours. The most common mean fre-
quency is about 3.5 kcs. The width of the noise band
is usually 2 — 3 kcs, but at the same time a continuous
noise band in the interval 8 — 32 kcs has been noted.

Also noted were complicated cases of hissing, when
two frequency bands appeared simultaneously. Indi-
vidual singularities can be separated within the con-
tinuous band. It is obvious that the generation of the
hissing takes place in stable states of radiating sys-
tems, and entire bands of frequencies are radiated
simultaneously.

2. THEORY OF PROPAGATION OF LOW~-FREQUENCY
RADIO WAVES, GENERATION OF VLF EMISSIONS

In the preceding section we gave the basic experi-
mental data obtained by observation of whistlers and
VLF radiation. We shall develop here the theoretical
foundations necessary for the interpretation of the ob-
served laws. Since it has been firmly established that
the whistler radiation is generated during atmospheric
discharges, the only problem of actual interest is that
of the passage of low frequency radio signals through
the upper atmosphere of the earth. In the case of VLF
radiation, problems in the propagation and absorption
of signals are solved in exactly the same way as for



752

whistlers; the central problem now becomes the de-
termination of the mechanism by which various types
of this radio noise come about.

We shall first consider problems connected with
the propagation of waves, bearing in mind principally
their application to whistlers. In the second part of
this section we shall indicate possible mechanisms of
generation of VLF radiation.

The interpretation of most experimental data, ob-
tained by observation of whistling atmospherics, is
based on the use of the deduction of the theory of
propagation of electromagnetic waves in a plasma
located in an external magnetic field (this field will
henceforth be the earth’s magnetic field Hy). It is
best to derive first several formulas that follow from
this theory; these formulas are the starting point for
all the exposition that follows.!»22,23
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Of great importance to whistlers that contain a
more or less broad set of frequencies is the deter-
mination of the group velocity. Connected with the
solution of this problem is the important problem of
determining the trajectories of the low-frequency sig-
nals. After analyzing the contents of several papers
in which this problem is solved or in which allied
questions are dealt with, we shall consider problems
in absorption and interaction of normal waves.

Principal initial relations. We consider the propa-
gation of normal waves in a homogeneous, magneto-
active, and unbounded plasma. In this case the electric
field is in the form of a plane wave E = E; exp (iwt
— iker), where k is the wave vector and r is the
radius vector. We then obtain!22:2 for the square of
the complex index of refraction, H? = c2k?/w?,

20(1l—v—1is)

Ny, = (R, —iqy0)° =

where n and q are the indices of refraction and ab-
sorption, « is the angle between the directions of
propagation of the plane wave (defined by the wave
vector k) and the field Hy,* and s = v/w (v is the
frequency of collisions between electrons and other
particles). In (2.1) the parameters v and u are de-
fined as
w} qu

u=_2, U=z, (2.2)
where wy = V4me2N/m is the plasma frequency at
Hy = 0, wy = eHy/mec is the gyrofrequency for elec-
trons, e is the absolute value of the electron charge,
m is the electron mass, and N is the electron concen-
tration.

The upper sign in front of the square root in the
denominator (2.1) corresponds to the propagation of
extraordinary waves, called type ‘‘1’’ waves, while
the lower one corresponds to ordinary waves (type
2" waves).

In considering the validity of relation (2.1), two cir-
cumstances must be kept in mind. Firstly, formula
(2.1) is clearly unsuitable for very low frequencies
w £ QY (9y =eHy/Mc is the gyrofrequency of the
jons and M is their mass), for in this case allowance
must be made for the motion of the ions.!»2%23

Only the motion of the electrons was taken into con-
sideration in the derivation of (2.1). However, an in-
vestigation of the behavior of the waves near w ~ Qg
is of certain interest as applied to whistlers, some-
thing to which we shall return later. Another circum-
stance which generally speaking limits the applicabil-
ity of (2.1) is the inadequate account of the thermal

*To be specific, we shall assume everywhere in the discussion
of the relations obtained below (unless otherwise stipulated) that
cos @ >0, i.e., the vector k makes an acute angle with the magnetic
field H,.

1—
2(1—is)(1 —v—is)—usin?a F V u?sint a4 (I—o—is)® ucos?a ’

2.1

motion of the electrons. The presence of this motion
manifests itself in (2.1) only in the fact that v = 0.

The use of the transport equation method??2® leads,
however, to the conclusion that in certain regions ther-
mal corrections can appreciably influence the character
of propagation of waves even when v = 0. In particular,
along with the extraordinary and ordinary waves, it
becomes possible for a third type of normal waves,
namely plasma waves, to propagate. The appearance
of these waves, and also other effects that arise in

the propagation of waves when thermal motion is taken
into account, should apparently not play an important
role when it comes to whistlers. We must add, how-
ever, that allowance for the thermal motion of the
electrons will lead us to the conclusion that there
exists in the plasma a specific absorption, not con-
nected with collisions. Estimates of the value of this
absorption will be given below.?

In the investigation of the propagation of low-fre-
quency waves in a plasma, in the band corresponding
to the whistler spectrum (f = w/27 = 0.5 to 20 kes),
considerable simplifications can be made in (2.1). It
must be recognized first that in practice the following
condition is satisfied along the entire path of propaga-
tion of the atmospherics:

(2.3)

Actually, w}=3.18 x 10°N. Even at relatively low
electron concentrations, N = 102, which is the order

of magnitude characteristic of the D layer or inter-
planetary space, we have wyp=5.65 x 10° sec™, where-
as at f = 15 kcs the angular frequency is 9.4 x 10*
sec~!. Thus, even under conditions when the values of
the parameter v (2.2) are close to minimal, we have
an estimate v =~ 36. The inequality (2.3) is much better
satisfied at greater values of the electron concentra-
tion N, or at slower frequencies w.

o> 1 (0 > o?.
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To determine the second parameter u in (2.2) it is
necessary to find the value of the gyrofrequency with
allowance for the variation of the magnetic field both in
altitude and in latitude. In the dipole approximation of

the geomagnetic field, the following relation holds:%3,26

og = 2af, (ry/r)? (143 sin? )/, (2.4)
where r, is the earth’s radius (6,370 km), r the dis-
tance from the center of the earth to the point under
consideration, ¢ the geomagnetic latitude of this point,
and f; =~ 0.8 Mc/sec (Fig. 12). The latitude variations

FIG. 12. Coordinates in which it is customary to write the
equation for the force lines of the earth’s magnetic field, assuming
the earth to be a dipole: r and & —~ polar coordinates relative to the
earth’s center (1, and @ are the same coordinates at the point where
the force line makes contact with the earth’s surface). The three-
dimensional picture has an axis of rotation which coincides with
the direction of the dipole.

of the magnetic field of the earth (the change in )
lead to differences in the values of the gyrofrequency
wy (at fixed r) by a factor of two at most. Depending
on r, the gyrofrequency decreases as 1/r%. Accord-
ing to (2.4) we have wp = 5.02 Mc/sec on the equator
(&4 =0) at the earth’s surface (r = ry). For the same
latitude, the different values of wy at different alti-
tudes above the earth (h =r—ry) are listed in the
table.

Estimates of the values of wy show that the condi-
tion wy > wy is always satisfied, except in the D layer.
At the same time, the inequality wy >» wy is most fre-
quently satisfied. This is true, for example, in the F
layer of the ionosphere or at very high altitudes, when
r 2 2r,. We can thus consider the following inequality

v=u (2.5)

satisfied (in many cases, as already indicated, v > u).
If we use the recently obtained data on the electron
concentration in the upper atmosphere (see, for exam-
ple, reference 27), the approximate equality in (2.5)
takes place tentatively at distances of 2500 — 3000 km
above the earth’s surface, where the electron concen-

753

tration is appreciably decreased and approaches the

interplanetary value (N = 200 — 600 el/cm?®), but the
magnetic field is still not greatly reduced. It can be
shown that if

in4
2> usm} o ,
4costa

(2.6)

corresponding to the quasi-longitudinal approxima-
tion,1»%3:28 we obtain from (2.1) a simpler formula for
the type ‘‘2’’ wave.

v

=14 2.7

Vucos a—l——iua sin? a-|-is
Except for very small values of cos «, the correctness
of (2.6) is assured if (2.3) and (2.5) are satisfied. It
must be noted that if the stronger inequality v > u is
fulfilled, then the condition (2.6) cannot be violated
even for small values of cos a. We shall show later
that a limitation (2.9) does exist. If, furthermore,
v > u then (2.6) reduces to the inequality (2.3) and the
quasi-longitudinal approximation is always valid under
these conditions. Usually in theoretical research on
whistling atmospherics?:26:2? the term (u/2v) sin® o
in the denominator of (2.7) is disregarded. It will be
omitted here, too, but the term must be borne in mind
in the investigation of the propagation of the spectral
components with sufficiently high frequency, when
Vu cos @ ~ 1.

Neglecting (u/2v) sin® o and taking the inequality
(2.6) into account, from which it follows that the abso-
lute magnitude of the second term in (2.7) is much
greater than unity, we obtain the following expression
for the index of refraction:

~ v
n“?:l/ﬂcosd—~1—|~is. 2.8)
which has served as the basis for many investigations
on the theory of propagation of whistling atmospherics.
Neglecting collisions, we obtain 13 = v/(Vu cos @ —1).
It follows from this relation that the propagation of
low-frequency ordinary waves is possible only if

Vﬁcosazﬂf%i>1, (2.9)
when 73 > 0. Connected with this condition is the es-
tablishment of the upper frequency limit in the whis-
tler spectra. It follows from (2.9) that signals with
frequencies w exceeding w'H (the minimum value of
the gyrofrequency along the path of propagation of the
atmospheric) cannot penetrate through the plasma in
the upper layers of the atmosphere. A more accurate
determination of the limiting frequency calls for es-
tablishment of a minimum value of wfj cos @ over the
entire trajectory of propagation of the whistling at-
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mospheric. If the condition (2.9) is violated, T3 < 0
and it becomes impossible for waves of type ‘‘2’’ to
penetrate into the ionized medium. As regards type
17’ waves, at low frequencies we always have 1 < 0;
the propagation of these waves becomes impossible.

In connection with the foregoing, we note that many
pelpers:z’z‘”30 contain the erroneous statement that the
propagation of whistlers in the region (2.3) is due to
type ‘1’ waves. Many arguments can be cited, how-
ever, in favor of relating formula (2.8) to type ‘2"
waves, as we do here. For example, it is well known
from the theory of propagation of electromagnetic
waves in a magnetoactive plasma that if (2.9) holds,
the function %% (v) has a pole at the point v = v, only
for the type ‘“2’’ wave [when v = v, we have n?(v)
— o 1.1,2%,28 Actually, it follows from (2.8) with
s = 0 that ?’1% (Veo)— ® if YVu cos @ =1. To be sure,
the last equation does not contain the parameter v,
but this is due only to the approximate character of
(2.8). If the term (u/2v) sin® « in the denominator
of (2.7) is taken into account, we obtain ve = u sin® o/
2 (Wu cos a—1). Since the difference Vu cos a—1
is small compared with unity in the region where n?
is very large, we obtain v = (u—1)/(u cos? a~1).
The last is a well known equation?!»?%:2% for the position
of the pole of T%. It is thus incorrect to relate Eq.
(2.8) with the propagation of the extraordinary waves.
The erroneous statement in references 3, 29, and 30,
which is equivalent to an irrational reclassification
of normal waves, is apparently connected with the fact
that when o = 0 the approximate formula T =vy/
(vu — 1) actually describes the propagation of extra-
ordinary waves. However, the case o = 0 is excep-
tional, and when a = 0 (even for very small «)
Eq. (2.8) corresponds to type ‘‘2’> waves. It should
be noted that in the case of the problems solved in
references 3, 29, and 30, the error in the designation
essentially did not affect the correctness of the re-
sults obtained.

Subject to the limitation

Vucosa>1, (2.10)

which is satisfied only at not too high frequencies, we
obtain from (2.8) with s = 0 the well known formula
n? v @ (2.11)

" Vucosa OO €OS &

from which Storey® developed the initial version of the
theory of propagation of whistling atmospherics.

It was indicated above that when vu cos a =1
(more accurately, at the values v = v, given above)
we have n§ — « if s = 0. It might have been expected
that in this case the behavior of the type ‘2’ wave
would be determined by collisions, by virtue of reso-
nance. It must be kept in mind here, however, that an
appreciable effect can be produced in a rarefied plas-
ma not only by collisions, but also by thermal motion
of the electrons. If this motion is suitably taken into

account, then 1§ will be finite??? for v = v, even
when s = 0. A gradual transition takes place here
from a type ‘“2’’ wave to a plasma wave. The behav-
ior of normal waves in the region v ~ v, as applied
to the propagation of low-frequency signals in the
upper atmosphere, has not yet been examined in detail
from this point of view. A preliminary analysis, based
on the use of deductions from the kinetic theory of
propagation of electromagnetic waves in a magneto-
active plasma,’! shows that under the conditions of

the exosphere the character of wave propagation (i.e.,
the behavior of the index of refraction n) in the reso-
nant region v =~ v, is determined by thermal motion
and not collisions. In this region, however, the colli-
sions are quite significant in the determination of the
absorption of waves.

To conclude this section we note that formulas
(2.1), (2.7), and (2.8) have been derived under the
assumption that the field Egff acting on the electrons
can be equated to the average macroscopic field E.
Generally speaking, Eqfr # E, and we can assume in
the simplest case that

Eefr =E+ 4naP, (2.12)

where P is the polarization and a is a certain coef-
ficient. If we deal with plasma, we can consider it as
proved at present':3 that we can set with great accu-
racy a =0. We can add also that the data on the prop-
agation of whistlers, most of which can be interpreted
on the basis of relation (2.8), are also evidence in
favor of the equality Eeff = E. Using relation (2.12)
under the conditions by which the transition to (2.8) is
determined, we can obtain the following formula?®3-3

ﬁz —

kd (2.13)

" Y ucosa—1l—av
In order to go over to the experimentally-confirmed
formula (2.8) from the analogous relation (2.13) it is
essential to have a < Vu cos a/v. Taking inequali-
ties (2.3) and (2.5) into account, we readily establish
that the very fact that the whistlers propagate implies
beyond any doubt that a < 1. What is important is that
the last inequality demonstrates with relatively higher
accuracy the smallness of the coefficient a. For ex-
ample, in considering the passage of whistlers through
the F layer we can readily obtain a < 107 for suffi-
ciently low frequencies, when Vu cos o » 1 (2.10).
In the opposite case we would get B4 < 0 and propaga-
tion would be impossible.

Group velocity and determination of trajectories.
Let us determine the group velocity Vgr» which char-
acterizes the propagation of low-frequency signals. It
is important that in a magnetoactive dispersive me-
dium this velocity differs from the phase velocity both
in magnitude and in direction.

We choose a coordinate system such that the mag-
netic field H, is parallel to the z axis and the wave
vector k is in the zy plane. We assume, to be spe-
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cific, that the vector k is in the first quadrant (Fig. 13)
so that sin @ > 0 and cos a > 0. Using the relation

Vgr = 9w/0k and bearing in mind that n = ck/w, we
obtain from (2.8), neglecting collisions,
c . ’ 2
Var. y-———.sma(l ~Vacosa ) ,
2
Vg,,z__—cosoz<1+wsz(z l/_——ﬁcosa>' (2.14)

K FIG. 13. Coordinate system used in

determination of the magnitude and direc-
tion of the group velocity.

7

We note that it follows from (2.9), subject to the
limitation (2.9), that Vgp z > 0. Thus, the vector Vgp
can lie only in the first or second quadrants (see Fig.
13).

For the absolute value of the group velocity we

have
Vu cosa—1 ’ 2

Val=s)/ 4(LE2t=t Y panta,
Relation (2.15) can be used to determine the nose-
whistler frequencies. It was indicated in Sec. 1 that
in many cases it is possible to separate in the spec-
trum of the atmospheric a certain average frequency
f = fy, corresponding to the smallest delay time (fy
— nose-whistler frequency). The group—delay time

(2.15)

is determined by the relation t = f IV E in which

the integration is carried out along the tra]ectory. A
detailed determination of the minimum time of arrival
t as a function of the frequency f calls for an analysis
that takes the character of the trajectory into account.
Certain tentative results concerning the nose frequency
can be obtained, however, by finding the extremal val-
ues of f for sections of the trajectory on which the
angle « can be assumed approximately constant.

From the extremum condition

we arrive at the equation
16y% —12 cos a y® - 2sin® ay —sin? acosa =0, (2.16)

where y = (wy cos @ —wy)/wy and fy = wyn/27 is
the nose frequency. At o = 0 we get from (2.16), for
the root y = ¥,

=12, (2.17)
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This result was obtained by Helliwell et al.® The pos-
sibility of detecting nose whistlers was actually pre-
dicted by Ellis® prior to their discovery. From (2.17)
it is seen that from the measurement of the nose fre-
quencies one can determine the value of.the geomag-
netic field at high altitudes above the earth. Ellis?®
states that one can assume « = O for the peak parts
of the trajectories of whistler propagation. Thus, in
these parts of the trajectories the propagation can ap-
parently be considered longitudinal and relation (2.17)
can be used. It is also necessary here that the main
contribution to the group delay be due to the passage
through the peak parts of the whistler trajectories.
This, generally speaking, is incorrect. Relation (2.17)
must therefore be considered as an approximation. In
this connection, it is useful to estimate the degree of
accuracy of (2.17) on the basis of the general equation
(2.16). It can also be established that wy/wpyg = 0.21
when o = 30° and 0.17 when a = 60°. At the same
time we obtain from (2.17) with a = 0 a value wN/wH
= 0.25. The difference in the given values of wy/wg
for different « is not very large in these examples.
Using formula (2.17) to determine the frequency fy,
and from it the magnetic field Hy, we can only under-
value the latter, since we obtain from (2.16), for a = 0
and other conditions equal, higher values of the fre-
quency fy than when o = 0.

Using relations (2.14), we can draw conclusions re-
garding the mutual orientation of the group velocity
and the magnetic field H;. Denoting by & the angle
between Vgy and Hy from (2.14), we obtain (see

Fig. 13)
. 2
s 1——
mu( ]/ucosa>

< : > =
cosal 1—— -+
V¥ ucosa cosa

Let us determine the values of the angle a = o', at
which tan ¢ has an extremum. From the condition
d tan ¢/da = 0 we get

tan @ =

(2.18)

cosa’ (2.19)

l/u ]/du Vu -1
These values, which satisfy the obvious requirement
cos a’ < 1, lie in the interval between u=4 and u = .
When u > 1 we obtain from (2.19) cos o’ = 1/V3 .
The corresponding maximum value is (tan &), = 1/V8,
from which it follows that &y = 19°29’. Thus, when
condition (2.10) is well satisfied, the possible values of
the angle ¢ lie within the limits

0D 19°2y. (2.20)

The limiting value ¢ = 0 is obtained from the limita-
tion (2.9). The other value in (2.20) follows from (2.19).
Analogous considerations are used also in later exam-
ples for the determination of the limiting angles &,.

It is easy to establish that when the directions k
and H; make an acute angle, the vector Vgr is in-
cluded between the vectors k and H,. When the angle
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between k and H, is obtuse, the vector Vgr lies be-
tween the vectors k and —H, (Fig. 14). It follows
from the foregoing that at all directions of the phase
velocity V,j, the velocity Vgr is contained in a cone
with half-angle 19°29’ relative to the magnetic field.
This statement was first derived by Storey3 (the
corresponding to the

Storey theorem).
maximum absolute values:

/] a) Angle @ at |@| < 7/2;

_\ b) angle 7 — @ for (@]

FIG. 14. Directions of
the group velocity in the
case when y/u cos @ > 1,

/

> /2. The cones drawn

delimit the possible direc-
tions of the group velocity.

When the parameter u is not too large, the situa-
tion changes appreciably, and the Storey theorem just
formulated becomes incorrect.®® Thus, when u = 4
we readily obtain from (2.18) and (2.19) that the values
of & lie in the range —30° = & = 0. Compared with
the limits established by (2.20), we have here not only
a change in the possible absolute magnitude of the
angles & but also a reversal of their signs* (although
the vector k lies in the first quadrant, see Fig. 13).
For the intermediate case, when u = 10, the angle &
lies in the interval —60°36’ < & = 17°., Thus, on go-
ing from the case when u > 1 to other cases, for
which the values of u are of order of magnitude unity,
the orientation of the group velocity relative to the
magnetic field H, is greatly changed.®*® By virtue of
this, a change is expected in the character of the tra-
jectories on going from low frequencies to relatively
high frequencies (u R 1). This conclusion is con-
firmed by calculations carried out by Maeda and Ki-
mura? and by Garriot.3

We shall now discuss briefly the contents of several
papers,23:30:38,37 i which the trajectories of whistling
atmospherics are calculated. If it is considered that
in the propagation of low-frequency signals the condi-
tions of applicability of the approximations of geomet-

*In this example and those that follow a negative angle & de-

notes that the vector Vg, lies in the second quadrant (see Fig. 13).
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ric optics are usually well satisfied, there is no need
to take diffraction effects and scattering into account,
at least in the absence of strong perturbations.

The trajectories of the signals can be obtained from
the equations

(2.21)

Integration of these equations with use of certain
simplifying assumptions was carried out by Gershman
and Korobkov.’? The only frequency region considered
was that defined by condition (2.10), i.e., Vu cos a > 1
[the calculations were based on formula (2.11)]. It was
further taken into consideration that the values of the
index of refraction are usually quite large in the prop-
agation of whistlers, so that the inequality ny, > 1 is
satisfied. The latter can be considered as the conse-
quence of conditions (2.3) and (2.5), i.e., v> 1 and v
R u.

In propagation in a medium with large indices of re-
fraction, the phase velocity will approach the direction
of Vn. In reference 37 it was assumed from the very
outset that the most significant changes of n, are in
the radial direction. Under these limitations we can
obtain an equation for the whistler trajectory, ex-
pressed in analytic form:

cos? ¥ 3 1 ro

P + (2.22)

The corresponding notation was shown earlierin Fig. 12.
We note that the equation of the magnetic force line
that passes through the point where the atmospheric
is generated (ry, ¢ ), has the form cos? $/cos? ¢
=ry/r. From a comparison of this equation with
(2.22) we can readily establish that the trajectories
obtained always lie above the force lines with which
they have common initial coordinates. Note that
(2.22) calls for the trajectories to be symmetrical
about the magnetic equator. I the deviations of the
direction of the phase velocity from radial are taken
into account,® this deduction becomes incorrect.
Unlike Gershman and Korobkov,3' the authors of
references 29, 30, and 36 determine the trajectories,
in the final analysis, only by numerical methods. The
calculation in references 29 and 30 is based on the
Fermat principle. They introduce the so-called group
index of refraction, determined by the relations gr
=n+ w 9n/8w. This is followed by the use of a varia-
tional principle, which establishes directly the law of
refraction for a group of waves. This law differs
from the usual law of refraction of the phase front.
In reference 30 it is assumed that the condition vu x
cos a > 1 is satisfied, whereas in reference 29 sev-
eral trajectories are given also for relatively high
frequencies. The aggregate of trajectories calculated
in references 29 and 30 is shown in Figs. 15 and 16.
All these trajectories are asymmetric to some degree
relative to the magnetic equator. At the same time,
a comparison of the trajectories given by (2.22) with
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Earth’s surface

S

FIG. 15. Trajectories for whistlers (solid curves) with initial
coordinates @ = 10, 15, 30, 40, and 50°, calculated by Maeda and
Kimura®® for the case \/u cos @ >> 1. The dashed curves denote
the lines of the earth’s magnetic field.

N

20-0%

FIG. 16. Trajectories of whistlers, calculated by Maeda and
Kimura.?’ The condition /U cos @ > 1 is violated for three tra-
jectories that leave a common point at the frequencies indicated.
The two other trajectories (on which the frequencies are not marked)
are plotted for the same case as the trajectories in Fig. 15.

the trajectories shown in Fig. 15 shows that the total
path length and the maximum height reached by the
atmospherics differ by not more than 10%.

The authors of references 29, 30, and 36 used in
the calculation of the trajectories a definite distribu-
tion of the electron concentration N(r), chosen in
most cases such as to make the values of the coeffi-
cient of dispersion D for whistlers agree with experi-
mental data (see also Sec. 3). No specific distribu-
tions of the electron concentration with altitude have
been used in the derivation of Eq. (2.22), in view of
the assumption that the phase velocities are radial.
However it is not necessary to make use of such dis-
tributions in the calculation of dispersion on the basis
of (2.22).

1t follows from the results of reference 26 that
there is apparently no radial change in the index of
refraction in the part of the trajectory farthest away
from the earth’s surface. If this is so, then Eq (2.22)
needs to be corrected in this region.

Communication 36 contains several trajectories
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constructed for relatively high frequencies, when even
condition (2.3) is violated. The propagation of such
frequencies is possible in principle only under special
conditions, and in the case of whistlers, these frequen-
cies (f ~ 30 —40 kcs) are usually not contained in the
received signals. We shall therefore not give the de-
tails of the calculation, and note only that the trajec-
tories given in reference 35 have a very sharply pro-
nounced asymmetry relative to the magnetic equator.
Knowledge of the propagation trajectories, along
with a definite choice of the distribution of the elec-
trons N, makes it possible to obtain an important in-
tegral characteristic of the propagation, namely the
dispersion D, which we have already introduced in
Sec. 1 on the basis of observation of whistlers. The
dispersion coefficient can be obtained by analyzing
the characteristics experimentally obtained in the
form t =t (f), where t is the delay time (see Sec. 1).
It is obvious that this time is determined from the

relation t = f IV , where ds is the element of

gr
path along the trajectory Substituting the values of

|v r| (2.15) with condition (2.10) satisfied [in this
case IVng = (¢/n) V4 + tan? o ], we arrive at a re-
lation in the form t = Df~V2 , which we encountered in
Sec. 1 [see (1.1)]. For the dispersion coefficient we
have?

W, ds

1
D=——r —_
V 2me S V ogcos a (4tan? a)

(2.23)

A comparison of the experimental and theoretical val-
ues of the dispersion will be made in Sec. 3.

Allowance for the ion motion. So far we have con-
sidered relations in which the motion of the ions was
disregarded. It is well known, however, that for fre-
quencies satisfying the condition

0 << Qm, (2.24)

the motion of ions is very important to the propagation
of the waves.!»?%.2% If the frequencies are so low, on
the other hand, that w < Qy, then magnetohydrody-
namic waves should propagate in the rarefied plasma.
The effect of ion motion on the propagation of whis-
tlers was considered in references 25 and 38. Storey?
indicated that it is possible to use observation of whis-
tlers in order to ascertain whether the upper iono-
sphere contains ionized hydrogen. Certain important
consequences drawn from the assumption of such a
composition of the upper atmosphere at high altitudes
were established in reference 39.

It must be borne in mind that real receivers re-
cord atmospheric spectra with components not lower
than f ~ 200 — 400 cps. Since the singularities con-
nected with the effect of the ions begin to come into
play when w = Qg (2.24), we can count on the detec~
tion of new phenomena only if the values of Qg exceed
1200 cps. Consequently, if the plasma in the upper at-
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mosphere consists predominantly of protons and elec-
trons, the influence of the former on the character of
propagation of the wave can manifest itself in those
regions where the gyrofrequency of the electrons,

wy = 1.84 x 103 Qy, exceeds (2 or 3) x 10°. Using
the formula (2.4), we can readily show that such val-
ues of wy are encountered approximately at ry/r

< 0.7 (see also table on p.753). From the foregoing
we can conclude? that effects connected with the pres-
ence of ions are relatively easier to detect by obser-
vation of whistlers at relatively small latitudes. Ref-
erences 25 and 38 do not contain formulas suitable
for the description of the propagation of very-low-
frequency waves in the general case.* However, from
the relations given in reference 38 we can obtain the
following expression for “n'%, with allowance for the
contribution due to the motion of the ions:

o}
nde~

, (2.25)

v
Vuu; (l—s—ing—(i>+ l/u cos? a—|—u—Z—i sin? @

where u; = @};/w?. In the derivation of (2.25) colli-
sions and thermal motion of charged particles were
neglected. In addition, it was assumed that the con-
dition

u>1 (2.26)

is satisfied. Thus, in the region of relatively high
frequencies (say, in the vicinity of the nose frequency
fy and higher), the relation (2.25) does not hold. I
we employ the limitation u; « 1, which may not con-
tradict (2.26), we arrive at the old relation (2.11),
whereas the opposite requirement, uj > 1, will give
in conjunction with (2.25) the relation

v 4mc*NM
Ve,  H
which determines the propagation of a magnetohydro-
dynamic wave. It must be noted that in the region
where (2.27) is valid, n% is independent of the direc-
tion of k, and the group velocity Vg, coincides in
direction with the phase velocity Vph (in addition,
these velocities are now equal in magnitude, in view
of the absence of dispersion). In this case no charac-
teristic channel is produced for the passage of the
whistler. At the same time, the region where w « Qy
can hardly be attained, and in reality we can only
speak of registering frequencies with w = Q. No de-
tailed analysis of the behavior of the waves in the re-
gion w ~ Qg has been published, as far as we know.
1t is of interest to find the magnitude and direction of
the group velocity Vgr and to determine the character
of the trajectories in this region.

Hines® indicates that the ion motion can be signifi-

cant not only at the lowest frequencies, but also at suf-

(2.27)

2 _
n,=

*Storey*® considers the previously analyzed case'?? of propaga-
tion in the direction of the magnetic field H,. Hines®® concentrates
his main attention on the propagation of waves in directions close
to transverse (& = n/2).
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ficiently high frequencies, if the direction of propaga-
tion is close to transverse (a ~ n/2). In particular,

if u < 1, thenthe limitation (2.9) must be modified, and
in some cases it becomes altogether unnecessary. How-
ever the question as a whole is still insufficiently clear,
since in the region vVu cos @ =~ 1, which is actually the
one referred to in reference 38, it is necessary to take
into account the thermal motion of the electrons, and
the specific absorption of waves can also be significant
there.

Interaction of normal waves. Let us dwell briefly
now on the interaction of normal waves. One of the
features of whistlers is their relatively easy penetra-
tion into the ionosphere. The same can be said con-
cerning the emergence of whistlers and VLF radiation
from the ionosphere. At the same time, such penetra-
tion is very difficult for waves of higher frequency,
say in the standard broadcast band, and the ionosphere
behaves practically as a reflecting medium.

The ability of whistlers to penetrate in the iono-
sphere and to come out of it is undoubtedly connected
with the interaction of normal waves, which occurs in
an inhomogeneous magnetoactive plasma. In our case
the wave of type ‘“1”’ is transformed on striking the
ionosphere into a wave of type ‘“2’’ in the interaction
region. This wave can now propagate further in the
ionized gas. Many researches have been devoted to
the theory of such an interaction, and their results
have been extensively treated in the review by Gersh-
man et al.** At normal incidence of radio pulses on
the ionosphere, the interaction causes a tripling of
the reflected signals.! For normal incidence, the re-
gion of interaction is located between the points v =1
and v =v, . In tentative estimates one can assume
for oblique incidence that the position of this region
remains practically unchanged. Since we speak here
of the lower ionosphere, where the magnetic field H,
is large, it can be assumed that u > 1. Assuming
that o is not too close to /2, we obtain the following
rough condition for the position of the interaction
region:

v, (2.28)

Using this condition, we estimate the electron con-
centration N. For frequencies f ranging from 400 cps
to 10 kes we obtain from (2.28) N = 0.002 to 1. These
values of N are lower than in the ionosphere, but at
the same time they are higher than under ordinary
conditions at the earth’s surface, where the electrons
disappear rapidly by adhesion to the molecules of oxy-
gen. Thus, the region of interaction is located between
the ionosphere and the troposphere (approximately at
altitudes from 20 to 70 km).

One might think that the penetrating ability is closely
related with the influence of collisions. In the region
under consideration, the number of collisions between
electrons and molecules, vqy,, is much greater than
the so-called critical number of collisions, vop.!"22:23



LOW-FREQUENCY ELECTROMAGNETIC WAVES

The values of the coefficient of penetration can be quite
large under these conditions. However, considerable
absorption should take place simultaneously in the re-
gion of penetration. The influence of the absorption is
apparently weakened by the fact that when v ~ 1 the
values of the refractive index are low (n; ~ 1, the re-
gion of interaction is usually sufficiently remote from
the point v =v«). Since ny ~ 1, the wavelength in the
medium is comparable with the wavelength in the free
space Ay. The wavelengths Ay amount to hundreds of
kilometers and are comparable with or greater than
the dimensions of the interaction region.

By way of a supplement to the information given in
Sec. 1, we can indicate that whistlers are frequently
produced above sea level in stormy weather. In this
connection, a hypothesis has been advanced by Hill4
that the increased number of whistlers during storms
is due to the change in the conductivity at altitudes on
the order of 10 — 20 km. The discharges produce free
electrons, so that the efficiency of penetration of the
radiation into the upper atmosphere is increased. How-
ever, no attempt is made by Hill* to base any quanti-
tative conclusions on his hypothesis.

Absorption. Let us consider absorption of waves.
Very little research has been done in this field as ap-
plied to the propagation of whistling atmospherics.z“’30
Let us discuss first the absorption due to collision.

As before, to determine this most significant part
of the absorption it is sufficient to use the quasi-
longitudinal approximation formula (2.8). At high al-
titudes, the principal role is played by collisions be-
tween electrons and ions. Using in this case the well
known formula v = vg; = (5.5 N/T¥2) In (220 T/NV3),
we find that vej ranges from ~ 10% to 1072 sec™!
starting with the region of maximum of the F layer,
up to altitudes that border on interplanetary space,
where N =~ 200 to 600. The inequality wy > v is well
satisfied here. Assuming the limitation |1 - Vu cos a |
> s, which under the stipulations made above is nec-
essary only in the vicinity Vu cos @ =~ 1, we obtain
from (2.8) the following expression for the absorption
index:

p— sn p—
T2V ucosa—1)

q —}n (og cos a - w)™L. (2.29)
For the amplitude coefficient of absorption y = wg/c,
we have from (2.29) with allowance for (2.9) the follow-
ing formula:

g = Vo o,y

T2 (w,, cos a—ow)2"

(2.30)

We see from this formula that the absorption in-
creases at higher frequencies, particularly as reso-
nance is approached (wy cos @ ~— w). This apparently
is the reason for the difficulties involved in observing
the high-frequency part of the spectrum of atmospher-
ics. At not too high frequencies, when the condition
Vu cos @ > 1 is satisfied, we obtain from (2.30)
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—r= £1/2 wov

X = Vn/2 ¢ (wy cos a)¥% "
last formula show that under unperturbed conditions
the losses due to collisions may reduce the amplitude
of the field along the path of propagation of the atmos-
pherics by one or at most two orders of magnitude.

If, however, we use for the collision frequency v the
values that are characteristic of the collision of elec-
trons with neutral particles, we can establish that no-
ticeable absorption is possible in the lower ionosphere
(in the D and E layers). This conclusion agrees with
the predominant appearance of whistlers during night-
time (the D layer disappears at night). In reference
30, where the details of the calculations have been

left out, it is noted that the absorption in the E layer
is considerable. Attention is paid there, too, to the
fact that to determine the intensity it is necessary to
take into account the focusing action of the medium.

It is indicated in reference 41 that as the whistlers
pass through the perturbed upper atmosphere, it is
quite possible for the signals to become amplified
(experimental data indicating such a possibility were
given in Sec. 1).

The value of the specific absorption produced in a
magnetoactive plasma, not connected with the colli-
sions, has been determined recently by several inves-
tigators.42:43:4¢ In particular, the value of this absorp-
tion was calculated for slow ordinary waves, with
which the propagation of whistlers is connected.?»%
Estimates of the value of this absorption?! lead to the
conclusion that it is insignificant in the case of an un-
perturbed atmosphere. In the presence of corpuscular
disturbances, this absorption is small at electron con-
centrations N < 10° in streams near the earth. On the
other hand, if high electron concentrations are assumed
(N ~ 10% to 10° cm™3), strong damping of the waves is
possible in the frequency range from 300 to 500 cps.
Thus, observation of whistling atmospherics during
time of disturbances may be of interest in connection
with the question of the maximum concentration of
electrons in solar corpuscular streams.

Mechanisms of generation of VLF emissions. The
occurrence of VLF emissions is connected with the
action of streams of charged particles, traveling with
high velocities from the sun and entering the earth’s
outer ionosphere. A calculation of the radiation pro-
duced by such a beam on penetrating the magneto-
active plasma is quite complicated. Up to now, as
applied to VLF noise near the earth, only the radia-
tion of individual particles was considered, and the
rather schematic case of propagation only along the
magnetic field was considered. One version of the
possible radiation mechanism was proposed by Gallet
and Hellingwell;**® This mechanism was called by
Gallet® the ‘‘traveling-wave-tube mechanism.”” An-
other mechanism was proposed by MacArthur,*® who
considered the radiation from protons moving along

Estimates based on this
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a helix in a magnetic field, with allowance for the
Doppler effect. Both mechanisms can be considered
from a single point of view. This, and the final re-
sults obtained by these authors, will be given below.

We can obtain the spectral and angular distribution
of the radiated energy for the radiation from a charge
moving in a magnetoactive plasma. A general solution
of this problem is given by Eidman.*” It is found that
this radiation can be broken up into magnetic brems-
strahlung (radiation due to acceleration in a magnetic
field, proportional to the frequency of rotation of a
charge around the field) and to Cerenkov radiation
with a continuous spectrum.

In the general case, a charge moving with velocity
V in a magnetic field Hy directed along the z axis,
radiates in a direction that makes an angle o with
the z axis, the following frequencies:*7+48

(=0, +1, +£2, ...),

where Qp is the gyrofrequency of the charge (we are
interested in protons). We recall also that k = wn/c,
where the refractive index n ; in a magnetoactive
plasma is determined for wave types ‘1’’ and ‘2"’
from (2.1) with s = 0.

For the case I = 0 we obtain from (2.31) the usual
condition for the Cerenkov radiation, w = kVyz cos «,
or cos @ =c¢/n(w)Vy.

In the case I = 0, the radiated frequencies are de-
termined from the conditions

Q
H ((>0), o=

“Zncosa—1
(4

©0=1IQy+kV,cosa (2.31)

IQp

(1< 0). (2.32)

W=
1—-—*ncosa
c

When I = +1 these formulas coincide with the formula
for the Doppler effect in the medium. Actually, if the
emitter radiates in its own reference frame at a fre-
quency £y and moves relative to a stationary medium
with velocity V, then in the reference frame connected
with the stationary medium the radiation has a fre-

QEV1-52
|1~pn cos a|
corresponds to (2.32) in the nonrelativistic case (V/c
< 1).

The radiation corresponding to I = 0 is considered
in reference 45, while that corresponding to 7 =1 is
considered in reference 46. In both cases, only the
radiation along the magnetic field (a = 0) is con-
sidered.

Starting with the relation V = ¢/n, which is essen-
tially the condition for the excitation of Cerenkov radi-
ation in the direction of motion of the particle (cos a
= 1), and using the expression n} = v/(Vu ~1) for the
refractive index [see Eq. (2.8), where « = 0*], we can

quency w = , where B = V/ec, which

*It must be pointed out that such an approach is to some extent
inconsistent, inasmuch as there is no Cerenkov radiation at all at

@ = 0 in this approximation., Thus, this consideration becomes mean-

ingful only if @ £ 0 or when the conditions are changed (the thermal
motion of the particle is considered, etc.). At the same time it must

be emphasized that consideration of radiation precisely in the speci-

fied direction has no physical meaning.
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obtain the frequencies radiated in this direction

o= LH [ 1 (2% 7

2=y ! i[ “ou C]/i—V?/c2> ]}
Here V is the velocity of the corpuscular stream.
Since many considerations*® indicate for the corpuscu-
lar streams V = 10® em/sec, we get V/c ~ 1072 and
consequently we have from (2.33), with sufficient ac-

curacy,
s {1 [1-(252)7.

We see hence that in the longitudinal direction there
are two radiated frequencies, the values of which de-
pend on wg, wy, and the beam velocity V. One of
these frequencies is greater than wgy, and the other
is smaller. The condition for the possibility of radia-
tion is the inequality

(2.33)

(2.34)

2%V g

@g ¢

(2.35)

An estimate® yields for distances not more than 4r,
away from the earth a value (2w,V/wge)? < 1, and

then
2 2

o=(7) o Ton) -
It is obvious that the frequency w; can remain con-
stant as the beam moves, if the ratio w}/wy remains
unchanged; this would mean that N/H, = const along
the trajectory. If we consider Hy ~ 1/ r®, we obtain
an electron concentration varying as N ~ r73. As has
already been indicated, parts with constant frequency
are sometimes observed in the VLF-radiation spec-
trum. The authors of reference 45 interpret the ap-
pearance of a constant frequency by assuming wg/ wH
= const in the generation region. Changes in the fre-
quency are explained as deviations from this law.

On the basis of Egs. (2.34) — (2.36), calculations
were made for the purpose of explaining different
classes of VLF radiation (examples and the corre-
sponding literature are given in references 5 and 46).
In most calculations, values on the order of 10%km/sec
are used for V, and it is assumed that w}/wy = const
for a definite portion of the exosphere. In particular,
according to the statement made in reference 5, good
agreement is obtained for spectrograms in the forms
of hooks.

MacArthur®® considered magnetic bremsstrahlung
with allowance for the Doppler effect, and determined
the radiated frequencies from the relation w = Qg/
(1-Vn/c), where n is again determined from (2.8)
with ¢ =0 and s = 0. He then obtains for the possible
radiation frequencies w the equation

0¥ (1 —V?¥c?) — 02 [og — (V/c)? o + 2Q4]
+ @ [Qk 4+ 2Qpoy + (V/c)? 0] — Qbog =0. (2.37)
Since V*/c? « 1 and Qg < w, Eq. (2.37) simplifies to
(0’-—(020)H+m<2mgﬂg+gw:>—9};mH=0. (2.38)

0= o [1- (2.36)
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Inasmuch as Qg < w for the usually considered
case of whistlers, we obtain from (2.38) the quadratic
equation

0? —~ ooy + (V/c)? 0 =0,

the roots of which are

o1,0="F {1+ [1-(2 %%)2]‘“} :
This result agrees fully with (2.34).

However, the agreement of the limiting results in
references 45 and 46 is accidental, for in principle
different radiation components are considered.

The variation of the spectral composition of the ra-
diation can be analyzed by considering waves traveling
at a certain angle to the magnetic field. In this case.
for 1 =0, we have cos a =c¢/n(w)V (the Cerenkov
radiation condition) and n%(@) =1+ v/(Vu cos ¢ —1)
[see (2.8)]. This expression for the index of refraction
corresponds to the quasi-longitudinal approximation
and differs from the case a =0 in that wy is replaced
by wl, = wH cos @. It is easy to see that if we denote
V cos @ by VI, we obtain a relation similar to that
for & =0 (V =c¢/n), but in the form Vj = c/n*,
where n* differs from n when « = 0 in that wy is
replaced by wiy,. In other words, we obtain the same
Gallet equations, but with different parameters Vi,
and wy, (Vp =V cos o and wy, = wy cos a). The
same holds for the case considered in reference 46.

The formulas obtained for the frequencies can be
readily derived and will not be given here. We note
only that all the relations in which the quantities V
and wpg are contained in the form of a ratio V/wyg
remained unchanged.

Summarizing, we can say that the proposed mech-
anisms for the radiation of the individual frequencies
make it possible to explain certain frequency laws in
the spectra of the VLF emissions. However, the prob-
lem of radiation produced by charged beams in the
ionosphere has not yet been considered. Nor have
there been considered problems connected with the
calculation of the intensity of the arriving low-fre-
quency radiation.

(2.39)

3. LOW-FREQUENCY RADIO WAVES AND THE IN-
VESTIGATION OF THE UPPER ATMOSPHERE

In spite of the considerable expansion of investiga-
tions of the upper atmosphere by means of rockets
and satellites, the principal role in systematic obser-
vations of the state of the upper atmosphere is still
played by methods using earthside apparatus. Obser-
vations of whistlers and VLF emissions can play an
important role in such methods. Although our infor-
mation on whistlers and VLF emissions is at the
present time in a state where the principal problem
is the investigation of the radiation itself and of the
character of its propagation, it is useful even now to
speculate on certain possibilities of obtaining infor-
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mation concerning processes in the upper atmosphere
from data on the low-frequency radiation.

Let us stop first to analyze briefly the possibilities
that arise in the interpretation of data on the passage
of whistlers through the atmosphere. We can point to
several trends in the comparison of theory with the
observational data, and to certain conclusions drawn
concerning the structure of the earth’s upper atmos-
phere.

Mention should first be made of comparisons of the
values of the coefficient of dispersion D [see (1.1) and
(2.23)]. The measured values of D, as noted in Sec. 1,
can be obtained by using the relations f(t) for the re-
ceived frequencies. As far as the calculations go, they
call for the use of specific models for the distribution
of the electron concentration in the upper atmosphere.
In addition, it is necessary to know the propagation
trajectories of the atmospherics.

In his first paper on whistlers, Storey3 determined
by observation, that at the geomagnetic latitude ¢ = 55°,
the dispersion D ranges from approximately 20 to 120
secY? (see also reference 30). At the same time, a
calculation of the values of D in the ionosphere only
[the integration in (2.23) was carried out for only part
of the path passing through the ionosphere] yielded
D 5 2 secY2. In order to obtain the considerably larger
dispersions D derived from the experiments, it is
necessary to assume that the electron concentration
is sufficiently high over the entire path of propagation
of the whistler.

In one of his later investigations, St:orey50 developed
in detail a method for determining the electron concen-
tration N in the upper atmosphere by determining the
dispersion D. A shortcoming of this method is the
need for a very accurate measurement of D. In addi-
tion, the method is based on a simplified representa-
tion of the character of the propagation trajectories,
namely, that these trajectories coincide with the force
lines of the earth’s magnetic field Hy. This is cer-
tainly not the case, as can be seen from examples
given in Sec. 2.

A calculation of dispersion based on this inaccurate
determination of the trajectories, made to coincide
with some line of the geomagnetic field, was also
carried out by Dangey.®® He derived and used the
following ion (and electron) concentration distribu-
tion at large altitudes.

N =N, exp(2.5ry/r). (3.1)

Formula (3.1) is based on considerations connected
with the possibility of retaining the charge particles

in the upper atmosphere of the earth. It was estab-
lished in reference 39 that at ¢ = 55° the values in-
dicated above for the dispersions can be explained only
if the quantity N; in (3.1), which is the electron con-
centration at very large distances from the earth

(r > 1ry), is ~30—~1200 el/cm®. It is concluded thus
that at altitudes that border on interplanetary space

N ~ 102 to 10% el/cm?.
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Rather detailed comparisons of the experimental
and theoretical values of the dispersion D were made
by Maeda and Kimura.’ The distribution of the elec-
tron concentration was chosen to obtain the required
value of dispersion D. As a result of this selection,
Maeda and Kimura® obtained the following model for
the distribution of the electrons at large altitudes
(from 1,000 to 16,500 km ):

N =1.8-10%exp[—6.57-10"* (k — 300)] el/cm?® (3.2)

where h is the altitude above the earth in kilometers.
When h ~ 16,500 km, it is assumed that the electron
concentration diminishes with altitude much more
slowly than follows from (3.2). The assumed distri-
bution, characterized by a sharp change in the depend-
ence N(h) at h ~ 16,500 km [up to this altitude the
electron concentration diminishes exponentially, and
N (h) varies little at h > 16,500 km ], is apparently
not a satisfactory approximation for large altitudes.
Actually, if we put in (3.2) h = 16,500 km, we obtain
N ~ 36 el/cm®. Such a value of the electron concen-
tration cannot be excluded, but in-many cases it is
much less than the concentrations indicated in other
sources. In addition to the values of N given above,
one can indicate according to references 3, 30, and

39 that it follows from measurements of the zodiacal
lights that N ~ 600 el/cm3. It is probable that when

h R 2r, the decrease in the electron concentration can
no longer be described by a relation of the form (3.2),
which leads to a very sharp reduction in the values of
N (h). The fact that the distribution (3.2) was chosen
to fit the experimental data on the dispersion D is
not a decisive argument, since this choice, as is clear
from the character of relation (2.23), is not unambig-
uous.

In those cases when the whistlers are registered at
stations with relatively low geomagnetic latitudes, as
was already indicated in Sec. 1, a clear cut connection
is observed between the values of the coefficients of
dispersion D and the state of the F layer of the iono-
sphere. Under these conditions, the values of the dis-
persion D can change substantially within several
hours by a quantity on the order of 50%. A comparison
of the values of the dispersions D, obtained both from
observation and from calculation, was given in refer-
ence 11 on the basis of data on two reception points,
located in Japan at geomagnetic latitudes 24.5° and
35.3°. It has been shown that for these latitudes the
observed dispersion values cannot be explained by
using only the distribution (3.1), in which it is as-
sumed that Ny ~ 600 el/cm3. This conclusion is con-
nected with the contribution made to the overall dis-
persion by the passage of whistlers through the iono-
sphere and through the region directly adjacent to the
F layer. In view of the presence of noticeable varia-
tions in the electron concentration in this region, we
can establish the degree of its influence. In the final
analysis, we can determine from the dispersion data

B. N. GERSHMAN and V. A. UGAROV

the electron density in the region of the upper atmos-
phere at altitudes 1300 — 3200 km, for which the daily
variations of D are small. Reference 11 gives for
these altitudes an average value of N ~ (2.1 to 2.4)

x 10* el/cm?® for the electron concentration.
Observations of whistling atmospherics open up
certain possibilities of determining the values of the

earth’s magnetic field at considerable altitudes. In
particular, the correctness of the dipole approxima-
tion for this field can apparently be estimated. This
possibility has not yet been fully investigated at pres-
ent, and the literature*® contains only individual com-
parisons, based on the use of the relation fyy = fg /4,
(2.17), which connects the nose frequency fy with the
gyrofrequency fyg = wy/27. It is assumed here that
the values of fg must be taken near the part of the
trajectory which is farthest away from the earth’s
surface. Neither this statement nor relation (2.17)
itself can be considered sufficiently well founded

(see Sec. 2). The experimental data, which are far
from complete, apparently indicate that the ratio
fn/fy exceeds the value fyy/fg = 0.25, subject to the
stipulations made concerning the values of the fre-
quency fy. This disagreement cannot be attributed
to deviations of o from zero (it is assumed in ref-
erences 4 and 6 that a = 0), since it follows from

the analysis of Eq. (2.16), to the contrary, that N / fu
< 0.25 when o # 0. Reference 4 indicates two pos-
sible ways of eliminating this difficulty. First, the
earth’s magnetic field may decrease more slowly than
in the dipole approximation, used everywhere in the
calculations. Furthermore, this discrepancy may be
due to the fact that the whistler arrives at the point
of reception by the waveguide path, coming out of the
ionosphere farther south of the place of observation
(it is assumed that the latter is in the northern hemi-
sphere).

It must be added to the foregoing, however, that
even the theoretical determination of the nose fre-
quency given in references 4 and 6 is not convincing.
The experimental data cited there can be explained
without resorting to the assumptions indicated above,
if it is found upon a more detailed determination of
the nose frequency that its values are connected not
only with the apex part of the trajectory.

We can expect valuable information on the proc-
esses in the upper atmosphere to be obtained from
an analysis of the singularities in the reception of the
low-frequency components in the spectra of whistlers
(with frequencies f = 1,000 — 400 cps), when the hy-
drogen ions begin to exert an influence. Definite in-
formation can apparently be obtained by analyzing
the intensity of the whistlers, and particularly by de-
termining their absorption. These problems, how-
ever, are at present merely raised, and have no defi-
nite solution as yet.

As regards VLF radiation, the following remark
can be made here. We have indicated that many spec-

-



LOW-FREQUENCY ELECTROMAGNETIC WAVES

tra of radio signals of this type disclose radiation at

a constant frequency. From the point of view of the
mechanism proposed in Sec. 2 (and this mechanism
certainly works, although it possibly is not the only
mechanism ) this frequency permits an estimate of
the ratio N/H, along the trajectory. This ratio should
remain constant, so that still another possibility of
estimating the electron density is found. On the other
hand, knowledge of the constant frequencies makes it
possible to obtain the ratio V/c, i.e., to estimate the
velocity of the corpuscular streams that penetrate into
the earth’s upper atmosphere (see Sec. 2).

In addition, the VLF radiation has a certain feature
distinguishing it from whistlers, which may yield ad-
ditional data. We have in mind the fact that the VLF
radiation is generated at considerable altitudes. If
an echo is observed in addition to the main signal,
then the delay time of this echo can obviously give
an idea of the length of path of the signal from the
point of generation to the observer.

CONCLUSION

From the analysis of the data on the propagation
and generation of low-frequency waves in the upper
atmosphere it follows that at present we can consider
established the main laws of propagation of these
waves and the factors that cause the occurrence of
whistlers and VLF radiation. On the basis of the ob-
servations performed, we can establish several im-
portant laws. However, the interpretation of many
peculiarities in the propagation and generation is still
qualitative in character or is completely lacking. We
wish to mention again briefly the basic unsolved prob-
lems which perhaps will serve as the objects of fur-
ther research.

Of considerable interest in the case of whistlers
is a more thorough experimental study of the nose
whistlers, and also of the region of frequencies higher
than the nose frequency. In particular, it would be
essential to determine the limiting frequencies, above
which propagation of whistlers becomes impossible.
In this connection, a more accurate theoretical deter-
mination of the nose frequency is necessary, with al-
lowance for the contribution of all the parts of the
whistler trajectory. In all probability, absorption
must be taken into account in calculating the limiting
frequencies. We must add, incidentally, that we did
not touch upon any problems connected with the calcu-
lation of intensity of radiation of whistlers with simul-
taneous allowance for focusing and absorption.

The low frequency domain (f < 1 kcs) is interest-
ing in that the motion of ions in the plasma may be-
come influential. A preliminary analysis shows that
the channelling of the radiation should decrease at
low frequencies, and this may place a low-frequency
limit on the whistler spectra. This question needs a
detailed analysis from both the theoretical and ex-
perimental points of view.
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Many phenomena connected with multiple-path
propagation must be explained (the appearance of
whistler pairs, combined propagation paths, the pres-
ence of multiple nose whistlers with gradual decrease
in the nose frequency). It is essential to explain the
conditions under which several channels are produced,
and to relate the appearance of these channels with
definite states of the upper atmosphere.

The question why discharges with a maximum near
5 kes in the spectrum are the most favorable for the
generation of whistlers is still unanswered.

Many problems of theoretical nature arise for VLF
emissions, since only the first steps have been made
in the existing researches. It is necessary to estab-
lish first the cause of the differences in the origins of
radiation with continuous spectrum (hissing) and ra-
diation with a discrete spectrum. The theory will pro-
gress apparently along the path of investigating the in-
teraction between streams of charged particles and
plasma in the presence of an external magnetic field,
and determination of the singularities in the radiation
from such systems.

It is necessary also to improve the methods by
which the data on the propagation and generation of
low-frequency waves can be used to obtain information
on the construction of the upper atmosphere. Of great
importance in problems of this kind is the determina-
tion of the trajectories of propagation of low-frequency
signals under different conditions.

Note added in proof. Recently several papers have appeared
dealing with the subject of the present review. Gallet et al.*? dis-
cussed the possibilities of investigating the propagation of micro-
waves of the whistling atmospheric types in a dense laboratory
plasma. This question may be of interest also for plasma diagnos-
tics. Experiments using the ‘‘Zeta’’ apparatus have been started.
Dinger® gives a survey of the data obtained in the U.S.A. by obser-
vation of whistlers, starting with the beginning of 1955. Interesting
data connected with the reception of whistlers and VLF radiation
in Greenland for a point located 150 km away from the geomagnetic
pole are given by Ungstrup.® It is interesting that a cutoff is ob-
served in the spectra of whistlers at relatively low frequencies.
The corresponding minimal frequencies, however, are quite high
(from 2.3 to 6.2 kcs).
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