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ABSTRACT

D, Jones has recently presented a theory of the effect of
collisions on ion eyclotron whistlers, For propagation along the
magnetic field, he derives criteria for mode coupling based on the
wave normal angle of whistlers with respect to a eritical coupling
angle, He presents a theoretical distribution of mode coupling
between electron and ion whistlers as a function of magnetic latitude,
altitude, and temperature. In this paper, this distribution is
confirmed on the basis of experimental data from satellite
Injun 3, Some additional effects found in the real ionosphere are
also noted: the euroral zone cutoff, possible turbulence effects
in the summer-dey iocnosphere, and the general spread in ceupling type
occurrences so that distinet bBoundaries between the various coupling
types do not exist.

Possible areas of related study sre mentioned: ELF mode
coupling and its relation to whistlers, the ealeulation of collision

frequencies, and coupling effects for Propagation perpendicular

to the magnetie field,
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I, INTROIRICTION

A, Btatement of the Problem

In a cold multicomponent plasma with a megnetic field, two
transverse modes of propagation are possible. In the direction of
the magnetic field, these modes are right (R) and left-hand (L)
circularly polarized, If the plasma parameters such as ion densities,
plasma frequency and megnetic field are functions of position, then
certain functions can be constructed in terms of these parameters
which define surfaces in space, These surfaces indicate the rlaces
where the propagation characteristies change abruptly. AL one of
these parameter surfaces, identified by the equation D = 0, polar-
ization reversal occurs for propagation in the direction of the
magnetic field., Thus, a right-hand circularly polarized wave incident
on one gide of D = O becomes & left-hand cirenlarly polarized wave
on the other side. If the plasma paremeters include collision fre-
quencies, then mode coupling between the two modes is possible so
that both modes propagate on the other side of D = 0,

Tnis paper reports the results of an investigation of mode

coupling by VLF ionospheric whistlers, as observed by Injun 3 sat-

ellite. The right (R) end left-hend (L) modes are identified as



- electron and proton whistlers, following previous use [Storey, 1953;

Smith et al., 196k; Gurnett et al., 1965].

B, Previous Work

Mode coupling by whistlers has been considered recently by
Gurnett, Shawhan, Brice and Smith [1955] (hereafter referred to as
GSBS) and by D. Jones [1968].

GSBS describe mode coupling in terms of a critieal angle Hr.-
between the magnetic field and the direction of rropagation. An
upgoing electron whistler propagating near the cone of angles de-
fined by ﬂc becomes coupled to the ion whistler generated by crossing
D = 0. Tor the model used by GSES, 8, is of the order of 10°.

Jones considers the model of GSBS with collision frequencies
defined explicitlyand derives criteria for critiesl coupling between

the whistler modes,



II. THEORY OF MODE CCUFLING

A,  Tnhoaogenecus Anisotropic Medium

Forsterling's ¢ upled equaetions for vertical ineidence are
the generel expressions for the wave Tfields in an inhomogeneous,

anisotropic mediwn [Budden, 1961 ):

"+ Fﬂ(nf + ) = VF, +24F,

(1)
F"+F {nE + 1]:2] = ¢'F_+ 2yF'
x N 0 o
Fn and Fx are proportional to the fields in the ordinary and extra-
ordinary modes, respectively. The prime denotes 1/K »/?z, where
K = nw/c is the wave number and Z is the vertical direction. n,
and n are the indices of refraction for the respective modes, and
y is the "coupling parameter,” so called because when § = 0 the
equations are independent and the two modes propagate independently,
vhile if § # O the equations are coupled and there is interaction

between the modes. V¥ has the form

!

Fo Py {2}

= =
(g -1) (@ -1)



vhere p is the polarization, lE:y/IE:J‘:J defined in terms of the components
of the electric field which lie in the wavefront,

Forsterling's eguations are of second order so four characteristic
solutions are possible. Clemmow and Heading [1954] extend the gen-

eral theory and use four independent variables for the four char-
acteristic waves. The medium is considered to be horizontally stra-

tified. These characteristic waves are the upgoing ordinary and ex-
traordinary modes and the downgoing ordinary and extraordinary modes.

If the parameters of the medium are slowly varying, i.e., the

medium is approximately homogenecus, the coupling terms are small

and the WKB method can be used to obtain the four characteristic

solutions, The criteria for determining "slowly varying" can be

expressed in termg of the index of refraction,
l dn w
nE ‘T o o

That is, the relative change in the index of refraction over one

wavelength should be small. This condition is violated if n - O

or an/dz is large.
At the VLF frequencies of interest (0-700 cps) the free space
wavelength is of the order of 300 km, while in the icnosphere condi-

tions often change over distances of less than one kilometer,



Clearly, the medium is not slowly varying and the WKB solutions do
not apply. In Forsterling's equations, this is indicated by large
values of the coupling parameter ¥,

A solution for vertical incidence then requires a "full wave"
approach. For this purpose Clemmow end Heading's Cirst order equations
are more prectical, These equations are solved in thin, successive
layers of the ionosphere with the boundary conditions that the coupled
wave fields in each layer must Join smoothly to those of the next
layer. This requires a numerical solution with a computer. Inoue
end Horowitz [1966] have provided such a solution in the lower part
of the ionosphere., They elso give explicit and comprehensive forms

for the coupling coefficients.

B. Mode Coupling at b = 0

A cold plasma is defined as having ions and electrons at zero
temperature (zeroth order motion is zero), homogeneous in space and
immersed in a uniform static magnetic field. lone of these charac-
teristics really apply to the icnospliere, but the results of the
model provide wave modes which are observable in the ionosphere,
nemely the R and L modes,

The following quantities are defined for a cold plasma [Stix,

1962]:
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The subscript k refers to the kth species of charged particle.

The terms represent the following:
nk = plasma frequency

Ql-: = gyrofrequency

(%)

(5)

(6)

(7)

(8)

(9)



n_ = number density fcm_ﬁ)

w = wave freguency (secrl}

3k = charge number \
e = electron charge (esu)

B = static magnetic field (gauss)
m_ = mass (m)

¢ = vacuum speed of light (em sec-l]

Equations (3) - (7) are the parsmeter surfaces mentioned
previously, They have the units of index of refraction squared [nE].
Equations (3) and (4) are shown by Stix to be the indices of re-
fraction squared which correspond to the right and left-hand modes,
hence the use of R and L.

From equation (7 ), the parameter surface D = O occurs when
R =L, 5tix and GSBE show that D = 0 has a solution only when the
plasma has positive ions of different charge to mass ratios and for
frequencies between the ion gyrofrequencies., TFor an ionosphere
model which consists of electrons, and singly ionized hydrogen,
helium, and oxygen, the fredquency at which D = 0 between the H+ and’
He+ gyrofrequencies is called the ecross-over frequency, Wy o Between
the He+ and 0+ gyrofrequencies, the cross-over frequency is W
These frequencies, elong with the parameter surfaces of interest,

are shown in Figure 1, which is reproduced from GSES.




The polarization of the transverse modes in a cold plasma is

given by GSBS as

2
_ iDIE'I cos A {1D]
&n - RL

p
where 8 is the angle between the wavefront normal and the etatic
magnetic field. Along the magnetic field (8 = 0) the polarization

for n° = R (electron whistler) is

and for n° = I, (proton whistler) is

which shows that the polarizations are right and left-hand ecircular,
As described by GSBS, the history of a whistler begins with

a lightning flash below the ionosphere. All frequencies are gen-

erated in rendom polarizations, propagating cutwards from the flash.

Due to the large value of the index of refraction for the ionosphere,

all waves penetrating into the ionosphere are refracted into nearly



- vertical directions. At higher latitudes, the magnetic field in
the ionosphere is also nearly vertical, so the conditions exist for
the two transverse modes R and L. Random polarizations are thus
decomposed into the R and L modes,

The plasma paresmeters in the lower ionosphere are such that
in this region the L mode is evanescent and thus the upgoing I mode
is immediately ebsorbed, leaving only the R mode. The regions of
interest in the ionosphere with the bounding parameter surfaces are
shown in Fig, 2, Tor a wave of freguency 400 cps, D = O occurs at
an altitude of about 800 km. At this altitude, an electron whistler
traveling along the magnetic field is changed into a proton whistler
of the same frequency. At a higher altitude, the proton whistler
is absorbed in resonence at L = = where the proton gyrofreguency
becomes equal to 40O cps.

Figure 1 shows that at D = O the gradient of the index
of refraction changes abruptly from that of R to that of L. This
leads to rapid changes of polarization with height and thereby to
a large coupling parameter ¥, This indicates the possibility of
mode coupling and reflections,

Physically, the coupling interaction takes place when the medi-
um parameters are such that the phase velocities of the two modes be-
come equal. This allows a division of the wave energy between the two
available modes of propagation and we say that coupling has oceurred,

In the collisionless case the phase velocities of the R and I, modes are
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equal only elong the 5 = 0° direction, when D = 0 is crossed, This
constitutes a singular point. When collisions are included, the
angle at which the phase velocities are equal moves away from n = 0°
(to Ec} and the coupling interaction broadens frowm a singular point
to a finite range about fa The indices of refraction are complex,
but the real part remains the game as in Fig. 1 so that polarization
reversal still occurs in a smooth mamner. The relationship between
coupling and polarization reversal can be confusing., They are re-
lated through the coupling parameter ¥ and coupling is possible any
time the polarization changes rapidly, but the reversal is a prop-
erty of the multicomponent plasma and is not due to coupling.

Budden (p. 334) shows that if the WKB approach is valid, then
no reflections cceur at a discontinuity in the gradient of the index
of refraction; if the WKB approach is not valid, as in the case
being considered, then it is not possible to define a purely up-
going wave near the discontinuity and the problem of reflections at
the discontinuity has no meaning. Therefore, we consider that only
coupling takes place at D = 0,

Collisions can be included in the plasma equations (3) -~ (9)
by meking the following changes in the formalism:

m —my (1 o+ k) (1)

w

Vi is the collision frequency of the kth particle.
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With collisions ineluded the volarization can be expressed by

an equation due to Jones,

2
2, 2i sin‘g _
Pt cosg Pt1=0 (12)

where

o - P(L-R)

~ RL-F8

The roots of (12) are the polarization of the R and I modes,

it -sin“g sin‘g 2 1/2 ’
i ~ G cosg 2L G cnse} Hd ’ 32)

The eritical coupling angle 8, can then be obtained from (13)

when the roots are equal, or when

singﬁ
Giw oo (14)

This requires that the real part of G become equal to zero. The
eritical coupling condition can be displayed graphically by plotting
equation (13) on the complex polarization plane. Tigure 3 is taken
from Jones and is for altitudes near the cross-over altitude, where
D = 0 occurs for a given frequency. The model of GSBS has been used
to evaluate G, The upper portion in the figure is for the I mode. and
the lower is for the R mode. (Jones used the definition p=-i for
right-hand polarization, p = +i for left-hand) Thus, for an upward
traveling wave in the R mode, with frequency 400 cps and wave normal

angle 10°, the polarization changes over smoothly to the L mode at an



altitude of about 772 lm. For ¢ = 8°, the polarization changes with
altitude but remains in the R mode. In both cases, no mode coupling
occurs since the coupling parameter § remains small and may be neg-

lected. Therefore, only one mode exists on either side of D = 0,

For g = g, = 8.9° the R mode crosses the axis at p = 1 where
the roots are equal, ¢ — = , and critical coupling cecurs., The up-
ward traveling R mode, on one side of D = 0, is split into R and L
modes ocn the other side of D = 0, The amplitudes of the R and L
modes relative to the original R mode are given by the coupling co-
efficients. As stated previously, a full wave solution is necessary
to obtain these coefficients. At higher altitudes both modes exist
until the L mode is absorbed at L = = . In Fig. 2, the cross-hatched
region between D = 0 and I = = is where both modes are possible.

For polarization curves that pass close to the eritical
coupling point (within the dotted circle in Fig. 3) the polarization
epproaches the value 1 and is changing rapidly. Both these effects
make § large, so that weak coupling can occur with the generation of
a small amount of the coupled mode.

We can now state the criteria for coupling in terms of the

wave normal angle and the critical angle:



(a) 8> 8,+ No coupling, An upward traveling R mode changes

smoothly into the L mode. If [8 - 8 | is small, weak

coupling may generate a smell amount of the R mode,

(b) 6= Ec‘ Critical coupling, An upward traveling

R mode is split into R end L modes, The relative amplitudes

are given by coupling coefficients.

(e) o < Bc' No coupling. An upwerd traveling R mode

remains in the R mode. If |6 - 8, | is small, weak coupling

may generate a small amount of the L mode,

The coupling eriteria also apply for waves traveling down-
ward. The presence of the parameter surface L = 0 below D = 0O
includes a new effect, however, Stix shows that, generally, re-
Tlections occur where parameter surfaces have the value zero
(index of refraction = 0) and absorption where the surfaces have
infinite value (index of refraction — =), Therefore, an R mode
with g > Ec incident on D = 0 from sbove changes over to the L
mode, proceeds a little farther and is reflected off L = 0, 4n

L mode with € > B o incident on D = O from above changes into the

R mode and is transmitted past L = 0 into the lower ionosphere,

For



1L

8= Bc’ either R or L modes incident on D = O from shove allows both
modes to exist in the region between L = 0 and D = 0,

For a given altitude in the ionosphere, Fig. 2 gives the
range of frequencies in which the proton whistler will be observed,
between the cross-over freguency Wy and the proton gyrefrequency
ﬂl. This will be true if polarization reversal has occeurred. On
either side of this range, mJ.E - E'-'l, only the electron whistler should
be observed. If mode coupling has occurred, then both modes should
be- present in the range le - ﬂl. In an actual recording of these
signals they can be identified by their difference in phase velocities.
The L mode travels slower thanm the R mode so an antenna would detect
the L mode after the R mode in the given range of freauencies, As
the L mode approsches the altitude where resonance occurs, the phase
velocity approaches zero and is detected a longer and longer time
after the R mode, TFigure 4 shows the type of trace expected on
frequency-time axes,

Figure 3 is computed for one wave frequency, 400 eps. For
the range 0-700 cps, the critical angle E-:: changes along the surface
D = 0. Using the model of GSES, Jones cbtains aminimum engle of
g = 5°24" at about 1600 ¥m. Therefore, if we assume that in the

range of frequencies of a dispersed electron whistler the wave

normel angle is constant, at a given altitude the eritical angle
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" may be less than, or greater than, or egual to the wave normal angle,
This will cause portions of the electron whistler between W o and

ﬂl to remain in the R mode while other portions in the same renge
are changed to the L mode. The result is that the proton whistler
appears to be partially formed. Figure 5 shows a plot of critical
angles as calculated by Jones versus the freguencies of interest.
Thus, for a wave normal angle El = 10°, the freguency range beyond
about 410 cps remains in the R mode, For g 7°, only the central
portion of the frequency range has polarization reversal,

At high latitudes, the earth's megnetic field in the iono-
sphere becomes more nearly vertical, so for upward traveling elec-
ron whistlers, the wave normal anglesg are small and may lie inside
the eritical coupling cone. This leads to the expectation that
proton whistlers should progress from fully formed at low latitudes,
to partially formed at higher latitudes, to an eventual cutoff
et high latitudes, There are thus two effects leading to partially
formed proton vhistlers, one frequency dependent, the other latitude

dependent. Experimentally, it is difficult to seperate the two and

wes not ettempted in this study.
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ITTI. OBSERVATIONS OF MODE COUFLING

A, Data Sample

Injun 3 satellite was launched into orbit on December 13,
1962. The orbit had an apogee of 2785 lm, perigee of 236 ¥m and
period of 116 minutes, The orbital plane was inclined at 70,4°
to the equatorial plane. Information transmission lasted until the
end of October, 1963, The lifetime of the satellite was characterized
by low magnetic activity.

The experimental data consisted of spectrograms similar
to Fig. b, A total of 277 spectrograns were used, 158 for winter-
night and 119 for summer-day. (See Fig.8a for the definitions of
winter-night and summer-day.) Part of this sample was used pre-
viously for a study of the fractional concentration of hydrogen
ions [Shawhan and Gurnett, 1966], In that study, measurements
of the ratio wlefﬂl were sought so it was necessary that the proton
whistler be visible. Therefore, samples in which only the electron
whistler was visible, i.e., coupling type Cﬁ, were not included. It
was thus necessary to adjust the sample for this coupling type.

The original sample was obtained by analyzing all the satellite
passes for the 11th and 26th of the month during winter-night and

summer-dey. (A pass is the part of a satellite revolution during
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" vhich data have been recorded on megnetic tape by a particular
station.) For a satellite lifetime of 10 months, this gave about

20 days of data over a reascnably wniform range of altitude, local
time, and latitude., The data tapes were played back through an audio
amplifier and recorder (Sonograph, Kay Electric) from which the
spectrograms were made. Proton whistlers were then picked at random.
In this case, "at random" implies that the proton whistler had

to be strong enough to be heard, so that very weak proton whistlers
were not considered.

The resulting sample constituted about 10% of all the proton
whistlers that were recorded on the given passes. This mumber was
determined by reviewing the passes used by Shawhan and CGurnett.
Spectrogram films of the data were available to allow & considerable
saving of time, Whistler bursts were not included in the count
becanse it is not possible to determine accurately whether any proton
whistlers are occurring when electron whistlers are spaced very
closely together,

Over the same passes, then, sbout 10% of the electron whistler
cccurrences, coupling type C., where picked at random. Some further
adjustment was later necessary since orbital data was not always

available for a pass or for part of one.



It was also decided to obtain samples at higher latitudes
in both hemispheres, The procedure was to analyze data for passes
during winter-night and summer-day for two high latitude stations,
College, Alaska and Woomera, Australia, TFor these stations, passes
on the 1lth and 26th of the month (or as close to those days as
possible) were taken, Spectrograms were then made of approximately
10% of the whistler occurrences, picked at randem. It is felt that

this gives a reasonably complete coupling type distribution in the

sample,

B, Classificetion of Coupling

For the purpose of fthis study, coupling is classified

according to the scheme given in Fig., 6. ﬂl represents the case

of a smooth transition from the R mode to the L mode, with none

of the R mode present between frequencies w5 and Hl. This means
that @ > g, and corresponds to a path like E - E' in Fig. 3.

C, is the weak coupling case, |a - B | is small, and a small amount
of the R mode is generated between w. . and 0O_, Ci is the eritical

12 1

coupling case, @ = B, - Both modes are present between ng and ﬂi‘

ﬂh represents weak coupling with a small amount of the L mode

between Win and Q, and CS is the no coupling case, similar to El'

18
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In Fig. 7, actual spectrograms of these coupling classifications are
given. These samples are all winter-night occeurrences covering a
broad latitude range.

The ecoupling type classification is based, of course, on the
appearance of' the spectrograms, The coupling type assigned to a
particular event was Lased on the relative intensity of the electron
and proton whistler traces between frequencies o and ﬂl. This
assumes that the relative intensity as shown on the spectrograms
are proportional to the relative intensities es they occurred in the
ionosphere. Physically, the satellite detected a whistler through
a loop antenna sensitive to the magnetic component of the electro-
magnetic wave [Gurnett and O'Brien, 1964], The loop antenna and
preamplifier then presented a signal to the wideband (0.5 - 7.0 keps)
VLF system from which high resoclutien freguency-time spectrums were
telemetered to the ground. The frequency response of the wide-
band VLF system to the voltage signals in the freguency range of
interest changed Ly no more than 10db. Since the coupling type
is based on signal intensities in the same frequency range, mlg-ﬂl,
both modes are affected equally by the wide-band VLF system and
should retain their relative intensities unchanged.

Coupling type l’.!5 does not show any proton whistler (L mode).

It is assumed that this is due to either one or both of two things:



the wave normal angle is less than the critical angle, or the D = 0
surface has not been crossed. On the basis of the model of Fig. 2,
we expect that for the range of altitudes covered, the lowest
frequency vaves cross D = O at the highest altitudes, Therefore,
for medium satellite altitudes, the whistler mode in the lowest
frequencies should be R (right-hand), The lowest cross-over
Treguency both in the model and in the sample is of the order of
200 eps, Thus, if only the electron whistler is observed (R mode)
down to the lowest frequencies, we can be fairly cerbtain that D = 0
has been crossed and that the L mode is missing because the wave

normal engle was less than eritical. If the electron whistler does

20

not reach the lowest freguencies, we cannot tell if D = 0 is crossed.

Cases like this were excluded from the sample, There are examples,
however, of the situation where the electron whistler is cutoff at
frequencies of the order of 500-600 cps, with the proton whistler
appearing between Wy and ﬂl. In terms of their model, GSES have
attributed this cutoff of the electron whistler to the merging of
the D = 0 and L = = surfaces at about 700 eps. If we consider an
upward traveling electron whistler to be changed entirely into a
proton whistler at D = 0, then frequencies in the L mode between the
electron whistler cutoff frequency, ﬂc’ and the proton gyrofrequency

at the altitude of the satellite are absorbed at L = = and never



21

" reach the satellite. Frequencies below the proton gyrofrequency
would be detected in the L mode and this corresponds to coupling
type'cl.

The spectrogram sample was divided into two categories accord-
ing to the time of occurrence, during winter-night (WN) or swmner-
day (SD). 'This represents the extremes in ionospheric temperatures
and gives a measure of the temperature dependence of mode coupling,
Particle temperature affects coupling through the change in the
collision frequencies involved. The change in the cold plasma
formalism made in equation (11) assumes that collisions introduce a
velocity dependent drag forece in the particle dmamical equations
[Stix, 1962]. The functional forms of Vi that have been used by
varions suthors ere generally complicated and different for different
species. Jones [1968] gives a summary of these functionals. Except
for collisions between neutrals and ions, the collision functions
are all temperature and density dependent. Generally, the collision
frequencies increasse with increasing ion density and decreasing

temperature, and vice versa., Therefore, winter-night corresponds to

large collision frequencies (moderate ion density, low temperature)
and summer-day corresponds to small collision frequencies (low den-
gities, high temperatures), The dates and times for winter, sumer-

day and night ere given in Fig. 8a. This figure &lso shows the sample



 distribution in terms of magnetie latitude and local time, The
sample was picked to correspond to the more stable conditions of
winter-night and summer-day, This occurs near dawn and dusk when
the ionospheric has cooled or heated between G and 12 hours.

To obtain the coupling dependence on altitude and megnetic
latitude, the meridional plane wes divided into data boxes of 40O
km altitude intervals and 10° magnetic latitude intervals. This
includes the lower altitude and latitude limits for proton whistler
oceurrence (440 km, 0° - 10°) as reported by Shawhan [1966], In
each of these data boxes, the frequencies of accurrence of each
coupling type was calculated, for winter-night and summer-day.
Ideally, this determines the functional dependence of mode coupling
on temperature, altitude, and magnetic latitude. The mmber and
distribution of coupling types in these data boxes is shown in

Fig. 8b,

C. Discussion of Results

The frequency of occurrence for the ith coupling type was

calculated using the egquation

(15)
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where n{Gi} is the number of samples of coupling Ltype Ci cceurring
within a given datea box. This number ranged from 28 down to zero,
This presented the problem of the relative importance that should
be given to the freguency of oceurrence calculated for a data box
with a small number of samples, MNumerous data boxes occurred that
had only one, two, or three samples in them. Sometimes these were
all of the same coupling type so that for thesze, f{ﬂi} = 1.00, yet
- the small number of samples did not inspire confidence in this
value of f{Ci]. On the other hand, the small sample number indicates
that on the particular satellite pass (or passes) in which the
sample occurred, there was a low level of whistler activity and
therefore a larger sample number was not Possible. With this point
of view, even the data boxes without samples are significant for
they show that whistler activity in these regions was low during
the particular pass,

With the preceding argument as a guide then, it was decided
that while major consideration would be given to data boxes with
the larger mumber of samples, those with small sample number would
not be ignored completely, but would be used as a weighting factor
whenever a decision had to be made sbout which way the curves for
frequency of occurrence should turn, in the absence of bebter
information. This requires & certain amount of interpretation

that would not be necessary with a larger sample size,
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Smooth curves were drawn through the maximun frequencies of
occurence for each coupling type to give the curves of Figs. 9
and 10, These contours should be compared with Jones' Figs, 7 and
11, cealeulated on the basis of the model of GSBS, It is seen that the
general nature of the curves are similar, with the winter-night
carves reaching lower in altitude and turning upwerds sooner wWith
increasing latitude than do the summer-day curves. There is a
general progression of coupling type with latitude, Cl ccourring
at higher latitudes. The winter-night

>
H
contours show this more clearly than do the summer-day contours

at lower latitudes, C

with the maximums in the various coupling types being well separated
from each other. TFor the summer-day contours the maximums are closer
together and possibly reflect more turbulent conditions associated
with higher ionospheric temperatures. Thus, over many satellite
passes, the positions of the summer-day contours may change so often
that the average position of each curve turns cut to be approximately
the same,

There are some important differences between Figs. 9 and 10
and the curves of Jones that should be noted. First, we see that
neither the winter-night nor swmer-day curves extend to as high
a latitude as do the curves of Jones, Samples were taken from the

higher latitude stations especially to look for this extension,



-~ In all cases, the whistler activity much above 60° magnetic latitude
was very low or non-existent. The cutoff in whistler activity thus
seems to be definitely around 60° magnetic latitude, and is associat
with the beginning of the asuroral zone [Shawhan, 1966]., That Jones'
curves do not show this eutoff is due to his use of the ionosphere
model of GSBS, which does not include eny effect due to the auroral
zZone,

Alego, the small latitude range between fully formed proton
whistlers and no proton whistlers which Jones' curves show is not
present in the winter-night curves obtained in this study, Fig. 9.
Figure 10 does show such an apparent small latitude range, but this
may be due to the other effects previously mentioned. In any case,
Fig. 9 indicates that instead of "sharp" transitions in coupling
types, we have gradual transitions from one type to another over
a broad range of latitudes. Further, since the curves represent
statistical averages, the contours in both Figs., 9 and 10 do not
represent boundaries between coupling types as Jones' curves do.
Figures 9 and 10 also indicate the observed result that at any given
point, all five coupling types cen occur. Numerous spectrograms
were taken that showed different coupling types occurring within
g few seconds of each other on the same satellite pass. TFigure 9

shows one pass of the recently launched satellite Injun 5 (line AaY)

23
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" with the coupling type subscript placed at the position of occurrence
of a whistler, This pass is a typical example of whal the expected
coupling type distribution should be: more cases of ﬂ5 occurring
at high latitudes than any other, and more cases of E!l occurring
at low latitudes than any other, but all cases being possible at any
given latitude.

Another distinction between Figs. 9 and 10 and Jones' curves
is to be noted, The variation with latitude of the coupling type is
to be expected, as Jones points out, on the basis of the change in
direction of the magnetic field with increasing latitude, and the
conseguent change in the wave normal angle of a vertically prop-
ggating wave. Since most critical coupling angles are in the range
5° - 10°, at low latitudes the condition g > G is more likely
to cecur while at high latitudes the condition pg < Bc is more
probable, This leads to an expected coupling type distribution like
Fig. 9. The change in wave normal angle can also lead to partially
formed proton whistlers, and it is on this basis that Jones' curves
are drawn. For a given proton vwhistler, partisl formation indicates
a change in ecoupling type along the range of frequencies between
W5 and Hl. On spectrograms, this would show up as a variation of
intensity of the proton whistler compared with the electron whistler

trace, Jones' curves, therefore, include a measure of the rate of




of change of the critical coupling angle between W and ﬂl. Such

a Fine distinction of mode coupling was not eagily observed in this
study and was not attempted; therefore, Figs. 9 and 10 are a measure
of the change in mode coupling only, and not of the rate of change

in mode coupling, between w . end ﬂl. There were, however, some
cases in which partial formation of the proton whistler was clearly
evident. Figure 15 shows one exemple, However, for the most part,
proton whistler traces did not exhibit marked variations of intensity
along the trace, indicating that the critical coupling angle did not
change very much between w g and ﬂl.

*Finally, we mention that Jones' curves were caleulated using
the model of GEBS for ion and electron density distributions. This
results in the D = 0 and L = = parameter surfaces of Fig. 2. Fig-
ures 1l end 12 are plots of the experimentally messured values of
o and ﬂl for winter-night and summer-day. The curves reproduce
the D = 0 and L = = surfaces as they exist in the ionosphere, It
is evident that there is a latitude dependency in these curves
which is not included in the model of GSBS and would effect the
calculations of Jones' curves.

Figure 13 is of w, and , for the latitude range 30° - Lo°,

winter-night. It shows the typical scatter of points in the
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plots of Figs. 11 and 12, Figure 15 also shows the cutoff freguencies
measured for electron whistlers, On the basis of the model of GSBS
we would expect that the cutoff Hc should occur within a small range
of frequencies around 700 ecps Tor all altitudes., The experimental
points indicate that cutoffs of the electron whistler do not oecur
regularly and that when they do, it is for a wide range of frequencies,
sometimes even below ﬂl. The curves of Fig. 13 are very similar

to those of the model used by GSBS, so we cannot attribute the
irregular behavior of the cutoff frequencies to a serious error in

the model. It is possible that the rapidly changing conditions near
the lower boundary of the ionosphere has significant effects on the
electron whistler cutoff which have not been considered,

It was previously mentioned that eollision frequencies in-
creased with the particle densities, Measurements of ion densities
have been made which show that rapid changes can take place over
periods of a day, so that it is possible to take this effect into
account only in an average way. The winter-night, summer-dey division
of datae was the most readily available way of considering ion
densities,

Taylor et al., [1968] has made measurements of the light
ion densities (H', He', 0", W') using 0GO-2 satellite. This

satellite covered the altitude range 415-1523 lan and during the
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period October 1k-24, 1965, the orbit was nearly along the davm-dusk
plane of the earth. Taylor et al., give measurements of the absolute
ion densities [Fig, 2 of Taylor et al.] which thus exhibit the winter-
night, summer-day dependency of interest here, Of particular interest
is the observed high latitude trough in the light ion concentrations
at around 60° magnetic latitude, corresponding with the cbserved
whistler cutoff. The H concentration measurements near 60° magnetic
latitude on October 15, 19658 show a change from lﬂh innsf::m5 to

10° iﬂnsfﬁmﬁ. Over a ten-day period this high latitude trough was

& persistant feature of the composition. TFigure Ba shows (cross-
hatched region) the local time region coversd by 0G0-2 during the
ten~-day period. Since H+ must be present for proton whistlers to
occur, we see that the cutoff at high latitudes is a direct result

of the effect the decreasing ion density has on the evaluation of

the ecritical coupling angle.
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IV. RELATED TOPICS

A. FLF Mode Coupling

In order to consider mode coupling in a more complete Tashion,
dovmward propagating waves should be included. A downward prop-
ageting R mode with § > Ec is changed to the L mode on crossing the
D = O surface. However, as shown in Fig. 2, the L = 0 parameter
surface is encountered next, This means that the index of refraction
for the L mode approaches zero rapidly and reflection of the L
mode occurs. Gurnett and Burns [1968] use this mechanism to explain
the low frequency cutoff of ELF emissions observed by Injun 3, At
lover latitudes, the eutoff frequency is found to occur in almost
all cases within the range D.Hnl - f;, decreasing steadily for
increasing altitude. At higher latitudes the cutoff frequency
dependence on altitude is less well defined, This is explained
in terms of the wave normal angle 8, For values of § > Ec reflection
of the L mode occurs when the horizontal component of the refractive
index vector n sing becomes equal to the horizontal refractive index
n, of the ionosphere. Generally, this actually occurs above the
L = 0 frequency but below the rroton gyrofrequency, At higher lat-
itudes, the condition g > Ec is less likely to occur, the cutoff

frequency is less well defined, and the R mode exists below I, = 0.
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© This expleanation for the culoff of ELF emiszsions also implies that
the emigsion source is dbove the meximum cutoff altitude, Gurnett
end Burne locate a possible source near the equatorial plene at L
values (McIlwein's geomagnetic shell parsmeter [1981]) of L to B,
Usually, it is assumed that all whistlers sre upgoing, since
their spectrogram traces can be easily explained through the use of
Fig., 2 for upward propagation. & different trace would be expected
for downgoing whistlers. (Multiple hop whistlers are not included
in this consideration: they csn be identified by their greater
dispersion.) Also, a pulse source is needed (lightning flash) and
such a source at high altitudes seems unlikely., However, we can
construct the sort of transitions that could be expected if a dowmn-
going whistler should exist. By way of summary, Fig. 14 is a schema-
tic diagram of the transitions that we have been considering for
upgoing and downgoing whistlers, For the cases where reflections
occur, Snell's law holds and therefore, the wave normal angle is
the same for both incident and reflected waves. This preserves the

coupling type through the reflection.

B. Collisgion Frequencies

In equation (11), it was assumed that the effect of collisions

on the equations for a cold plasma was to introduce a velocity
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dependent drag force into the dmamical equations. Therefore, for
a multicomponent plasma, the drag on the jth perticle due to the
kth particle should be equal to the drag on the kth particle due to

the jth particle., This is expressed by

I R I (16)

[stix, 1962], where Yics is the collision frequency between the kth
and jth particles. For the kth species, the total collision fre-

guency is then

Ve T I Vi (17)

and this is the value of v, thet is reguired in equation (11). Using
equation (16) it is possible to derive the following relation that

could be of help in attempting an evaluation of (I7 ):

Vik _ ¥ (18)




" We can also rewrite (16) (for j = e, electrons) in the form

(X y ok

v 2 T=0 ) my
a [=]

n

akuli' uliE‘ (19 }

where o, is the fractional concentration of the kth ion and u.k is
the mass ratio. The quantity o has been calculated by Shawhan

+
and Gurnett [1966] for H in a collisionless plasma, They derive

the equation

o6l ®15 2
Hl=255[1'{ﬁ:)]

(20)

where W gnd ﬂl may be measured from whistler spectrograms. The
modification of (20) when collisions are included has not been
derived and serves as a possible future study. A systematic approach

requires that we start with the cold plasma equations (3) - (9).

C. Propagation Perpendicular to B

The R and L modes which have been studied in the preceding
sections are identified for a wave normal angle of zero. TFor

propegation perpendicular to the magnetic field (g = 1I/2) the



two modes that can exist in a cold plasma are identified by the
letters O and X (for ordinary and extraordinary). The dispersion

equations for these modes are [Stix, 1952]

z
hﬂ = F
(21)
n? o B
bd s

where F, R, L, 8 have been defined already. These modes are linearly
polarized, Similar to the R and L modes at D = 0, the phase
velocities of the O and X modes become equal at a parameter surface
identified by the equation RL = P35, On crossing this surface the
modes exchange polarizations, There is thus the possibility of mode
coupling. This problem has not been studied and serves as an

grea of future consideration,
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V. CONCLUSIONS

The results of this study show that the coupling eriteria
and distribution for ion cyclotron whistlers as presented by
Jones is confirmed experimentally.

It is expected that a similar study of helium whistlers will
produce qualitatively the same results. (Figure 15 gives some
samples of helium whistlers observed with Injun 3,) In this
connection, it is recommended that the approach of such a study take
the route of careful selection of individual satellite passes in
which every event is analyzed rather than the random selection of
individual whistlers., BSuch an approach serves to preserve the
transitions in coupling type that may be lost when only individual
whigtlers are examined,

The existence of ELF mode coupling serves to demonstrate
the general nature of the coupling phenomena in the frequencies

below the electron gyrofrequency.
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Figure 1

Refractive index squared, parameter surfaces, and

rhase velocity surfaces for propagation in milti-

component plasma, (GSBS model)
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Fipure 2

GSBS model ionosphere, parameter surfaces,

phase velocities at 400 cps.
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Figure 3 Variation of polarization [equation (13)] with wave

normal angle g and altitude, at LOO eps (Jones).
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Figure l

Proton whistler spectrogram. ﬂl

frequency,tulg is the cross-over

is the whistler cutoff frequency.

is the proton gyro-

freguency, and ﬂc

L5
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Figure 5

Critical coupling angle as caleulated by Jones versus

the frequency range of interest,
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Figure 6

Classification of coupling type based on the

gppearance of vhistler spectrograms,
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Figure 7

o>l

Injun 3 spectrogram samples of the eoupling classification,
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Figure & a

Number of spectrogram samples taken in terms of local
time and magnetic latitude. The definitions of winter-
night and summer-day for Injun 3 passes is given. AA'
is a single Injun 5 pass. Cross-hatched area is the

approximate region covered by 0G0O-2 October 1h4-2L, 1965,
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Figure &b

Number of eoupling type samples in terms of altitude

and magnetic latitude,

55



56

A-GE9-237

o

)

=

=

o

=|

=

]

o

z]

: L e

o K -2 - | 1@ =]

wa @ rievo| | (@) [rimelE]

W| il @ @2 @2 5@ B |® IA.IU

W <= oy @k | |Dledlelard S

o e erlod —(@) | 3®I53t4@

=

=|— Oled] |=|—lecliBH— ol @Dede— | (Olkafd [2)

2 — I@a.,nmﬁi@ N | &

w i i) o | -2t (o]

o e —Slev =S ©)

=|

= - - Iy @

= r S -] e

o :

= 0 (]
[_3dAL 9NIdN0D [HnfAsfa [ikokedn] Rl - o [Hedisld HedHsial H

o

i 0§ & &8 8§ 8§ g

20

B0

70

&0

S0

40

30

20

10

FIGURE 8B




Figure 9

Winter-night variation of coupling type with altitude and
megnetic latitude. Dotted lines indicate no data were
available in that region, The dashed line marked ﬂ5
indicates samples not used to construct full lines.
AA’ is a single pass of Injun 5 in which the coupling
types indicated by the subseript of ci were observed.

This shows the transitions occurring over a typical

mid-latitude pass,
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Figure 10 Summer-day variation of coupling type with altitude
and magnetie latitude. Dotted lines indicate no data

were available in that region. Dashed line marked C.
3

indicates samples not used to construct full lines,
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Figure 11

Observed parameter surfaces L = o D = 0 for winter-

night and 10° magnetic latitude intervals,.
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Figure 12 Observed parameter surfaces L = w, D = 0 for summer-

day &nd 10° meagnetic latitude intervals.
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Figure 13

Observed parameter surfaces L = o D = 0 for winter-
night in the range 30° - 40° magnetic latitude, This

shows typically the scatter of points measured for 0

lJ
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Figure 14 Schematic disgrem showing transitions at the parameter
surfaces L =, D =0, L = 0 for upgoing and down-

going whistlers and for three wave normal angles,
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Figure 15 Top photogreph: FProton whistler partially formed near

69

the cross-over frequency. Center and bottom photographs:

Helium whistlers visible below proton whistlers.
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