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GENERATION GF ORDINARY MOIE AURCRAL KILOMETRIC RADIATION FROM EXTRACRDINARY MIE WAVES

L. M. Hayes and D. B. Melrose

School of Physics.

Abstract. The ratio of x to o mode radiation
produced when an x mode wave strikes a steep dens-
ity gradient is determined for wave and plasma
parameters typical of those observed in the auror-
al kilometric radiation source region. W find
that the waves reflected from or transmitted
through the density gradient generally have an o
mode component 20 dB or more weaker than the x
mode component. This agrees with the ratio of x
to o mode intensity observed in auroral kilometric
radiation signals near the auroral plasma cavity
by both the DE 1 and ISIS 1 spacecraft.

1. Introduction

Observations of auroral kilometric radiation
(AKR) indicate that it originates in a region of
depleted electron density which forms a plasma
cavity in the high-latitude auroral regions and
that it is associated with inverted-V electron
precipitation events [Gurnett, 1974; Gurnett and
Green. 1978; Benson and Calvert. 1979]. One of
the most important properties of the radiation is
its polarization. The mode of propagation of AKR
is usually determined either by direct polariz-
ation measurements or by inferring the polariz-
ation of the radiation from local plasma resonance
and cutoff frequencies, although the latter method
mey lead to ambiguities in the identification of
the mode polarization. It is widely believed that
AKR consists predominantly of x mode waves
[Gurnett and Green, 1978; Kaiser et al., 1978;
Benson and Calvert, 1979; Shawhan and Gurnett.
1982). However, Oya and Morioka [1983] interpret
the dominant AKR radiation detected by the Jikiken
(EXCS B) satellite to be in the o mode, and Benson
[1984] has also found examples of AKR where the o
mode i s dominant.

Although both x and o mode waves are known to
be present in AKR, there have been few observat-
ions of the relative intensities of the two modes.
When viewed from several AU by Voyagers 1 and 2,
AKR was found to be polarized predominantly (i.e.,
80%)in the x mode [Kaiser et al., 1978]. Direct
polarization measurements close to the source
region of AKR suggest that the o mode component is
much weaker than the dominant x mode component.
Observations made by [E 1 are consistent with the
0 mode component down by 17 dB from the x mode com-
ponent [Shawhan and Gurnett, 1982; Mellott et al.,
1984]; observations made by Hawkeye 1 indicate AKR
contains o mode signals 20 dB or more weaker than
the x mode radiation [Calvert. 1982]. The ISIS 1
observations indicate that the maximum power level
of observed o mode is around 30 dB below the most
intense x mode component [Benson. 1985]. The
ISIS 1 data also show that within the plasma de-
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pletion associated with the AKR source region the
0 mode is usually weaker than the x mode. In gen-
eral, the o mode is more intense than the x mode
only at latitudes outside the plasma cavity. This
is consistent with the observations of predominant-
ly o mode AKR made by Oya and Morioka [1983] which
were at latitudes on the equatorial side of the
AKR source region.

Hence there appear to be two classes of o mode
AKR: one class is observed outside the auroral
plasma cavity at higher electron densities when
the o mode i s generally the dominant mode; the
other class is observed within the plasma deplet-
ion region where there is a predominance of x mode
radiation, and the o mode component is much weaker.

In this paper we explore a possible interpret-
ation of the weak o mode seen within the plasma
cavity. Specifically, we investigate the suggest-
ion [Melrose et al., 1984] that this o mode is
produced by reflection of strong x mode waves
from steep density gradients which have been ob-
served both at the edge of the plasma cavity and
in density enhancements within the cavity itself
[Calvert, 1981la; Benson and Akasofu. 1984]. We
assume the x mode waves are produced by cyclotron
maser emission \Wu and Lee. 1979]. For the pur-
pose of this investigation we assume that the
maser produces only an x mode component. It is
possible in principle for the maser to produce
some o mode emission and even for this to be the
dominant mode of emission under specific condit-
ions [Melrose et al., 1984]. Such generation of
the o mode mey be relevant to the class of o mode
emission observed outside the plasma cavity.
However, it seems unlikely that the o mode compon-
ent within the plasma cavity is generated directly
by the maser; we discuss this point further in
section 5.

In section 2 we review the theory of reflection
of magnetoionic waves from a sharp density change
and discuss the conditions under which the strong-
est secondary o mode is produced from an incident
x mode. W calculate the relative intensities of
the secondary x and o modes in section 3, and in
section 4 we compare the results with x to o mode
intensity ratios observed in AKR.

2. Review of Magnetoionic Wave Reflection

The theory of reflection of magnetoionic waves
from a steep density gradient has been described
in a previous paper [Hayes, 19851. Briefly, we
consider a wave travelling in the x-z plane with
wave vector ky, and frequency «, which strikes a
boundary between two regions of different densit-
ies at an angle 645 to the boundary normal. The
boundary normal is taken to be in the z direction,
and there is a uniform external magnetic field 8.
In general, the incident wave produces two trans-
mitted waves and two reflected waves (see Figure 1)
The energy transferred from the incident wave into
each of the secondary waves mey be determined us-
ing the boundary conditions on the electric and
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Fig. 1. Boundary between the initial plasma and
the final plasma lies in the x-y plane at z = 0.
For z < 0 the plasma frequency is wp1 and for

z > 0 the plasma frequency is w 2. The external
magnetic field B is assumed to Rave components in
the x and y directions only, and the incident.
transmitted, and reflected wave vectors |l ie en-
tirely in the x-z plane.

magnetic fields and the dispersion relations of
the five waves.

Hayes [1985] considered the case of an incident
x mode. The external magnetic field was assumed
toliein the x-y plane. It was found that it is
possible to describe changes in the relative
strengths of the reflected and transmitted waves
in terms of variations in the plasma and wave par-
ameters, where the parameters considered were the
incident wave frequency w and direction of propag-
ation (64, with respect to the boundary normal),
the plasma frequencies w,; and wp2 ON the initial
and final sides of the boundary,” the gyrofrequency
Qe related to the external magnetic field
strength, and the angle ¢ between the external
magnetic field and the x axis. The main conclus-
ions of that paper concerning the reflected and
transmitted o modes were as follows.

1. The relative intensity of the transmitted
0 mode (i.e., with respect to the incident x mode)
increases when the transmitted x mode is evanes-
cent. As the plasma and wave parameters vary, the
intensity of the transmitted o mode i S maximized
when (1) the gyrofrequency is small compared to
the plasma frequency, (2) when the magnetic field
isin the x direction, and (3) when the final
plasma frequency wp2 is large compared to the in-
itial plasma frequency wyq .

2. The relative integsity of the reflected o
mode i s substantial only at frequencies below the
cutoff frequency for the transmitted x mode.' The
intensity of the reflected o mode increases as the
ratio wyp/wpy increases, as the ratio w 1/% in-
creases, as the magnetic field moves info the
plane of incidence (i.e., along the x axis), and
for angles of incidence around 45°.

These results indicate it is unlikely that at
frequencies above the x mode cutoff w2 in the
second, denser region the secondary o modes would
be strong enough to account for the o mode compon-
ent observed in AKR., Hence we only consider fre-
quencies W < Weg where

wg, /0, = H(L+ 1+ &mIZ)Z/QZ[l-rz]);’} a

Here r is Snell's constant, i.e., r = n sin 0,
where n is the refractive index of the transmitted
X mode, and 0 is the angle between its wave vector
and the z axis (i.e., the direction of the density
gradient). Also, we do not need to consider fre-
quencies below the cutoff frequency for the incid-
ent X mode, CRD where
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ber/B = 1+ (L + 4l /2Dy 2)

Within the frequency range w.3 < W < w.p the trans-
mitted waves may be either o mode or, at frequenc-

ies below the x mode resonance in the transmission

regfon, they may be z mode waves. When the trans-

mitted z mode propagates it is the dominant second-
ary mode produced by an incident x mode. However,

in this paper we are interested in the o mode com-

ponent of AKR so we consider only frequencies

above the transmitted x mode resonance Wr2 where
2 2. %
wrzlﬂe a+ mpZ/Qe) 3)

Hence the frequency range we consider is given by

maximum(wcl,mrz) <w<u, 4)

There are four other independent variables
(wp2/wp1> wpl/fe» 84n» and ¢) still to be consid-
ered. Some fndication of the values of these par-
ameters for which the strongest o mode cumponent
is produced is given in conclusions (1) and (2)
above. For example, the o mode IS strongest for
larger values of mpzlw 1 and larger values of
wp1/Re. However, we wgsh to apply the reflection
oF magnetoionic waves to the generation of AKR so
the four parameters must be chosen to be consist-
ent with observations of the AKR waves and the
source region. They must also be applicable to x
mode waves generated by cyclotron maser emission.
The frequency range already chosen includes fre-
quencies just above the x mode cutoff, which is
where the growth rate for x mode waves produced
by the cyclotron maser is largest. The values or
ranges of values for the four remaining parameters
are chosen as follows.

1. The parameter ¢: one would expect density
enhancements within the auroral cavity as well as
the cavity walls to be aligned closely with the
earth's magnetic field. Using our coordinate
system this corresponds to the external magnetic
field in the x-y plane (see Figure 1). This was
the case considered by Hayes [1985] who found that
therewas little difference between the intensit-
ies of the o modes relative to the incident mode
when ¢ = 45° and when ¢ = 0°. Hence we choose the
magnetic field angle for which the calculations
are simplest, i.e., ¢ = 0°, where the wave vectors
and the external magnetic field lie in the same
plane.

2. The parameter 645: AKR observations indi-
cate that the dominant x mode waves are generated
nearly perpendicular to the earth's magnetic field
[Calvert, 1981b], and the cyclotron maser theory
also predicts a maximum growth rate for the funda-
mental x mode at angles of 70° or 110 between the
wave vector and the magnetic field [Hewitt et al.,
1982). For angles of incidence between 10°© and
450, Hayes [1985] found there is little difference
in the relative intensity of the secondary o modes
produced by an x mode striking a density discon-
tinuity. In view of the weak 63, dependence of
the o mode in the range of angles in which we
would expect to find AKR we choose one represent-—
ative value 64, = 20° to be used in all calcula-
tions of reflection and transmission coefficients.

3. The parameter mplme: observations of the
auroral plasma cavity iIndicate that the electron
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density, and hence the plasma frequency are ex-—
tremely low. Typically, w,1/9e in the AKR source
region appears to be 0.1, gl]'though values as low
as 0.03 have also been observed [Calvert, 1981a].
However, if the x mode propagates away from the
source region before encountering a steep density
gradient, the value of w 1/Qe where reflection oc-
curs mey be larger. A range of values of wp1/Qe
between 0.075 and 0.2 is chosen to allow foF pro-
pagation effects.

4. The parameter w 2/wp1: the plasma frequency
WP is related to the electron number density ne by

2 2
wy = 4me ne/me (5)

Density changes of a factor of 10 or more have
been observed both at the boundary of the plasma
cavity and within the. cavity itself, and Benson
[1985] has also observed density changes within the
plasma cavity of a few tens of percent. Hence
the relevant range of values of wp2/wpl 1s from 5
(corresponding to large density changes) to values
approaching wpzlwpl = 1 (corresponding to the weak
density enhancements within the cavity).

Finally, we need to consider how steep the
density gradients at the edges of the plasma cav-
ity must be for the approximation of reflection at
a density discontinuity to be valid. Hayes [1985]
found that the approximation of an infinitely
steep density gradient mey be made if the distance
over which the density varies is of the order of a
wavelength. In the case of AKR this corresponds
to distances of the order of a kilometer. Density
changes of an order of magnitude have been observed
at the edges of the auroral plasma cavity. The
cavity itself mey be quite broad, but both its
shape and the scale length of the density enhance-
ment at the edge of the cavity vary considerably
between different observations of the AKR source
region [Calvert, 198la; Benson and Akasofu, 1984].
The available data on this density enhancement
does not warrant a more detailed model than that
of a density discontinuity used in this paper.
However, in all discussions of the density grad-
ient, it should be remembered that the scale
length of the density gradient ney not be small
enough for the model of a density discontinuity to
be appropriate. Very sharp electron density en-
hancements ranging in size from several ten's of
percent to factors of 3 - 10 have also been de-
tected within the auroral plasma cavity [Benson
and Calvert, 1979; Benson et al., 1980; Benson.
1985]. However, such thin density enhancements
might not always be detected, even when high-
resolution measuring techniques are used, and it
seems likely that steep density gradients are a
common feature of the AKR source region.

3. Relative x and o mode Intensities

The actual quantity measured in an observation
of the intensity of an AKR signal is the electric
field amplitude squared, i.e., |§|2 However,
Hayes [1985] chose the component of the Poynting
flux normal to the density boundary to describe
the energy in a wave. One of the man reasons for
choosing this quantity rather than |E|2 is that it
i s more convenient to calculate. For example, for
an evanescent wave the normal Poynting flux is
zero everywhere, whereas |_E_|2 is zero only at
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large distances from the density boundary and is
in general nonzero at the boundary. Hence unlike
|E|2, the normal Poynting flux only needs to be
calculated at the boundary. Also, conservation of
energy requires that the normal Poynting flux be
continuous across the boundary, and this condition
is a useful check on the accuracy of numerical
calculations. Finally, specific calculations show
that the difference between the normal Poynting
flux of each secondary wave (relative to the in-
cident wave) and |E[Z for each secondary wave
(again relative to the incident wave) is not sig-
nificant, e.g., they could not be distinguished
in Figure 2. For these reasons we choose to com-
pare the ratios of norma Poynting fluxes calcu-
lated for waves reflected from or transmitted
through a steep density gradient with the observed
intensity ratios of the different components in
AKR signals. Henceforth the normal Poynting flux
is represented by S

W are interested in the ratio of the o mode
components (both reflected Sor and transmitted
Sot) to the reflected x mode component (Sxr). The
transmitted x mode is assumed to be evanescent and
hence Sy¢ = 0. It is convenient to define the
ratio

R, = lsxrll{lsorl + |5, 13 (6)

In the parameter regions chosen in section 2, the
intensity of the reflected o mode is approximately
equal to the intensity of the transmitted o mode.

In order to determine under what conditions o
modes around 30 dB weaker than the x mode are pro-
duced (i.e. Ryo = 1000), we must take into account
the variation of five independent parameters:

w/ﬂe, pr/wpl’ wpl/ne’ 8y ¢

The strength of the secondary o modes depends
primarily on the wave, plasma, and gyrofrequencies,
and we concentrate on the variation due to these
parameters.

Our results are presented in the form of three-
dimensional contour plots of the quantity Rge,
where variation with wp2/wp1 i s shown along the
horizontal axis, the vertical axis corresponds to
w/Re, and the remaining axis corresponds to wp1l/fe.
Figure 2 shows the results for an incident angle
of 20°, i.e., an angle of 70° between the incident
wave vector and the magnetic field which is per-
pendicular to the density gradient. The surface
in Figure 2a is a contour corresponding to
Rxo = 100 or an o mode power level 20 dB below the
X mode level. Figure 2b shows the surface where
the o mode is 30 BB weaker than the x mode, and
Figure 2c corresponds to the contour for a power
ratio of 40 BB between the x and o modes.

The contours in Figure 2 indicate that not only
is it possible to generate a parasitic o mode from
an incident x mode in conditions similar to those
in the AKR source region, but also that generation
of an o mode 20-40 BB weaker than the x mode is
fairly widespread in the parameter regions con-
sidered. Several trends may be noted in Figure 2.
The parasitic o mode is stronger for (1) larger
density changes (i.e., larger values of the ratio
wp2/wpl; (2) higher frequencies w/Re; and (3)
larger values of w,1/Q. The contours occupy the
upper and right-hand sections of the
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of the ratio of x to o mode energy with the wave,

Fig. 2.

plasma, and gyrofrequencies. For all points
(wp2/wp1,wpl/Qe,w/Qe) lying on the surface in
Figure 2a we have Ryo = 102; for all points on the
surface inFigure 2b, R = 103, and for all points

on the surface in Figure 2c, R, = 104,

mpz/wp]_—mplfﬂe plane and curve upwards in the
upper right-hand corner. There is a sharp cutoff
on the lower and left-hand sides of the contours.
The projection of this cutoff onto the

wp2/wpl —wp1/Qe plane (indicated by the heavy
dashed lines) shows that for smaller values of
“’plme’ larger values of wp, /wy1 are required to
produce o mode 20-40 dB weaker than the x mode.
The contour surfaces in Figures 2a and 2b continue
to the right—hand edge of the wyz/wpy ~ wp1/fe
plane, but the surface in Figure 2¢ ends before it
reaches that edge. This is a result of the fact
that we investigate a limited range of frequencies
(the upper and lower bounds on the wave frequency
are given by (4)). 1If we were to relax the con-
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straints on the frequency, then the contour in
Figure 2c¢ would continue further to the right.

The conditions for which an o mode 20 dB
weaker than an x mode (Figure 2a) is produced by
reflection off a steep density gradient mey be
summarized as follows. For the parameter ranges
0.075 < wp1/Re < 0.2. 1 < wpz/wp1 < 5, and
1< w/Q < 1.6. (1) the density difference between
the two plasma regions must correspond to a dens-
ity ratio of 10 or more, with larger density
ratios required for production of the o mode when
the ratio wp1/Re is smaller; (2) the ratio wp1/fe
must be larger than 0.12 if the density change
where the parasitic o mode is generated is not to
exceed a factor of 25; and (3) secondary o mode
20 B weaker than the x mode i s produced for waves
with a frequency of w = 1.3Q, traveling in a re-
gion where the ratios wpy/e and wpa/w 1 corre-
spond to values at the left-hand edge of the con-
tour (1.e. w 2/% - 0.67); for large density
ratios, the frequency of the waves involved in
the o mode production is larger than 1.3Q,.

The conditions for generation of o mode 30 dB
weaker than the x mode (Figure 2b) are as follows.
1. The density ratio between the two plasmas
must be 3 or more, and again larger density ratios
are required to produce the o mode when the incid-

ent mode is in a region with small w;;/Qg-

2. An o mode 30 dB weaker than tge x mode is
produced at all plasma frequencies in the range
0.075 < wp1/Q, < 0.2 and for density ratios < 25.
For example, when wpl/ﬂe = 0.1 secondary o mode is
produced for a density ratio of 10 or more.

3. The frequency of the incident wave which
produces the parasitic o mode isw = 1.1Q, for
small values of w 1/R¢. For larger w,1/2,, the
frequency ranges from w = 1.12¢ with small density
changes to o = 1.3Q¢ for larger density changes.

Finally, o mode 40 dB weaker than the x mode
(Figure 2¢) is produced when (1) the density ratio
is1.7 or more. At all values of wpl/ﬂe between
0.075 and 0.2 small density changes produce the
parasitic o mode. For example, when
wpl/Qe = 0.075. which is the value which needs the
largest density change to produce the o mode, a
density ratio of ~ 6 is sufficient. 0 mode 40 dB
weaker than the x mode occurs when (2) the gener-
ation of the o mode occurs at all plasma fre-
quencies studied. Lastly, it occurs when (3) the
frequency of the incident wave which produces the
o0 mode is generally 1.06Q4, although the wave may
have a frequency as high as w = 1.12(2e when o 1/9

is large. e

P
4. Application to AKR

In order to determine whether the parasitic o
mode generated by reflection of an x mode wave can
account for the o mode AKR component observed in
the auroral plasma cavity, we compare the results
of the last section with experimental observations
of the AKR source region.

Consider the conditions under which x mode re-
flection produces an o mode component around 20 dB
weaker than the x mode component.

1. Density changes of at least a factor of 10
(typically the density ratio must be around 20)
are required. Density changes of this size are
usually not found within the plasma cavity [Benson,
1985] but suitable density changes are observed at
the edges of the auroral cavity.
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2. The frequency of the incident x mode waves
must be in the range 1.3 < w/Qe < 1.6. This range
is outside the range 1.02 < w/Qe < 1.1 for which
the cyclotron maser leads to nearly the maximum
growth rate for the x mode [Hewitt et al.. 1982].
This range is also above the range of w/Qe ob-
served close to the AKR source region [Benson and
Calvert, 1979].

3. The ratio of plasma frequency to gyrofre-
guency must be wp1/Re > 0.12. This is larger
than the value og 0.1 usually observed in the
plasma cavity.

We conclude that generation of an o mode no
weaker than 20 dB below the x mode by reflection
of an initial x mode can only occur in regions
where both w;1/R¢ and w/Qe are slightly larger
than values typical of the AKR source region. We
interpret this as indicating that the reflection
occurs at higher altitudes than the generation of
the initial X mode, i.e., the maser generated x
mode i s refracted upwards and propagates some dis-
tance before striking a steep density gradient at
the edge of the plasma cavity and producing re-
flected x and o0 modes. 0 mode AKR 17 dB weaker
than the x mode AKR component was observed by the
DE 1 spacecraft at altitudes higher than the AKR
source region [Mellott et al., 1984]. The alti-
tude of DE 1 was probably also higher than the
regions where we expect reflection of an x mode to
produce an o mode component around 20 dB weaker
than the x mode. Hence reflection of an initial x
mode into x and o mode components which then pro-
pagate to higher altitudes is a possible explan-
ation for the DE 1 observations.

Generation of a weaker o mode component (be-
tween 20 and 30 dB weaker than the x mode) can
occur for a wider range of density ratios and for
lower values of w,1/2, and w/@, than is required
for generation of stronger o modes, i.e., 0 modes
less than 20 dB weaker than the x mode. The
density changes required can be as small as a
factor of 3. Hence this weaker o mode mey be pro-
duced by relatively large density enhancements
within the auroral cavity as well as at the larger
density changes at the edge of the cavity. The
frequency of the x mode required to produce this
weaker level of o mode is around w/q = 1.1. This
is the value observed in the AKR source region and
it is also the value required by the theory for
cyclotron maser generated x mode. The values of
wpl/Qe required in this case are in the range
0.075 < “’pl/Qe < 0.2. These values are consistent
with observations of w,1/Re near the AKR source.

W conclude that physical conditions for an
initial x mode to generate an o mode component be-
tween 20 and 30 dB weaker than the x mode are
commonly satisfied in the AKR source region. One
would expect to see a widespread background of o
mode waves generated by reflection of x mode waves
off density gradients. This provides a natural
explanation for the observations of Benson [1985],
who found o mode at |east 30 dB weaker than the X
mode distributed throughout the auroral cavity.

Very weak @ mode (between 30 and 40 dB below
the x mode level) is generated by reflection of x
mode waves at all values of wy1/Re between 0.075
and 0.2 for an incident wave with frequency be-
tween 1.069, and 1.120,. Density changes of sev-
eral tens o? percent (density ratios as low as
1.7) are sufficient to produce the o mode. Thus
one would expect generation of very weak o mode
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whenever x mode AXR strikes a steep density grad-
ient within the plasma cavity.

These results are for initial x mode waves with
frequencies such that when they strike a steep
density gradient they produce reflected x and o
modes and a transmitted o mode, with the reflected
X mode being the strongest secondary mode. It is
also possible for an x mode striking a density
gradient to generate prgdominantly transmitted x
or z modes rather than a reflected x mode. The
regime where the transmitted x mode is dominant
corresponds to incident waves with higher fre-
quencies than the waves discussed 1in the previous
sections. In general, these frequencies are out—
side the range of frequencies typical of AR sig-
nals for any given plasma or gyrofrequencies.
Transmitted z modes are generated either below the
incident x made cutoff frequency (in which case
they cannot come from maser-generated x mode
waves) or in a narrow range of frequencies just
above the incident x mode cutoff. This range of
frequencies becomes larger as the size of the
density change increases, but for density changes
or an order of magnitude or less the frequency
range is generally small. For these reasons the
generation of predominantly transmitted x or z
modes is less likely to occur in the AKR source
region than the generation of a reflected x mode.
Thus when an x mode wave generated within the
plasma cavity by the cyclotron maser mechanism
encounters a steep density gradient, the result is
most likely to be reflected x and o modes and a
transmitted o mode, with the o modes 20 dB or more
weaker than the x mode.

Finally, we comment on observations of o mode
without an associated x made component. For ex-
ample, Benson [1985], found weak o mode but almost
no x mode in regions with wp/Qe = 1 outside the
plasma cavity. Nov when x and o mode waves are
reflected from a density gradient in the plasma
cavity they are initially at similar angles but
they mey subsequently be refracted in different
directions as they propagate upwards. Hashimoto
[1984] studied a model for the refraction of x and
0 mode waves in the AKR source region. He con-
cluded that refraction can account for the observ-
ed distribution of predominantly o mode waves at
lower latitudes and x mode waves at higher lati-
tudes if the x and o modes are generated in the
same region with similar angles of propagation but
with the x mode stronger than the o mode. Another
possible source for the o mode observed in regions
with higher plasma density is the transmitted o
mode produced by an initial x mode. This propa-
gates into regions of increasing w /Ra outside the
plasma cavity and would be observes without any
accompanying x mode. Both these mechanisms could
produce an o mode component without an accompany-
ing x mode component in legcalized regions outside
the auroral cavity.

5. Alternative Mechanism for o Mode Generation

The only alternative theory for the generation
of the o mode component in AKR is that it is gen-
erated directly by the cyclotron maser. It is
possible for the: o mode to be the dominant growing
mode of the maser under special cornditions, e.g.,
Wp/Re > 0.2. However, in most of the auroral
plasma cavity w,/fe is typically < 0.2. For
wp/Qe << 0.2, the o mode can grow due to the same
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source of free energy as the x mode or due to a
separate source of free energy [Melrose et al..
1984; oOmidi and W4 1985; Winglee, 19851. Very
specific conditions are required to account for a
weak 0 mode component in terms of a separate
source of free energy: (1) the feature in the
eleatron distribution which causes the o mode to
grow must not cause a faster growth of the x mode,
(2) the free energy available must be about 103
of that available for growth of the x mode in or-
der to produce an o mode component 30 dB weaker
than the x mode (assuming that the growth of both
saturates), and (3) the growth of the o mode must
be fast enough to reach saturation in the time
available. Although separate growth of the o mode
is possible [Omidi and WU 1985; Winglee, 19851,
we believe the conditions for it to be effective
are much more restrictive than has been assumed.
Wesk growth of the o mode hue to the same source
of free energy as the x mode seems more plausible.
In this section we argue that a theory based on
growth of both modes due to the same source of
free energy cannot account for the observations.
Let the cyclotron maser cause both o mode and
X mode waves to grow with growth rates v, and vy,
respectively. Let T, and Ty be the brightness
temperatures, and |et T be a temperature related
to the energy of the particles
(T = few kev = few x107 K here).
the transfer equation is then

For either mode

dT, /dt = YM(T +T,) N

where ¥ = 0 or x.
Ty =0 at t =0 1is

The relevant solution of (7) if

Ty = T{exp(YMt) -1} (8)

Spontaneous emission initially causes Ty to-in-
crease linearly with time until Ty reaches T.
Thereafter the spontaneous emission is amplified
and grows exponentially.

Supposethe faster growing mode, in this case
the x mode. saturates at Tx = Tpax after a time
t ®= tmax. At this time all the free energy is ex-
hausted and the slower growing mode also stops
growing. The relative intensity of the two modes
at t » tmx'isdetermined by

(T) T

o’max’” “max = {exP(Yotmﬂx) - 1}/{exP(Yxtmx) -1}

€))
Given an estimate of the brightness temperature

Tmax for x mode AKR we may estimate y
From (8)

t
X max

Ve tmay © ln(Tmax/T) (10)

Hence if we also know the relative growth rates
Yx and vy, Wwe mey estimate the relative intensity
(9) of the two modes. 17
_ As an example, let us assume Tpax = 107" K,
T = 107 K, and v, = vx/10. Then (10) implies that
Yxtmax % 23 and (9) implies (To)max = 10° K, i.e.,
an 0 mode level 90 dB below the x mode. For
Yo * Yx/3, the o mode level is increased only to
70 dB below the x mode.

Wé conclude that the o mode component produced
directly by the maser should be very much below
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the level of the x mode and such a source for the
0 mode component cannot account for the observed
level. Note, however, that this conclusion is
based on the assumption that the o mode and the

x mode grow due to the same source of free energy.
As was mentioned above, this is not necessarily
the case and o mode AKR may grow due to a different
source of free energy from the X mode.

6. Conclusion

The important conclusions from this investi-
gation are as follows.

1. An x mode component incident on a steep
density gradient in or near the auroral plasma
cavity produces both o and x mode reflected com—
ponents and a transmitted o mode component.

2. The observed o mode components in AKR can
be explained in terms of this mechanism. In
particular, (1) a weak background level (> 30 dB
below the x mode level) mey be due to the reflect-
ions and transmissions at density inhomogeneities
within the auroral cavity. Also, (2) stronger o
mode componepts (v 20 dB below the x mode level)
mey be generated by reflection from the edges of
the cavity at higher altitudes than the regions
where the cyclotron maser mechanism generates x
mode. This result is subject to the approximation
of a density discontinuity being applicable to the
density gradient at the edge of the plasma cavity.
Finally, (3) o mode components observed without an
accompanying X mode component may be generated as
in (2(1)) and refracted into regions where the x
mode does not propagate, or they may be generated
by transmission of o mode waves at the edge of the
plasma cavity.

3. An alternative explanation in which the o
mode is generated directly by the maser cannot ac-
count for the levels of o mode observed except un-
der special conditions. One would expect growth
of the o mode by this mechanism to be localized to
favorable regions, producing only a locally en-
hanced o mode component.
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