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Abstract

We investigate the possibility of perpendicular heating of electrons and the generation of quasiperpendicular (type 2) electron
conics by particle di�usion in velocity space due to wave±particle interaction with intense auroral kilometric radiation. By

introducing a ring distribution and a warm plasma dispersion relation, we conduct a basic simulation of conditions near an
auroral kilometric radiation (AKR) source. We then solve the di�usion equation using a ®nite di�erence algorithm. The results
show signi®cant perpendicular electron heating as might exist adjacent to the AKR source region and indicate that the main

characteristics of a quasiperpendicular (type 2) electron conic distribution can be reproduced under these conditions. # 1999
Elsevier Science Ltd. All rights reserved.

1. Introduction

Electron conics appear as enhancements in the par-
ticle ¯ux just outside of the loss cone. Often they are
the most energetic particle ¯ux and appear as parallel
stripes on an energy-time spectrogram. A number of
authors have discussed the generation mechanisms for
electron conical distributions since their discovery in
the DE-1 data set by Menietti and Burch (1985), who
observed the electron conics associated with trapped
particles and parallel electric ®elds and suggested a
wave±particle interaction and perpendicular heating as
a source mechanism, analogous to ion conic for-
mation.

There is a growing consensus that while some elec-
tron conics may be generated by upper hybrid waves,
the majority of the examples are associated with paral-
lel electric ®eld oscillations at low-frequency (cf Andre,
1993; Andre and Eliasson, 1992; Eliasson et al., 1996;

Menietti and Weimer, 1998; Menietti et al., 1992;
Thompson and Lysak, 1996).

If we refer to the electron conics described above as
``type 1'', there is another class of ``electron conic''
that appears as an enhancement in the electron phase
space distribution function centered at a pitch angle of
908, which we will call ``type 2''. An example of this
type of distribution was reported near the source
region of auroral kilometric radiation (cf Fig. 3b,
Menietti et al., 1993). A brief review of electron conics
including the ``908'' conics was given by Menietti
(1992). Menietti et al. (1994) have suggested that it
may be possible for some type 2 electron conics to
evolve into type 1 as the electrons move up the mag-
netic ®eld line and ``fold'' to smaller pitch angles due
to conservation of the ®rst adiabatic invariant. The
mechanism for the production of type 2 electron conics
has been suggested as electron heating by auroral kilo-
metric radiation (Menietti et al., 1994), particularly in
light of observations of strong temperature anisotro-
pies �T?=Tk > 10� associated with electrons distri-
butions near AKR source centers (cf Menietti et al.,
1993). Recent observations of the FAST satellite
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within the AKR source region (Delory et al., 1998)

have clearly shown the presence of anisotropic distri-
butions �T? � Tk), and the authors have suggested

that AKR could be the source of the perpendicular
electron heating.

Auroral kilometric radiation is commonly observed

at spectral densities of up to 10ÿ9 (V/m)2/Hz (Gurnett,
1974) and frequencies up to several hundred kilohertz

and down to the R-X cuto� (Bahnsen et al., 1989;

Benson and Calvert, 1979; Gurnett et al., 1983).
Benson and Calvert (1979) ®nd that the wave normal

angle is probably close to 908. In source regions, AKR
is observed to exist at frequencies below the local elec-

tron cyclotron frequency (cf Bahnsen et al., 1989;

Menietti et al., 1993; Delory et al., 1998). This occur-
rence is due to the presence of a relativistic plasma dis-

tribution, which can drive the R-X cuto� below the

electron cyclotron frequency (cf Winglee, 1985).
Ungstrup et al. (1990) have shown that the loss cone

in the AKR source region is ®lled in and have hypoth-

esized that this e�ect is due to fast di�usion brought
about by a wave±particle interaction. Recent obser-

vations of the FAST satellite (cf Delory et al., 1998)

have also indicated the existence of trapped electrons
near and perhaps within the AKR source region. The

question arises, are these trapped electrons a source of

AKR growth (cf Louarn et al., 1990) or a result of
wave±particle heating? Electron heating for the case of

radio wave absorption in solar coronal loops has been

discussed in the past (cf Vlahos et al., 1982), but simi-
lar work for the case of terrestrial AKR is not so

abundant. In the present paper, we do not calculate
AKR wave growth, but rather examine the hypothesis

that fast electron di�usion due to interaction of the

electron distribution with AKR can cause the quasi-
perpendicular electron conic distributions observed by

Dynamics Explorer, as proposed by Ungstrup et al.

(1990) and Menietti et al. (1994).

Wu et al. (1981) approximate the di�usion coe�-

cient for conditions applicable to fundamental R-X
mode AKR. Using this approximation, we estimate

the value of the di�usion coe�cient and compute

representative di�usion times for various distributions.
To simulate the action of di�usion on a particle distri-

bution, a ®nite di�erence algorithm is then used to

solve the di�usion equation given by Wu et al. (1981).
We shall show that perpendicular electron heating can

be reproduced under conditions approximating those

in the AKR source region.

We emphasize that this work is not intended to be a

rigorous, self-consistent (i.e., quasilinear) analysis, but
only a feasibility study, with the purpose of presenting

a reasonable explanation for wave observations. We

leave the task of a more comprehensive approach to
future investigators.

2. Observations

Plate 2 of Menietti et al. (1993) shows a time-fre-
quency spectrogram of an AKR event observed near
the source region at an unusually high altitude in the
nightside auroral region by DE 1 on 12 October 1981.
Two spacecraft positions where intense AKR emission
extends below the local electron cyclotron frequency
are indicated on the spectrogram, one at 00:28:30 uni-
versal time (UT) and the other at 00:29:30 UT.
Menietti et al. (1993) (cf Bahnsen et al., 1987, 1989)
conclude that the spacecraft intersects source ®eld lines
at these times. Adjacent to the source region, the
authors observed particle distributions with T_/T6> 1,
possibly due to wave±particle interactions leading to
perpendicular di�usion. This region extends about
one-half degree in invariant latitude poleward of the
observed source regions.

Fig. 1 of the present paper shows a contour plot of
a perpendicularly heating electron distribution occur-
ring adjacent to and poleward of the source region
observed in the aforementioned event at 00:28:30 UT.
This ®gure shows a distinct enhancement of the elec-
tron distribution perpendicular to the magnetic ®eld
extending to about 4.5 keV. The electron distribution
extends to about 0.6 keV in the parallel direction.
There is also a clear ®lling in of the loss cone. We
believe that the elongation of the distribution in the
perpendicular direction and the ®lled-in loss cone are
the result of a wave±particle interaction involving

Fig. 1. Contour plot of the electron distribution function on day 285

at 00:28:04 UT, poleward of an AKR source region. This contour

shows perpendicular heating of the low temperature distribution out

to about 4.5 keV. (From Menietti et al., 1993.)
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Fig. 2. (a) (Top) The square of the index of refraction and (bottom) the square of the semimajor axis of the resonant ellipse are plotted against

frequency. Plasma parameters as explained in the text are c=908, fce=60 kHz, fpc=6 kHz, and fpe=0. kHz. The R-X cuto� can be seen to be

about 60.6 kHz. The value of a 2 is greater than zero between about 60.7 and 63.4 kHz. Thus, resonant ellipses cannot be centered on the origin

of velocity space. For this reason, resonant heating of electrons is impossible in this case. (b) (Top) The square of the index of refraction and

(bottom) the square of the semimajor axis are plotted against frequency for a displaced ring delta function distribution given by Eq. (6). Plasma

parameters as explained in the text are fc=60 kHz, fpc=0, fpe=9 kHz, b6=0.3, b_=0.1. The R-X cuto� is now seen to be 58.3 kHz. The fre-

quency range in which a 2 is greater than zero is 58.0 to 61.8 kHz. Thus, resonant ellipses can be centered at the origin of velocity space.
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intense AKR. This example is very similar to more
recent examples obtained by the FAST instrument
within the AKR source region (cf Fig. 2 of Delory et
al., 1998). We shall attempt to reproduce these e�ects
by modeling the radiation spectrum, the electron distri-
bution, and the di�usion process.

3. The di�usion coe�cient, index of refraction, and
resonant ellipse

For the case of weak turbulence, the di�usion coe�-
cient for R-X mode waves propagating nearly perpen-
dicular to the magnetic ®eld is given by Wu et al.
(1981) as

D??�v?, vk� � 4p2e2

m2

�
d3k Ek�t�d�or ÿ Oc=gÿ kkvk� �1�

where Ek (t ) is electric wave energy per mode given
here as a function of time, k is the wavevector,
or is the real part of the wave frequency,

g � 1=
���������������������������������������
�1ÿ v2?=c2 ÿ v2k=c2�

q
, and Oc is the absolute

value of the electron cyclotron frequency. For
j kkvk j =or � 1, the evolution of the electron distri-
bution function is given by the following equation
from Wu et al. (1981)

@fe
@t
� 1

v?

@

@v?

�
D�v?, vk�v? @ fe

@v?

�
�2�

In this study we are only interested in an order-of-
magnitude estimate of the saturation wave energy,
and we do not consider the e�ect of the wave±par-
ticle interaction on the wave intensity (i.e., we do not
do a full quasi-linear analysis), so that the wave
energy per mode is considered to be constant. As dis-
cussed in Wu et al. (1981) this approximation is not
bad because the X-mode growth rate is approxi-
mately constant over a large fraction of the satur-
ation time.

Setting the argument of the delta function in Eq.
(1) equal to zero for a given plasma frequency, cyclo-
tron frequency, and wave normal angle, yields the
resonant ellipse, which is the locus of points in vel-
ocity space that can interact with the wave at a given
frequency. Particles not on a resonant ellipse do not
interact with the wave. The parameters of the res-
onant ellipse are given by Melrose et al. (1982) in
units of c as

C1 � okkc
k2
kc2 � �Oc�2

�3�

a �
(

k2
kc

2 � �Oc�2 ÿ o2

k2
kc2 � �Oc�2

)1=2

�4�

and

b �
(
�Oc�2

k2
kc2 � O2

c

)1=2

a �5�

where C1 is the displacement of the center of the
ellipse along the v6/c-axis, a is the semimajor axis, b is
the semiminor axis. We have set the harmonic number
equal to 1.

Using ISIS 1 data, Benson and Calvert (1979) deter-
mined observationally that AKR has a low-frequency
cuto� at the R-X cuto� frequency. However, as men-
tioned above, Viking, DE 1, and now FAST obser-
vations frequently show that the low-frequency cuto�
of AKR can reach below the electron cyclotron fre-
quency in the source region, indicating that the R-X
cuto� frequency has been lowered due to the presence
of relativistic electrons, as shown by Winglee (1985).
This e�ect is crucial for the existence of perpendicular
electron heating by AKR.

In order to simulate the e�ect of a relativistic elec-
tron distribution without a full distribution function
calculation, we use a ``displaced ring'' distribution
function consisting of a product of two delta func-
tions:

fe�v?, vk� � ne
1

2pv?
d�v? ÿ v?0�d�vk ÿ vk0� �6�

This distribution function is analytically tractable for
obtaining an approximation to the value of D__ [Eq.
(1)]. Later in Section 4 when we numerically solve the
di�usion equation (2), we will introduce a more realis-
tic distribution function. Consistent with theory and
past observations (cf Winglee 1985; Wong et al., 1982)
we assume that the wave normal angle is near 908 in a
low density plasma.

By using the formalism of Winglee (1985), Appendix
A, for low density plasma, wave normal angle near
908, and distribution function of Eq. (6) above, we
®nd the following expression n 2=(S 2ÿD 2)/S, for the
index refraction, where S= 1+Qc+Q1+Qÿ1 and
D=(Oe/o )Qc+Q1ÿQÿ1, and where

Qc � ÿ
o2

pc

o2 ÿ O2
e

�7�

and

Q21 � ÿ1
2

o2
pc

o2

�
o23oOc

�
1ÿ 1

2

v2k0
c2

��
=D2 �8�

with de®nitions ope is the energetic electron plasma
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frequency, opc is the cold electron plasma frequency,
and D2=o3Oc/g.

We note that this treatment of the index of refrac-
tion applies for a wave normal angle close to 908, but
the index of refraction will not vary signi®cantly either
qualitatively or quantitatively for wave normal angles
in the range 758 < c < 908 (cf Fig. 14, Wong et al.,
1982). Therefore, in the following computations we
will always compute the index of refraction using
c=908 as an adequate approximation. Wave normal

angles cited will refer to the angle used to compute k_

and kk in Eqs. (1) and (3)±(5).
In Fig. 2 we display the e�ect of varying the distri-

bution function on the index of refraction (top panels)
and the semimajor axis of the resonant ellipse (bottom
panels). Fig. 2(a) shows these two quantities as a func-
tion of frequency for parameters wave normal angle
c=708, cyclotron frequency fc=60 kHz, cold plasma
frequency fpc=6 kHz, and energetic plasma frequency
fpe=0 kHz. The top panel indicates that the R-X cut-
o� frequency is fRX=60.6 kHz. The bottom panel
shows that the frequency range for which the square
of the semimajor axis has positive values is 60.63
kHz < f < 63.40 kHz. Resonant ellipses do not exist
for frequencies outside of this range for the R-X
mode, at the speci®ed plasma frequency, cyclotron fre-
quency, and wave normal angle.

In Fig. 2(b) we display the index of refraction and
semimajor axis for parameters c=758, fc=60 kHz,
fpc=0 kHz, and fpe=9 kHz. We note that recent
FAST observations indicate that the cold plasma
population can be quite low in the AKR source
region (cf Strangeway et al., 1998). In Eq. (6) we set
v_0/c = 0.1, and vk0=c � 0:3. In the top panel of
Fig. 2(b), the R-X cuto� frequency has been decreased
to 58.3 kHz. The range in which the square of the
semimajor axis is positive has been lowered to 58.0
kHz < f < 61.8 kHz. The semimajor axis is now
greater than zero at the R-X cuto� frequency
( fRX=59.4 kHz) and reaches larger values than in Fig.
2.

The parallel velocity in the foregoing example is,
therefore, large but not unreasonable for auroral
plasma. In using our simpli®ed approximation to the
particle distribution, we found that fRX > fc unless we
assume a substantial parallel velocity of the electron
distribution. This is not the case for a more realistic
particle distribution, as shown in Fig. 1 of Winglee
(1985). In that study, a Dory, Guest, and Harris
(DGH) distribution (Dory et al., 1965) was used with
reasonable auroral region parameters to give fRX < fc.

Fig. 3 shows several resonant ellipses corresponding
to the parameters of Fig. 2. In Fig. 3(a), corresponding
to Fig. 2(a), the size of the ellipses decreases to zero as
the frequency approaches its limit at either end of the
range for which a 2 > 0. Also, the resonant ellipses
occur only in the vk > 0 half plane, as expected from
Wu (1985). Because none of the resonant ellipses con-
tain the region where vk=c10, the wave cannot interact
with the low-energy particles in this region, and per-
pendicular heating cannot be produced. However, low-
ering the R-X cuto� frequency, as shown in Fig. 2 of
this paper and in Fig. 1 of Winglee (1985), has the
e�ect of changing the positions of the resonant ellipses.
Fig. 3(b) shows this e�ect in detail. The resonant
ellipse corresponding to n = 0 is now centered on the

Fig. 3. (a) Resonant ellipses corresponding to the region of positive

semimajor axis squared shown in Fig. 2(a). Note that the range of

vk=x is about 0.1 to 0.5c. Thus, the area around the origin of velocity

space cannot interact with the wave and heating cannot occur. (b)

Resonant ellipses corresponding to positive values of a 2 in Fig. 2(b).

These resonant ellipses encompass the origin of velocity space and

can, therefore, lead to interaction of AKR waves with cold particle

distributions.
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origin, in agreement with Eq. (3). The resonance
ellipses for the interval 58.3 kHz < f < 61.8 kHz are
shown in Fig. 3(b) to encompass the origin and to
reach about 0.23c along the perpendicular axis of vel-
ocity space, enough to include the region where elec-
trons are heated in Fig. 1.

We have shown that a downward shift in fRX, due,
for example, to the presence of relativistic electrons,
can lead to resonant ellipses that include the region
around the origin of velocity space. Because the res-
onant ellipses tell us where wave-induced electron dif-
fusion is possible, it is in such regions of velocity space
that we can expect perpendicular di�usion of electrons,
leading to heating and the formation of quasiperpendi-
cular electron conics.

4. Di�usion model

We make two major assumptions in order to sim-
plify calculation of the di�usion coe�cient given by
Eq. (1). First, as above, we assume that the AKR is
emitted at a single wave normal angle near 908.
Second, we specify fc=60 kHz and f0=6 kHz for all
cases, similar to observed values from Menietti et al.
(1993).

We approximate d j E j2 =do the power spectral den-
sity of AKR by

d j E j2
do

� A

(
fÿ fRX

w
exp

"
ÿ
�
fÿ fRX

w

�2
#)

�9�

where f > fRX and A and w are free parameters, A
determining the maximum value and w the bandwidth.
For the simulation, we have chosen w=5 kHz and
A=(2e )1/2 � 10ÿ9 (V/m)2/Hz, so as to give a typical
peak spectral density of 10ÿ9 (V/m)2/Hz. When this ex-
pression is inserted in Eq. (1), after expressing Ek (t ) in
terms of d j E j2 =do, the electric energy density, we
have

D?? � 4p2e2

m2

�
doE0A

�
oÿ oRX

2pw

�2

eÿ��oÿoRX�=2pw�d�or

ÿ Oc=gÿ kkvk� �10�

We now show that the model assumed for the dis-
persion relation in the last section can be used to gen-
erate with T? � Tk distributions for an electron

Fig. 4. (a) The initial distribution function used for the simulation

run. This initial distribution consists of a Maxwellian distribution of

thermal energy 2.5 eV added to a ring distribution of the form given

in Eq. (11) with v0=0.125c and aloss=408. (b) The result of evolution

of the initial distribution function shown in the previous ®gure after

evolution for 1tdi�, where tdi�=0.04 s. The simulation reproduces

the essential features of Fig. 1 elongation of the cold plasma distri-

bution in the perpendicular direction, and ®lling in of the loss cone.

(c) The result of evolution of the initial distribution shown in Fig.

4(a) for 3tdi�, assuming that the spectral density can be much higher

than measured by DE.
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population in the presence of intense AKR. The sim-
pli®ed ring distribution, Eq. (6), was introduced to fa-
cilitate the calculation of D__. For the numerical
simulation of plasma heating as described by Eq. (2),
however, we introduce a more realistic plasma distri-
bution. We assume the electron population is physi-
cally adjacent to the AKR source region, as observed,
and can be described by two components. The ®rst
component is a cold Maxwellian of ®xed energy, the
value of which will be discussed in the next paragraph.
The second component is a ``ring distribution'' with
radius of v0 and a loss cone aloss, which we assume to
have the form

f �
2641:0ÿ exp

8<: ÿ1aloss

sin ÿ1
 v?���������������

v2? � v2k
q !9=;

375
exp

(
v2? � v2k ÿ v20

v20

) �11�

where we have chosen aloss=408 and v0=0.125c. We
stress that this distribution is not that of Eq. (6),
which was introduced for analytical expediency in the
calculation of D__. A contour plot of this initial distri-
bution is shown in Fig. 4. We consider this distri-
bution to be a cool component superimposed on the
relativistic distribution bringing about the condition
fRX < fce. We then introduce the condition of satur-
ation. As explained by Wu et al. (1981) the saturation
time for AKR can be estimated by

tsat � 15

10ÿ3Oc

With Oc=(2p ) 60 kHz, we get tsat=0.04 s. The satur-
ation time represents an upper limit on the time scale
of any phenomena requiring the existence of AKR.
Thus, the di�usion time for the formation of electron
conics is expected to be 0.04 s or less. Di�usion time is
given by

tdiff � v2th
D??

Since it is the cold plasma distribution that will pri-
marily be subject to heating, we choose it to give the
appropriate saturation time. It is found that a central
Maxwellian of 2.5 eV gives tsat=0.04 s.

With the stated conditions, we have solved Eq. (2)
with a ®nite di�erence algorithm for two di�erent sets
of parameters. The time increment is 10ÿ3tdi�, where
tdi� is given by tdi�=V 2

th/D__, D__ is taken as the
value at the origin of velocity space, and vth is the
thermal velocity of the Maxwellian component of the
unperturbed distribution function.

Fig. 4 shows the distribution function at various
stages of evolution. Fig. 4(a) shows the initial distri-
bution. Fig. 4(b) shows the distribution function after
it has evolved for one di�usion time. The distribution
function resulting from the di�usion simulation shows
perpendicular heating of the cold core electrons to
energies greater than 500 eV. The heating resulting
from our simulation is modest, but does resemble the
perpendicularly elongated distribution function dis-
played in Fig. 1. As we shall discuss in the next sec-
tion, it is possible that the spectral density is much
higher than is indicated in the DE 1 data. Therefore,
we include Fig. 4(c), in which we have allowed the
simulation to run for three di�usion times. This ®gure
shows that the conic structure is more pronounced, as
expected.

5. Conclusions

This work has shown that electron di�usion due to
particle interaction with strong AKR can be an e�ec-
tive perpendicular heating mechanism for electrons.
The essential physics that enables this process to occur
is shown in Figs. 2 and 3. These ®gures show the e�ect
of warm plasma in lowering the value of the R-X cut-
o� frequency such that fRX < fc, as discussed by
Winglee (1985) and Wong et al. (1982), enabling the
resonant ellipses to encompass the origin of velocity
space. The resonant ellipses represent the locus of in-
teraction in velocity space between the electron distri-
bution and the AKR waves. Without the presence of
warm plasma, the resonant ellipses would all lie to one
side of the v_-axis, as shown by Wu (1985), and per-
pendicular di�usion due to AKR would have little
e�ect on the electron distribution.

The results, shown in Fig. 4, show a good qualitat-
ive agreement between the data and the model. In par-
ticular, we note a perpendicular stretching of the
distribution function combined with some ®lling of the
loss cone. These areas of interaction illustrate the dif-
fusive nature of the interaction: the AKR wave must
interact with the perpendicular gradient of the particle
distribution. The principal e�ect of the warm plasma is
to place the area of interaction represented by the res-
onant ellipses in regions of velocity space where there
are steep gradients, for example, the origin where the
cold plasma core exists and the loss cone.

However, we also note some signi®cant di�erences
between the data and the simulation. The data
shown in Fig. 1 indicate that heating occurs most
e�ciently at intermediate energies, leaving low and
high energy components of the distribution nearly
unchanged. In our simulation, the high energy distri-
bution was largely una�ected, but the elongation of
the low energy distribution was fairly uniform
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throughout the low energy part of the distribution.
This e�ect indicates that our di�usion model requires
modi®cation, as we now discuss.

Clearly, the approach to heating by di�usion under-
taken here is only adequate to give a crude, qualitative
result. Some inconsistencies in the present approach
are apparent: (1) the assumption of a constant spectral
energy density as a function of time; (2) the use of the
displaced ring ``delta function'' distribution function to
calculate the index of refraction while using a continu-
ous low energy distribution function as the object of
di�usion; and (3) the calculation of the index of refrac-
tion at 908 when it is clear that the resonant ellipses
can only exist when the angle of incidence is away
from the perpendicular. These inconsistencies are com-
putational expedients, suitable only for a preliminary
treatment. Clearly, a self-consistent, i.e., a quasilinear
approach is needed, but in the present approach we in-
dicate only the plausibility of perpendicular di�usion
for the creation of quasiperpendicular conic distri-
butions.

The agreement may be better than appears, how-
ever. For example, Figs. 3 and 4 of Menietti et al.
(1993) show some heating of the lowest energy elec-
trons. This leads us to think that in the case we pre-
sent, the heating at low temperatures, which takes
place on shorter time scales than that at high tempera-
tures, could be masked by the 6 s integration time of
the HAPI instrument and the two-dimensional nature
of the observations.

In order to reproduce the saturation time of 0.04 s,
we were required to introduce a cold plasma com-
ponent at an energy no higher than 2.5 eV. However,
this value is probably an arti®cial e�ect of the resol-
ution of the DE Plasma Wave Instrument. DE PWI
has a full spectrum time resolution of 32 s, but as we
have seen, the saturation time of AKR is about 0.04 s.
The peak spectral density of 10ÿ9 (V/m)2/Hz is an
average over many instances of AKR and over a ®nite
bandwidth. In fact, recent observations by the FAST
spacecraft have shown very high resolution power
spectral densities within the AKR source region as
high as 2 � 10ÿ4 (V/m)2/Hz in short bursts with band-
widths generally less than 1 kHz (Ergun et al., 1998).
It is likely that the true peak intensity is much higher
than we have indicated. Therefore, it is possible that
this mechanism could be e�ective on distributions at
much higher energies.

We have determined the approximate e�ciency of
the wave heating by calculating the total energy den-
sity of the plasma distribution before and after the dif-
fusion. Our results indicate this ratio to be
approximately 0.7, 5, and 10% after t = 1, 2, and 3
tdi�, respectively. In addition, for 100 eV electrons at a
frequency of 60 kHz we estimate heating by AKR to
occur up to 100 km away from the source region. This

number was determined assuming a power spectral
density near the source of 10ÿ9 (V/m)2/Hz which falls
o� as 1/r 2. Of course we have already noted that this
estimate of the spectral density based on DE-1 time-
averaged observations is much less than recently
reported short burst observations of the satellite
FAST. We thus expect electron heating perpendicular
to the magnetic ®eld to be more e�cient than we con-
servatively estimate here. This estimate of heating dis-
tance agrees with observations which show
``perpendicular conics'' approximately 100 km away
from the AKR source region.

Perpendicular heating of electrons due to AKR is
inherently a warm plasma e�ect and is expected in
regions adjacent to the AKR source region and this is
con®rmed by observations (cf Menietti et al., 1993;
Dory et al., 1998). The generation of quasiperpendicu-
lar electron conics near the AKR source, typically at
altitudes of 3000 to 5000 km in the nightside auroral
region can lead to adiabatic folding of the distribution
and perhaps account for a portion of the more typical,
smaller pitch-angle, electron conics observed at higher
altitudes by DE 1 (cf Menietti et al., 1994, Fig. 8).
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