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Abstract. We calculate and conpare the
tenporal growth rate and the nunmber of e-folding
growths for the follow ng wave nodes due to a
| oss- cone-driven cyclotron nmaser: fundanental x,
0, and z nodes and second harmonic x and o nodes.
The domi nant nmode of the maser should be the
fastest growing nmode for a saturated nmaser and
shoul d be the nmode with the greatest nunber of
e-folding growths for an unsaturated maser; this
mode is the fundanental x node for
wp/Qe < 0.3, the z node (or perhaps the
fundaméntal 0 node) for 0.3 < wp/Re < 1.0,
and the z node (or perhaps the second harnmonic x
mode) for 1.0 < wp/Qe < 1.3, We discuss the
effect of cyclotron damping by thermal electrons
on the growh. Nunerical calculations show that
the effect is inportant only when the ratio of
the mean energies of the thermal and maser
emtting electrons exceeds 0.1-0.2. An analytic
expression for the danmping rate is derived and is
used to show that some earlier treatnents of
cyclotron danping greatly overestinmate the effect
for |oss-cone-driven maser enission. These
results, when applied to AKR inply that only
either the fundanental x node (for
wp/ < 0.3) or the z node (for
wp/ Qe 50.3) is produced directly by maser
emission. W% suggest (1) that an o node
conponent in AKR night be due to partial
reflection of x node radiation incident onto
sharp overdense plasma intrusions of the kind
observed in the auroral cavity and (2) that a
second harnmoni ¢ conponent can be produced by
coal escence of two z nmpde waves

1. Introduction

There is now considerabl e support for the
suggestion by Wi and Lee [1979] that the auroral
kilonetric radiation (AKR) is due to
el ectron-cycl otron maser emission driven by
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electrons with a | oss-cone ani sotropy (Lee and
Wi, 1980; oOmidi and Gurnett, 1982; Melrose et

al ., 1982; Dusenbery and Lyons, 1982, Wi et al.,
1982]. This theory also seems favorable for the
interpretation of Jupiter's decanetric radio
emssion (DAM) [Hewitt et al., 1981] and sinmilar
em ssion from Saturn, for solar mcrowave spike
bursts [Holman et al., 1980; Melrose and Dul k,
1982; Sharma et al., 19821 and for mcrowave

em ssion fromsone flare stars [Melrose and Dul k,
1982; Dulk et al., 19831.

In its sinplest form the theory involves a
maser which is driven by electrons with a
| 0ss- cone ani sotropy in a magnetic flux tube.
Downgoi ng (pitch angles 0 < a < n/2) electrons
with small a are lost by precipitation into the
atnosphere while others reflect and produce an
upgoing distribution with a | oss-cone
ani sotropy. At least for small values of the
ratio of the plasma frequency w, to the
cyclotron frequency Qe, the fasFest grow ng
mode is the fundanental (s = 1) x node in a
narrow frequency range just above Q. and in a
narrow range of wave normal angles 6 nearly
perpendicul ar to the magnetic field |ines but
directed slightly upward (6 > n/2). CQur purpose
in this paper is to discuss sone details of the
maser eni ssion process, specifically the possible
i nportance of (1) growth in the o node and the z
mode, (2) growth at higher harnonics, and (3)
danping by thernal electrons.

AKR is usually x mode radiation but there is
sonetimes a weak o node conponent and there is
evi dence for higher harmonics [Calvert, 198la, b;
Benson, 1982, 1984; Benson and Akasofu, 19841.
There is also an auroral z node conponent
observed bel ow Qe [CGurnett et al., 1983], and
this may be generated in a way anal ogous to AKR
[Omidi et al., 1984, Hewitt e al., 19831. Two
types of o node conponent are claimed: one is a
weak wi despread conponent = 20-30 dB weaker than
the x node conponent [Shawhan and Gurnett, 1982},
and the other "o node" conponent is observed at
relatively high values of w,/Q [Benson,

1984; Benson and Akasofu, 1984]. W argue here
that the latter conmponent, which is restricted
to,betwsen Qe and the upper hybrid frequency

(ws + 95)'/%, is z node radiation generated

by the process discussed by Hewitt et al. [1983].

In section 2 we discuss the criterion for the
dom nant node of a | oss-cone-driven maser, and
suggest that this is the x nmode for
wp/Re < 0.3 and the = mode for
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harmonic (s = 2) x and o nodes. Cyclotron
danpi ng by the col d background el ectrons has been
negl ect ed.

0.3 < wp/fe < 1.3 W also suggest that

growth at higher harnonics may never be
important. In section 3 we present a detailed

di scussion of the effects of cyclotron danping by
thernal el ectrons on the maser emssion. In
section 4 we discuss inplications of the results
derived in section 2, suggesting how o node and
second- har noni ¢ conmponents in AKR ni ght be
produced other than by direct maser em ssion.

2. Relative Gowh Rates

In this section we address the foll owi ng
question: As wp/Qe is increased from< 0.3
to > 0.3 and the growh of the fundamental X node
becones suppressed, whi ch node becores the
dom nant node of the maser? A subsidiary
question concerns the criterion for the dom nant
nmode. V¢ propose two criteria, nanely the
fastest growi ng node and the node with the
| argest value of the product of the spatial
growh rate and the bandw dth of the grow ng
waves, i.e., the largest nunber of e-folding
growths. W discuss which of these is likely to
be the nore relevant in particul ar circunstances.

Detail ed Cal cul ations

Al our detailed nunerical calculations are
for the idealized distributionfunction adopted
by Hewitt et al. [1982] and Hewitt and Mel rose
[1983]. The hot (H) electron distribution has a
one-sided loss cone with |oss-cone pitch angle a
(>90°); it has distribution function

anN(a) V2

exp[- ] 1
§)3/2 zvﬁ

f (v,a) =
H (2w v
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ay a £ ap

gN(a) =

a [Sin{(ﬂ/Z)(ﬂ—G)/(ﬂ—Go)}]N a > ag

(2)

N

with ay close to unity., 6 V¢ choose N = 6,
ap = 150°, and Tg(= meVi/k) = 108 K The
"cold" (¢) distribution functionis taken to be
Maxwel l'ian. In the cal cul ations the number
density of the hot electrons ng and S are
hel d fixed and the nunmber density of the cold
el ectrons ng(and hence wp/Qe) is varied.
The growth rate T for the hot el ectrons scal es as
Qe sO that T/Qe is a function of the ratios
ng/ng and wp/Qe and not of wp and Qe
separately._ The parameters are chosen such that
ng/ng = 1072 when wy/Qe = 0.1

& have determ ned the maxi numdi nensi onl ess
tenporal growth rates (T/Qe)pax, fOr each
val ue of wp/Re, by maxinizing in 8 and w for
each node and harmonic. The results for the
fundanental x, o, and z nodes and for the second
harnonic x and o modes are plotted in Figure 1

(Wth the above hot distribution function the z

node can be generated at s = 2 only for

w,/%e > 3'/27and we have not considered

this case.) A plot simlar to Figure 1 was
presented by Dul k and Melrose [1983] who did not
consi der the z nmode and specul ated on the
relative growth rate for Langnuir waves.

Sharma et al. [1982] also presented sinilar
plots without the z mode. Their detailed results
differ fromours, notably in the relative growh
rates for the x node at s = 2 and s = 1 and in
the relative growth rates of the o node and the x
node. (Note that they include an additional
factor ng/ng in their plots, and this causes
their curyves to approach zero as w,/Qe «

(ng/ng)!/? approaches zero.) In part the
differences between our results and theirs may be
attributed to their manner of including thermal
danpi ng, which leads to an overestinate of the
effect as shown in section 3 below. W and Qiu
[1983] al so conpared the growth rates for the x
node at s = 1 and s = 2 and found that the latter
becores the larger for wy/Qe > 0.4

In Figure 2 we plot, In place of
(T/Q)max» the maximumof the product in
di nensi onl ess formof the spatial growh rate and
the bandwi dth of the growi ng waves. The spati al
growth rate is I'/vy, where both T and the group
speed v, are calcu%ated nurrerical ly for each
node anﬁ for each value of w and 0. The
bandwi dth Av of the growi ng waves is defined as
the separation(at fixed 8) between the
frequencies at which the spatial growh rate is
hal f its maxi mum val ue.

Conparison of Figures 1 and 2 shows that as
the x node is suppressed(for wp/ﬂe > 0.3)
either the fundanental o node or the-z node
becones the dom nant mode. Wile in Figure 1 the
o mode is narginally the faster grow ng node, the
z node seens nuch the nore favorable in Figure 2,
i.e., interns of the alternative criterion
di scussed in detail below The second-harnonic X
node is the fastest growi ng mode only under very
special conditions, and even then it is less
favorabl e than the z node in terns of the
criterion based on Figure 2. A possible
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exception is when the growth is due to higher
energy el ectrons, as suggested by Ml rose and
Dul k [1982]: the growth rate at the sth harnonic
invol ves a factor (v/c)28 in the integrand and
hence the relative inportance of higher harnonics
i ncreases with increasing energy. Qur choice (1)
of distribution function is unfavorable for

di scussion of this effect; for other
distributions the nunber of relevant (fast)

el ectrons may be nuch larger than for a

Maxwel | i an.

Effective Gowth

In order to deternine whether the o node or
the z node is the dom nant node(when the
fundanmental x nmode is suppressed) we need to
decide which is the relevant criterion for the
doni nant node. \¢ discuss two cases.

Case 1. Saturation of the fastest grow ng
mode, If the nmaser saturates then the fastest
grow ng node shoul d be the doninant node. It
extracts free energy fromthe unstable
distribution the fastest, and when it
saturates there is no free energy left for the
other nodes to continue their growth. (An
obvi ous proviso is that the nodes under
conpari son be driven by the sane source of free
energy, i.e., by the same particles in the
distribution function.)

FromFigure 1 we see that the fundamental o
and z nodes have nearly equal growh rates for
wp/e < 1.0, and the 2 and s = 2, x nodes
have nearly equal growth rates for
1.0 < wp/fRe < 1.3 A detailed consideration
of the parameters in particular circunstances is
needed in order to deci de which nmode woul d
dom nat e.

Case 22 Nonsaturation of the fastest grow ng
node. |f saturation does not occur the rel evant
criterion for the domnant node is that it
experience the |argest nunber of e-folding
growths. This nunber depends on the group speed
vg and the bandwi dth Av of the grow ng waves as
well as on I'. Over a path length L the nunber of
e-folding growths is (I'/vg) L, and L is
restricted to < (Aw/Q¢)(Lp/|cos x|), where
Ly is the characteristic di stance over which
Qe changes and x is the angle between Vg and
grad B For given Lg and x the nunber ~of
e-folding growhs is proportional to the
quantity (T/vg) Aw plotted in dinensionless
formin Figuré 2.

In most applications the growh of the naser
is likely to be limted by the spatial structure
of the source regions. Assumng the maser does
not saturate, the z node shoul d doninate over the
0 node when the fundanental x node is
suppressed. (W remark that it is possible in
principle for the fastest node not to saturate
and for a slower growing nmode to saturate due to
a larger value of (I‘/vg)Aw/|COS x|, but this
coul d occur only under "very speci al
circunstances.) In the discussionin section4
we assume that the z node dominates for
wp/fe > 0.3 and discuss the inplications of
this. ~

3. Danping by Thernal E ectrons

Cycl otron danping by thermal el ectrons can
suppress growth of the maser. Shkarofsky 11966]
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gave a general treatment of danping by thernal
electrons in both the nonrelativistic and
relativistic limts. Hs results however are not
cast in a formwhere their inplications for
cyclotron nasers are readily apparent. In this
section we present both nurerical and anal ytic
results for the relevant cyclotron danpi ng and
then we comment on the treatnent of this by
Sharma et al. [1982].

Met hod of Treat nent

W include danping by thernal electrons by
adding their distribution function

n. v2

—W exp[— ——2] (3)
C

fc(v)
(2nv 2Vc

to the distribution (1) and calculating the
growth rate for the sumof the two distribution
functions. That is, we treat the danping by
integrating around the resonance ellipse with
contributions fromfy and £ at every point.
As explained by Hewitt et al. [1982], the two
contributions add and growth occurs only if the
growh rate due to fy exceeds the danping rate
due to fc. In Figure 3 we show the magnitude
of these two quantities for the s = 1, x node,
ny/ng = 1072, wy/Qe = 0.1 and various
values of the ratio Tg/Ty where
Tc = meVé/x. The solid curve is the
maximum growt h rate plotted as a function of o,
and the dashed curves are the danping rates
cal cul ated using the resonance ellipses for the
frequenci es whi ch give maxi numgrowh for the
appropriate values of 0. (This figure is an
extension of Table 1 of Hewitt et al. [1982].)
For the paraneters chosen the danping due to
thernal electrons is inportant only for
Tc/Ty > 0.1, and growth(at a reduced rate)
can exceed danping even for T¢/Ty > 0.3.

Wth the distribution (1) alone, growh is
nost favorable for resonance ellipses, with
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Fig. 3.
growth rate (solid)

w) tenporal

danpi ng rates (dashed) for the cold distributions
with the indicated values of Tg/Ty, plotted

as functions of 8. The ratios ng/ng and

wp/Qe are 10=2 and 0.1, respectively. Net

growh occurs a a given angle only if the solid
curve lies above the appropriate dashed curve.

centers at (vy, vi) = (vg, 0) and sem mgj or

axes V ¢ |Jvg| sin ag, which lie just within the

| oss cone. The thermal electrons of distribution
(3) are concentrated in the region v < V. near
the origin of vl - vy space, and they"

contribate significant danping only if the
resonance el lipses pass through this region
(i.e., ii the ellipses satisfy |vgl - V< Vg in
the semrelativistic approximation). In"treating
the maser emssion it is inportant that we use

the full relativistic resonance condition
sQ
w-—2-kv, =0 (4)
Y [

or the senirelativistic approxinmationto it
(i.e., Yy} = 1 - v%/2¢%) and not the

nonrel ativistic approximtion (y = 1); in all
cases the resonance ellipse is nearly circul ar
and hence we nust not use the nonrelativistic
appr oxi mati on whi ch corresponds to a strai ght
line in vy - vy space. It is also

i nportant that when cal cul ating the danping we
integrate around the same resonance el lipse
rather than use the nonrelativistic

appr oxi mat i on.

Anal yti c Approxi mation for the Danpi ng Rate

In order to discuss the foregoing point
quantitatively we evaluate the danping rate for
s = 1 analytically in the appendi x under the
assunption that the semrelativistic
approxi mation applies. This approximation is
valid for kfe2 << w2, which corresponds to
cos“ 8 << 1in the present case. The
nonrel ativistic approximationis valid in the
opposite linmt kfc? >> w2, The analytic
expression derived in the appendi x reproduces
the nonrelativistic expression in one instance.
Mat hematical ly there are three rel evant cases:
[vg| <<V (a senicircle centered near the
originy, |vg] > V (a senicircle nowhere
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approaching the origin), and |vg| =V (a
senmicircle with radius nearly equal to the
distance of its center fromthe origin). As we
now denonstrate in the third case nonrel ativistic
and semirelativistic approxi mations lead to the
sanme expression for the danping rate since the
section of the resonance ellipse in the region
v < Vg near the origin is reasonably
approxi mated by a straight |ine when
'VOI = V >> VC.

The sinpl est useful approxi mate expression
whi ch covers the second and third cases is

V cosb 2
2 2 (1 + = —e T)
T 2_1(_"_)1/2212’_ Vz c ]c;os |
g, 22 2 vVc 1+T
(fvo] - M2
exp - —————— (5)
2
2VC
with
Vo
— = cosb (6a)
C
2
v 2w - Q) ] 1/2
S e (6b)

c Qe J

where T is the axial ratio of the polarization
ellipse and where the refractive index is

approxi mated by unity. (More general expressions
-are given in the appendi x.) The sinplest

rel evant approximationto T is Tx = cos 6 and

To = -sec 9 for the x and o nodes respectively;
these apply for w = @, > wy.

Wen |vqg| = V_the exponential in (5) becones
exp [-(w - 2)2%c?/202v¢ cos? 6] and (5)
reproduces a wel | - known result obtained using the
nonrel ativistic approximation [e.g., G nzburg,
1964, p. 131; Zhel eznyakov, 1920, p. 449;
Melrose,1980a, p. 2761. |In the case of rel evance
to a loss-cone instability, however, we have
[vo| > V = |vg| sin ag. In this case, by using
|vg] =V = (v§ - Vz)/(|v0| +V) = (v§ - Vz)/lvoj,
the exponential in (5) becomes
exp [-2(w = 9¢)2c?/92v@ cos? 6. This is
of the same formas the nonrel ativistic
expression but with an extra factor of 4 in the
exponent. For exanple, for a | oss-cone-driven
maser, .typi cal values of this exponential factor
are e'2 to e > or less in the nonrelativistic
case; these become e=® to e=2% or less in the
senirel ativisticcase for |vo| > V.

W conclude that incorrect” use of the
nonrel ativistic approxi mation can lead to a very
| arge overestinmate of the inportance of cyclotron
danpi ng by thermal electrons in |oss-cone-driven
masers. This point is relevant to all nodes.

The results of Sharma et al. [1982] are dependent
on the nonrelativistic approximtion to the
resonance condition, due to their use of a
dielectric tensor derived by making the

nonrel ativistic approxi mation. In viewof the
present results and those of Hewitt et al. [1982],
we conclude that there is no justificationfor
Sharma et al.'s criticismof the neglect of

cycl otron danping by Melrose and Dul k [1982].

A nore general implication of the foregoing
discussionis that the famliar fornulas for the
dielectric tensor of a thernmal plasna [e.g.,
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Stix, 1962, p. 189; Bekefi, 1966, p. 229] cannot
be used to treat thermal danping in cases where
the nonrelativistic approximation is invalid.
Intrinsically relativistic effects becone

i nportant near perpendicul ar propagation [e.g.,
Shkar of sky, 1966] and nmust be taken into account
correctly.

4, Ceneration of Oher Mdes and Harnonics

The most plausi bl e concl usi on which may be
drawn fromthe discussion in section 2 is that
for wp/Qe < 0.3 the fundanental x node is the
dom nant node of the mmser, and for
0.3 < uwp/fte < 13 the z node becones the
dominant nodé. Here we assunme this to be the
case and address the question of how an o node
conponent and a second- harnoni ¢ x node conponent
m ght ari se.

4.1 The o Mbvde Component in AKR

Pol ari zation measurements by Gurnett and Green
[1978] and Kaiser et al. [1978] showed that AKR
is predomnantly in the x mode; this has been
chall enged by Oya and Morioka [1983] and def ended
further by Shawhan and Gurnett [1982]. However,
it does seemthat there is a weak o node conponent
with an intensity about 20 dB bel ow that of the
donmi nant x mode conponent [ Shawhan and Gurnett,
1982; W Calvert, private communication, 1983].

It seens unlikely that this conponent is generated
directly by the maser. The growth of the o node
is much slower than that of the x node for

wy/Re < 0.3 and seens less effective than that

og the-z mode for wp/Qe > 0.3.

The o node conmponent coul d be generated as a
propagation effect, as nentioned by Cal vert
[1982]. In the auroral cavity there are localized
hi gher density regions in the otherw se underdense
region where AKR is generated [Benson and Cal vert,
1979; Benson et al., 1980; Calvert 198la, b]. An
x node wave incident on an interface with a sharp
density junp | eads, in general, to reflected and
transmtted conponents in both magnetoi oni c nodes.
A detailed investigation is currently in progress
to determne whether this mechanism can account
for the observed o mode conmponent in AKR  (ne
case which is relatively sinple to treat is the
limt w >> wp, Q for a geonetry such that B
lies in the plane of the interface: then the
transmtted conponent is almst totally in the x
mode and the relatively weak reflected conponent
is alnost totally in the o node.

The density gradients associated with the
density spikes in the auroral cavity have been
invoked to account for generation of the o node
by node conversion fromthe z node [Oya, 1974;
Jones, 1977; Melrose, 1980b]. These sanme density
gradients could produce a reflected o node
conponent from AKR incident in the x node
provi ded that the density changes occur over a
fewkilometers (i.e., less than about a
wavel ength), as seens to be the case (W. Calvert,
private conmuni cation, 1983).

4.2, Second Harnoni c Conponents
in Solar Spike Bursts and in AKR

In the application to solar mcrowave spike
bursts and simlar bursts fromother stars, a
central problemis how the maser radiation
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escapes, in viewof the very strong absorption at
the second harmonic of the cyclotron frequency.
Holman et al. [1980] suggested that the radiation
escapes through a "w ndow' at 8 = 0, but this
presents severe difficulties for radiation
generated at 8 = w/2. Melrose and Dul k [1982]
proposed that the escaping radiation is generated
at the second harmonic (s = 2), i.e., at w > 2Qe
so that it can escape without being absorbed at
the second- harnoni c absorption layer. However,
in viewof the discussion in section 2 above,
masering at the second harnonic may be suppl anted
by masering in the z mpde and the second harnonic
could be produced directly by the maser only
under special conditions.

As an alternative we propose here that the
second harmonic is generated by coal escence of
two z nmode waves which are produced by the maser.
It is inportant that the resulting radiation be
above 2Qg so that it is not reabsorbed; this
requires that the z node waves be above the
cyclotron frequency, as in the mechani smdiscussed
by Hewitt et al. [1983], and not below Qe as in
the alternative mechanism of Omidi et al. [1984].

Evi dence for z node radiation was reported by
Benson [1984] who observed radiation bel ow the x
mode cutoff and in the range between Q¢ and the
upper hybrid frequency; although Benson suggested
that this mght be o node radiation, its
pol arization could not be determned fromthe
data, and we believe an interpretation in terns of
z node radiation offers a better explanation.
Fromtheory, Hewitt et al. [1983] found that z
mode waves are generated between Qg and the
upper hybrid frequency on a cone at 6 = 100°
(i.e., wave normals directed slightly upward)
with refractive indices in a noderately broad
range about n = 2.

The coal escence of two z node waves (w', k',

and w", k™) can lead to a second- harnmonic wave
(w, k) provided the conditions
w = w 4" (7a)
k o= k' + k"

(7v)

are satisfied. For a second-harnonic x or o node
wave With w = 2Q, We have

Q 1wz 1/2
k = 22 [1++-E8 (8)
c 4 Qg
and for the z nbde waves we wite
Qe
k' = n'— (9a)
[
Q
K= ot (9b)
c

If the z node waves are produced as discussed by
Hewitt et al. [1983], then they are confined to a
thin cone of angles near perpendicul ar
propagation and to a broad range of refractive
indices around n' or n" = 2. Hence we expect the
z node waves in the source region to have these
properties: n' = n" =2, wp << G, an

angul ar distribution confined to the surface of a
wi de- angl e cone, and k, k', and k" all of

conpar abl e magni tudes; then (7a), (7b) are
automatically satisfied. Wth |cos e‘| = |cos
8"| = 0.2 and k' = k" = k we have |cos 8| = 0.4,
i.e., the second harmonic radiation is directed

F———
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upward at a noderately large angle to B

& conclude that there is no difficalty in
satisfying the kinematic conditions (7a), (7b)
for generation of a second- harnonic conponent
fromtw z node waves generated by the maser. |If
i ndeed nost of the electrons' free energy goes
into the z node for w p/%e > 0.3 as i ndi cat ed
above, this seens a nnre likely source of second
harrmoni ¢ radiation than direct generation by the
maser. An inplication is that second harnonic
radi ati on should be associated with z node
fundamental radiation. This seems to be the case
for the AKR data reported by Benson [1984]: in
relatively dense regions (w,/Q, » 0.3) there
is a conponent just above Qg (Whlch is
plausibly in the z node) plus a second harnoni c,
and soretines higher harnonics. However, Benson
[1984] al so reported another case where an x node
conponent and harnonics were observed in a region
of very small wp/Qe; such a situation cannot
be explained by the interpretation offered here

Anot her point of interest concerns the fate of
energy going into the z mbde: it cannot escape
directly and nust either escape indirectly (e.g.,
through production of a harnonic conponent) or be
absorbed by the thernmal plasma. |f, as suggested
by Hewitt et al. [1983], the radiation propagates
downward to regions withw < Qg it may be
partially trapped between the z node cutoff and
the layer w = Q. where the group velocity is
roughly horizontal ({Omidi et al., 1984].
Absorption by the thermal plasma is weak except
near the upper hybrid resonance and at |east
initially the radiation does not propagate toward
this resonance. Hence the radiation intensity
may build up to high levels before it is
di ssipated by sonme mechani sm as yet unknown.

5. Discussion and Concl usions

Two mai n points have been made in this paper
in connection with | oss-cone-driven cyclotron-
maser emission: the doninance of the z node for
0.3 <uwp/fe < 1.3 and the very weak effect of
cyclotron damping.

The domi nance of the z node is shown by the
plots of the tenporal growth rate(Figure 1) and
of the paraneter related to the maxi mum nunber of
e-folding growhs (Figure 2). Wile these
results do not totally exclude the possibility of
maser enission of the fundanmental o nmode or of
the second harmonic x node, it seems that they
m ght be produced directly by the maser only
under special circumstances. W should remark on
the fact that our results have been derived for a
specific formof distribution function. Qur
concl usi ons cannot be sensitive to this choice
provided the resonance ellipses for the different
modes are all simlar. Put another way, our
results shoul d apply provided that the nodes
under conparison tap the same source of free
energy in the loss cone feature of the
distribution function. Then the growth rates are
sensitive only to the formof the distribution
function in a localized region of velocity space
(where 3f/3p| is a maxinmun). Ve enphasize that
our results are specifically for |oss-cone
distributions; it may be that other sources of
free energy are available to one or nore nodes
and, if so, we have no reason to expect that the
relative growth rates for different nodes woul d
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be simlar to the |oss cone case discussed here

In view of the present results it seems that,
for wp/Qe > 0.3, the z mode becones the
donlnant mode of the maser, not the second
harmoni ¢ x node as was suggested by Wi and Qiu
[1983]. We argue that the second harnonic
conponent in A¥® may not be produced directly by
the maser, but by coal escence of two z npde waves
Suitable z nbde waves are in the range
Qe < w< (wd + 92)1/2 and propagate at |arge
angles to tge magnetic field; for mp/ne > 0.3,
such waves are expected to be produced directly
by the maser [Hewitt et al., 1983}. Wth this
mechani smboth fundanental (z node) and second
harmoni ¢ radi ati on coul d be observed
simul taneously in the AKR source region, and
Benson's [1984] data are conpatible with such
si nul taneous observation. Oher argunments aside,
adifficulty with masering at the second harnonic
is that fundamental and second harnonic radiation
woul d be generated in different regions(with
wp/Qe < 0.3 and w,/Qe 2 0.3,
respectlvely) there tHen seens to be no reason
why harnoni ¢ structure should be observed
Al though the coal escence nechani smovercones this
difficulty, there are other data inplying the
exi stence of harmonic structure in regions with
wy/Re << 0.3 and the presence of harnonics
higher than the second [Benson, 1982, 19841
These features cannot be explained in terms of
the ideas discussed here

Regarding the o node conponents of AKR, we
suggest that they might arise due to propagation
in the presence of the dense plasna intrusions
observed in the auroral cavity [Calvert, 1981b;
W Calvert, private conmunication, 1983]. These
intrusions may well have sufficiently sharp
density gradients to cause partial reflection of
an incident x node wave. The(weak) reflected
conponent is predoninantly o node. A detailed
investigation of the reflection and transm ssion
properties is currently in progress

The other main point nade in this paper is an
interesting one froma theoretical viewoint:
the standard treatnent of cyclotron danping by
thermal electrons is not valid for cyclotron
masers. W show that one should use the
semirelativistic and not the nonrelativistic
approxi mation to the resonance condition. The
appropriate approximate formula is simlar to the
famliar formula except in that an_exponentia
factor exp [-(w - 9¢)2c2/202v@ cos? 8] is
repl aced by exp (- Hw - Q% y2¢ 2/Q2y@ cos? 6].
Thus an incorrect use of the nonrel ativistic
approxi mation can lead to a serious overestimate
of the strength of cyclotron danping and hence of
its tendency to suppress maser enission

Appendi x:  Absorption
by Thermal El ectrons

Melrose et al. [1982, equation (19)] wote
down a general expression for (mnus) the
gyronagnetic coefficient for each harnmonic in
terms of an integral around the resonance ellipse
On keeping only the fundamental (s = 1) term
assunming the distribution function to be given by
(3), approximating the resonance ellipse by a
circle, keeping only the lowest order terns in
the expansion of the Bessel function, ignoring
relativistic effects(except in the resonance
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Mel rose et al.:

condition) and setting the refractive index equal
to unity, their expression gives

2 32 2 2 2 41
i . (_ﬂ_)l/z ﬂg Ve (v +vp)/avg [ dcos¢
e, = 2 o? 3 4(1 + T2) -1
e e C
Vo  Vcos¢ 2
(1 - cos2¢) |1 + Ksin® + (cosb - ¢t < ) T
Vv0
exp[—cos¢] (al)
VC

where we wite vi = Vsin ¢ and

vy = vp = Vcos ¢ [Melrose et al., 1982,
equations (15a), (15b)]. The integral in (Al) is
el enentary and on evaluating it we obtain

2 g2 (V2 4 v2)/2v2
i = (l‘_)l/zﬂP_vi € ° ¢
Q, 2 Qs Vevi 1+ T
\:(cosha - &inha, (1 + B)2
+ 2(sinha - 3cosha 3s;t£1ha) (1 + B) _}cl_ T
. s 2
+ (cosha - 5sinha + 12 Cgsha 125§nhaJ lz_ 72| (A2)
a a Cc
with
VOV
a = -7 (A3a)
VC
Vo
B = Ksin® + (cos® - —) T (A3b)

c

Here we have vo/c = cos & and |k sin o] << 1, and
hence we nay approximate 1 + B by unity.

The liniting case of nmost rel evance here is
|a >> 1 when (A2) reduces to (5). In the other
l'ihiting case |a] << 1, which includes
per pendi cul ar propagation (a = 0), (A2) reduces
to

r 3:2 o-v2/2v2 1 v2
£ - (%)1/2_15_"_0 eVA2Vg L LV o ()
e Q2 vy 31+ 1) 5 ¢?
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