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A new expression for diffu sion coefficient D Ca) is derived , which is a function of pitch angle Co.) dependent kinetic
energy of electrons. Pitch angle diffu sion of electrons along with ampl ification o f interacting VLF signa ls is studied at
L= 5.1. Diffusion coefficient D Ca) has been fo und to increase but te mpo ral wave growth Cr) and power gain Cin dB) decrease
wi th increase in pitch ang le. The derived expression for DCa) is fo und to be convenient for numerical analy is. The results
are interpreted in the li g ht of o bserv ation/analysis of tran smitted sig nal s by Sonwalkar et al. [1 Geop/iys Res (USA), 102
C1997) 14363]. The no n-o bservation of 2.55-2.9 kH z signal s is attributed to scarc ity of suitable pitch ang le anisotropy,

ACEr) ·
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1 Introduction
Wave-particle interaction between whistler mode
ELFIVLF waves and energetic electrons plays an
important role in many magnetospheric processes
such as particle precipitation, X-rays , D- and E-region
perturbations and aurora l di splays as well as
light/heating1.2. A lot of work has been done in this
field by a Stanford group using not only natural
whistlers (generated by li ghtning di scharges),
ELFIVLF/pl asmaspheric hiss but also man-made
signals 3. s. Siple station transmitted s ignals have been
utilised si nce 1973 to probe the hot plasma of the
earth's magnetosphere. For a long time the Siple
experiments remained devoted to describe various
properties of received signals as well as their
interpretation in terms of path location, propagation
characteristics and many other magnetospheric
processes 6 . During 1985-88 the Siple statio n
transmitted signals, which were received at Mitsissini ,
Canada (as received signals) were used to investigate
the spatial structure and other properties of hot plasma
of the magnetosphere of earth.
Such an experiment 7 was conducted on Jan 23-24,
1988 for a nine-hour period between 1705 and 0210
UT. In this experiment transmitted frequencies were
in the range 1.9-2.9 kHz centred at 2400 Hz. It was

found that initial level , growth rate and saturation
level showed temporal variations over 5-15 min and
1-2 h time scales. Bandwidth of received signals
remained almost constant at 20 Hz. Assuming
gyroresonant interaction responsible for observed
7
wave growth and saturation level, Sonwalkar et al.
computed longitud in al structures, which were found
to be in the range 100-2800 km (for 5-15 min time
scale) and 1100-25,000 km (for 1-2 h time scale).
fn this experiment, Sonwalkar et al. 7 found that
though signals were transmitted at 1.9-2.9 kHz
frequencies, the receiver did not record all the
frequencies. Though 1.9 kHz waves were received
throughout the experiment, other waves in general
had an upper cut-off at f > 2.4 kHz. It was also
observed in this experiment that pitch angle a 2: 40°
played an important role in wave-particle interaction,
and longitudinal structure in the eq uatorial plane was
dependent on electron pitch angle.
In this paper we study gyroresonance between
whistler mode (VLF waves) transmitted signals and
energetic electron beam taking place in the
magnetosphere. Basically we study pitch angle
dependence of wave growth in terms of wave
in tensity gajn (dB) (which was not computed in
referred experiment\
electron di ffusion and
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receptivity of signals at conjugate point (i.e. receiver),
Lake Mitsissini, Canada.

2 Method of computations
We follow the method of Sonwalkar et aF. Figure I
shows how total velocity (\I) of electrons increases
when VII= constant and pitch angle (a) is varied.
McIlwain parameter L in this paper is taken to be 5.1 ,
which corresponds to 63.7° geomagnetic field line.
Electron density is taken to be 280 cm- 3. The
interacting frequencies are taken to be 1.9, 2.4, 2.9
kHz, since these frequencies were transmitted from
Siple station. The resonant parallel velocity of
electrons (VII) is computed from the following
equations7.8:
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moc is considered to have a value of 511 keY. Eqs

(4)-(6) give a range of velocity and energy of
electrons as a function of pitch angle. V.t is
perpendicular velocity of the interacting electron,
such that:
tana = V.t/Vil

. .. (7)

Since VII = costant, and a is a variable, we will get
V" V, E as pitch angle depended parameters. We
write now Vand E as V(a), E(a) respectively.
The temporal wave growth (r) is computed using
9
the expression of Kennel and Petschek (for crude
approximation only), as

B,

. . . (8)
... (I)
... (2)

kll·C= wJ..I.

Here, in above two equations, WH is electron
gyrofrequency (= 2rrfH, where fH= 837 .6 kHz/L3, L
being McIlwain parameter), w, the interacting wave
angular frequency (=2rrJ,fbeing frequency in Hz), kll,
the wave vector parallel to geomagnetic field (Bo)
line, c, the speed of light and J..I., the refractive index of
the medium. Also, y is a relativistic factor, such that:
y =(1- B2)-DS =[1-(VW c)2sec 2ar05
'

B= V(a)/c = (V./+VII2)Y2/C
E (a)

=(y-l)moc2

When B«I, E (a)
equation

Here A is pitch angle anisotropy (= V2 In (aor', a
being loss cone pitch angle) and Yl is the ratio of
number density of hot electrons (N h ) to cold electrons
(Nc) , given by
.. . (9)

J is omnidirectional flux in cm- 2s-' . The pitch angle
diffusion coefficient, D(a) , is computed by following
the expression of Lyons and Williams 10, as:
... (10)

. .. (3)

(4)

Kennel and Petschek9 have shown that
... (II)

(5)
111

keY is calculated from the

and

flt =2/flk. VII
E(a) =250

B2

... (12)

... (6)

But group velocity Vg is written as Vg = flw/flk and it
is well-known that VglVII= 2W/WH, thus, D(a) can be
written as:

W
0::..J

<~

..J-

::l~
~>
C _

. . . (13)

z>
wt;:

11.0

0::
0
W..J
II. w

>

PARALLEL VELOCITY, CONSTANT

Fig. I-Relation between V(a), perpendicular velocity Vol and
parallel velocity VII

B\ is wave spectral density (= B2w1flf, Bw= wave
magnetic field amplitude, flf being band width of the
signal). Eq. (13) gives D(a) values in m 2 rad 2/s 3,
whereas it is generally studied in rad 2• Therefore, we
divide Eq. (13) by square of speed of light (as V < c)
hence D(a) is expressed as
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.. . (14)

3 Resu lts and discussion
We consider waves propagating along geo magnetic
field lines . Hence wave normal angl e (8) in our case
is zero. The resonant velocities at considered
frequencies of 1.9, 2.4, 2.9 kH z are found to have
values J.4x10 7, I. Ix 107, 0.83x107 mis, res pectively.
The refractive index values are 50.33, 47.38 and
45.93, respectively .
The variation of yea) with pitch angle (a) is
depicted in Fig. 2. We see that at low pitch angles,
Yea) is low and as a is increased, yea) al so increases.
Thus kinetic velocity (e nergy) of an electron increases
with a, though VII remains constant. Since at a certain
val ue of a, Yea) may have the speed of li ght [Yea) =
C], we restrict our a values up to 85°. Thi s critical
angle for which yea) = c is found to be 87.2° (f= 1.9
kH z), 87.9° (f = 2.4 kHz) and 88.4° (f = 2.9 kH z).
Thus there is a limit of pitch angles beyo nd which no
cyclotron reso nance will be possibl e. Since losscone
pitch angle (~) at L = 5.1 is 3.76° (0.0656 radian ), we
consider starting a value to be 5°. It is notable that au
is computed at mirror hei ght (Hill) of 110 km above
earth surface but it remains almost unchan ged II for
H ill = 100-150 km.
The D(a) computations need wave spectral density
(B\) =B w 2/6/ Since gy roreso nan ce interacti on in
. 4 ·13·
Sonwa Ik ar el a./ 7 .IS non- I·Inear and non- I·.meanty
requires that wave magnetic amplitude, B should be
greater than 5 my (minimum), we put Bw= II mY,6f =
IV ,

1.00E+08

1000 Hz and find B2r = 1.21xlO·7 Y/Hz. Bw of II my
appears to be a moderate amplitude frequently used
by Inan 4 , and Inan el al. 14. 15 •
Figure 3 shows variation of D(a) with a values . It
is clear from the figure that as a is increased, D(a)
also increases. Though our D(a) expression is
different from that adopted by Jain and Singh l2 ,
variation pattern in both cases is similar, supporting
our method of calculation . In our case V is a
dependent parameter of a but in Jain and Singh l 2, V is
constant and D(a) is proportional to I/cos a.
3.1 Diffusion coelTIcient at a
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We have given a limit of interacting electrons pitch
angles and it wi II be meaningless if we make the
study at pitch angle a = 90°. From D(a) versus a
graph , one can say that at such an angl e D(a) should
be infinite or at least a very large value. Actually at a
= 90°, D(a) = 0, since cyclotron resonance between
electrons with 90° pitch angl e and parallel
propaga ting waves is not poss ible (M Walt, perso nal
communicati on, 2002). Basically, for whistler mode
waves, the gy rofrequency must be Dopplershi fted
upward by th e parallel velocity (VII) of the electron . If
th e parallel velocity is zero for any particl e of any
energy, th ere is no Dopplershift and no resonance is
possible. This sugges ts that such electrons wi ll remain
stably trapped in the radiation belts. The work done
by Abel and Thorne l 6, and Lyons el al. 17 in thi s field
supports thi s fact [i .e. D (a = 90°) = 0, no
gy roresonance is poss ibl e at 90° pitch angle, p. 602,
para 2, 6 th line of Ref. 17] . But Lyons el a/. 17
considered diffusion by oblique waves, where the
wave normal angle was not directed along th e
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Fi g. 2--Variation of pitch angle dependent total velocity of
energeti c electrons Yea) with pitch angle (a) at frequencies, 1.9
and 2.9 kH z

Fig. 3-Plots between pitch angle diffu sion coe ffici ent D(a), and
pitch angle (a) at different interacting frequ encies
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geomagnetic field. They also considered the Landau
Resonance, where the particle moves at the phase
velocity of the wave. Both of these processes cannot
produce scattering of paricles at 90° pitch angle.
It is apparent from Eq. (3.10) of Kennel and
Petschek9 that D(a) increases as a approches 90°, if
the other factors are constant (M Walt, personal
communic~tion , 2002). However, the power spectral
density (8 k) of the waves at the resonant frequency
will also vary with a, since resonant frequency at
constant velocity V changes as a changes; in
particular as a-7 90°, W approaches W~t. and the
power spectral density (8\) falls to zero giving D (a)
I3
= O. In Chang and [nan , resonant velocity (VR) is
considered as a function of a and at a = 90°, VR is
found to be zero leading to spectral density as well as
D (a) values to be zero.
It is well-known that during gyroresonant waveparticle interacti on, scattering in pitch angle as well as
energy of energetic e lectrons takes place together. In
this process, whereas reduction in a forces eneroetic
b
electrons to fall in the loss cone, energy reduction
Wave
gives
rise
to
wave
amplification IS.
amplification (or power gain in dB) values are plotted
against a values in Fig. 4. The figure clearly shows
that power gain of the signal s decreases with increase
in pitch angle, but the gain increases with frequency
enhancement. Thus we may conclude that:
(I) During gyroresonant interaction, electron's kinetic
energy is low at low values of a and increases
with increase in a.
(2) Scattering rate increases with increase in a but it
is zero at a= 90°, i.e. no pitch angle diffusion for
90° pitch ang le electrons is possible during
cyclotron/Landau resonance. Scattering rate
increases with increase in signal frequency.
(3) Amplification of signals enhances as frequency is
enhanced, but gain decreases with increment of a.
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Fig. 4--Power gain variation of interacting signals with pitch
angle (a) at different frequencies
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At a = 90° no gain is observed for the reasons
presented in point 2 above.
Wave growth depends not only upon Mcilwain
parameter (L) and interacting signal freq uency (j), but
also on (a) availability of sufficient number of
interacting energetic electrons, (b) drifting constraints
and (c) interacting time periods7•8 • Drifting constraints
tell us about starting pitch angles in the interacting
pitch angle range, whereas interaction region period
gives the final pitch angle. Drifting constraints for
Siple transmitted frequencies give starting value of a
= 40° for 2.4 kHz [Fig. 20(c), Ref. 7]. Also highest
power gain is found at these values of a (p.14376,
Ref. 7), i.e. gain should be high at low a and vice
versa. This experimental fact clearly supports our
method and result as shown in Fig. 3 of this paper.
Power gain value at a = 40° pitch angle and
2.4 kHz wave frequency is obtained as 56 dB, which
may appear somewhat higher. Reasons may be
cited for it. Particle distribution function <I> = 7x I 0 7
electron/cm 2.s.sr is extrapolated from Schield and
Frank 19 and is used to get fractional concentration of
hot electrons. A look at Table 2 and Fig. 3 of
Schield and Frank l9 shows that value of <I> = 7xI07
electron/cm 2.s.sr used by us seems somewhat larger
but not inappropriate. Thus a wave can be amplified
up to 56 dB easily. Moreover, a wave can have
exponential growth of 36-40 dB/so Consideling
observation/recording time of a wave to be 1.5-4.0 s,
we can easily have such a growth 7 . Figure IS of
Sonwalkar et al. 7 shows growth up to 70 dB/s,
whereas Fig. 12 depicts clearly total gain of 60 dB for
2.4 kHz waves.
Present D(a) values lie between 4xIO-7 (min a =
5°,2.9 kHz) and I 060xIO- 7 (max a = 85°, 1.9 kHz).
These values produce lifetimes of energetic electrons
in the range 0.1-29 day. At L = 5.1, such lifetimes can
be expected, as Schield and Frank l9 have shown that
outside the plasmapause enhanced electron energy
densities quickly dissipate within a period of 2 days2o.
Singh2 has shown that strong diffusion of energetic
electrons takes places at L ~ 3.8 (geomag.
lat. 58°-59°). Diffusion rate weakens as we b00
towards low L shells and strengthens with increase in
Labove 3.8. Strong diffusion means high D(a)
values. Thus, for VLF waves at L = 5.1, we may
imagine moderate diffusion and can have such life.
SonwaJkar et al.,7 when analyzing data,
tImes.
consider radial diffusion rate of energetic electrons to
be low (of the order of days).
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We considered Bw= II my for interacting signals
trasmitted from Siple. Different worksI 5.21.22 have
presented amplitudes of signals transmitted from this
station, which were observed aboard satellites.
Amplitudes reported by Kimura et al. 21 and Rastani
et al.22 are smaller than II my, but Bw = II my may
be found if wavegrowth of 36 dB/s is included. Bell 23 ,
Helliwell and Crystal 24 , Matsumoto et al. 25 , and
Carlson et al. 26 , too, estimated such amplitudes (7-13
pT) . All these workers, made their estimations for
Siple transmitted signals. Recently, in a study of side
band frequency generation, Ikeda27 adopted Bw = 7-13
my and a = 68-77°.
28
G
In computing power gain [dB = 10 e , G = 2rZIVg
where Z is interacting region length, Vg is group
velocity], we took Z to be 2000 km (Ref. 7). Carlson
et al.26 too used interaction length in this range for
studying temporal evolution of transmitted signals.
Our expression of wave growth [Eq . (8)] is too
much approximated and it would yield considerably
different values (but not the trend) if the full
expression [(see Eq . (IS)] is used, because W/WH at
1.9-2.9 kHz falls between 0.29 and 0.44, which
cannot be neglected. Actually we have no anisotropy,
A(Er) values at the considered L shell , as well as flux
values as function of pitch angle (a)/electron energy
(E) to study the D(a) and power gain (dB) trend.
One may question, where does the gyro-resonant
interaction process takes place on the L= 5.1 field
line? Actually the electron gyro-resonant interaction
with the whistler mode VLF waves cannot continue
for an extented period, slllce the electron descends
along the geomagnetic field line of L = 5.1. In the
vicinity of the top of the field line (where the
geomagnetic field is minimum), the resonant
interaction energy between electrons and VLF waves
is relatively smooth and the spatial changes are also
relatively minor compared with other locations. The
cyclotron interaction between the electrons and
whistler mode waves is most effective near the
geomagnetic equatorial plane29 . At this location of
interaction, different particles may have different
pitch angles, and we can · say that electrons with
varying (E, a) will interact with the whistler wave.
3.2 Non-observation of signals

atf~

2.5 kHz

Our crude approximations (Fig. 4) of power gain by
transmjtted signals indicate that as frequency is
increased, gain also increases, giving highest power
gain ati = 2.9 kHz. Then what js the reason for nonobservation of signals at I ~ 2.55 kHz at receiving

station Lake Mitsissini? The estimated values of
effective radi e,ted powers at 1.9, 2.4 and 2.9 kHz were
28, 427 and 284 W, respectively. The ionospheric
losses 3o at 1.9-2.9 kHz were within 1-2 dB. For a
dipole model (considered here and by Sonwalkar
7
et al. ) the equatorial gyrofrequency at L = 5.1 is 6.6
kHz, implying a half gyrofrequency cut-off in ducted
whistler mode propagation at 3.3 kHz (Refs 31, 32).
Thus if 1.9 kHz signals were observed, 2.9 kHz
signals should also have been observed based on
propagation factors alone. Sonwalkar et at. 7 have
suggested that the non-reception of signals at I ~ 2.55
kHz was due to a lack of sufficient number of
energetic electrons to amplify the signals to detectable
levels.
To make their explanation consistent, these authors
take the help of recent observations of banded
structures (c1ouds 33 ) of energetic electrons at 2<L<6.
Regarding other observations of VLF emissions (up to
3.3 kHz cut-off) triggered by Siple transmitted
signals, they think that this was because of
occasionalltime-to-time presence of energetic electron
fluxes at the corresponding resonant energies. Some
workers in the field
may not find
the
explanation/suggestion presented by Sonwalkar et at. 7
appropriate, because of the following :
(i)

Banded structure (or clouds) is a rare
magnetospheric phenomenon.
(i i) Triggered VLF emission have been frequently
observed aboard satellites with powers up to 1-2
pT2/Hz.
(iii) The radiated power at 2.9 kHz is 10 dB above
1.9 kHz, so at least un-amplified signals should
have been observed at receiver.
Let us imagine that different frequencies interacted
with different portions of the particle distribution
function (with energy/pitch angle). In this case, if we
think that 1.9, 2.4, 2.9 kHz waves interact at a = 40°,
50°, 60° (or say 40°, 55°, 70°, etc), than 2.9 kHz
waves too, would have been recorded at receiver.
Considering
interaction
of frequencies
with
decreasing pitch angles (i.e. a = 40°, 30°, 20° or
likewise at corresponding frequencies),
than
probability of receivingI~ 2.55 kHz signals increases
rapidly.
Now to explain non-observation of I ~ 2.55 kHz
9
signals, we write exact wave growth expression :
r

=1t,WH .(I-X)2 [A(Er) -

x/I-x]

... (15)
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where x is normalized frequency (= f!!H) and A(Er) is
9
pitch angle anisotropy. Kennel and Petschek have
suggested that for wave growth, A(Er) > Ac(= xII -x) .
Ac is known as critical anisotropy. According to
34
Sazhin if r > 0 wave growth or wave amp lification
takes place. Again if r < 0 wave damping will occur
necessarily.
Comilleau-Wehrlin et aL.35 (henceforth C-W et at.)
and Solomon et aL. 36 .37 have analyzed VLF events
observed aboard GEOS l /GEOS 2 satell ites, and
explained the generation of such electromagnetic
waves studying in detail the diffusion of energetic
electrons in steady and non-steady state situations in
the earth's magnetosphere. Figure 9 of C-W et aL.35
and Fig. 4 of Solomon et aL.37 show that waves are not
37
observed when A(Er) < Ac. Solomon et at. have
computed A(Er) = 0.8 for L=5.2, Am (latitude of
observation) = 11 °, !H = 7 .6 kHz. Figure 11 of C- W
et aL.35 shows the pitch angle distribution of energetic
electrons for 10-\000 keY energy range, which gi ves
A(Er) = 0.5. Though thei r J (cm- 2 .s- l .sr- l ) has almost
the same value as considered by us , this J value
occurs at L == 6.6. Thus for our location of VLF
observation L = 5.1 a moderate value of A(Er) = 0.6
seems quite appropriate. This value produces r < 0 for
!~ 2.55 kHz (see Table I).
Thus non-observation of signals with freq uency ! ~
2.55 kHz was not due to scarcity of resonant electro ns
but may be attributed to anisotropic behaviour of
interacting energetic flux. Table 2 shows comparison
between
various
parameters
related
with
growth/damping at 1.9 and 2.9 kHz frequencies . The
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initial freq uency having minimum radiated power of
28 W will be received at receiver after amp lification
of 52 dB but final frequency of 2.9 kHz, though it has
radiated power of 284 W (10 times of power at 1.9
kHz) will not be observed at receiving station because
of damping of 72 dB.

4 Conclusion
Pitch angle (ex) dependence of energetic electron's
total ve locity (energy), scattering rates, and growth of
whistler mode VLF waves transmitted from Siple
station, Antarctica are studied in detail adopting
gyroresonance as mode of wave-particle interaction . It
is observed that as ex increases, particle's energy
increases alongwith scattering rates . The power gain
of received signals at Mitsissini, Canada also vary
with pitch angle and as pitch angles decrease, power
gain is found to increase. The non-reception o f
transmitted signals at receiver may be attributed to (i)
scarcity of suitable pi tch angle anisotropy, A(Er) of
interacting particle flux for corresponding signals in
the magnetosphere and (ii) ionospheric/magnetospheric absorption losses during the propagation time.
Thus signals suffered by such losses cannot achieve
wave intensity thresho ld required for recording these
signals at receiver. A new formu la for diffu sion
coefficient D(ex) is derived, which is fou nd quite
convenien t for numerical analysis. The formula is a
function of ratio of wave spectral density and
geomagnetic field , electron's gyrofrequency as well as
ratio of electron velocity and light speed, and
interacting sig nal's frequency.

Table I-Effects of A(E,), Ac on wave observalion
Transmitted Normalised Critical A(E,) - Ac
frequency
frequency anisotropy,
f, Hz
X, Hz
Ac

Wave growlh

0.572

+ 0.196
+ 0.116
+ 0.28

0.613

-0.013

Wave damping

0 .672

- 0.072
- 0.186

Wave dampin g

1900

0.288

0.404

2150
2400

0 .326

0.484

0 .364

2650

0.38
0.402

2900

0.440

0.786

2550
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Wave growth
Wave growth

Wave damping

Table 2-Comparison of parameters at 1.9,2.9 kH z frequencies for <p = 7x I 07e l./cm2.s.sr.

f, kHz

1.9
2.9

Radiated
power
Pw , W

A(E,) - Ac

28
284

+ 0.196

11, X 10- 3

Vg ,X 108

G

Ga in ,
dB

Loss al duct
entry, dB

Loss at duct
ex it, dB

Tolal gain .
dB

+ 13.01

+ 56

- 15.68

- 68

-2
- 2

-2
- 2

+ 52
-72

m/s

- 0. 186

2. 136
3.78

0.0848
0 .0731

240

INDIAN J RADIO & SPACE PHYS, AUGUST 2004

References
I

2
3

4

5
6
7

8
9
10
II
12
13

14
15
16
17
18
19

Lyons L R, Thorne R M & & Kenne l C F, J Geophys Res
(USA). 77 (1972) 3455.
Singh D P, Illdial/ J Radio & Space Phys, 20 (1991) 424.
Helliwell R A, Whistlers al/d Related Ionospheric
Phel/olllel/a (Stanford University Press, California, USA),
1965.
Inan U S, Technical Report No. 3414-3, (Stanford
University, California), 1977.
Helliwell R A & Katsufrakis J P, J Geophys Res (USA) , 79
(1974) 2511.
Helliwe ll R A, Rev Geophys (USA) , 26 (1988) 551.
Sonwalkar V S, Carpenter D L, Helliwe ll R A, Walt M, Inan
U S, Caudle D L & Ikeda M, J Geophys Res (USA), 102
(1997) 14363.
Walt M, Introduction to Geomagl/eticaUy Trapped
Radiatiol/, (Cambridge University Press, New Yo rk), 1994.
Kenne l C F & Petschek H E, J Geophys Res (USA), 71
(1966) I.
Lyons L R & Williams D J, QlIllllli/ative aspects of
Magl/etopheric Physics, (D Re idel, Dordrecht), 1984.
Singh D P, II/dial/ J Radio & Space Phys, 21 (1992) 250.
Jain V K & Singh B, Plal/et Space Sci (UK), 38 (1990) 785.
Chang H C & Inan U S, J Geophys Res (USA), 88 (1983)
10053.
Inan U S, Bell T F & Chang H C. J Geophys Res (USA), 87
(1982) 6243.
Inan U S, Bell T F, Carpenter D L & Anderson R R, J
Geop/iys Res (USA) , 82 (1977) 1177.
Abel B & Thorne R M, J Geophys Res (USA), 103 (1998)
2385.
Lyons L R, Thorne R M & Kennel C F, J Plasma Phys (UK),
6 (1971) 589.
Brice N, J Geophys Res (USA) , 69 (1964) 4515.
Schield M A & Frank L A, J Geophys Res (USA), 75 (1970)
5401.

Craven J D, J Geophys Res (USA), 71 (1966) 5643 .
Kimura I, rv:atsumoto H, Mukai T , Hash imoto K, Bell T F,
Inan U S, He lliwe ll R A & Katsufrak is J P, J Geophys Res
(USA), 88 (1983) 282.
22 Rastani K, Inan U S & He ll iwell R A, J Geophys Res (USA),
90 (1985) 4 128.
23 Bell T F, J Geophys Res (USA) , 90 (1985) 2792.
24 Helliwe ll R A & Crystal T L, J Geophys Res (USA) , 78
(1973)7357.
25 Matsumoto H, Hashimoto K & Kimura I, J Geophys Res
(USA) , 85 (1980) 644.
26 Carlson C R, He lliwell R A & Inan U S, J Geophys Res
(USA), 95 (1990) 15073.
27 Ikeda M, Approximate derivation of se lf-exciting whistle r
mode side band wave frequencies, II/dian J Radio & Space
Phys, 3 1 (2002) 121.
28 Singh D P, Singh U P & Singh R P, Plllnet Space Sci (U K).
40 (1992) 1425.
29 Ondoh T & Marubashi K, Sciel/ce of Space EI/virol/mel/t.
(lOS Press, Ohmsa, Japan), 200 I, pp 258-259.
30 Scarabucci R R, J Geophys Res (USA), 75 ( 1970) 69.
31 Carpenter D L, J Geophys Res (USA), 73 (1 968) 29 19.
32 Smith R L & Angerami J J, J Geophys Res (USA), 73 ( 1968)
I.
33 Burke W J, Rubin A G, Hardy D A & Hole man E G, J
Geophys Res (USA), 100 (1995) 7759.
34 Sazhin S S, in Whistler mode waves ill a hot plasma ,
(Cambridge University Press, UK), 1993, p.lO.
35 Cornilleau-Wehrlin N, Solo mon J, Korth A & Kre mser G, J
Geophys Res (USA ), 90 (1985) 4141.
36 Solo mon J, Cornilleau-Wehrlin N, Ko rth A & Kremser G,
Geophysical MOl/ograph 53, Ed. B T Tsurutani & H Oya,
American Geophysical Uni on, 1989, pp 119-133.
37 Solomon J, Cornilleau-Wehrlin N, Koth A & Kremser G, J
Geophys Res (USA) , 93 (1988) 1839.
20
21

