Tosu XXXVII % 6 Hss. BY3oe PAJHODPHIHKA 1994

PRECIPITATION OF RADIATION BELT ELECTRONS BY
MAGNETOSPHERICALLY REFLECTED (MR)
WHISTLERS

D.Jasna, U.S.Inan and T.F.Bell

We use test particle simulation model based on gyro—averaged equa-
tions of motion to study the influence of oblique Magnetospherically
Reflected (MR) whistlers on the rear-loss—cone distribution function
of radiation ‘belt electrons. We find that MR whistlers originating in
lightning can resonantly interact with radiation belt electrons over a
broad range of L-shells and precipitate higher energy electrons from
lower L-shells.. Electrons in the energy range of 1-2.6 MeV are precipi-
tated from L = 2, whereas from L = 4 the precipitated eleciron energy
range is 150-220 keV. The precipitated differential electron flux, due to
this interaction, is higher for higher L-shells, and the maximum value
ranges from &g, (1.11 MeV) = 5.2 x 107* el/em®s-keV at L = 2 to
®g,,..(173 keV) = 4.6 x 107! el/cm?skeV ai L = 4. The lifetimes
of radiation belt electrons in a given magnetic flux tube around the L-
shell on which the interaction takes place are found to be ‘of the order
of several days, comparable to lifetimes corresponding to electron loss
induced by hiss, which was heretofore assumed to be the dominant loss
mechanism [1]. The minimum electron lifetimes vary from 2.47 days for
E = 1.11 MeV electrons at L = 2 to 4.64 days for E = 173 keV electrons
atL=4. -

| INTRODUCTION

Past investigations of resonant whistler-mode wave-particle interactions
have recognized their importance in the loss of radiation helt electrons (e.g.,
* [2]). Experimental observations have shown that ionospheric effects of precip-
itated electrons, such as sub-ionospheric VLF perturbations, X-ray emissions,
or photoemissions can often be correlated with natural ducted VLF waves
(whistlers, chorus emissions, noise bursts, etc.) [3-11]. In particular, the iono-
spheric signatures of the scattering of energetic electrons out of the radiation
belts in cyclotron resonant interactions with lightning-generated ducted (i.e.,
parallel propagating) whistlers have been both theoretically studied in detail
(e.g. [12}]) and are now commonly observed [13, 14, and references therein]. As
a measure of the effectiveness of this interaction, precipitated energetic elec-
tron fluxes have been theoretically estimated and compared with experimental
data [15, 16, 17]. _

However, the bulk of the wave energy injected into the magnetosphere
by lightning discharges propagates in the non-ducted mode. Although non-
ducted waves may be less efficient than ducted waves in pitch angle scat-
tering and precipitation of electrons in a single encounter cyclotron resonant
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interaction (due to elliptical polarization of non-ducted waves versus circular
polarization of ducted waves), their overall effect on radiation belt electron
precipitation is yet to be ascertained.

MAGNETOSPHERICALLY REFLECTED (MR) WHISTLERS

Non-ducted (oblique) whistler mode waves originating in lightning dis-
charges are often found to undergo multiple reflections between hemispheres.
These reflections occur at points where the wave frequency matches fmm the
local !ower hybrid resonance frequency [18].

Hz 100
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Fig.i. MR whistlers observed on the DE-1 satellite. The examples are given
in the form of a typical frequency vs time spéctrogram with the shading rep-
resenting the mtenstty of the recorded signal. Two whistler events nriginating
in two successive lightning flashes, ~ 8 s apart, ate shown, each initiating a
sequence of MR components, After very pronounced dispetsion of the first

- four hops of both whistlers, the hops begin to merge into each other to forml
a relatively narrow band signal lasting for about 2 s,

Figure 1 shows examples of MR whistlers observed on the DE-1 satellite.
The format is one of a typical frequency vs time spectrogram with the density
of the shading representing the intensity of the recorded signal. Two whistler
events originating in two successive lightning flashes (in this case ~ 8 s apart)

are shown, each initiating a sequence of MR components. The first few (four)

hops of both whistlers show very pronounced dispersion after which the hops
begin to merge intoeach other to form a long enduring relatively narrowband
signal. The duration of the narrowband part of the signal for this example is
about 2's. Although the total duration of each MR event is ~ 10 s for the
cases shown, MR whistlers are known to last for as long as 100 s [19].

Both ducted and MR (oblique) whistlers are generated by lightning dis-
charges. It should be noted that non-ducted whistlers do not require the
presence of any specific density structures (e.g., ducts) for tHeir propagation.
They generally occupy larger regions of the magnetosphere [20]. On this basis,

~
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although the statistics of the occurrence rates of non—ducted whistlers are not
well documented, it may safely be assumed that they occur at least as often
as ducted whistlers. The ducted whistler rate depends on the time of the year
and time of the day and varies from 0.3 whistlers per minute for an average
summer day to 22 whistlers per minute for an average winter night [21]. For an
extremely active day, the ducted whistler rate can be as high as 195 whistlers
per minute, but year-round average is 6 whistlers per minute.
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Fig.2. Sample raypath for an MR signal. The raypath for a f = 0.33 kHz wave

- injected at 400 km altitude, vertically upwards from the southern hemisphere

at L = 2, propagating to higher L-shells by reflecting back and forth between
hemispheres and eventually setiling down at L ~ 4.

The magnetospheric reflec-
tion of oblique whistler mode
waves can be effectively studied
by raytracing. Here we utilize
the Stanford VLF raytracing code

(e.g., see [22]). The example in
Figure 2 shows a f = 0.33 kHz
wave injected vertically upwards 0 :
from the southern hemisphere at I : _ 3 » 3
I = 2. The ray travels verti- L - shell
cally upwards reflecting back and ' : :
forth between the hemispheres as  Fig.3. The frequency of the MR whistler

expected - and eventually settles wave vs L-shell of settlement, This
result is derived on the basis of simulated

raypaths as shown on Figure 2.

(ki)

raytracing studies [19] show that
the L-shell at which the whistler wave settles down depends strongly on the
wave frequency, but is relatively independent of the injection latitude or initial
_ wave propagation direction. The frequency of the whistler wave vs L-shell of
séttlement as obtained from raytracing is plotted in Figure 3.
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To summarize, MR whistlers are oblique whistler mode waves injected
into the magnéto;phere by lightning, they can endure in the magnetosphere
for as long as 100 s each, and after several (5-6) reflections the raypaths settle
down into a multiply reflecting pattern at an L-shell uniquely corresppnaing
(f = fLur) to the signal frequency. Thus, at any given L-shell, we can expect -
accumulation of oblique whistler mode wave energy at the corresponding fre-
quency. The wave normal angle of the multiply reflecting waves slowly varies
with latitude along the field line in a particular manner as dictated by ray-

“tracing. As such, these multiply reflecting waves, contmuously present along
the given L-shell constitute a narrowband wave which can resonantly interact
with the radiation belt electrons. It should be noted that the wave distribution
along the field line consists of a superposition of multiply reflecting waves. In
the following, we use a test particle simulation to represent the interactions of
a distribution of electrons with these continuously present nearly monochro-
matic MR whistlers, the wave normal angle of which vary along the field line
as described by raytracing. Our assumption of a monochromatic wave with
specified phase variation amounts to considering one of the many multiply re-
ﬂectmg wave components, the superposition of which may generate standing
wave patilerns and slow variations in wave phase.

|

ELECTRON VELOCITY SPACE

_In general, eleciron velocity space is three dimensional.’ For the special
case of electron motion in the Earth’s magnetosphere, important features of
the unparturbed particle motion can be described by only two velocity space
coordinates, for example the equatorial pitch angle a.q and the component of
the particle velumty along the Earth’s magnetic field line v,,,. We represent
the full distribution function by a large number of individual test particles
and infer the modification of the distribution from the simulated trajectories
of each of the‘est particles in the presence of the wave. Once a new parti-
' cle distribution is determined, measurable quantities such as differential (per
. unit particle energy) and total precipitated particle fluxes and radiation belt
electron lifetimes, are easily derived. : ’

Figure 4 shows a single test electron <catter1ng in v, — a.q velocity space.
Note that in the absence of the wave, the trajectory of a test electron moving
in the Earth’s magnetic field would be a single point in v,.q—Qeq space. Dueto
the interaction with the wave, the electron trajectory in velocity space evolves
along & curve with initial and final points corresponding to the initial and
final velocity space coordmates Since the wave forces acting on the particle
are functions of the initial electron phase 7 (the third velocity coordinate that
deterrines the direction of the electron velocity perpendicular to the Earth’s
magnetic field), electron trajectories and their final points in velocity space °
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depend on the initial 5 [23, 24].
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Fig.4. A single test electron scattering in velocity space. The schematic shows
the initial and final points of the test electron trajectory in the velocity space.
Electron population from the initial cell represented by the test electron is
scattered into the four adjoining cells as represented by the cell corresponding
to final point on the electron trajectory. The number of electrons scattered
into any of the four adjoining phase cells is proportiénal to the area of the
final cell that overlaps the corresponding cell.
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Fig.5. Test electron trajectories In the velocity space. Trajectories of the
twelve test electrons with different initial phases, originating at the same initial
point in velocity space are represented in velocity space as aq(vs,,) and as the
velocity space coordinates dependence on geomagnetic latitude namely aeq(X)

and v, (}).

Figure 5 shows twelve different electron trajectories corresponding to 12
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electrons with different initial phases, originating at the same initial point
in velocity space (i.e., having the same initial acme, and Vzo. In view of
this dependence of scattering on 7, each cell in velocity space needs to be
represented by a distribution of several test electrons with different initial
phases. We choose 12 test electrons equally spaced in phase to represent a
given cell based on the fact that the final scattering i.e. the root-meansquare
value of the final pitch angle change at the end of the resonant interaction,
namely Aa.q, = \/{Aal (A7), (where averaging ({ )) is over the number of
test electrons representing each cell) does not change significantly with further
increase of the number of test electrons representing each cell.

The modified electron distribution after a one-pass interaction with the
wave is obtained using the scattering of all test electrons weighed by the ini-
tial distribution function (electron density per velocity space volume) and its
dependence on the velocity space coordinates [i.e., f(V20q) Qeq)]-

INITIAL CONDITIO NS AND ASSUMPTIONS

In the inner magnetosphere (L < 6), we use the diffusive equilibrium back-
ground ’cold’ plasma density model [25, 26]) and centered dipole field as a
model of the Earth’'s magnetic field.

We describe the initial electron distribution function in a manner similar
to that of electron pitch angle space between a;. and /2 and with an energy
dependence of the form fg(E) « E~2 based on the experimental data [28].
Since the energetic electron population is commonly described and measured
in terms of the differential energy spectrum €z, (E), the proportionality
constant is chosen such that the corresponding differential energy spectru.m at
E =1keVis &g, (1keV) = 10° el /cm?.s keV ster. '

One of the fundamental assumptions of our test pa.rtlcle formulation is
the fact that we neglect the effects on the wave of the distribution of energetic
electrons. This means that we are assuming either that the currents stimulated
in the particle population do not lead to significant daffiping or amplification
of the wave or that this effeet has'been included in the model chosen for
the wave structure, This approximation was also adopted in the test particle
model studies of ducted wave-particle interactions [29, 12]. In the context
of this assumption, it is only necessary to define the wave characteristics as
an input to the test particle code. For non-ducted obliquely propagating
waves, taking the wave as a predefined structure and neglecting the effects of
the energetic particles on the wave is probably an even better approximation,
since growth and emission tnggermg by non-ducted waves is observed much
less often [30).

In our modeling, then, we assume the wave to be monochromatlc (single
frequency), and propagating at a given angle 4 with respect to the magnetic
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field. With the wave frequency w and wave normal angle ¥ specified, all prop-
erties of the wave are defined in terms of the local cold plasma parameters. The
properties (dispersion relation, polarization of the wave fields, group velocity)
of the electromagnetic waves that are supported by the cold, infinite, homoge-
neous, collisionless plasma in the presence of the external homogeneous, static
magnet:c field are derived from Maxwell’s equations [31]. The magnetosphere
is not a homogeneous medium since both the plasma density and magnetic
field (and therefore plasma and cyclotron frequencies of the kth species, wpi
and wyy respectively) vary in space. Fortunately, these spatial variations are
generally small over the distance of the order of the wavelength, so that at any
given point, the wave propagation can be represented using the slowly varying
approximation (WKB) in which the wave is assumed to have the same char-
acteristics as those of a wave traveling in a homogeneous medium having the -
same refractive index. The Poynting flux (power density) of the slowly varying
wave was also assumed to be constant during its interaction with the radiation
belt electrons, although the wave normal angle ¥ was allowed to slowly vary
with latitude as dictated by raytraciag. The assumed constant Poynting flux
value was used to calculate the wave field components at different points along
the field line. : :

The precipitated differential electron energy spectrum caused by the
electron-wave interaction ®g,,. (F) is used to infer the electron lifetimes in
a given magnetic flux tube subject to certain assumptions as discussed be-
low. We note in this context that the precipitated differential energy spec-
trum may change as a function of time both because of temporal drifts, ér
because of variations in the parameters of the wave interactingswith the elec-
trons. For the purpose of estimating electron lifetimes r(E), we assume that
the precipitated dxﬂ'erentaal energy spectrum remains constant in time, i.e.,
3 E,,.“(E t)~ & Eprtc(E) We define N; as the number of energetic electrons
with a given energy per unit energy in a flux tube, per unit area of a tube cross
section, at the equator so that the SI unit of the variable Ny is el/m?-J. We
assume that N; decays exponentially in time as a result of the resonant scat-
tering due to the electron-wave interaction Ny(E,t) = Ny(E) exp(—t/T(E))
while ON;(E,t)/0t = ‘I'EP,“(E t) = —3g,,..(E) so that the lifetime of the
electrons in a given tube is 7(E) = Ny(E)/®g,...(E).

Note that the electron lifetimes defined above are derived for the electron
population confined to a narrow flux tube argund the field line where the
interaction takes place. The extent to which this loss process contributes to
the electron lifetimes on a global scale depends on the extent of magnetospheric
regions illuminated by the waves, since similar scattering processes would be
expected in all regions where the oblique waves are present. Experimemntal
data indicates that magnetospheric regions illuminated by whistlers from a
given thunderstorm center may extend to many tens of degrees in longltude.

~around that of the storm center [20].
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ELECTRON PRECIPITATION BY MR WHISTLERS

We now investigate the interaction between radiation belt electrons and
ME whistlers in the equatorial region at three typical L-shells. The Poynting
flux of the whistler waves was assumed to be § = 113 pW/m? corresponding
to the intensity of a f = 6.82 kHz ducted wave (¢ = 0°) with B, = 5 pT in
the equatorial plane at L = 4. The frequencies of the waves that settle down
at the choscn L-shells and the dependence of their wave normal angle ¥ on the
- geomnagnetic latitude are determined using the Stanford raytracing simulation
code. The () used for simulation represents best—fits to the numerical results
obtained from raytracing. The variation of wave normal angle along the field
line ¥()) is slow enough so that the wave can be considered monochromatic
in the WKB sense.

We now study the resonant interaction between these monoc.hromat:c MR
signals and radiation belt electrons represented by the distribution function
as defined earlier, using the test particle simulation model.

Figure 6 shows the near ioss cone electron distribution function resulting
from a one-pass interaction with a 0.33 kHz oblique whistler wave at L = 4.
Local maxima and minima in electron scattering occur due to the constructive
and destructive interference between the two resonant encounters (on both
sides of the equator) of the particles with the wave. Maximum penetration
into the loss cone (~ 5 X10~* deg) occurs for v, = 198.4 x 10° m/s.

The distribution functions similar to that shown in Figure 6 and which
result from a one-pass interactions with the wave are also computed for
L =2 and 3 and are subsequently used to calculate the precipitated differ-
ential electron spectra as shown in Figure 7 for all three L-shells. In gen-
eral, MR whistler components which settle down on higher L-shells reso-
nantly interact with and scatter lower energy eléctrons. For example, a 0.33
kHz whistler wave at L = 4 scatters electrons in the 150-220 keV range,
whereas the 2.6 kHz MR whistler component that settles down at L = 2
scatters electrons in the 1-2 MeV energy range. Precipitated differential elec-
tron flux is in general higher for lower energy electrons that are scattered
on higher L-shells. Maximum value of the precipitated differential electron
flux at L = 4 is $g,. (173keV) = 4.6 x 107! el/ecm?-s-keV. Correspond-
ing total precipitated energy fluxes are Q(L = 2) = 0.48 x 10~® J/m?s,
Q(L = 3) = 2.66 x 107° J/m?s, Q(L = 4) = 3.14 x 10~® J/m?s and are
generally higher for higher L-shells.

The electron lifetimes correspondmg to the precipitated fluxes of Figure
7 and calculated using the definitions and assumptions described earlier are
given as a function of electron energy in Figure 8. The minimum lifetimes of
the electrons with the corresponding energy that are scattered by MR whistlers
are of the order of several days and do not differ significantly for interactions
on different L-shells. The minimum electron lifetimes vary from 2.47 days for

734 D.Jasnd, U.S.Inan and T.F.Bell



Towm XXXVII ¥ 6  Has. BY3os PATHODHAHIA 1994

E =
L=

1.11 MeV electrons at L = 2 to 4.64 days for E = 173 keV electrons at
4.

Initial distribution function
f~v8 (108 el/cm?-s-sr-keV at 1keV)

Distribution function
after one—pass interaction

Fig.6. THe initial and final near—loss—cone electron distributions for a one—
pass Interaction with 0.33 kHz whistler wave at [ = 4, Local maxima
and minima in electron scattering occur due to the constructive and destructive
interference between the two resonant encounters of the distribution with the

wave.
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Fig.7. Precipitated differential electron spectra. For all three cases consid-
ered, precipitated differential electron spectra is calculated from the distribu-

tion function (such as that in Figure 6) after a one-pass interaction with the
corresponding wave.
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Fig.8. Electron lifetimes. Precipitated differential electron spectra are used to
calculate electron lifetimes as discussed in the text.

In Figure 9 we compare our lifetime estimates with those due to cyclotron
resonant scattering by whistler mode hiss following large magnetic storms [1].
Interaction between radiation belt electrons and hiss causes precipitation and
loss from L = 3 and 4 of electrons in a broader energy range than that due
to the resonant electron-MR whistler interaction. At L = 3 and 4 electron
lifetimes due to hiss induced losses are smaller than the electron lifetimes due
to resonant electron-MR whistler interaction. However, a L = 2 MR whistlers
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can contribute more than hiss to the electron loss from the radiation belts.
Note that the results given by [1] are calculated based on the assumption of the
continuous presence of a wide band oblique whistler mode signal throughout
the entire plasmasphere. In order to be able to compare the two, we also as-
sumed the continuous presence of coherent, narrowband oblique whistler mode
signal throughout the entire plasmasphere. However, our results can be scaled
to more realistic values by simple multiplication once the ratios for spatial
and temporal presence of the MR whistlers throughout the plasmasphere are

available. :
r < 103 L] | SR RLL ] fl.lll'”l ] I BRI

102
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Fig.9. Electron lifetimes compared with previous work. We compare our
lifetime estimates (—) with those due to cyclotron scattering by whistler
mode hiss following large magnetic storms [1] (-0-).

CONCLUSIONS

We have carried out test particle simulations of the cyclotron resonant scat-
tering of radiation belt electrons in a single resonant encounter (one pass) with
obliquely propagating monochromatic whistler-mode waves in the magneto-
sphere. Our results indicate that, for typical parameters as used in this paper,
these interactions result in significant perturbations of the trapped particle
distributions and lead to precipitation of particle fluxes into the ionosphere.
Althotigh our individual simulations were limited to one-pass interactions with
monochromatic oblique waves, when viewed as a whole, they imply that wave
energy injected into the magnetosphere by lightning and propagating obliquely
in the non-ducted mode may substantially contribute to the establishment of
radiation belt equilibrium. (e

In this context, we have shown that oblique MR waves which settle down
on given L-shells and exist for up to 100 s can significantly affect the lifetimes
of the energetic electrons. In the casz of thelatter, in should be noted that non-
- ducted whistlers injected into the magnetosphere typically have components
over a wide range of frequencies, so that each frequency component would
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’settle’ on a different L-shell and the scattering (as computed) can be expected
to occur. simultaneously over a broad range of L-shells during the 10-100 s
following each lightning discharge.

The implications of our results should be evaluated in the context of re-
cent theoretical and experimental findings which clearly indicate that ducted
whistler waves originating in lightning regularly precipitate energetic radia-
tion belt electrons. The ionospheric signatures of the scattering of energetic
electrons out of the radiation belts in cyclotron resonant interactions with
lightning-generated ducted (i.e., parallel propagating) whistlers has been both
theoretically studied in detail [32, 29, 33, 34, 12] and commonly observed [13,
14, and references therein]. As a measure of the effectiveness of this interac-
tion, precipitated energetic electron fluxes have been theoretically estimated
and compared with experimental data [15, 16]. Although ducted whistlers of-
ten reflect from the lower ionospheric boundary and can bounce back and forth
along the duct multiple times, most experimental evidence of ducted whistler
induced precipitation involves single encounter interactions with a discrete
one-hop whistler. In terms of the contribution of ducted-whistler-induced
precipitation to radiation belt losses, the rate of occurrence of lightning and
whistlers is thus a determining factor. For an extreme day ducted whistler
rate can be as high a 195 whistlers per minute, but year-round average is
6 whistlers per minute [21]. However, the bulk of the magnetospheric wave
energy from lightning discharges propagates in the non-ducted mode. Non-
ducted whistlers do not require the presence of any specific density structures
(e.g., ducts) for their propagation and they generally occupy larger regions of
the magnetosphere [20]. On this basis, although the statistics of the occur-
rence rates of non-ducted whistlers are not well documented, it may safely be
assumed that they occur at least as often as ducted whistlers.

Interaction of radiation belt electrons with MR whistlers at a later stage of
their propagation (after the settlement of ray paths on a certain L-shell, when
the wave normal angle is high, close to 90°) endures for as long as the waves ex-
ist (~ 100 s) so that it is appropriate to discuss the consequences of the losses
in terms of radiation belt electron lifetimes. Interactions with MR whistlers
causes precipitation of higher energy electrons from lower L-shells. Electrons in
the energy range of 1-2.6 MeV are precipitated from L = 2, whereas from L =
= 4 precipitated electron energy range is 150-220 keV. The precipitated differ-
ential electron flux, due to this interaction, is higher for higher L-shells, and the
maximum value is ranging from ®g,,,.(1.11 MeV) = 5.2 x 10~* el/cm?s-keV
at L =2to @5, (173keV) = 4.6 X 10~ el/cm?s’keV at L = 4. The lifetimes
of the radiation belt electrons in a tube around the L-shell on which the in-
teraction takes place range depending on electron energy from several days to
~ 100 days and are comparable with lifetimes corresponding to electron loss
induced by hiss [1]. The minimum electron lifetimes vary from 2.47 days for
E = 1.11 MeV electrons at L = 2 to 4.64 days for E = 173 keV electrons at
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