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Abstract

Do electromagnetic ion cyclotron waves cause strong pitch-angle diffusion of the ring current (RC) ions? This question

is the primary motivation of this paper and has been affirmatively answered from the theoretical point of view. The

materials that are presented in the Results section show clear evidence that strong pitch-angle diffusion takes place in the

inner magnetosphere indicating an important role of the wave–particle interaction in the magnetospheric RC formation.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Kennel and Petschek (1966) introduced the
concept of strong pitch-angle diffusion to explain
an observed440 keV electron loss cone pitch-angle
profile measured onboard the Injun 3 satellite
(O’Brien, 1964). It is also believed that several
geomagnetic storm-associated phenomena (e.g.,
ring current (RC) and relativistic electron forma-
tions, auroral precipitation) are actually observed to
approximate the limit of strong pitch-angle diffu-
sion (see Schulz and Lanzerotti (1974) and refer-
ences therein).

In this paper, we focus on analysis of the
electromagnetic ion cyclotron (EMIC) wave in-
duced strong pitch-angle diffusion of the terrestrial

RC during geomagnetic storm-associated condi-
tions. To our knowledge, the first magnetospheric
observations near the equatorial plane indicating
strong proton pitch-angle diffusion are those
published by Walt and Voss (2001, 2004) based on
in situ measurements by the polar source/loss-cone
energetic particle spectrometer (SEPS) (Blake et al.,
1995). They presented high angular resolution
measurements of 155 keV protons made during five
magnetic storms in the last half of 1998. However,
in only one case of strong pitch-angle scattering, the
fluxes were isotropic for equatorial pitch angles less
than 251.

Walt and Voss (2001, 2004) presented a compre-
hensive analysis of their measurements and dis-
cussed all the known processes that can remove RC
ions from the inner magnetosphere. Among them
are charge-exchange collisions (Smith et al., 1976),
collisional energy loss and scattering (Fok et al.,
1991; Jordanova et al., 1996) convection into the
atmosphere or through the dayside magnetopause
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(Kozyra et al., 1998; Liemohn et al., 1999),
scattering into the loss cone by EMIC waves
(Cornwall et al., 1970; Jordanova et al., 2001;
Khazanov et al., 2002), and scattering by field-line
curvature (Sergeev et al., 1983; Anderson et al.,
1997).

In their latest paper, Walt and Voss (2004)
expressed that the wave–particle scattering process
is the most difficult to describe quantitatively,
requiring knowledge of the particle anisotropy, of
the cold plasma density, of the convective growth
rate of the waves as they propagate through the
magnetosphere, and of the resonant particle inter-
action with the wave fields. They also noted that in
some theoretical RC models the wave–particle
scattering process is greatly simplified and there-
fore does not predict the strong pitch-angle diffu-
sion postulated by Cornwall et al. (1970) and
observed by others (Hauge and Soraas, 1975;
Soraas et al., 1999; Walt and Voss, 2001; Yahnina
et al., 2000).

It should be noted that most of these above-cited
measurements (except by Walt and Voss (2001,
2004)) were made at lower altitudes where the loss
cone is large so that even moderate angular
resolution instruments can separate trapped from
precipitating particles. However, it would be diffi-
cult to evaluate the scattering processes that could
be responsible for such pitch-angle distributions. To
our knowledge, the only observations near the
equatorial plane, giving evidence of proton pitch-
angle diffusion related to EMIC waves, are those
published by Erlandson and Ukhorskiy (2001).
They considered protons with energies Eo17 keV
and found the presence of this population consistent
with simultaneously measured EMIC waves. How-
ever, the results of their study did not confirm that
strong pith-angle diffusion of RC protons takes
place even for relatively large amplitude of EMIC
waves.

Do EMIC waves cause the strong pitch-angle
diffusion of RC ions? At this point, there are no
experimental or rigorous theoretical self-consistent
studies that conclusively answer this question. In
this paper, from theoretical point of view, we
address the issue of RC proton strong pitch-angle
diffusion and associated EMIC wave generation
during different phases of the May 1–7, 1998
geomagnetic storm. This analysis is based on our
newly developed self-consistent model of magneto-
spheric RC interacting with EMIC waves (Khaza-
nov et al., 2003a).

2. Model

It is well known that the effects of EMIC waves
on RC ion dynamics strongly depend on particle/
wave characteristics such as the ion phase space
distribution function, frequency, wave-normal an-
gle, wave energy, and the form of wave spectral
energy density. All of these characteristics should be
properly determined by the wave–ion evolution
itself. So to quantify the EMIC wave effects on RC
ion dynamics, a self-consistent theoretical descrip-
tion of ions and waves should be employed in all
RC studies. Here we present a short description of
such self-consistent theoretical model that was
developed by Khazanov et al. (2002, 2003a) and
used in this particular study.

We simulate RC dynamics by solving the bounce-
averaged kinetic equation for the phase space
distribution function, Q, of the RC species,
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as a function of position in the magnetic equatorial
plane (R0,j); kinetic energy and the cosine of the
equatorial pitch angle (E,m0); and time t. In the left-
hand side of this equation all of the bounce-
averaged drift velocities are denoted as /yS. The
term on the right-hand side of Eq. (1) includes losses
from charge exchange, Coulomb collisions, ion–
wave scattering, and precipitation at low altitudes.
Loss through the dayside magnetopause is taken
into account, allowing free outflow of RC ions from
the simulation domain. (For more details regarding
Eq. (1), see Jordanova et al. (1997); Khazanov et al.
(2003a); and references therein].) The ion–wave
collisional term, included in the right-hand side of
Eq. (1), is a function of the EMIC wave power
spectral density (see (Lyons and Williams, 1984) for
details) that may be obtained from the wave-kinetic
equation. EMIC waves propagate along geomag-
netic field lines and reflect at ionosphere altitudes,
bouncing between conjugate ionospheres. By aver-
aging the wave-kinetic equation over one period of
‘‘fast’’ wave bounce oscillations, we can obtain an
equation to describe the ‘‘slow’’ evolution of wave
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power spectral density. Following Bespalov and
Trakhtengerts (1986), the equation can be presented
as
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is averaged over

one wave bounce oscillation; o is the wave
frequency; and y the angle between the external
magnetic field line and the wave vector. Parameter
R is the effective reflection coefficient from the
ionosphere characterizing wave energy loss due to
imperfect reflection. The local wave growth rate,
g(o, y, j, R0, s), which depends on the phase space
distribution function of the RC species, should be
averaged over one bounce oscillation of the wave
envelope. The factor tg/2 is the time of the group
propagation of the wave signal between conjugate
ionospheres, and vg the wave group velocity. It
should be noted that g includes contribution not
only from EMIC wave growth due to interaction
with RC ions but also from EMIC damping due to
absorption by the core plasma particles (i.e., g may
change its sign). The right-hand side of the kinetic
Eq. (1) depends on EMIC wave energy density, and
g in Eq. (2) is determined by the phase space
distribution function Q. The resulting system of
Eqs. (1) and (2) gives a self-consistent description of
interacting RC ions and EMIC waves in a quasi-
linear approach. Additional details, as well as a
numerical implementation for (1) and (2) are given
in the paper by Khazanov et al. (2003a).

3. Case study

Our model is used to study the geomagnetic storm
of May 1–7, 1998. The interplanetary configuration
of 1–7 May 1998 consists of a coronal mass ejection
(CME) interacting with a trailing faster stream
(Farrugia, 2001). The CME drives an interplanetary
shock observed by the instruments on the Wind
spacecraft at �2200UT on 1 May. Two periods of a
strongly negative north–south IMF component
were observed: the first at �0400UT on 2 May
and the second at �0200UT on 4 May. These
caused a ‘‘double-dip’’ storm with a minimum
Dst ¼ �100 and �215 nT, respectively. The plane-
tary Kp index reached maximum values of 7 and 9
at the times when the minimum Dst were recorded.

This was a very large storm in which the RC
developed quite rapidly, so it is a good candidate for

investigating EMIC wave generation. It is also a
storm that has been previously studied by this group
(Khazanov et al., 2002, 2003a), where the influence
of self-consistently calculated ion cyclotron waves
were examined (particularly the effects in the late
recovery phase) as well as nonlinear coupling of
EMIC and lower hybrid waves (Khazanov et al.,
2004a). In this paper, as we point out above, the
analysis focuses on answering the following ques-
tion: Do EMIC waves cause strong pitch-angle
diffusion of RC ions?

Magnetospheric ion composition plays an extre-
mely important role in the formation of EMIC
waves. Cold, heavy plasmaspheric ions can have
profound effects on the generation and propagation
of EMIC waves (Young et al., 1982; Gomberoff and
Neira, 1983). The most notable new features, in
comparison with the case of single ion thermal
plasma, are the formation of stop bands above the
heavy ion gyrofrequencies and additional wave
modes that we have presented in our previous
paper (Khazanov et al., 2003a). Kozyra et al. (1984)
added hot heavy ion populations (He+ and O+) in
the dispersion equation analysis. In many respects,
hot heavy ions modify the wave growth in the same
way as the cold population, however for the
purposes of this study the hot heavy ion populations
of He+ and O+ are not taken into account. The
results presented below correspond to a multi-
component thermal plasma consisting of electrons,
77% H+, 20% He+, and 3% O+, and only include
the He+ -mode of EMIC waves. The results for the
case of pure electron–proton thermal plasma also
will be presented and discussed.

4. Results

Fig. 1 represents the case of multi-component
cold plasma and shows scatter plots of RC
proton energies and EMIC wave magnetic fields
that correspond to strong pitch-angle diffusion
during the geomagnetic storm period of May 2–7,
1998. In this figure, the different colors for
plotted stars correspond to the different selection
criteria that have been applied to numerically
obtained data. The following criteria are used for
this event in order to find strong pitch-angle
diffusion cases:

f ða ¼ 0Þ=f ðaLCÞX0:9, (3)

0:1pf ða ¼ 0Þ=f ða ¼ p=2Þo0:2, (4)
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0:2pf ða ¼ 0Þ=f ða ¼ p=2Þo0:3, (5)

f ða ¼ 0Þ=f ða ¼ p=2ÞX0:3. (6)

Here f ða ¼ 0Þ, f ðaLC ¼ 0Þ and f ða ¼ p=0Þ are the
RC proton fluxes at 01 pitch -angle, the loss cone
boundary, and 901, respectively. The inequality (3)
allows us to select almost isotropic pitch-angle
distributions in the loss cone. The inequalities
(4)–(6) characterize the loss-cone fluxes as compared
to the fluxes of trapped ions and characterize the
strong pitch angle diffusion efficiency in the
entire pitch-angle region. All stars that are plotted
in Fig. 1 correspond to the cases when inequality (3)
is satisfied and strong pitch-angle diffusion inside
the loss cone takes place. The different star colors in
this figure correspond to the cases when one of the
inequalities (4), (5), or (6) is satisfied in combination
with (3). The red color corresponds to the combina-
tion of (3) and (4), the yellow and green colors

correspond to combinations of (3) and (5), and (3)
and (6), respectively. In applying all these criteria to
the analysis presented below only those cases with
loss cone RC proton fluxes that exceed the value of
103 cm�2 s�1st�1 keV�1 were taken into account.

The first row of Figs. 1(a)–(c) shows the energies
of RC protons for which strong pitch-angle diffu-
sion takes place. Fig. 1(a) shows all strong pitch-
angle events that include all combinations with
inequalities (3)–(6) during the entire geomagnetic
storm of May 2–7, 1998. The Dst index is added in
this plot in order to allow easier comparison within
the various phases of the storm. Figs. 1(b) and (c)
show the spatial location (in terms of L shells and
MLT) where strong pitch-angle diffusion for
different RC proton energies takes place.

The second row of Figs. 1(d)–(f) shows the
magnetic field of EMIC waves that result from
self-consistent coupling of Eqs. (1) and (2). The
small blue dots represent all EMIC wave data when
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Fig. 1. Scatter plots of RC proton energies and EMIC wave magnetic fields for the case of multi-component thermal plasma versus UT, L

shell, and MLT. The stars of different colors correspond to the different selection criteria (3)–(6) that are used. Black color corresponds to

the cases when only criteria (3) is satisfied, red, yellow and green colors correspond to the cases when inequality (4), (5), or (6) is satisfied in

combination with inequality (3), respectively. The only cases with loss cone RC proton fluxes that exceed 103 cm�2 s�1st�1 keV�1 are

presented. Dst index is also provided for convenience. In the second row, the simulated wave magnetic field which exceeds 0.1 nT is

presented with blue small dots. Blue line in (d) represents an average EMIC wave magnetic field obtained by averaging over all spatial

active zones for any particular time.
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magnetic intensity exceeds 0.1 nT. As in the first
row, the Dst index is also included. The blue line in
Fig. 1(d) is the average value of the magnetic field of
EMIC waves during this storm, and is obtained by
averaging over all spatial active zone locations for
any particular time. Panels 1(e) and 1(f) show the
spatial locations (in terms of L shell and MLT) of
intense EMIC waves. We also added stars to these
three plots indicating the appearance of strong
pitch-angle diffusion for certain values of EMIC
wave intensities. However, these stars do not give
any information regarding what energies have been
involved in the strong pith-angle diffusion process.
Only by combining both rows of Fig. 1 can this
detailed information be derived. The colors of the
stars in the second row are based on different
combinations of the (3)–(6) inequalities, as de-
scribed above, and correspond to the most flatted
transition between the trap zone and loss-cone
populations, which takes place at any particular
time.

It is instructive to compare the results presented
in Fig. 1 with the corresponding ones that have been
obtained in the case of pure electron–proton
thermal plasma.These results are shown in Fig. 2.

The presentation in Fig. 2 is in the same format as in
Fig. 1 and exactly the same selection criteria (3)–(6)
is applied for strong pitch-angle diffusion analysis.
The similarities and differences between these
figures are discussed below. In both cases during
the main phase of the storm, the wave amplitudes of
EMIC waves are greatly enhanced and the wave
active region move to considerably lower L shells in
the late evening MLT sector. (This behavior of
EMIC waves is consistent with a great magnetic
storm observed by the Freja double-probe electric
field instrument presented by Braysy et al. (1998)).
However there are very clear differences in the
magnitude of these waves and their spatial distribu-
tion, which are dependent on the heavy ion
magnetospheric content. The energy precipitation
pattern, its spatial location, and the intensity of
strong pitch-angle diffusion also have noticeable
differences depending on the presence of heavy ions.

During the main and recovery phases of the
geomagnetic storm of May 2–7, 1998 protons are
often found in the loss cone. In many cases
presented in Figs. 1(a) and 2(a) the pitch-angle
distributions are nearly isotropic inside the loss
cone, indicating that strong pith-angle diffusion is

ARTICLE IN PRESS

a b c

d e f

Fig. 2. As in Fig. 1, for the case of pure electron–proton thermal plasma.
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taking place although the trapped flux at larger
pitch-angle is always greater, to some degree, than
precipitated fluxes (see different star colors and
selection criteria definition (3)–(6)). Depending on
the stage of the storm, plasma composition, and
spatial location, the energy range that is involved in
the strong diffusion process is very different. There
are many stronger pitch-angle diffusion cases for
multi-component (Fig. 1) than for single-ion (Fig. 2)
plasmas. The presence of heavy ions in the
magnetosphere leads to more cases with a flattening
transition between the loss cone and trapped
regions, which is also an indication of strong
pitch-angle diffusion taking place in the trapped
region.

Based on the results presented in Figs. 1 and 2,
one can conclude that the highest power EMIC
wave events are found in the dusk sector where the
storm time RC is strongest. However depending on
heavy ion magnetospheric composition, high power
EMIC events can be found even in the day and
night sectors. These results also suggest that low L

shell (3.0oLo5.5) EMIC wave activity during this
geomagnetic storm is strongly influenced by RC ion
dynamics, and is in agreement with the data

presented by Erlandson and Ukhorskiy (2001).
The occurrence of strong pitch-angle diffusion is
strongly correlated with the intensity of EMIC
waves, while the heavy ion composition is extremely
critical in the scattering efficiency of RC ions into
the loss cone. In the case of multi-component
thermal plasma, the mean intensity of EMIC waves
in the main phase of the storm is weaker than for
the case of a single-ion plasma. Nevertheless, in the
presence of heavy ions the transition between the
trapped and loss cone populations is much smooth-
er for most of the cases where strong pitch-angle
diffusion occurs (see color stars at the Figs. 1(a)
and 2(a)).

Fig. 3 shows the pitch-angle distribution func-
tions in the equatorial magnetosphere near the main
phase of the geomagnetic storm for two of the
strongest pitch-angle diffusion cases presented in
Panels 1(a) and 2(a). Panel 3(a) illustrates the event
when inequalities (3) and (6) are satisfied at
UT ¼ 82 h for an energy of 50 keV, L ¼ 5.5, and
MLT ¼ 15 for the case of multi-component core
plasma. Panel 3(b) presents the event when inequal-
ities (3) and (4) are satisfied at UT ¼ 80 h for an
energy of 70 keV, L ¼ 4.5, and MLT ¼ 15 for the

ARTICLE IN PRESS
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Fig. 3. Pitch-angle distribution functions in the equatorial plane near the main phase of the geomagnetic storm. Two of the strongest

pitch-angle diffusion cases are presented. Panel 3(a) represents the event when inequalities (3) and (6) are satisfied at UT ¼ 82 h for an

energy of 50 keV, L ¼ 5.5, and MLT ¼ 15 for the case of multi-component core plasma. Panel 3(b) illustrates the event when inequalities

(3) and (4) are satisfied at UT ¼ 80 h for an energy of 70 keV, L ¼ 4.5, and MLT ¼ 15 for the case of electron–proton thermal plasma. The

green line in both panels corresponds to the result of RC simulation for the multi-component thermal plasma, the blue line is the case of

single-ion thermal plasma, and the red line corresponds to the result when pitch-angle diffusion due to EMIC waves is not included. Only

the transition between trapped and loss-cone zones is shown. The vertical lines in the figure correspond to the exact loss cone boundary

positions for selected locations.
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case of electron–proton thermal plasma simulation.
The green line in Fig. 3 corresponds to the result of
simulation with the multi-component thermal plas-
ma, the blue line is the case of single-ion thermal
plasma, and the red line corresponds to the result
when pitch-angle diffusion due to EMIS waves is
not included. In order to more clearly illustrate
distributions for the strong pitch-angle diffusion
events, only the transition between trapped and loss
cone zones is shown. The vertical lines in both
panels correspond to the exact loss-cone boundary
values for selected locations.

As we pointed out before, depending on the stage
of the storm, plasma composition, and spatial
location, the RC energy range involved in the
strong pitch-angle diffusion process is very differ-
ent. At the selected times and positions presented in
Fig. 3, there is no regularity between the multi-
component and the single-ion plasma cases that
could be used to distinguish the diffusion intensity.
Both have very sharp transitions. Although, based
on the results presented in Figs. 1 and 2, the
transitions between the trapped and loss cone
populations are much smoother for most of the
strong pitch-angle diffusion events found in the RC-
EMIC wave simulation with the heavy thermal ions
included. Depending on the magnetospheric plasma
content, the spatial locations of EMIC wave
excitation can be different, and the results with
and without wave induced pitch-angle diffusion
would be almost identical as it shown in Fig. 3(a).

Only those RC fluxes that exceed 103 cm�2

s�1st�1 keV�1 were selected when applying criteria
(3)–(6) to the analysis presented above. The inequal-
ities (3)–(6) (and their combinations) are extremely
conservative and do not make it possible to see if
less intense pitch-angle diffusion is taking place at
higher energies. By relaxing these criteria, Fig. 4
shows the pitch angle distributions for energies
above 120 keV, missing in previous plots, in
comparison with selected low energy RC proton
distributions. These results are based on simulation
with a multi-component magnetospheric content.
The plot presents the pitch-angle distribution
function in the equatorial magnetosphere near the
main phase of the geomagnetic storm (UT ¼ 82 h)
for L ¼ 5.5 and MLT ¼ 15. The vertical line
corresponds to the exact loss-cone edge for this
event. Five different energies, 15, 30, 125, 170, and
235 keV, presented here are involved in the process
of strong pitch-angle diffusion. The intensity of
pitch-angle diffusion clearly decreases with increas-

ing energy, developing a sharper gradient at the
position near the loss cone boundary. The higher
the energy of the RC protons, the less intense the
interaction between such ions and EMIC waves,
while the escape time for high-energy protons is also
less. Due to these two facts, we observe in Fig. 4,
that the flux transition between the trap zone and
loss cone is steeper for higher-energy protons than
for the main body of the distribution function. In
spite of that, RC ions have a highly isotropic
distribution in the loss cone for all presented
energies. The only observations near the equatorial
plane of proton pitch-angle diffusion related to
EMIC waves are those published by Erlandson and
Ukhorskiy (2001). However, as has been pointed
out by Walt and Voss (2004), ‘‘Erlandson and
Ukhorskiy (2001) did not observe protons above
17 keV, and the angular distributions of the protons
did not reach isotropy as required for strong
diffusion’’. We can only qualitatively compare our
calculation with the data presented by Erlandson
and Ukhorskiy. In order to do this, we select
Example #3 from their paper with the wave activity
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Fig. 4. RC proton pitch-angle distributions for the energies,

which are subject to strong pitch-angle diffusion in the case of

multi-ion magnetospheric content. There are distributions in the

equatorial plane, L ¼ 5.5 and MLT ¼ 15, near the main phase of

geomagnetic storm, UT ¼ 82 h. The vertical line corresponds to

the loss-cone edge. Highly isotropic pith-angle distributions in the

loss cone are observed for all energies.
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and fluxes observed during the recovery phase of a
major magnetic storm (minimum Dst ¼ �110).
Indeed, looking at all cases presented above with
differing cold plasma magnetospheric content (see
Figs. panels 1(a) and 2(a)), only few cases of strong
pitch-angle diffusion could be found in the energy
range less than 17 keV.

5. Summary and discussion

Do EMIC waves cause strong pitch-angle diffu-
sion of RC ions? This question is the primary
motivation of our paper, and from a theoretical
point of view the answer is yes. The material
presented in the Results section show clear evidence
that strong pitch-angle diffusion is taking place in
the inner magnetosphere, indicating the important
role of the wave–particle interaction mechanism in
the distribution of the RC ions and EMIC waves.

The overall distribution and dynamics of strong
pitch-angle diffusion events are critically sensitive to
many factors. The effects of EMIC waves on RC
ion dynamics strongly depend on particle/wave
characteristics such as magnetospheric heavy ion
content, the ion phase space distribution function,
frequency, wave-normal angle, wave energy, and the
form of wave spectral energy density. Therefore all
of these characteristics should be properly deter-
mined by the wave–ion evolution itself. To quantify
EMIC wave effects on RC ion dynamics, a self-
consistent theoretical description of ions and waves
has been employed. This approach has been offered
by Khazanov et al. (2002, 2003a). As shown in the
previous section, there is a need to couple Eqs. (1)
and (2) with a quantitative model that predicts cold,
heavy ions magnetospheric content and their
dynamics during geomagnetic storms.

The energy precipitation pattern and its spatial
location, as well as the intensity of strong pitch-
angle diffusion have noticeable differences (see
Figs. 1 and 2) depending on the presence of heavy
ions in the thermal plasma. There is much stronger
pitch-angle diffusion for multi-component (Fig. 1)
than for single-ion (Fig. 2) plasmas. The presence of
the heavy ions in the magnetosphere also leads to
more cases with a flattened transition between the
loss cone and trapped regions which is an indication
of strong pitch-angle diffusion taking place in the
trapped zone.

We have addressed the issue of RC proton strong
pitch-angle diffusion and associated EMIC wave
generation during different phases of a geomagnetic

storm from the theoretical point of view. Additional
study is needed to compare our results to exiting
strong pitch-angle diffusion data. An example is the
self-consistent model of magnetospheric RC inter-
action with EMIC waves we developed (Khazanov
et al., 2002, 2003a, b, 2004a), based on the Volland-
Stern (Volland, 1973; Stern, 1975) electric field
model, and corresponding to the cold-plasma model
of Rasmussen et al. (1993). In a study by Khazanov
et al. (2004b), several electric field models were used
in conjunction with a RC electron and ion transport
model to examine the differences in the net
acceleration of particles. It was shown that narrow
channels of high electric field are an effective
mechanism for injecting plasma into the inner
magnetosphere. The Volland–Stern model, which
has been used extensively in RC modeling, is shown
by Khazanov et al. (2004b), to be incapable of
producing flow channels in the electric field dis-
tribution. For RC ions, omission of these channels
leads to an under estimate of the strength of the
storm-time RC and therefore an under estimate of
the geoeffectiveness of storm events and the process
of strong pitch-angle diffusion development.
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