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[1] Relativistic (>1 MeV) ‘killer electrons’ are frequently
generated in the Earth’s inner magnetosphere during the
recovery phase of a typical magnetic storm. We test the
hypothesis that the energization of electrons takes place by
means of stochastic gyroresonant interaction between
lower-energy (several 100 keV) seed electrons and
whistler-mode chorus waves. We develop a model kinetic
equation for the electron energy distribution, and utilize
both electron and whistler-mode wave data at L = 4 for a
typical geomagnetic storm (on October 9, 1990) from
instruments carried on the Combined Release and
Radiation Effects Satellite (CRRES). Our model solutions
are found to match well with the CRRES profiles of the
electron flux. We conclude that the mechanism of
stochastic acceleration by whistler-mode turbulence is a
viable candidate for generating killer electrons, not only for
the storm considered, but for similar storms with a several-
day recovery phase containing prolonged substorm
activity. INDEX TERMS: 2720 Magnetospheric Physics:

Energetic particles, trapped; 2730 Magnetospheric Physics:

Magnetosphere—inner; 2772 Magnetospheric Physics: Plasma

waves and instabilities; 2788 Magnetospheric Physics: Storms and

substorms. Citation: Summers, D., C. Ma, N. P. Meredith, R. B.

Horne, R. M. Thorne, D. Heynderickx, and R. R. Anderson,

Model of the energization of outer-zone electrons by whistler-

mode chorus during the October 9, 1990 geomagnetic storm,

Geophys. Res. Lett. , 29 (24), 2174, doi:10.1029/2002GL016039,
2002.

1. Introduction

[2] Highly energetic relativistic (>1 MeV) electrons are
often generated in the outer radiation zone (3 < L < 7) of the
Earth’s magnetosphere one or two days after the initiation of
a magnetic storm (L = R/RE, with R the radial distance in the
equatorial plane, and RE the Earth’s radius), e.g., Baker et
al. [1997], Li et al. [1997], and Reeves et al. [1998]. These

relativistic electrons have been colloquially called ‘killer
electrons’ because they present a serious potential hazard to
orbiting spacecraft, space stations, and humans in space,
e.g., Horne [2002a]. During the main phase of a typical
storm, when there are large negative values of the inter-
planetary magnetic field and large sudden increases in solar
wind density and pressure, the relativistic electron flux in
the outer zone (3 � L � 7) can decrease by two or three
orders of magnitude over a few hours. Then, during the
recovery phase, fluxes can increase to values in excess of
pre-storm levels by a factor of 10 to 103, the peak being
reached several days after the initiation of the storm.
[3] There is no widely accepted explanation, as yet, for

the stormtime generation of the relativistic electrons. Nec-
essary ingredients for the stormtime generation of relativ-
istic (>0.5 MeV) outer-zone electrons appear to be (a) a
sufficiently strong southward component of the interplan-
etary magnetic field, (b) a sufficiently high (>500 km s�1)
solar wind speed, and (c) an abundant supply of substorm-
produced seed electrons of energies �100–300 keV which
are subsequently accelerated during the storm recovery
phase. Although various physical mechanisms have been
proposed for generating relativistic electrons during storms
(e.g., Friedel et al. [2002]), either the mechanisms have
deficiencies, or remain to be well tested against observa-
tions. Wave-particle interactions play a fundamental role in
electron acceleration and loss processes during magnetic
storms, e.g., Horne [2002b]. In the present study, we test a
specific mechanism, that of gyroresonant acceleration by
whistler-mode chorus waves, as a generator of relativistic
electrons, and we utilize both electron flux and whistler-
mode wave data for a particular storm. While this acceler-
ation mechanism has been discussed in other studies
[Temerin et al., 1994; Summers et al., 1998, 2001; Horne
and Thorne, 1998; Ma and Summers, 1998; Roth et al.,
1999; Summers and Ma, 2000], it has not been evaluated
hitherto by using simultaneous stormtime observations of
electrons and waves. We formulate a model kinetic equation
for the electron energy distribution, and utilize data from the
Combined Release and Radiation Effects Satellite (CRRES).
Electron data used in the present study were collected by the
Medium Electrons A (MEA) experiment [Vampola et al.,
1992] and the wave data by the University of Iowa plasma
wave experiment [Anderson et al., 1992].

2. Observations

[4] Meredith et al. [2002a] analyzed wave and particle
data from CRRES for three event studies, and provided
evidence for an association between enhanced whistler-
mode chorus activity and the acceleration of electrons to
relativistic energies. One of these events, the October 9,
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1990 storm, is selected here for a quantitative analysis of
electron stochastic acceleration. This is a good example of a
strong storm with associated prolonged substorm activity
during the main and recovery phases. Figure 1 shows the
time variation of Dst for the selected storm, with a minimum
Dst of �133 nT occurring at 08.30 UT on October 10, 1990.
The main phase starts at 00.30 UT on October 10, and lasts
for approximately 8 hours. A relatively long recovery phase
of approximately 3.25 days then follows, with the Dst index
eventually returning to quiet pre-storm values at 14.30 UT
on October 13. During the recovery phase, data were
selected from the outbound and inbound spacecraft orbits
187, 189, 190, and 192, each at the location L = 4.0. Also
shown in Figure 1 are time profiles of the magnetic activity
index Kp (color-coded) and the auroral activity AE index (as
a line plot). The periods of elevated values of Kp (>5) and
AE (>300) show that the storm is accompanied by signifi-
cant substorm activity. Whistler-mode chorus waves are
enhanced near the equatorial (jlmj < 15�) region in a broad
frequency band (0.1–0.5 fce), fce being the electron gyrofre-
quency (Figure 1, top). Enhanced chorus activity has been
shown to be generally associated with enhanced substorm
activity [Meredith et al., 2001]. At the specific location L =
4, there are 8 point-measurements for the waves and
electrons during the storm recovery period, corresponding
to the outbound and inbound passes of orbits 187, 189, 190,
and 192. The value L = 4 was chosen because physical
processes not specifically included in this investigation, in
particular that of radial diffusion, are expected to be insig-
nificant in the electron acceleration process at this location
[Brautigam and Albert, 2000; Meredith et al., 2002b]. Our
choice of orbits is such that the observations at L = 4 all lie
within ±15� of the equator. This reduces modulation in the
flux caused by changing magnetic latitude, and also means
that we use equatorial lower-band chorus data.
[5] In Figure 1, color-coded spectral wave intensities are

plotted in nT2 Hz�1 as a function of relative frequency
( f/fce), at L = 4. By comparing the pre-storm intensity profile
(for orbit 182) with the recovery phase profiles, it is evident
that major enhancements in intensity occur throughout the
recovery phase as a result of elevated substorm activity. The
average wave amplitude, corresponding to an average inten-
sity profile calculated from the 8 outbound and inbound
profiles for orbits 187, 189, 190 and 192, is 24.7 pT over the
frequency range 0.1 < f/fce < 0.5, compared to a quiet-time
typical amplitude of less than 1 pT.
[6] The corresponding temporal response of the electron

perpendicular flux at L = 4 is shown in Figure 2. Plots of the
flux (cm�2 s�1 sr�1 keV�1) as a function of E, the electron
kinetic energy in units of rest energy, are given for the
outbound passes of the orbits 187, 189, 190, and 192 occur-
ring during the primary recovery phase, as well as for the
orbits 194 and 204. Outbound orbit 186 at L = 4 marks the
time of Dst minimum, and occurs prior to the injection of
lower energy (hundreds of keV) seed electrons. Orbit 194
marks the end of the primary recovery phase of the storm at
whichDst� 0, and the period between orbits 194 and 204 can
be regarded as an extended recovery phase, with the entire
relativistic electron event terminating at orbit 204. During the
main phase of the storm, which takes place prior to the
outbound leg of orbit 186, there is a sharp electron flux
drop-out at all energies [Meredith et al., 2002a]. The fluxes

then start to recover as the Dst index increases, and by the
outbound orbit 187 the flux of seed electrons with energies
less than 500 keV is enhanced over pre-storm levels. Rela-
tivistic (>500 keV) electron fluxes, however, during out-
bound orbit 187 remain depleted in comparison to pre-storm
levels. Throughout the recovery phase, the fluxes of lower
energy (<500 keV) electrons remain remarkably constant. In
fact, the point j = js = 8 � 103 cm�2 sec�1 sr�1 keV�1, E =
Es = 0.9 (Ekin = 460 keV) is essentially a fixed anchor point
in the data. The anchor point is due to self-limiting electron
trapping for E < Es, as described by Meredith et al. [2002b].
The fluxes of higher energy (>500 keV) electrons increase
gradually during the recovery phase, simultaneous with the
enhancements in chorus wave intensities shown in Figure 1.
For 1.5 MeV electrons, fluxes increase from values below
pre-storm levels near the beginning of the recovery phase
(outbound orbit 187) to more than 10 times pre-storm values
by the end of the event (outbound orbit 204). Evidence for
resonant wave scattering in the electron pitch-angle distri-
butions has been found by Horne et al. [2002] for this event.

3. Model

[7] We further extend the Summers and Ma [2000] model
of energy diffusion of relativistic electrons resulting from
gyroresonant interaction with whistler-mode waves in the
magnetosphere. We use quasi-linear diffusion theory to
formulate a kinetic (Fokker-Planck) equation describing
the evolution in time t of the electron energy distribution
�(E, t), where E = Ekin/(mec

2) = g � 1 is the particle kinetic
energy in units of rest energy, g = (1 � v2/c2)�1/2 is the
Lorentz factor, v is the particle speed, me is the electron rest
mass, and c the speed of light. The kinetic equation is

@

@t
� E; tð Þð Þ ¼ @2

@E2
D Eð Þ� E; tð Þ½ � � @

@E
A Eð Þ � _eð Þ� E; tð Þ½ �

� � E; tð Þ
Tloss

; ð1Þ

where D(E ) is the energy diffusion coefficient due to
gyroresonant interaction of the electrons with the small-
amplitude whistler-mode turbulence; A(E ) is the systematic
acceleration rate; _e is the energy loss rate due to Coulomb
collisions and synchrotron radiation [Summers and Ma,
2000]; and Tloss is the mean effective loss-time of electrons
due to pitch-angle scattering by plasma waves and other
processes. In deriving the kinetic equation, we have assumed
that the electron distribution function is isotropic, and we
have performed averaging with respect to pitch angle.
[8] The basic input parameters, derived from data, to be

inserted into the kinetic equation are the values of the local
magnetic field B0, the local electron number density n0, and
the wave spectral intensity ~W (nT2 Hz�1) defined over a
specified frequency range f1 < f < f2. Using these input
quantities, we can then calculate the electron gyrofrequency
fce, the electron plasma frequency fpe, the cold-plasma
parameter a = ( fce/fpe)

2, and the relative wave power R =
WTOT/W0, where the total wave intensity is WTOT =R
y1

y2 ~Wfcedy, with y1 = f1/fce, y2 = f2/fce, and W0 = B0
2/8p is

the background magnetic field energy. In calculating the
cyclotron-resonant energy diffusion coefficient D and the
systematic acceleration rate A, we have utilized classical
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quasi-linear theory, and a reduced form of the Doppler
resonance condition, thereby avoiding the need for multi-
ple-resonance calculations. Further, we use the whistler
dispersion relation for waves propagating parallel to the
background magnetic field in a cold plasma. The formulae
for D and A comprise integrals over wave frequency
involving the wave intensity ~W, and are given as follows:

D Eð Þ ¼ D1

Z y2

y1

X ~Wfcedy; A Eð Þ ¼ A1

Z y2

y1

Z ~Wfcedy; ð2Þ

where

X ¼ 1� a
E E þ 2ð Þ

1� y

y

� �� �
Z; Z ¼ y1=2 1� yð Þ3=2;

D1 ¼
p
2
fceRa3=2 E E þ 2ð Þ½ �1=2 E þ 1ð Þ�1

W�1
TOT ;

A1 ¼ pfceRa3=2 E E þ 2ð Þ½ ��1=2
W�1

TOT : ð3Þ

Results (2) are valid for energy E > [1 + a(1� y1)/y1]
1/2� 1.

[9] The kinetic equation is solved in the region E 
 Es,
where the point � = �(Es, t) = �s, E = Es is fixed for all
time t 
 0, and �s corresponds to the measured electron flux
js. By choosing (�s, Es) as a fixed inner point in the model,
we implicitly regard the lower-energy (E < Es) electron
population as a steady-state source. The storm recovery
phase is regarded as beginning with outbound orbit 187,
which is taken to correspond to the initial time t = 0 in the
solution of the kinetic equation. The particle distribution
�(E, 0) at t = 0 is assumed to be equal to the measured
particle flux profile (for E > Es) for outbound orbit 187. The
input wave intensity ~W during the recovery phase is
calculated from a simple average of the 8 data profiles of
the wave intensities corresponding to the outbound and
inbound orbits 187, 189, 190 and 192. Likewise, input
values of the local magnetic field B0 and local electron
number density n0 over the recovery phase are taken to be
averages of the measured values at these 8 orbits. The
kinetic equation is solved numerically by the Crank-Nich-
olson implicit differencing method. Model solutions for the
particle flux j (converted from the solutions for �) are
shown in Figure 2 corresponding to the parameter values
B0 = 442 nT, n0 = 16.6 cm�3, fce = 12.4 kHz, fpe = 36.6 kHz,
a = 0.115, y1 = 0.05, y2 = 0.23, R = 3 � 10�9, and Tloss =
1.5 day. Experimental data to determine Tloss for this storm
were unavailable. The value adopted here for Tloss repre-
sents a best available estimate, corresponding to 10�3 times
the rate of strong diffusion pitch-angle scattering for high
energy electrons [Summers and Thorne, 2002]. The model
flux profiles are shown as dashed curves, and correspond to
the times t = 0, 16 hr, 1, 2, 3, 4, 10 day. The measured flux

Figure 2. Color-coded perpendicular electron fluxes
measured on CRRES, at L = 4, as a function of electron
kinetic energy E, corresponding to the color-coded out-
bound orbits 187, 189, 190 and 192 referred to in Figure 1.
The model solutions at the indicated times are shown as
dashed lines. Additional measured electron flux profiles are
given for outbound orbits 194 and 204.

Figure 1. The upper panel shows the spectral intensities of
whistler-mode chorus waves measured on CRRES, at L = 4,
as a function of relative frequency y = f/fce, for the color-
coded outbound orbits 182, 187, 189, 190, and 192. The
lower panel shows the variation of the Dst index, the color-
coded Kp index, and a line plot of the AE index. The vertical
stripes mark the color-coded orbits.
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profiles shown in Figure 2 for the outbound orbits 187
(black), 189 (blue), 190 (green), 192 (red), 194 (orange),
and 204 (brown) correspond to the respective times t = 0,
19.6 hr, 29.5 hr, 49.3 hr, 69 hr, and 7 day. It is evident from
Figure 2 that the bulk of the particle acceleration takes place
during the (�3 day) storm recovery phase between orbits
187 to 194, and that the formation of the high-energy tail of
the particle flux distribution is reasonably well represented
by the model solutions over this period. Our investigation
therefore supports the hypothesis that gyroresonant inter-
action between seed electrons and whistler-mode chorus
waves is a primary generator of the killer electrons observed
at L = 4 during the October 9, 1990 magnetic storm.

4. Summary

[10] The purpose of this study has been to examine
quantitatively the effectiveness of chorus-driven stochastic
acceleration as a mechanism for producing stormtime rela-
tivistic electrons during the October 9, 1990 magnetic storm.
We have formulated a model kinetic equation for the electron
energy distribution, and have utilized both electron and
chorus wave data from CRRES. The model solutions suc-
cessfully reproduce the observed spectral hardening, thereby
providing support for gyroresonance of electrons with whis-
tler-mode chorus as the predominant local acceleration
mechanism. Our study is one of the first to make use of
simultaneous electron and wave data for a given storm in
order to evaluate a proposed mechanism for generating killer
electrons. While the present investigation involves the par-
ticular October 9, 1990 storm, our results should be of more
general application. Specifically, we expect the mechanism
of stochastic acceleration by whistler-mode turbulence to be
a strong candidate for generating relativistic ‘killer’ electrons
in the region 3 � L � 5 during similar ‘typical’ magnetic
storms, namely those with long-lasting (several day) recov-
ery phases containing prolonged substorm activity.

[11] Acknowledgments. This work is supported by the Natural
Sciences and Engineering Research Council of Canada under Grant A-
0621. Additional support is acknowledged from NSF Grant ATM 0101159
and NASA Grant NAG5 11922.

References
Anderson, R. R., D. A. Gurnett, and D. L. Odem, CRRES plasma wave
experiments, J. Spacecr. Rockets, 29, 570, 1992.

Baker, D. N., X. Li, N. Turner, J. H. Allen, and L. F. Bargatze, et al.,
Recurrent geomagnetic storms and relativistic electron enhancements in
the outer magnetosphere: ISTP coordinated measurements, J. Geophys.
Res., 102, 14,141, 1997.

Brautigam, D. H., and J. M. Albert, Radial diffusion analysis of outer
radiation belt electrons during the October 9, 1990, magnetic storm,
J. Geophys. Res., 105, 291, 2000.

Friedel, R. H. W., G. D. Reeves, and T. Obara, Relativistic electron dy-
namics in the inner magnetosphere—a review, J. Atmo. Solar Terr. Phys.,
64, 265, 2002.

Horne, R. B., Rationale and requirements for a European space weather
programme, Proceedings of ESA Workshop, in press, 2002a.

Horne, R. B., The contribution of wave-particle interactions to electron loss
and acceleration in the Earth’s radiation belts during geomagnetic storms,
URSI Review of Radio Science 1999–2002, 801, 2002b.

Horne, R. B., and R. M. Thorne, Potential wave modes for electron scatter-
ing and stochastic acceleration to relativistic energies during magnetic
storms, Geophys. Res. Lett., 25, 3011, 1998.

Horne, R. B., N. P. Meredith, R. M. Thorne, D. Heynderickx, R. H. A. Iles,
and R. R. Anderson, Evolution of energetic electron pitch angle distribu-
tions during stormtime electron acceleration to MeV energies, J. Geo-
phys. Res., in press, 2002.

Li, X., D. N. Blake, M. A. Temerin, T. E. Cayton, G. D. Reeves, R. A.
Christensen, J. B. Blake, M. D. Looper, R. Nakamura, and S. G. Kanekal,
Multi-satellite observations of the outer zone electron variation during the
November 3–4, 1993, magnetic storm, J. Geophys. Res., 102, 14,123,
1997.

Ma, C., and D. Summers, Formation of power-law energy spectra in space
plasmas by stochastic acceleration due to whistler-mode waves, Geophys.
Res. Lett., 25, 4099, 1998.

Meredith, N. P., R. B. Horne, and R. R. Anderson, Substorm dependence of
chorus amplitudes: Implications for the acceleration of electrons to rela-
tivistic energies, J. Geophys. Res., 106, 13,165, 2001.

Meredith, N. P., R. B. Horne, R. H. A. Iles, R. M. Thorne, D. Heynderickx,
and R. R. Anderson, Outer zone relativistic electron acceleration asso-
ciated with substorm-enhanced whistler-mode chorus, J. Geophys. Res.,
107, 10.1029/2001JA900146, 2002a.

Meredith, N. P., R. B. Horne, D. Summers, R. M. Thorne, R. H. A. Iles,
D. Heynderickx, and R. R. Anderson, Evidence for acceleration of outer
zone electrons to relativistic energies by whistler mode chorus, Ann.
Geophys., 20, 967, 2002b.

Reeves, G. D., R. H. W. Friedel, R. D. Belian, M. M. Meiet, M. G.
Henderson, T. Onsager, H. J. Singer, D. N. Baker, X. Li, and J. B. Blake,
The relativistic electron response at geosynchronous orbit during the
January 1997 magnetic storm, J. Geophys. Res., 103, 17,559, 1998.

Roth, I., M. A. Temerin, and M. K. Hudson, Resonant enhancement of
relativistic electron fluxes during geomagnetically active periods, Ann.
Geophys., 17, 631, 1999.

Summers, D., and C. Ma, A model for generating relativistic electrons in
the Earth’s inner magnetosphere based on gyroresonant wave-particle
interactions, J. Geophys. Res., 105, 2625, 2000.

Summers, D., and R. M. Thorne, Relativistic electron pitch-angle scattering
by electromagnetic ion cyclotron waves during geomagnetic storms,
J. Geophys. Res., in press, 2002.

Summers, D., R. M. Thorne, and F. Xiao, Relativistic theory of wave-
particle resonant diffusion with application to electron acceleration in
the magnetosphere, J. Geophys. Res., 103, 20,487, 1998.

Summers, D., R. M. Thorne, and F. Xiao, Gyroresonant acceleration of
electrons in the magnetosphere by superluminous electromagnetic waves,
J. Geophys. Res., 106, 10,853, 2001.

Temerin, M. A., I. Roth, M. K. Hudson, and J. R. Wygant, New paradigm
for the transport and energization of radiation belt particles, Eos Trans.
AGU, 75, 538, 1994.

Vampola, A. L., J. V. Osborn, and B. M. Johnson, CRRES magnetic elec-
tron spectrometer, J. Spacecr. Rockets, 29, 592, 1992.

�����������������������
D. Summers, Department of Mathematics and Statistics, Memorial

University of Newfoundland, St. John’s, Newfoundland, Canada.
(dsummers@math.mun.ca)
C. Ma, Department of Computer Science, University of Calgary, Calgary,

Alberta, Canada.
N. P. Meredith, Mullard Space Science Laboratory, University College

London, Holmbury St. Mary, Dorking, Surrey, UK.
R. B. Horne, British Antarctic Survey, Natural Environment Research

Council, Cambridge, UK.
R. M. Thorne, Department of Atmospheric Sciences, University of

California, Los Angeles, California, USA.
D. Heynderickx, Belgian Institute for Space Aeronomy, Brussels,

Belgium.
R. R. Anderson, Department of Physics and Astronomy, University of

Iowa, Iowa City, Iowa, USA.

27 - 4 SUMMERS ET AL.: MODEL OF ENERGIZATION OF OUTER-ZONE ELECTRONS

 19448007, 2002, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2002G

L
016039 by B

ritish A
ntarctic Survey, W

iley O
nline L

ibrary on [29/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


