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Abstract. We use plasma wave and electron data from thestorms, energetic particles, trapped) — Space plasma physics
Combined Release and Radiation Effects Satellite (CRRES]wave-particle interactions)

to investigate the viability of a local stochastic electron accel-
eration mechanism to relativistic energies driven by gyrores-
onant interactions with whistler mode chorus. In particular,
we examine the temporal evolution of the spectral responséIr
of the electrons and the waves during the 9 October 1990 =~ = .
geomagnetic storm. The observed hardening of the electro a typical” geomagnetic storm, e'Iectrons are accelerated
energy spectra over about 3 days in the recovery phase i uring the recovery phase to energies MV in the outgr
coincident with prolonged substorm activity, as monitored _radlat_lon zone (3< L < 7). . Th_e probl_em_of explain-

by the Ar index and enhanced levels of whistler mode cho-""9 this phenomenon IS attracting Increasing Interest among
rus waves. The observed spectral hardening is observed t@agnetosphenc physicists. The generation of such relativis-

take place over a range of energies appropriate to the resdiC electrons constitutes a potential hazard to satellite instru-

nant energies associated with Doppler-shifted cyclotron resMents (.. Baker, 1996; Baker et al., 1997) and humans in

onance, as supported by the construction of realistic resogi’ice_' ggef' equatonallll feg'of}_ neatr geosytn F:htrr?nous Io<t:_at|on
nance curves and resonant diffusion surfaces. Furthermor@, = 0.611S especially significant since 1t IS the operating

we show that the observed spectral hardening is not consiONe of many orbiting satellites. Understanding the genera-

tent with energy-independent radial diffusion models. Theset'on mechanisms of the relativistic electrons is an important,

results provide strong circumstantial evidence for a locaiChallenging problem,_and pre_dictingtheirappearance has be-
stochastic acceleration mechanism, involving the energisagome,a key element.m the smence'of space' vyegther.

tion of a seed population of electrons with energies of the While the generation of storm-time relativistic electrons
order of a few hundred keV to relativistic energies, driven by has attracted increasing theoretical effort, a definitive theory
wave-particle interactions involving whistler mode chorus. Nas yet to emerge (see, for example, Li and Temerin, 2001).
The results suggest that this mechanism contributes to thadial diffusion (Schulz and Lanzerotti, 1974) has been ex-
reformation of the relativistic outer zone population during amined by various authors as a possible generator of MeV
geomagnetic storms, and is most effective when the recover?leCtronS in the inner magnetosphere. Radial diffusion con-

phase is characterised by prolonged substorm activity. Arcerves the first two adiabatic invariants but breaks the third,
additional significant result of this paper is that we demon-and may result in significant electron energisation when the

strate that the lower energy part of the storm-time eIectron?IeCtrO” phase space density (at constant adiabatic invariants)

distribution is in steady-state balance, in accordance with thdNcréases with radial distance. Global recirculation processes

Kennel and Petschek (1966) theory of limited stably-trappednvolving radial diffusion have been proposed to generate rel-
particle fluxes. ativistic electrons by Baker et al. (1989) and Fujimoto and

Nishida (1990). Beutier and Boscher (1995) have developed
Key words. Magnetospheric physics (storms and sub-an extensive computer code (Salan@hio solve a three-
dimensional phase space diffusion equation for the electron
Correspondence ta\. P. Meredith (npm@mssl.ucl.ac.uk)  radiation belt population. Kim et al. (2000) and Fok et al.

Introduction
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(2001) modelled the inward radial diffusion of plasma sheetwith sustained whistler mode wave activity.
electrons and their injection into the outer zone during adipo- Observations from the Combined Release and Radiation
larisation event. Effects Satellite (CRRES) provide an ideal data base for

Ultra low frequency (ULF) waves have also been exam-studying the role of wave-particle interactions in the genera-
ined as a potential generator of relativistic electrons dur-tion of relativistic electrons during storms. In this paper, we
ing storms. Mathie and Mann (2000) and O’Brien et al. examine electron and wave data associated with an electron
(2001) established a correlation between relativistic electroracceleration event during the 9 October 1990 geomagnetic
events atL. = 6.6 and prolonged ULF wave activity during storm. A prime objective is to demonstrate that the observed
the storm recovery. Liu et al. (1999) proposed an accelerahardening of the electron energy spectra over about 3 days in
tion mechanism involving magnetic pumping by ULF waves, the recovery phase is consistent with energisation by whistler
while Hudson et al. (2000) and Elkington et al. (1999) pro- mode waves. The consistency is established on the basis
posed a mechanism involving drift resonant acceleration byof enhanced whistler mode wave power during the recovery
ULF waves associated with inward radial transport. Drift res-phase, and also on the grounds that the spectral hardening
onant acceleration with ULF waves also conserves the firstakes place over a range of energies appropriate for the reso-
two adiabatic invariants but breaks the third and is one of thenant energies associated with Doppler-shifted cyclotron reso-
drivers for radial diffusion. nance. An additional significant result of this paper is that we

Models which are based purely on radial diffusion have demonstrate that the lower energy paft£ 500 keV) of the
shortcomings. Brautigam and Albert (2000) carried out astorm-time electron distribution is in steady-state balance, in
radial diffusion analysis of the outer zone electrons duringaccordance with the Kennel and Petschek (1966) theory of
the 9 October 1990 geomagnetic storm and showed that thémiting stably-trapped particle fluxes. In the following sec-
higher energy electrons exhibited a decrease in phase spaden we present a brief account of the CRRES spacecraft and
density with increasind., which is inconsistent with an in- associated electron and wave instruments employed in the
ward radial diffusion source. Furthermore, during the recov-present study. The data analysis techniques are briefly dis-
ery phase, the radial profile of the phase space density exhileussed in Sect. 3. In Sect. 4, we present and discuss the main
ited a local maximum nedt = 4, inconsistent with standard results of the paper, and in Sect. 5, we present our conclu-
radial diffusion models and indicative of a local acceleration sions.
source.

There is mounting evidence that an internal in situ mecha-
nism in the inner magnetosphere causes strong enhancemers Instrumentation
in the outer belt MeV electrons during magnetic storms (e.g.
Baker et al., 1996: Blake et al., 1998: Li et al., 1999: CRRES is particularly well suited to studies of wave-particle
Brautigam and Albert, 2000). A possible mechanism for interactions in the radiation belts both because of its orbit
accelerating electrons internally in the inner magnetospher@nd sophisticated suite of wave and particle instruments. The
is that of stochastic acceleration during cyclotron resonanspacecraft was launched on 25 July 1990, and operated in a
interaction of electrons with high frequency plasma waves,highly elliptical geosynchronous transfer orbit with a perigee
which violates the first, and hence, all three of the adia-of 305km, an apogee of 35 768 km and an inclination 6f 18
batic invariants. Horne and Thorne (1998) showed that therd’he orbital period was approximately 10h, and the initial
are five different wave modes that can resonate with elecapogee was at a magnetic local time of 08:00 MLT. The satel-
trons in the energy range from 100 keV to a few MeV in lite swept through the heart of the radiation belts approxi-
different regions of the Earth’s magnetosphere. One of thenately 5 times per day on average, providing good coverage
most important is the whistler mode wave. Stochastic ac-of this important region for almost 15 months.
celeration of electrons by whistler mode waves has been dis- The electron data used in this study were collected by the
cussed by Summers et al. (1998), Roth et al. (1999) and SumMedium Electrons A (MEA) experiment. This instrument,
mers and Ma (2000). Summers et al. (1998) extended thavhich used momentum analysis in a solenoidal field, had 17
non-relativistic theory of wave-particle gyroresonant diffu- energy channels ranging from 153 keV to 1.582 MeV (Vam-
sion to relativistic plasmas, and showed that whistlers couldpola et al., 1992). The full field of view, coupled with the
efficiently accelerate electrons from energiesl00 keVto  angular scan of Gwhich occurred during the 0.512s data
above 1 MeV in the region outside of the plasmapause duraccumulation period, resulted in a total acceptance angle of
ing the storm recovery. Summers and Ma (2000) developed°® — 18°, depending on the channel.
quantitatively the model proposed by Summers et al. (1998) The wave data used in this study were provided by the
and formulated a kinetic (Fokker-Planck) equation for the University of lowa plasma wave experiment. This experi-
electron energy distribution. Steady-state solutions of thement provided measurements of electric fields from 5.6 Hz
equation were constructed using observed electron data @b 400 kHz, using a 100 m tip-to-tip long wire antenna, and
L = 6.6, and the model solutions showed that stochasticmagnetic fields from 5.6 Hz to 10 kHz, using a search coil
acceleration by whistler mode waves is a viable mechanismmagnetometer, with a dynamic range covering a factor of at
for producing relativistic electrons (on a time scale of a few least 18 in amplitude (Anderson et al., 1992). The elec-
days) for storms possessing a long-lasting recovery phasgic field detector was thus able to detect waves from below
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the lower hybrid resonance frequencjj;() to well above  frequency,x = f/f., in the range M2 < x < 1 at an

the upper hybrid resonance frequengy;() for a large frac-  8.192 s time resolution corresponding to the fastest sweep of
tion of each orbit. The sweep frequency receiver covered thehe Sweep Frequency Receiver. Here the electron gyrofre-
frequency range from 100 Hz to 400 kHz in four bands with quency,f.., was determined directly from the fluxgate mag-
32 logarithmically spaced steps per band with the fractionalnetometer instrument on board the spacecraft (Singer et al.,
step separatioryf/f, being about &% across the entire 1992). The resulting spectral intensities were then averaged
frequency range. Band 1 (100 to 810Hz) was sampled ainto bins of sizex = 0.02 as a function of half-orbit (out-
one step per second with a complete cycle time of 32.768 sbound and inbound) and in steps of OLL.

Band 2 (810 Hz to 6.4 kHz) was sampled at two steps per sec- The ratio of the electron plasma frequency to the elec-
ond with a complete cycle time of 16.384s. Band 3 (6.4 totron gyrofrequency is an important parameter in the study
51.7kHz) and band 4 (51.7 to 400 kHz) were each sampleaf gyroresonant wave-particle interactions involving whistler
4 times per second, with complete cycling times of 8.192 s.mode chorus (Summers et al., 1998). This ratio, which de-
The nominal band widths in each of the four bands weretermines the shape of the resonance curves and resonant dif-
7Hz, 56 Hz, 448 Hz, and 3.6 kHz, respectively. fusion curves, requires knowledge of the electron plasma
frequency. This characteristic frequency may be estimated
from the plasma wave spectra. Inside the plasmasphere,
emissions at the upper hybrid frequengy;,-, are usually
well defined and the electron plasma frequenty, is es-
timated from measurements @, using the relationship

2 2 2 i :
The differential number flux/(E, «), as a function of en-  fpe = fuiy — fco- However, the upper hybrid frequency is
ergy, E, and pitch angley, was initially rebinned as a func- N0t SO well defined beyond the plasm_apause. In this region,
tion of energy (17 energy channels), pitch angle (in stepsthe electron plasma frequency is estimated from the lower
of 5°), half-orbit (outbound and inbound) ardin steps of frequency limit of the electromagnetic continuum radiation,
0.1L. These results were then stored together with the time iVhich is taken to be a plasma wave cutoff at the plasma fre-
UT, magnetic latitudex,), magnetic local time (MLT), and ~quéncy (Gumett and Shaw, 1973). The rafig/f.. was

time spent in each bin. The perpendicular flux(E), at a determined for each of the fastest sweeps of the Sweep Fre-
given energy in a gived bin, was defined as being equal to dUency Receiver at an 8.192 s time resolution, and then re-

the average differential number flux in the pitch angle rangePinned as a function of half-orbit (outbound and inbound)
85 < o < 95°. andL in steps of OLL.

3 Data analysis

3.1 Electrons

The differential number flux,J(E, «), was also con-
verted to phase space density in momentum space, ) )
f(pL/mec, py/mec), to investigate the direction of diffu- 4 Results and discussion

sion at a given pointin momentum space, driven by gyroreso- L .
nant interactions with whistler mode waves. This conversionRelat'V'St'C electron enhancements have been correlated with

was achieved using the following relativistic relations: the presence of high speed solar wind streams and southward
IMF during the recovery phase of geomagnetic storms (e.g.
J lles et al., 2002), suggesting that substorm activity may be

f= ? @) important. Meredith et al. (2001) performed a detailed sta-
tistical analysis of the plasma wave data from the CRRES
pL _ i\/mgna ) spacecraft_, gnd showed that outside of the plasmapause the
mec  Ep chorus activity was largely substorm-dependent and all cho-
rus emissions were enhanced when the substorm activity was
- iw/E(E + 2Ep) cosa, (3) enhanced. Meredith et al. (2002) then analysed three case
mec  Eo studies looking for evidence of enhanced substorm activity
whereE is the rest energy of the electron (0.511 MeV). aqd whistler _mode choru_s associa_ted with electron acc_eler—
ation to relativistic energies. The first case study examined
3.2  Whistler mode chorus the strong geomagnetic storm of 9 October 1990. The 3-day

recovery phase of this storm was associated with prolonged
The wave data were initially corrected for the instrumen- substorm activity and gradual electron acceleration to rela-
tal background response, and smoothed using a running 3ivistic energies, coincident with enhanced levels of whistler
minute average to take out the beating effects due to difimode chorus. The second case study examined the strong
ferences in the sampling and the spin rate. Spurious datgeomagnetic storm of 26 August 1990. In contrast to case 1,
points, data spikes and periods of instrumental downtimethe 3-day recovery phase of this storm was associated with
were flagged and ignored in the analysis. Whistler mode cholittle substorm activity, and a net reduction in the flux of rel-
rus is commonly observed in the rang& .. < f < 0.8f.. ativistic electrons, coincident with reduced levels of whistler
(Koons and Roeder, 1990). Therefore, we initially deter-mode chorus. The third case study examined an extended pe-
mined the wave spectral intensity as a function of relativeriod (11-16 September 1990) of prolonged substorm activity
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in the absence of a significant storm signature, and was chafAg > 150 nT) conditions. Superimposed on this plot is the
acterised by gradual acceleration of electrons to relativistidrack of the CRRES spacecraft during orbit 189, which took
energies and enhanced levels of whistler mode chorus. Hornplace in the middle of the recovery phase between 11:21 and
et al. (2002) examined the temporal evolution of the pitch21:14 UT on 11 October 1990 (solid black line). The CR-
angle distributions in the energy rangdd® < £ < 1.58 RES orbit during this storm is thus well placed to examine
MeV during the 9 October 1990 storm, and observed energythe behaviour of the waves and the particles in the outer ra-
dependent flat-top distributions during the recovery phasediation belt, since both the outbound and inbound legs pass
The foregoing results are all consistent with a local stochasthrough regions of enhanced chorus amplitudes. The CRRES
tic acceleration mechanism to relativistic energies, driven byobservations in the region4 L < 6 comprise two measure-
substorm-enhanced whistler mode chorus. ments per orbit at eadh, the outbound orbital measurements
Here we take a further detailed look at the 9 October 1990o0ccurring between 02:00 and 04:00 MLT and the inbound
storm. Specifically, we examine the evolution of the spectralmeasurements occurring between 06:00 and 08:00 MLT. The
responses of the electrons and the waves during the recovegombination of the Earth’s dipole tilt and the inclination of
phase, to see if the observed responses are consistent with #me CRRES orbit restricts the magnetic latitude coverage of
acceleration mechanism involving whistler mode chorus.  the CRRES spacecraft to the rang80° < 1, < 30°. How-
ever, since the region of enhanced high-latitude chorus is not
4.1 Solar wind and geophysical parameters well sampled during this storm (Meredith et al., 2001), we

) ) choose to restrict our analysis further to include only those
The solar wind and geophysical parameters for the 9 Octo-

e ; orbital crossings which lie within approximately °16f the
ber 1990 storm are shown in Fig. 1, together with CRRES,5netic equator. This also has a beneficial effect on the par-
positional information and a plot of the rati€,./f... From

i J _ticle analysis, since it reduces the modulating effect of chang-
top to bottom, the panels show the universal time, magnetiGng magnetic latitude on the local perpendicular flux which
local time, magnetic latitude, the ratify./fe, solar wind  400rs when the particle distribution function is anisotropic
speed and IMFB; data from IMP 8, the colour-codelys 4 which tends to become more apparent at higher latitudes.
index, and finally, the colour-codeki,, index, together with  \na make one exception, and plot the fluxes atfhemini-

a line plot of theA g index. Each orbit is defined to start and mum to show the extent of the associated flux drop out.

stop at perigee so that in the top four panels, one orbit of data

is represented by two vertical stripes, corresponding to thg; 3 Electron spectral response

outbound and inbound legs, respectively. The approximate

position of the plasmapausg,, given by the expression: e hegin by examining the spectral response of the electrons

as a function of time during the geomagnetic storm. Figure 3
shows a plot of the perpendicular electron flux as a func-

whereK* is the maximum value of thé , index in the pre- tion of energy at. = 4,4.5,5 and 6, taken at various times

vious 24 h (Carpenter and Anderson, 1992), is marked on thdhroughout the event. Results are shqwn for both the inbound
upper four traces as a thin white line. The coloured verti-2nd outbound passes, and the profiles are colour-coded to

cal bars denote the times of apogee of the orbits used in thifléntify the times of the crossings. There is an initial reduc-
subsequent analysis. tion in the perpendicular flux associated with the storm sud-

The storm begins with a storm sudden commencement, ad€n commencement on 9 October, as may be seen by com-
evidenced by the increase iy, to 31nT at 14:30UT on paring the spectra from the outbound leg of orbit 185 with the
9 October 1990. The main phase of this storm commenceSPectra from orbit 180. This is not/a, effect, but rather due

at around 00:30 UT on 10 October 1990 and lasts for ap_to loss via scattering at the magnetopause and/or interactions
proximately 8h. During this period the IMF has a strong with enhanced plasma waves. Electron injections associated

southward component and the solar wind speed is approxWith the first few hours of the mai_n phase _then lead to in-
imately 500 km/s. AD,, minimum of —133nT is reached creased fluxes of seed electrons with energies of_ the order of
at 08:30 UT, indicative of a strong geomagnetic storm. TheS€veral hundred keV, as may be seen by comparing the spec-
main phase is then followed by a long recovery phase conftra from the inbound and outbound Iegs. of orbit 1_85. Th_ls
taining several subsidiar,, minima, with the D, index is followed by a flux drop out at all energies associated with

eventually returning to quiet-time values after approximatelytheDst effect and other non-adiabatic loss mechanisms. This

3.25 days. Thet index is elevated during the main phase is evidenced by the sharp fall in fluxes between the inbound
with a peak value of 970 nT just after tiig, minimum. The leg of orbit 185, which takes place during the first few hours
Ar index fluctuates, but remains predominantly enhanced?f the main phase, and the outbound leg of orbit 186, which

L, =5.6— 046K}, (4)

during the entire 3.25-day recovery period. takes place around thB,;; minimum. The fluxes then start
to recover during the inbound leg as thg; index increases.
4.2 CRRES sampling By the end of orbit 186, the flux of seed electrons with en-

ergies of the order of a few hundred keV are enhanced over
Figure 2 shows the spatial dependence of the equatorialpre-storm levels. In sharp contrast, the flux of relativistic
lower-band chorus electric field amplitudes during disturbedelectrons remains depleted when compared to the pre-storm
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Fig. 1. Geophysical indices, solar wind parameters and the rafigf.. for orbits 180 to 204. From top to bottom, the panels show the
universal time, magnetic local time, magnetic latitude, the r#isigy .., solar wind speed and IMB; data from IMP 8, the colour-coded
Dy, index, and the colour-codekd,, index, together with a line plot of thé £ index.

levels, as may be seen by comparing the spectra from the inapproximately OnT. The overall flux increase is of the or-
bound legs of orbits 180 and 186. Further injections of seedder of a factor of 10 for the 1.58 MeV electronslat= 4
electrons with energies of the order of a few hundred keVandL = 4.5. At L = 5 andL = 6, the flux increases at
are also observed during the inbound leg of orbit 189 and thek = 1.58 MeV are of the order of 5 and 3, respectively.
outbound leg of orbit 190. The fluxes at higher energies grad- As lower energy electrons are injected into the outer ra-
ually increase during the recovery phase. This is particularlydiation zone during substorm activity, their flux below a
apparent al. = 4 andL = 4.5, where the flux of electrons few hundred keV remains remarkably stable throughout the
greater than approximately 500 keV gradually increases durstorm recovery phase (orbits 186—204). The phase space den-
ing the recovery phase. The same trend of increasing fluxesity of such electrons is also well below that of the source
at higher energies is also apparentat 5 andL = 6. How-  population in the near-Earth plasma sheet. The spectral char-
ever, the trend here is not so clear, and may be influenced byicteristics of electrons below a few hundred keV are consis-
competing mechanisms, such as losses at the magnetopausent with the concept of stable trapping with a limiting dif-
At relativistic energies, the largest fluxes at edchre seen  ferential spectrund*(E) ~ 1/E, as proposed by Schulz and

at the end of the event when tli&, index has returned to  Davidson (1988), based on the original concept devised by
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Mean Chorus Amplitude (0.1f_ ( f ( 0.5, ) Mullard Space Science Lab.
University College London

12:00
Satellite: CRRES
Instrument: U. of lowa PWE
Loc: total coverage
Latitude: —15° { Ao 15°
Activity: AE ) 150 nT

Sampling Distribution

18.00 —& I 06:00

0.0001 0.0010 0.0100 0.1000 1.0000 m

amplitude (mV,/m) 0.1 1.0 10.0
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Fig. 2. Average equatorial lower-band chorus electric field amplitudes as a functiénaofd MLT during disturbed4Ag > 150nT)
conditions. The solid black line represents the track of CRRES during orbit 189. The solid red line shows the empirical position of the
plasmapause fak ; = 5.

Kennel and Petschek (1966). This suggests that electrons ujpe observed spectral response. We begin by converting the
to a few hundred keV are the source population for excitationfirst adiabatic invariant to energy At= 4.5, using Fig. 3 of

of whistler mode waves which rapidly scatter electrons intoBrautigam and Albert (2000). The normalised phase space
the atmosphere and limits their flux beld(E), regardless  densities,f,, = me/pz, used in the Brautigam and Albert

of the intensity of the substorm injection process. The abso{2000) paper are read directly from their Fig. 7, and then con-
lute levels of the self-limiting flux are comparable to those verted to differential number flux/. The results are plot-
reported by Davidson et al. (1988) ndae= 6, and show the ted in Fig. 4 for the nominal diffusion model (green trace),
expected/* ~ 1/L% scaling at lowelL. the upper and lower bounds of the model (yellow and red

Brautigam and Albert (2000) performed a detailed phasetraqas,_respectively), together with the observed fluxes at the
space density analysis on the 9 October 1990 geomagnet?éeg'nn'ng (black trace) and end_(blue trace) of the_ event._ If
storm, using data from the CRRES spacecraft. They demonWe compare the model curve with the observed differential
strated that the temporal variability of the lower energy elec-Number fluxes at the end of the event, we find that the model
trons, with first adiabatic invarianty (= pi/ZmeB) < gives a good estimate pf the quxe; seen at energies~
314 MeV/G, could be explained purely in terms of varia- 0.8 MeV. However, at higher energies, >~ 0.8 MeV, the
tions at the outer boundary.(= 6.6) and K ,-dependent model underestimates the fluxfat= 4.5. We conclude that
radial diffusion. However, the higher energy electrons with Standard radial diffusion cannot reproduce the high-energy

M >~ 700 MeV/G exhibited a decrease in phase space dentail seen in the data. The radial diffusion coefficients would
sity with increasingL, which is inconsistent with a source need energy-dependence with larger diffusion rates at higher
driven by inward radial diffusion. energies or alternatively greater loss rates at lower energies.

Neither of these effects are included in current radial diffu-

We can use the results of Brautigam and Albert (2000) to . .
sion modelling.

calculate the energy spectrum predicted by their radial dif-
fusion model to investigate whether this is consistent with We now consider whether the energy-dependence in the
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Fig. 3. The perpendicular electron flux as a function of energl at 4, 4.5, 5 and 6, taken at various times throughout the event. Results
are shown for both the inbound and outbound passes, and the profiles are colour-coded to identify the times of the crossings.

high-energy spectrum is consistent with electron resonance}.4 Chorus activity and chorus spectral response
with whistler mode waves as evidence of wave-patrticle inter-

actions playing an important role in the acceleration processIhe average equatoridl4,, |< 15°), lower-band (QLf., <
f < 0.5;) chorus amplitudes measured by CRRES dur-
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Plot of J versus Energy at L = 45 for the increase in flux to values greater than the pre-storm
T level. However, the enhanced convection electric field may
provide a seed population with energies of the order of a few
hundred keV, which are then subsequently accelerated to rel-
ativistic energies (see, for example, Obara et al., 2000). An
equatorially mirroring electron, with an energy of 200 keV,
drifts around the Earth in 64min d = 4 and 43 min at
L = 6, under the influence of gradient drifts (Walt, 1994).
Thus, seed electrons in the outer zone will complete orbits
around the Earth on a time scale of the order of 1 h. The

seed electrons have ample opportunity to interact with the
. enhanced whistler mode chorus waves, since they spend ap-
ol T T proximately 60% of their orbit in regions where the equato-
o 06 R VIV 4 -6 rial lower-band chorus is enhanced and approximately 40%
of their orbit in regions where the high-latitude lower-band

10000

—1

J (cm‘zs“1 st Tkev )

1000

o
s}

0: CRRES: 180 —
1: CRRES: 204
2: Model: 204
3
4

Fig. 4. The electron differential number flux as a function of energy Chorus is enhanc_ed.
for orbits 180 and 204, together with the results of the Brautigam We now examine the temporal response of the spectral
and Albert (2000) radial diffusion model. wave intensities during the recovery phase of the storm. Fig-

ure 5 shows a plot of the intensities as a function of rel-
ative frequencyx = f/fe, atL = 4,455 and 6 for

ing the 3-day recovery phase are 1.1, 1.1 and 0.8 mV/m athe near-equatorial orbits during the recovery phase. Dur-
L = 4,5 and 6, respectively. These enhanced amplitudes arghg extended quiet periods, when thg index is less than
more than an order of magnitude larger than those typicallyl00 nT, the wave spectral intensity typically falls below
observed during quiet periods whedn: < 100nT (Meredith 10713 v2m~2Hz 1. Here the quietest period occurs at the
etal., 2001). Since the rate of diffusion depends on the wavend of the event during orbit 204. The intensities are be-
power, resonant electrons in this region will consequently exdow 1013 v2m~2Hz~1 over a wide range of frequencies
perience an increase in the rate of velocity space diffusiorfor both the outbound and inbound orbits at edch Ma-
by more than two orders of magnitude during the recoveryjor enhancements are seen during the entire recovery phase.
phase. During these periods, the chorus intensities are elevated at

During the recovery period tha g index is greater than all L, and this is due to the enhanced substorm activity. The
150 nT for approximately 85% of the time. The magnitude intensities maximise over a wide range of frequencies, but
and global extent of the whistler mode chorus during this pe-predominantly in the rangeD < x < 0.6.
riod may be estimated using an extension of the results from
our previous statistical survey. Here we adopt a similar ap4.5 Resonance curves and resonant diffusion curves for gy-
proach to that described in Meredith et al. (2001), and deter- roresonant wave-particle interactions
mine the average chorus amplitudes as a function of spatial
location forAz > 150 nT. We regard this distribution as be- The results presented so far have shown that the whistler
ing representative of the extent and magnitude of the chorughode chorus activity is enhanced during the period of spec-
amplitudes during the recovery phase, since gAheindex  tral hardening. However, can these waves resonate with elec-

lies in this range for 85% of the time during this period. The trons in the appropriate energy range and hence, be a viable
results of this analysis are shown in Fig. 2 for the equato-candidate for the acceleration mechanism? To examine this

rial lower-band chorus. The empirical position of the post- question, we calculate the resonance curves and resonant dif-

midnight plasmapause fdt = 5 is shown as a solid red fusion curves for electron cyclotron resonance with whistler

line, confirming that the enhanced chorus amplitudes tend ténode waves travelling parallel and anti-parallel to the mag-

lie outside of the storm-time plasmapause. This figure Sugnetlc field. The resonance condition for electron interaction

gests that, during the recovery period, the equatorial lowerWith whistler mode waves propagating parallel to the mag-

band chorus amplitudes will be enhanced with amplitudeshetic field (see, for example, Summers et al., 1998) may be

typically > 0.5mV/m over a wide range of geospace from Written in the form:

23:00 MLT through dawn to 13:00 MLT, over a range of L- kv 1

shells from 4< L < 7. The high-latitude|(, |> 15) ¥ =5~ = (5)

lower-band chorus will also be enhanced during this period

and, in particular, in the region 06:00-15:00 MLT (see Fig. 4 Here,x is the relative frequency, is the wave number in the

of Meredith et al., 2001). These enhanced chorus amplitudedirection of propagationf.. = eBo/2wm, is the electron

can contribute to the acceleration of relativistic electrons.  gyrofrequencypB is the magnitude of the ambient magnetic
During the storm, the cross-tail electric potential is en- field, m, is the electron rest masg,= 1//(1 — v2/c?) and

hanced and may reach a few hundred keV, but it is not sufv? = v2 + vﬁ, wherev, andv; are the electron velocity

ficient to accelerate electrons to MeV energies or to accountomponents perpendicular and parallel to the field, respec-
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Fig. 5. The wave spectral intensities as a function of relative frequeney,f/f.., atL = 4, 4.5, 5 and 6 during the recovery phase.

tively. Equation (5) describes the curves in velocity (or mo- propriate broad frequency range. During gyroresonant inter-
mentum) space for which electrons are in resonance with actions with whistler mode chorus waves, the electrons dif-
wave of a given frequency. Summers et al. (1998) derivedfuse from regions of high phase space density to regions of
the solution in parametric form for the resonant diffusion low phase space density along the resonant diffusion curves.
curves for electron cyclotron resonance with field-aligned|f this is in the direction of decreasing energy, then the elec-
whistler mode waves, using a fully relativistic treatment. trons will lose energy and the waves will gain energy, which
These curves represent the trajectories along which electrorlsads to wave growth. Conversely, if this is in the direction
will move when subject to whistler mode waves over an ap-of increasing energy, then the electrons will gain energy at
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Fig. 6. The electron phase space density as a function of normalised momentum, parallel and perpendicular to the magnetic field. The
90° pitch angle is marked by the white dotted line, and the edge of the loss cone, by the yellow dotted line. Contours of constant energy
are plotted as dashed lines and labelled on the left-hand side. Examples of the resonance curves foy jhe-=c&gg, are plotted, and
colour-coded for three distinct frequencies in the randef x < 0.6, and examples of the resonant diffusion curves are plotted as solid
white lines.

the expense of the waves. The electron phase space density is plotted as a function
We assume that whistler mode chorus waves are enhancasf normalised momentum, parallel and perpendicular to the
over a broad range of frequencies in the randefx < 0.6. magnetic field. The 90pitch angle is marked by the white
A critical parameter in determining the resonance curvesdotted line, and the edge of the loss cone, which, assuming
and the resonant diffusion curves is the ratio of the elec-a dipole field, is 5.3 wide atL = 4, is marked as the yel-
tron plasma frequency to the electron gyrofrequency. Thisiow dotted line. Contours of constant energy are plotted as
parameter is plotted as a function of half-orbit ahdin dashed lines. Examples of the resonance curves given by
steps of OLL in the central panel of Fig. 1. Outside of Egq. (5) for the cas¢,. = 5f,. are plotted and colour-coded
the plasmapause during the recovery phase of this stornfor three distinct frequencies in the rangé & x < 0.6, and
the ratio f,./f.. is variable but typically lies in the range examples of the resonant diffusion curves (using the results
2 < fpe/fee < 5 near the equator. At higher latitudes, of Summers et al., 1998) for this case are plotted as solid
frelfece may fall to values close to unity. Also, estimates white lines. Waves in the frequency rangé & x < 0.6 are
of f,. from the lower frequency cutoff may give an overesti- resonant with electrons over a limited region of momentum
mate, as density irregularities may scatter and reflect continspace, principally in the regiop /m.c| <~ 0.5. Moreover,
uum radiation thereby preventing the lower frequency com-the resonant diffusion curves are roughly circular, which im-
ponent from reaching the spacecraft. Therefore, we selegplies limited energy diffusion and ineffective local electron
frelfee =1 and 5 as being representative of the range ofacceleration in these circumstances.
values outside of the plasmapause during the storm recovery
phase. In regions wheref,, =~ f., energy diffusion may be
A representative plot of the electron phase space densitynore effective (Summers et al., 1998). The resonant diffu-
at L = 4 during the storm recovery phase is shown in Fig. 6.sion curves for this case (Fig. 7) are more anisotropic and
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Fig. 7. The electron phase space density as a function of normalised momentum in the same format as Fig. 6. The resonance curves and th
resonant diffusion curves for the cagg. = f.. are superposed. The resonant diffusion curves for this case are more anistropic and indicate

a greater potential for energy diffusion. Furthermore, the waves in the frequency rdngex0O< 0.6 are able to resonate with electrons

over a much larger region of momentum space.

have a greater potential for energy diffusion. Moreover, thewaves interact with higher energy electrons. For example,
waves in the frequency rangel0< x < 0.6 are able to at pitch angles of 45and 90, these waves resonate with
resonate with electrons over a much larger region of momenkp/m.c | = 1.1 (E = 250 keV) electrons andp/m.c | = 3.2

tum space. Close to the loss cone, waves in this frequencyE = 1.2 MeV) electrons, respectively. For electrons with
range are able to resonate with electrons in the energy ranggitch angles in the approximate range 45 o« < 132, the
20keV < E < 700keV. On the other hand, close to the 90 gradient in particle phase space density will result in resonant
pitch angle, these waves are able to resonate with electrongiffusion (along the solid white curves) towards thé §fich

with energies in the energy range 340keVE < 4.6 MeV. angle and higher energy. Such electrons will consequently
Thus, close to the 90pitch angle we anticipate a minimum be energised by gyroresonant interactions with the enhanced
energy threshold for perpendicular energisation (given by thechorus waves, and their energisation will contribute towards
intersection point of the two red lines) by gyroresonant wave-wave damping. It is important to realise that even though
particle interactions with a given band of whistler mode cho- electron acceleration is occurring for the high energy popu-
rus. lation at larger pitch angles, waves can still experience net

o wave growth due to the much larger flux of lower energy res-
Resonant electrons close to the loss cone will diffuse alongyyant electrons near the loss cone.

the resonant diffusion curves in the direction of decreasing

phase space density, which, in this region, is towards the We have considered two extreme cases for the ratio
loss cone and in the direction of decreasing energy. Thesg,./f... However, in the course of the drift of a particle
electrons will lose energy and contribute to wave growth.around the Earth, different regions of geospace will be en-
For example, whistler mode waves with= 0.3 interact  countered, and the particle may experience a wide range of
with | p/m.c|=0.84 (E = 160keV) electrons near the loss conditions. The shape of the resonance curves and resonant
cone. Moving away from the loss cone, the same frequencyliffusion curves depends on the raifg./ f... Energy diffu-
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sion will be most effective in regions of lower density and, 4. The observed spectral hardening is not consistent with
in particular, in regions wherg,./f.. ~ 1. In these regions, energy-independent radial diffusion models.

the observed chorus waves can resonate with electrons over a

wide range of energies, including the important energy range 5. The results in this paper provide strong circumstantial
from 100keV to several MeV. These waves can drive elec- evidence for the local stochastic acceleration of elec-
trons to higher energies along the resonant diffusion curves,  trons to relativistic energies, driven by wave-particle in-
and hence, energise the electrons. Summers et al. (1998) pro- teractions involving whistler mode chorus.

posed a model for the gradual acceleration of electrons to rel-

ativistic energies during the recovery phase of geomagnetic 6. An additional significant result of this paper is that we
storms, which involved a combination of energy diffusion by demonstrate that the lower energy part of the storm-time
enhanced whistler mode waves outside of the plasmasphere electron distribution is in steady-state balance, in accor-
and pitch angle scattering by enhanced EMIC waves nearthe  dance with the Kennel and Petschek (1966) theory of
dusk-side plasmapause. In higher density regions, the res-  |imiting stably-trapped particle fluxes.

onant diffusion curves become more isotropic, and hence,

gyroresonant interactions with enhanced whistler mode choacxnowledgementswe thank A. Vampola for providing the CR-
rus in t_hes.e regions may also contribute to th? pitch an_Q'Q?ES MEA data used in this study and for his assistance in their
scattering invoked in this model. We also anticipate a min-analysis and interpretation. We also thank the World Data Centre
imum perpendicular energy for energisation that will be de-C1 for STP at the Rutherford Appleton Laboratory and the NSSDC
pendent on the upper frequency limit of the enhanced choru®mniweb for providing the geomagnetic indices and solar wind pa-
emissions encountered by the electrons as they drift arounthmeters used in this paper. D. S. acknowledges support from the
the Earth. This is seen in particle observations that whichNatural Sciences and Engineering Research Council of Canada un-
show an energy-dependent response. Our results are cofler grant A-0621. Additional support is acknowledged from NSF
sistent with the theory of electron stochastic acceleration tg?@nt ATM 97 29021 and NASA grant NAGS 4680.
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teractions with whistler mode chorus waves, and suggest that
these waves can provide an internal source of energetic elec-
trons during the recovery phase of this geomagnetic storm
that radial diffusion cannot. References
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