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Abstract. Electron microburst energy spectra in the rangemeasure only X-ray flux produced by collisions between neu-
of 170keV to 360keV have been measured using twotral atmospheric particles and precipitating electrons.
sohd—stat.e. detectors onboard the_ low-altitude (680 km)’Keywords. Magnetospheric physics (Energetic particles,
polar-orbiting Korean STSAT-1 (Science and TeChn°|°gyprecipitating)

SATellite-1). Applying a unique capability of the spacecraft
attitude control system, microburst energy spectra have been
accurately resolved into two components: perpendicular to

and parallel to the geomagnetic field direction. The formerl Introduction

measures trapped electrons and the latter those electrons with

pitch angles in the loss cone and precipitating into atmo-Microbursts represent electron precipitation having durations
sphere. It is found that the perpendicular component energf less than~1s atL = 4-8 (Parks et al., 1965; Parks, 1978;
spectra are harder than the parallel component and the lo€3'Brien et al., 2003). Microburst precipitation has been ob-
cone is not completely filled by the electrons in the energyServed since the early sixties by balloon-borne X-ray exper-
range of 170keV to 360 keV. These results have been modiments in the energy range 6f20-100keV (Anderson and
eled assuming a wave-particle cyclotron resonance mechd\lilton, 1964). Microbursts can be characterized by exponen-
nism, where higher energy electrons travelling within a mag-tial energy spectra with e-folding energiés ~ 5-20 keV
netic flux tube interact with whistler mode waves at higher (Anderson et al., 1966, Lampton, 1967; Rosenberg et al.,
latitudes (lower altitudes). Our results suggest that becausé990; Reinard et al., 1997; Datta et al., 1997). To distinguish
higher energy (relativistic) microbursts do not fill the loss them fr_om the relativistic microbursts, we call these low en-
cone completely, only a small portion of electrons is able €rgy microbursts.

to reach low altitude-¢100 km) atmosphere. Thus assuming Cyclotron resonance between electrons and chorus has
that low energy microbursts and relativistic microbursts areb€en suggested as a possible mechanism for low energy
created by cyclotron resonance with chorus elements (but diicrobursts (Rosenberg et al., 1990; Skoug et al., 1996,
different locations), the low energy portion of the microburst Tsurutani et al., 2009; Lakhina et al., 2010). Chorus is a
spectrum will dominate at low altitudes. This explains why Pursty whistler mode wave with elements ©0.1-1s and
relativistic microbursts have not been observed by balloonhas Similar time scales as electron microbursts (Tsurutani

experiments, which typically float at altitudese80kmand ~ @nd Smith, 1974). Moreover, the coincident occurrences be-
tween microburst and VLF chorus waves have given sup-

port to the idea that low energy microbursts are produced by
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wave-electron cyclotron resonance interactions (Rosenberer 2004 during the recovery phase of a strong magnetic
etal., 1981). storm that started on 8 November 2004 (Tsurutani et al.,
On the other hand, Imhof et al. (1992) and Nakamura et2008). This storm reached a minimum Dst index-&73 nT.
al. (2000) reported observations of impulsive electron pre-During this magnetic storm, strong substorm particle injec-
cipitation with energies-1 MeV on polar orbiting space- tions were observed at geostationary orbit (not shown). The
craft and called them relativistic microbursts (Blake et al., AE index was~625nT and the magnetic local time was
1996; O’'Brien et al., 2004). It is known that relativistic mi- ~07:00-08:00 MLT (morning sector) at the time the electron
crobursts are associated with large amplitude whistler modenicrobursts were detected. This local time is the general time
waves (Johnston and Anderson, 2010; Kersten et al., 2011when microbursts are most commonly detected (O'Brien et
However, relativistic microbursts have not been observed byal., 2003) and also when chorus is most common (Tsurutani
balloon-borne experiments to date (Millan et al., 2002). Fur-and Smith, 1977).
thermore it is not known at this time how the two “types” of  The differential electron fluxes plotted (spectrogram for-
microbursts are related or if they are related at all. mat) for the perpendicular- and parallel-pointing SSTs (top
Lee et al. (2005) reported the energy spectra of electrortwo panels) show impulsive bursts during the 60-s inter-
microbursts observed by STSAT-1 in the range of 170 keVval. Thirty-five microbursts were detected with durations
to 360 keV, which represent the intermediate energy rangevarying betweern~150 ms and 1.2 s. The perpendicular (top
between relativistic and low energy microbursts. This pre-panel) SST detected quasi-trapped electrons mirroring at the
liminary report showed there was no time delay between thesatellite altitude. The parallel electron spectrogram (panel 2)
appearance of trapped (perpendicular) and precipitated (pashows that the atmospheric loss coré0® at 680 km al-
allel) microbursts, indicating microbursts were generated bytitude, was nearly empty (below the instrument threshold)
prompt loss cone filling within a time scale 650 ms (the  except for the short duration when the impulsive precipita-
time resolution of the instruments) or less. They also reportedion was observed. Because the durations of the microbursts
the e-folding energies of microbursts increase during stormare significantly shorter than the bounce period of electrons,
time and the perpendicular component energy spectra arbouncing echoes could be expected such as isolated bursts
harder than the parallel component. However, particular deobserved by SAMPEX mission (Blake et al., 1996). How-
tails on the latter were not given. ever, in Fig. 1, no such bouncing echoes were observed. If
In the current study, the STSAT-1 energetic electron datathere were bouncing echoes, microburst electrons should not
is further analyzed to determine the anisotropy of the mi-have been detected by the parallel detector because the de-
croburst energy spectra. We also discuss the implications fotector can measure only electrons having pitch angles in the
microburst anisotropic precipitation. range of 0—17. Particles within the loss cone will collide
with upper atmospheric atoms and molecules and will be lost.
Thus two detectors, parallel and perpendicular clearly show
2 Observation the microbursts observed by STSAT-1 are precipitating elec-
trons without contamination of bouncing echoes.
To measure precipitating electrons, two SSTs (solid The microburst energy spectra are fitted by an exponential
state telescope) on STSAT-1 were launched into a sunform,dJ/dE = Ae(~E/E0 wheredJ/dE is the differential
synchronous, low-altitude (680km) orbit on 27 Septem-flux, E is the electron energy, anfly is the e-folding en-
ber 2003. STSAT-1's 3-axis attitude control system alignedergy. The third panel from the top shows the e-folding ener-
one SST to the Earth’s magnetic field direction to mea-gies for the perpendicular component electrons in black and
sure precipitated electrons and the other perpendicular tparallel electrons in blue throughout the time interval that
the magnetic field to measure quasi-trapped electrons (Leenicrobursts were detected. It can be noted that the perpen-
et al., 2010). This configuration has allowed us to studydicular microburst e-folding energies are nearly identical to
precipitation from quasi-trapped electrons in the energythe background e-folding energies. This means there is no
range~190keV to 360 keV (perpendicular) andl70keV  significant energy gain or loss occurring during electron mi-
to 330keV (parallel) with 30 energy channels. The SSTscrobursts. In addition, it should be noted that the parallel e-
measured electrons with 50 ms time resolution, adequate téolding energies are slightly, but consistently smaller than
resolve microburst structures (Lee et al., 2005). Each SSThe perpendicular e-folding energies (in microburst precip-
had a 33.9field of view (FOV) with a geometric factor of itation).

0.045 cnf sr. An aluminum coated Lexan foil was placed in  In this paper, a key observation is that perpendicular mi-
front of each detector to shield against ions and solar UV.  croburst fluxes are higher than the parallel ones, as shown
STSAT-1 was operated successfully for approximatelyin panel 4 in which the total electron fluxes summed in the
300 passes through the auroral zone and lasted untitletector's common energy range of 190 keV-330keV. This
31 March 2005. During this period, electron microbursts indicates microbursts have anisotropic pitch angle distribu-
were detected on six different occasions. Figure 1 shows ations and the loss cone is not filled completely. The mi-
example of microburst precipitation detected on 10 Novem-croburst electron fluxes parallel ® decrease faster than the
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Fig. 1. Electron microbursts observed during the recovery phase of a magnetic storm on 10 November 2004. The panels from top to bottom
are: perpendicular t® (panel 1), parallel tB (panel 2) electron spectrograms, e-folding energies of perpendicular (black) electrons and
parallel (blue) electrons (panel 3), total fluxes which is the sum of differential fluxes from 190 keV to 330 keV, common energy range of
parallel and perpendicular detectors (panel 4), the total flux ratio of parallel to perpendicular flux (panel 5) and detector view direction
relative to the geomagnetic field (bottom). In panel 4, the red arrows indicate each burst.

perpendicular fluxes with increasing energy (see e-folding3 Microburst energy spectra

energies in panel 3). This observation suggests that the pitch

angle anisotropy increases for the higher energy electrondrigure 2 shows the average energy spectra of elec-

Our observation is consistent with the results obtained bytron microbursts measured by STSAT-1 for storm and

Lampton (1967) who observed anisotropic pitch angle dis-quiet-moderate times. Points in red represent storm time

tributions with rocket experiments. In the following section, (—300nT< Dst< —100nT) data and blue gives quiet-

we focus on how such microburst anisotropy occurs and hownoderate time £100 nT< Dst< 0nT) data. While 45 mi-

it is related with acceleration/loss processes of radiation beltrobursts were observed during storm time recovery phase,

electrons. The bottom panel in Fig. 1 shows the angle be22 were observed during quiet-moderate time for 4 orbits

tween the detectors and the geomagnetic field. The paralldh 2004. The asterisks denote the parallel component en-

SST was aligned along the magnetic field to withfn 5 ergy spectra and diamonds the perpendicular component en-
ergy spectra (for individual microburst energy spectra, see
Fig. 3 in Lee et al.,, 2005). Figure 2 shows both paral-
lel and perpendicular e-folding energies increased in storm
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n is an integer denoting the cyclotron harmonic number. To
model STSAT-1 observations, we assume different energy
(10keV, 100keV, 1 MeV and 10 MeV) electrons interacting
with 1 kHz whistler mode waves propagating along magnetic
i ﬁﬂgﬁﬁ% i field, with the cyclotron frequency-15.1kHz in a back-
! : : = ground magnetic field 0f~542 nT (the plasma frequency is
150 200 250 300 350 400
Energy (keV) 260 kHz) at the equator. The electrons and waves are mov-
ing in opposite directions to satisfy the Doppler-shifted reso-

10000 T ' ' wherew is the wave frequency in rad$, k; andv; are the
E %**_;5@%%% N Storm ime te Tme ] parallel components of the wave vector and particle veloc-
R ] Bt < YT 4 ity with respect to the ambient magnetic fie®] Q is the
?%%;%%%% 84545, : . L
ﬁt‘% A ¥ %ﬂ’% ] electron cyclotron frequency; is the relativistic factor and

%’H%p[

100

™

KT

o
T

Electron Flux ( / s cm? sr keV)

Fig. 2. Average electron energy spectra for perpendicula® {ali-

d) and llel t& (asterisk) pitch ang| <. Bl nance condition.
amond) and parallel t@ (asterisk) pitch angle components. Blue | 'E0 (1) the avro-fr o e A unction of the M.
and red colors refer to quiet-moderate and storm time data. Black g. (1), the gyro-frequencg is a function of the mag

hetic field. The wave vectat can be expressed as a func-
square symbols represent background of the parallel detector. . . ) . .
tion of w from the dispersion relation Eq. (2) whesg is

the plasma frequency, which in turn depends on the thermal
. i plasma density. If we assume the plasma content of a mag-
time, from 528+2.0 kgv to 646+ 2.3keV in the perpen-  hatic flux tube is constant along the field, then the plasma
dicular pitch apgle d|rect|9n, and from 27:_':1'0 keV to density depends linearly on the magnetic field apdalso

451+1.4keV n pgrallel pitch angle dlrectlon.. The black poomes a function of the magnetic field as shown in Eqg. (3)
square symbols indicate the background counting of the pary e re,,  is the thermal plasma density. Now, the resonance

allel detector. The parallel component error bars represgn&ondition can be expressed as a function of the magnetic

the standard deviation of microburst counting flux. This is field, and we can solve Eq. (1) for the magnetic latitude for
not small for quiet-moderate times. It should be noted thatﬁxed’ energy electrons in a aipole field.

the average 1.70 keV microburst flux is significgntly (two or-  the above assumption that the plasma density depends
ders of magnl_tude) larger thgn background noise. Thereforelinearly on the background geomagnetic field might not be
the parallel microburst e-folding energy o#5keV (see the . act However, we make this rough approximation to ob-

slopes of energy spectra) during the storm is significantlyy,in general results. Note that whistler mode waves propagate
larger than quiet-moderate time values2( keV). Consid- 6.9k a magnetic flux tube, and the plasma density can be

ering_tcj:lho;]us \I/vave acti\/lityciincreases d.urrilng storms, r']t Sﬁem%xpressed in terms of the magnetic latitude, high densities at
possible that large amplitude waves might generate higher eﬁigh latitudes and low densities at low latitudes. In reality,

folding energy microbursts. Another possible explanation isthe solution of Eq. (1) might be different from our results,

that storm time convection electric fields convect the plas'however the overall trends are the important factors here
masheet plasma deeper into the magnetosphere, energizing '

electrons by betatron acceleration (Gonzalez et al., 1994). Ing 2.2 w%
addition, it should be noted that the parallel e-folding energy — 7~ =1+ o e—) (2
and fluxes are smaller than the perpendicular ones even dur-

ing the storm. While Lorentzen et al. (2001) and O’Brien

et al. (2004) calculated microburst loss rate by assuming®P _ g gg \/Tip VBo (3)
isotropic pitch angle distributions, our observations indicate 27

energetic electron loss might be smaller than theirestimationFigure 3 shows a plot b — kjv|

—n*e as a function of
the magnetic latitude when 1kHz whistler mode waves are
applied to 10keV, 100keV, 1 MeV and 10 MeV electrons

4 Resonance condition for wave particle interaction for n =1 (solid lines) and: =2 (dotted lines). Here, we
assumed a plasma density of 2&mt the equatorial re-

We interpret our observations using the cyclotron resonancgion (Carpenter and Anderson, 1992) ahds 5.5. When

wave-particle theory. The specific question we will examine w — kv — n% =0, a resonance condition is satisfied and

is how electron microbursts can be produced with differentwave-particle interactions alter the electron’s pitch angle
parallel and perpendicular e-folding energies. The wave par{Tsurutani and Lakhina, 1997). As shown in Fig. 3, 10keV
ticle interaction mechanism requires a resonance conditior¢lectrons do not have a solution satisfying the resonance con-
satisfying dition, so their pitch angles are not changed by the wave-
particle interaction. On the other hand, 100 keV electrons in-
teract with waves for = 1 in the equatorial region where the

C
o — kv = ”7 (1) loss cone angle is small and electrons can be scattered to fill

Ann. Geophys., 30, 1567:t573 2012 www.ann-geophys.net/30/1567/2012/
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Latitude (Deg) Fig. 4. Magnetic latitudes where the resonance condition of Eq. (1)

is satisfied for different electron energies (dashed line). The un-
Fig. 3. Resonance condition as a function of the magnetic lati- filled pitch angles of microbursts that are expected to be measured
tude for 1 kHz waves interacting with 10 keV, 100keV, 1 MeV and &t 680 km altitude (solid line).
10 MeV electrons. The solid and dotted lines show the first and sec-
ond order resonance conditions, respectively. The horizontal solid
black line represents the satisfying of the Doppler-shifted resonance We have considered resonance interaction between cy-
condition. clotron waves and electrons and have shown that low energy
microbursts can be generated at low latitudes while high en-
ergy electrons can interact with waves at high latitudes. Be-
the loss cone. MeV electrons can interact with waves at hightause the loss cone is larger at high latitudes, it might be
latitudes (low altitude) where the loss cone angle is largemarder to fill the loss cone by wave interactions. This predic-
than at the equator. In this case, high energy electrons havgon is consistent with our observations. Note in Fig. 2 the
to travel through a larger angle in velocity space to reach &ijtch angle range of®-17 (half of detector’s view angle) in
pitch-angle of zero degrees during interaction with waves. Itjoss cone was filled almost 40 % for low energyl©0 keV)
is thus more difficult for high energy electrons to be scatteredmicrobursts while it was filled just 16 % for high energy
into the loss cone and contribute to the microburst precipita{(~330 keV) microbursts.
tion.
In Fig. 3, the higher order of cyclotron harmonic can move
the interaction region to lower latitudes and potentially pro-5 Discussion and conclusion
duce intense field-aligned microbursts even in the high en-
ergy region. However, the wave-particle interaction mecha-In the previous section, we have shown that the unfilled loss
nism is most efficient in the first-order resonance condition,cone angle of microbursts depends on energy. Thus, how are
and the higher order resonances are not expected to comarge pitch angles of relativistic electrons filled by wave-
tribute significantly to the pitch angle scattering (Thorne etparticle interaction? We estimate it with a simple model.
al., 2005). Near the equator, the atmospheric loss cone angle is about
In our simple model, we applied 1kHz whistler mode 3°. This means electrons need to scatter orfiyd3fill the
waves. These waves satisfied the resonance condition witloss cone. The factors that can affect the magnitude of pitch-
0.1, 1.0, 10MeV electrons at 3,332.1°, 50.8 magnetic  angle diffusion rate include wave amplitude, interaction time
latitudes, respectively. In Eqg. (1), it should be noted thatand background magnetic field, depending on latitude. Since
the lower frequency waves interact with the higher energywe don't have enough information on these factors, we will
(highervy) electrons with the same condition. For example, assume for simplicity that the pitch-angle scattering rate is
500 Hz waves interact with 0.25, 1.0, 10 MeV electrons at3° for one-time wave interaction and constant over the re-
4.1°, 26.3, 47.8 respectively. Thus high energy electrons gion from the equator to 30magnetic latitude where 100—
interact with low frequency waves at low latitudes where the 1000 keV electrons resonate with waves (Fig. 4, dashed line).
loss cone is small and potentially produces high energy mi-So, in our simple model, 100 keV microbursts fill the loss
crobursts. Here, it should be emphasized that in any casesone completely while higher energy microbursts only par-
fixed frequency waves interact with low energy electrons attially fill the loss cone. Thus we have derived the empty loss
low latitudes and high energy electrons at high latitudes.cone angles of different energy microbursts at the altitude of
This is the key point to explain microburst energy spectral680 km as shown by the solid line in Fig. 4. Note the un-
anisotropy dependence on energy. filled pitch angles, 6.3and 11.4 at 190keV and 330keV,

www.ann-geophys.net/30/1567/2012/ Ann. Geophys., 30, 158573 2012
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respectively. This corresponds to filling the pitch angle in theremoved more efficiently by microbursts than high energy
instrument range (B-17°) by 86 % and 55 %, respectively, electrons. Thus the e-folding energy of trapped electrons in-
when scaling the filling factor simply by the solid angle. In creases, making it as if the radiation belt electrons are accel-
Fig. 2, the measurements show that only a fraction of theerated. This effect should be distinguished from acceleration
pitch angle range measured by the parallel detector is fillecbf microburst electrons by wave-particle interaction.

(i.e. 40% and 16 % at 190keV and 330keV, respectively). Some researchers have calculated electron precipitation
The model seems to indicate microburst electron flux abourates of relativistic microbursts and showed wave particle
two times larger than measurements in the instrument fieldnteraction is a dominant electron loss process of radiation
of view. However, assuming 70 % instead of 100 % filling of belt-relativistic electrons (Lorentzen et al., 2001; O'Brien et
instrument range at 100 keV, such as we have assumed prewval., 2004; Thorne et al., 2005). They estimated the electron
ously, the model shows 44 % and 0% filling at 190 keV andloss rate using SAMPEX data assuming downward isotropic
330keV, respectively. While we do not have detailed infor- pitch angle distribution. However, based on our observations,
mation on 100 keV microburst pitch angle distribution, the their estimates probably represent upper limit values.

simple model qualitatively explains the observational differ-  Our discussion has been on the basis of measurements ob-
ences between perpendicular and parallel microburst energgained by two detectors, while it should be noted that the ex-
spectra shown in Fig. 2. periment does not cover a large part of loss conef—60).

The assumption that the scattering angle rate is constarih addition, our estimate of the unfilled pitch angle rangé, 25
over all energy electrons might be an oversimplification. for 1 MeV electrons in Fig. 4, is not small and can be mea-
Higher energy electrons move fast and the interaction timesured by a sophisticated instrument designed to resolve the
might be shorter. In addition, high energy electrons are scatelectron pitch angle distributions over a wide energy range.
tered less in pitch angle by wave interaction at high lati- Future missions with instruments covering a wider energy
tudes where the background magnetic field is stronger. Arand pitch angle range will be needed to reveal the relation
alternative explanation for the low flux of the 360 keV mi- between low energy and relativistic microbursts.
croburst electrons in comparison to low energyd 00 keV)
microburst electrons is due to decreasing chorus coherency

away from the equatorial generation region (Tsurutani et aI.,A . .
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