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ABSTRACT

We present a statistical survey of ∼2–20 keV superhalo electrons in the solar wind measured by the SupraThermal
Electron instrument on board the two STEREO spacecraft during quiet-time periods from 2007 March through
2009 March at solar minimum. The observed superhalo electrons have a nearly isotropic angular distribution and a
power-law spectrum, f ∝ v−γ , with γ ranging from 5 to 8.7, with nearly half between 6.5 and 7.5, and an average
index of 6.69 ± 0.90. The observed power-law spectrum varies significantly on a spatial scale of �0.1 AU and a
temporal scale of �several days. The integrated density of quiet-time superhalo electrons at 2–20 keV ranges from
∼10−8 cm−3 to 10−6 cm−3, about 10−9–10−6 of the solar wind density, and, as well as the power-law spectrum,
shows no correlation with solar wind proton density, velocity, or temperature. The density of superhalo electrons
appears to show a solar-cycle variation at solar minimum, while the power-law spectral index γ has no solar-cycle
variation. These quiet-time superhalo electrons are present even in the absence of any solar activity—e.g., active
regions, flares or microflares, type III radio bursts, etc.—suggesting that they may be accelerated by processes such
as resonant wave–particle interactions in the interplanetary medium, or possibly by nonthermal processes related
to the acceleration of the solar wind such as nanoflares, or by acceleration at the CIR forward shocks.
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1. INTRODUCTION

The solar wind electron population near 1 AU is observed
to be dominated by a thermal (∼10 eV) Maxwellian core
(∼90%–95% of the density), with ∼5%–10% in a much hotter
(∼50 eV) halo/strahl whose velocity distribution func-
tions (VDFs) f (v) (i.e.,

∫
f (v)dvxdvydvz = n) fit to a

Maxwellian/Kappa distribution. The highly anisotropic, anti-
sunward field-aligned strahl results from the escape of thermal
electrons from the hot (∼106 K) solar corona (e.g., Feldman
et al. 1975; Salem et al. 2007) that carries heat flux outward,
while the isotropic halo may be due to scattering of the strahl
(e.g., Montgomery et al. 1968; Feldman et al. 1975; Rosenbauer
et al. 1977; Pilipp et al. 1987; Pierrard et al. 2001). High sen-
sitivity measurements covering the entire range from a few eV
up to ∼400 keV by the 3D Plasma & Energetic Particle (3DP)
instrument on the WIND spacecraft (Lin et al. 1995) discovered
a suprathermal electron component, denoted the “superhalo”,
that dominates above ∼2 keV (Lin 1997, 1998), with a power-
law (dJ/dE ∼ E−β with β ∼ −2.5) spectrum extending to
>100 keV, and a nearly isotropic angular distribution. This
superhalo appears to be present at all times, even in the
absence of solar or interplanetary activity, and thus appears to
be the electron counterpart of the power-law-tail suprathermal
ions above solar wind and pickup ion energies that are observed
throughout the heliosphere at all the times (e.g., Gloeckler 2003;
Fisk & Gloeckler 2006). At present, the origin of superhalo elec-
trons is unknown. Lin (1997, 1998) speculated that superhalo
electrons might be accelerated in the process of coronal heating,
e.g., by waves or continual microflaring and nanoflaring (e.g.,
Parker 1988; Scudder 1992), or they might be produced by
acceleration at corotating interaction regions (CIRs) and

mirroring in the stronger magnetic fields of the inner helio-
sphere. Recent studies (Vocks et al. 2005; Podesta 2009; Yoon
et al. 2012) suggest that the superhalo electrons may be due
to resonant wave–electron interactions with whistler waves or
Langmuir waves in the interplanetary medium (IPM).

The superhalo fluxes at quiet times are so low that their de-
tection below ∼20 keV is often limited by the intrinsic back-
ground in the WIND 3DP EESA-H analyzer. Here, we use mea-
surements from the SupraThermal Electron (STE) instrument
(Lin et al. 2008) of the IMPACT investigation (Luhmann et al.
2008) on the STEREO, which was developed to provide much
greater sensitivity to survey ∼2–20 keV superhalo electrons
during quiet times from 2007 March through 2009 March.

2. OBSERVATIONS

The STEREO three-axis-stabilized spacecraft A (and B) was
placed in a heliocentric orbit ahead of (and behind) the Earth,
and both A and B were moving away from the Earth at a rate of
∼22◦ ecliptic longitude per year. The STE instrument utilizes
arrays of small (∼0.1 cm2), passively cooled, thin window
silicon semiconductor detectors (SSDs), coupled to state-of-the-
art pulse-reset front-end electronics, to detect electrons from
∼100 keV down to ∼2 keV (versus typical SSD thresholds
of ∼20–30 keV) with intrinsic energy resolution of �1 keV
FWHM. STE also detects ions, neutrals (Wang et al. 2010),
and X-rays (see Hsieh et al. 2009) that penetrate the window
and deposit �2 keV in the SSD active volume. Two oppositely
directed sets of four detectors—STE-U(0, 1, 2, 3) and STE-D(0,
1, 2, 3)—observe particles coming away from and toward the
Sun, respectively. Each STE-D detector has an FWHM field
of view (FOV) from 32.◦5S to 32.◦5N ecliptic latitude by 16.◦8
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Figure 1. Example of quiet-time interplanetary superhalo electrons observed by
STE-D on STEREO B on 2007 November 28–29. Top: the five minute average
flux vs. time at 3.1, 7.9, and 19 keV observed by detectors D1 (purple) and D3
(green). The dashed lines indicate the time period of the 2 hr sample shown
in Figure 2(a). Bottom: the 5 s average magnitude (in nT), polar angle, and
azimuthal angle of the IMF.

(A color version of this figure is available in the online journal.)

longitude, for a total FWHM FOV of 65◦ × 67◦ centered on the
nominal Parker spiral field direction. STE-D is mounted on the
end of a 6 m boom in the shadow of the spacecraft, while STE-
U is mounted on the front of the spacecraft. Unfortunately, in
the nominal spacecraft attitude, STE-U is saturated by sunlight
multiply-scattered off spacecraft surfaces.

The electron observations presented here were obtained by
STE-D on STEREO A and B in the absence of solar energetic
particle (SEP) events and contamination from the X-ray flux of
galactic point sources, after removal of the contamination from
the diffuse X-ray background (Zombeck et al. 1990). A 55Fe and
109Cd radioactive source in the door of STE provides in-orbit
calibration of SSDs when the door is periodically closed, but
some contamination is detected when the door is open. This
contamination is subtracted below 20 keV, using the on-ground
calibration with the STE’s door open, but at higher energies,
count statistics for the ground calibration were too poor for
subtraction. Thus, we investigated the measurements of super-
halo electrons of only ∼2–20 keV in this study. As a point of
comparison, we also use similar electron measurements from
WIND/3DP: supherhalo electron data from the Semiconductor
Detector Telescopes (SST), as well as core and halo/strahl elec-
tron data from the Electron Electrostatic Analyzers (EESA-L
and -H).

We identified quiet-time periods with no significant temporal
variation in the electron VDF during 12 hr intervals or longer
and selected a 2 hr quiet-time sample of superhalo electrons
per day (when present). We obtained 235 samples from 2007
March through 2009 March at solar minimum. Figure 1 shows
the VDF of quiet-time electrons versus the time observed by D1

and D3 on STEREO B at 3.1, 7.9, and 19 keV over 20 hr on 2007
November 28 and 29. The observed electron VDFs in D1 and D3
looking in different directions are roughly the same in intensity,
and they appear to be independent of the change in the direction
of the interplanetary magnetic field (IMF). Figure 2(a) shows
that four STE-D detectors detected very similar electron VDFs
at ∼2–20 keV during a 2 hr quiet-time sample on November 29
(indicated by dashed lines in Figure 1). These indicate a nearly
isotropic angular distribution of quiet-time superhalo electrons.

Since STE is capable of detecting ions, we estimated the
contribution in the STE electron VDFs in the spacecraft frame
from the measured isotropic quiet-time suprathermal protons
in the solar wind frame by ACE (Gloeckler et al. 2008), af-
ter energy conversion and frame transformation. Such pro-
ton contribution (blue and green circles in Figure 2(a)) has
much smaller values (by a factor of �5 at ∼10–20 keV and
of �10 below 10 keV) with a flatter (index of ∼−3.5) spec-
trum, and strong angular anisotropy, compared to the STE ob-
servations. Thus, we neglected the proton contribution in this
study.

We found that at solar minimum, the VDF of ∼2–20 keV
superhalo electrons during quiet-times is generally well fitted to
a power law (see Figure 2 for example), f ∝ v−γ , slowly
varying with space and/or time. Figure 2(b) shows that on
2007 December 6, when STEREO A and B were ∼21◦ ecliptic
longitude (∼0.4 AU) ahead of and behind the Earth (see
the upper inset), respectively, the electron VDFs observed by
STEREO A have a power-law index γ of 5.76 ± 0.04 and
those observed by STEREO B show a γ of 6.75 ± 0.01.
Similar measurements by WIND/3DP near the Earth at slightly
higher energies show a γ of 6.61 ± 0.04, after removal of
the contamination in SST from cosmic rays. This suggests
variations on a spatial scale of �0.8 AU. On the other hand, when
STEREO B moved by ∼6.◦6 ecliptic longitude (∼0.1 AU) during
about seven days between November 20 and 2007 December 6
(see Figures 2(a) and (b)), the γ of the observed electron VDFs at
the two different locations changed from 5.79 ± 0.01 to 6.75 ±
0.01, indicating variations on a temporal scale of several days
and/or a spatial scale of ∼0.1 AU.

The density of ∼2–20 keV superhalo electrons, estimated
by integrating the power-law fit to f (v), shows a long-term
solar-cycle variation consistent with the monthly mean sunspot
number (Figure 3(b)), with temporal variations on a shorter scale
of several days to months. In Figure 3, the time of the STEREO
B samples has been shifted from the observation time tB to an
estimated time tB ′ when A would be connected to the same
nominal footpoint at the Sun through the nominal Parker spiral
IMF line as B at tB, i.e., tB ′ = tB + ΔtB = tB + Φ/(ωSun− ωA),
where Φ is the longitudinal separation between STEREO A and
B at tB, and ωSun (ωA) is the solar rotation (STEREO A orbital)
angular velocity. We selected STEREO A and B samples with
|tA − tB ′ | � 9 hr, corresponding to a �5◦ longitudinal separation
between the nominal footpoints at the Sun connecting to A
and B. For these samples, the integrated superhalo electron
density is highly (∼0.98) correlated between A and B for |ΔtB | <
12 hr (Figure 3(b)) and is poorly (∼0.42) correlated for 60 hr �
|ΔtB | < 90 hr (Figure 3(c)), while the missing samples for
12 hr � |ΔtB | < 60 hr are mainly due to the exclusion of data
with contamination from the X-ray flux of galactic point sources
(e.g., Sco X-1).

Figure 4(d) shows that the power-law index γ of quiet-
time superhalo electrons ranges between ∼5.0 and ∼8.7, with
an average value of 6.69 ± 0.90 (1σ uncertainties that cover
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Figure 2. Comparison of quiet-time superhalo electron VDFs between 2007 November 29 and December 6. (a) The ∼2–20 keV electron VDFs observed by four
STE-D detectors on STEREO B averaged over a 2 hr quiet-time period on November 29. The red squares show the average VDF over four detectors (multiplied by
5 for clarity). The blue and green circles indicate the estimated contribution in the electron VDF of D2 and D3, respectively, from the measured isotropic quiet-time
proton distributions in the solar wind frame by ACE during 2007–2008 (Gloeckler et al. 2008). The orange diamonds represent the energy spectrum of electron peak
fluxes in a solar impulsive electron event detected by STE-D on STEREO B on 2007 May 22. (b) The omnidirectional superhalo electron VDF measured on December
6 by STE-D on STEREO A (green) and B (red) and by WIND/3DP (black). The inset shows the location of STEREO A and B in the ecliptic plane on December 6,
20.◦8 ecliptic longitude ahead of and 21.◦6 behind the Earth, respectively, and the location of WIND around the Lagrange 1 point.

(A color version of this figure is available in the online journal.)

68.3% of the samples). Nearly half of the points are contained
in a narrow peak between 6.5 and 7.5, with the rest roughly
constant between 5 and 8. The integrated density of ∼2–20 keV
superhalo electrons varies from ∼10−8 cm−3 to 10−6 cm−3,
about 10−9–10−6 of the solar wind proton density (Figure 4).
The γ and the superhalo electron density show no correlation
with each other, and both have no correlation with the solar wind
proton density, velocity, or thermal temperature measured in situ
by the PLASTIC instrument (Galvin et al. 2008) on STEREO in
both slow and fast solar wind (Figure 4).

These observed quiet-time superhalo electrons show no
correlation with solar active regions and CIR reverse shocks
beyond 1 AU. More than 80% of the 235 samples (e.g., samples
shown in Figures 1 and 2) have no solar active regions at
W20◦–90◦ (as seen from the spacecraft) where the spacecraft
is connected to the spiral IMF line; ∼65% have no solar active
regions on the disk at all. About 77% of samples occur in slow
(<450 km s−1) solar wind and ∼5% occur in fast (>550 km s−1)
solar wind, while the CIR-accelerated particles are generally
observed inside the fast solar wind at 1 AU (Richardson 2004;
Leske et al. 2008), related to the CIR reverse shock propagating
into the fast solar wind beyond 1 AU.

With electron observations from the 3DP instrument on WIND
and the STE instrument on STEREO A and B, we are able to
construct the entire quiet-time solar wind electron VDF from
a few eV (thermal energies) to ∼200 keV. Figure 5(a) shows
the omnidirectional solar wind electron VDF from ∼9 eV to
∼200 keV measured during a quiet period on 1997 December 6,
when STEREO A and B were ∼21◦ ecliptic longitude ahead
of and behind the Earth, respectively, and WIND was around
the Lagrange 1 point. The thermal core electron distribution,
measured from ∼9 eV to 60–80 eV by WIND, is well fitted
by a Maxwellian distribution with a density of 6.8 cm−3 and
temperature of 10.1 eV. The suprathermal halo (no significant
anisotropic strahl is detected since the WIND spacecraft was

in the slow solar wind) electron distribution measured by
WIND from ∼80–100 eV to ∼2 keV is well fitted by a
Kappa distribution with a density of 0.43 cm−3, an effective
temperature of 49.2 eV, and a Kappa of 11.0 (Salem et al.
2010; the database of halo/strahl fitting will be set up in the
future). The power-law superhalo is measured from ∼2 keV to
∼20 keV by STEREO A and B, respectively, with the integrated
density of 1.43 × 10−7 cm−3 and 1.36 × 10−7 cm−3, and
measured from ∼50 keV to ∼200 keV by WIND (after removal
of the contamination in SST from penetrating cosmic rays).
Figure 5(b) shows the differential flux spectrum of the same
quiet-time solar wind electrons, together with the quiet-time
interplanetary electrons at higher energies (Hurford et al. 1974)
and the galactic cosmic ray electrons up to 1 TeV (Lin 1974).

3. SUMMARY AND DISCUSSION

The observed ∼2–20 keV superhalo electrons during quiet
times at solar minimum by STE-D on STEREO at 1 AU are
nearly isotropic in angular distribution and generally power-law
in spectrum, with an average index of 6.69 ± 0.90, consistent
with the measurements of superhalo electrons by WIND/3DP
(Lin 1998). These electrons appear to be continuously present
in the IPM, even at very quiet times, varying significantly on a
spatial scale of �0.1 AU and a temporal scale of �several days.
They also show a long-term solar-cycle variation consistent
with the monthly mean sunspot number. Their density varies
from ∼10−8 cm−3 to 10−6 cm−3, about 10−9–10−6 of the solar
wind proton density. They are not correlated with the solar
wind proton density, velocity, or thermal temperature in both
slow and fast solar wind, suggesting that superhalo electrons
are not related to the formation mechanism of the solar wind
core populations. We plan to study the correlation of superhalo
electrons with halo/strahl electrons in the future.
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The electron observations in STE often show large (not quiet)
temporal variations in fast solar wind, likely due to particles
accelerated at the CIR reverse shocks (Richardson 2004; Leske
et al. 2008). However, these quiet-time superhalo electrons
appear to be present mostly (77%) in slow (<450 km s−1) solar
wind and rarely (5%) in fast (>550 km s−1) solar wind, while
the observed solar wind is slow in ∼61% of time and fast in
∼18% of time from 2007 March through 2009 March. This
suggests that if these quiet-time superhalo electrons are due
to acceleration at CIRs, then they may be related to the CIR
forward shock propagating into the slow solar wind.

If these electrons originate from the Sun, then their power-
law spectrum cannot be explained by the escape of coronal hot
thermal (∼106 K or ∼100 eV) electrons. Krucker et al. (2009)
reported that the energized electrons of ∼1–20 keV in 111 solar
impulsive SEP events have power-law spectra with the average
index equivalent to v−6.7 (v−5.8 for events only seen below
∼20 keV and v−8.4 for events seen at ∼1–300 keV), similar
to the observed superhalo electrons presented in this paper.
Wang et al. (2012) found that solar impulsive electron events

have a one-to-one correlation with type III radio bursts, and
their corrected occurrence frequency versus peak flux exhibits
a power-law distribution. If this power-law distribution extends
down to the flux of quiet-time superhalo electrons, then the
occurrence rate of solar impulsive electron events could be
orders of magnitude larger than the observed occurrence rate
(∼10 year−1 at solar minimum and ∼190 year−1 at solar
maximum near the Earth). In addition, for type III radio storms
that consist of groups of extremely frequent type III bursts, the
associated electron events would occur so frequently that they
would completely merge together en route to 1 AU. These weak
and/or bursty solar impulsive electron events and interplanetary
wave–electron interactions may contribute to the formation of
the quiet-time superhalo electrons in the IPM. On 2007 May
22, however, one solar electron event detected traveling toward
the Sun (likely due to mirroring by the closed field lines in
a magnetic cloud) by STE-D on STEREO B shows a steeper
(∼9) power-law spectrum (Figure 2(a)). On the other hand, in
2007–2009, quiet-time superhalo electrons are present even in
the absence of any activities related to solar electron events such
as flares, coronal mass ejections, and type III radio bursts, etc.

Lin (1997) suggested that superhalo electrons could originate
from escaping electrons related to coronal heating, e.g., by
waves or continual microflaring and nanoflaring (e.g., Parker
1988; Scudder 1992). We found that the observed superhalo
electrons by STE-D have no correlation with solar active
regions, where microflares occur (Christe et al. 2008; Hannah
et al. 2008). Thus, they might be due to escaping nonthermal
electrons related to coronal heating, e.g., by nanoflares in the
quiet solar atmosphere (Parker 1988; Lin 1997).

Another possibility is that superhalo electrons are accelerated
mainly by wave–particle interactions in the IPM. The observed
power-law spectrum of these electrons ranges between v−5 and
v−8.7. These electrons may be due to stochastic acceleration by
compressional turbulence in the solar wind (L. A. Fisk 2012,
private communication, predicts ∼v−6 for electrons for this
mechanism), as suggested by Fisk & Gloeckler (2006, 2008)
and Fisk et al. (2010) for the formation of the ubiquitous v−5

power-law tail of suprathermal ions observed (up to more than
a few MeV) throughout the heliosphere. Based on a kinetic
model of solar wind expansion, Vocks et al. (2005) suggested
that the resonant interactions between antisunward-traveling
suprathermal electrons and sunward-propagating whistler waves
(assumed to represent a small fraction of the total wave power
measured in the whistler range) are capable of significantly
pitch-angle scattering suprathermal electrons and reducing any
strong anisotropies in the electron VDF, leading to the formation
of the halo/strahl as observed in the IPM and to a more isotropic
distribution at higher energies. Yoon et al. (2012) proposed
that the superhalo electrons are accelerated by local resonant
interactions with (electrostatic) Langmuir waves excited by
electrons and that the dynamic equilibrium between these
electrons and Langmuir waves predicts a power-law function of
v−6.5, consistent with our observations at quiet times. However,
Podesta (2009) argued that since the observed Langmuir wave
energy density near 1 AU is too small, the acceleration of
superhalo electrons by Langmuir waves, if it occurs, has ceased
by the time the solar wind reaches 1 AU.

This research at Berkeley was supported in part by NASA
grants NAS5-03131 for STEREO IMPACT and NNX10AQ31G
for Wind 3DP. R. P. Lin and P. H. Yoon were also supported
in part by the WCU grant (No. R31-10016) to Kyung Hee
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(A color version of this figure is available in the online journal.)
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