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[1] This study is the first to combine energetic neutral atom (ENA) observations from Two
Wide-Angle Imaging Neutral-Atom Spectrometers (TWINS) and Interstellar Boundary
Explorer (IBEX). Here we examine the arrival of an interplanetary shock and the
subsequent geomagnetically effective substorm on 5 April 2010, which was associated
with the Galaxy 15 communications satellite anomaly. IBEX shows sharply enhanced
ENA emissions immediately upon compression of the dayside magnetosphere at
08:26:17+/�9 s UT. The compression drove a markedly different spectral shape for the
dayside emissions, with a strong enhancement at energies >1 keV, which persisted for
hours after the shock arrival, consistent with the higher solar wind speed, density, and
dynamic pressure (�10 nPa) after the shock. TWINS ENA observations indicate a slower
response of the ring current and precipitation of ring current ions as low-altitude emissions
�15 min later, with the >50 keV ion precipitation leading the <10 keV precipitation by
�20 min. These observations suggest internal magnetospheric processes are occurring after
compression of the magnetosphere and before the ring current ions end up in the loss
cone and precipitate into the ionosphere. We also compare MHD simulation results with
both the TWINS and IBEX ENA observations; while the overall fluxes and distributions of
emissions were generally similar, there were significant quantitative differences. Such
differences emphasize the complexity of the magnetospheric system and importance of the
global perspective for macroscopic magnetospheric studies. Finally, Appendix A
documents important details of the TWINS data processing, including improved binning
procedures, smoothing of images to a given level of statistical accuracy, and differential
background subtraction.
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1. Introduction

[2] Intelsat’s Galaxy 15 communications satellite in geo-
synchronous orbit experienced anomalies leading to loss of
control at 09:48 UTC on 5 April 2010. This event correlated
with disturbed space weather conditions associated with a
coronal mass ejection (CME) driven shock that impacted
and compressed the Earth’s magnetosphere at approximately
08:25 UT on that day [Singer et al., 2010]. After loss of
command and control, the satellite began drifting away from
its allotted geosynchronous location and with the potential to
disrupt the missions of nearby satellites through frequency
interference. Fortunately, operators were ultimately able to
restore control and, after nearly a year of lost capability, on
18 March 2011 Galaxy 15 was recertified and was reposi-
tioned back near its original location in early April 2011.
[3] The magnetospheric events of 5–7 April 2010 were

driven by a fast coronal mass ejection (CME) that was
directly observed by the STEREO spacecraft to leave the
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Sun on 3 April [Möstl et al., 2010]. The initial interaction
began with the CME-driven shock that arrived at Earth at
�08:25 UT on 5 April. Connors et al. [2011] examined
multiple in situ observations of this event, including the
magnetospheric response measured at THEMIS A, D, and E,
which were near each other in the northern plasma sheet in
the early morning sector, and GOES 11, which was near
magnetic midnight. At the time, Geotail was �14.7 RE

upstream of the Earth near the Earth-Sun line, and thus made
direct observations of the solar wind that only required
�100 s delay in order to translate them to the magnetopause.
Because there was only a very limited duration of southward
IMF, the resulting magnetospheric storm was small [Möstl
et al., 2010]. However, this limited but strong southward
field and high solar wind dynamic pressure immediately
following the CME shock led to the interesting substorm
examined here.
[4] Connors et al.’s [2011] interpretation of this event was

that a substorm growth phase was followed by strong flux
transfer to the inner magnetosphere, producing “over-
dipolarization” in the midnight sector. They used multiple in
situ and ground-based observations to show that the flux
transfer was consistent with a substorm current wedge and
provided perhaps the most complete set of geophysical sig-
natures supporting the near-Earth, neutral-line interpretation
of substorms. Connors et al. [2011] also argued that the
location of Galaxy 15 near midnight subjected it to extreme
space weather conditions, suggesting that they were causa-
tive in disruption of its operation.
[5] In contrast to and augmenting these detailed multipoint

in situ observations, this study is the first ever to combine
simultaneous energetic neutral atom (ENA) imaging obser-
vations from two separate missions with quite different
vantage points. Here, we examine the global aspects and

timing of the unusual magnetospheric events on 5 April
2010 using remote observations from the Two Wide-Angle
Imaging Neutral-Atom Spectrometers (TWINS) [McComas
et al., 2009a] and Interstellar Boundary Explorer (IBEX)
[McComas et al., 2009b] missions. The unprecedented
combination of IBEX and TWINS provides simultaneous
observations of internal and external magnetospheric pro-
cesses, which yields a new connected view of the perturbed
magnetosphere.
[6] The TWINS mission [McComas et al., 2009a] was

designed to extend our understanding of magnetospheric
structure and processes by stereoscopically imaging the
Earth’s magnetosphere from two locations for the first time.
TWINS began making stereo ENA images of the magneto-
sphere over energies from 1 to 100 keV with high angular
(�4� � 4�) resolution, in June 2008. These observations
have continued through the deepest solar minimum of the
space age and, in spite of the geomagnetically quiet times,
TWINS observations are contributing importantly to the
understanding of numerous magnetospheric phenomena,
including (1) small storms (minimum Dst � �70) [Valek
et al., 2010], (2) bright low-altitude emissions, from pre-
cipitating ring current ions [e.g., Bazell et al., 2010], (3)
the spatial distribution of plasma sheet temperatures
[Keesee et al., 2011], (4) inversions of magnetospheric ion
distributions [Grimes et al., 2010], and (5) detailed com-
parisons with global magnetospheric simulations such as
the CRCM [e.g., Buzulukova et al., 2010].
[7] In contrast to TWINS, IBEX was designed to use

ENAs to make the first observations of the interaction of our
heliosphere with the local interstellar medium [McComas
et al., 2009c, 2011a]. While far exceeding expectations in
this arena, IBEX has also proven to be an outstanding mis-
sion for observing the Earth’s magnetosphere from the out-
side, already showing emissions from the stagnation region
ahead of the nose of the magnetopause [Fuselier et al.,
2010], the plasma sheet in the Earth’s magnetotail, includ-
ing observations of a possible plasma sheet disconnection
event [McComas et al., 2011b], and asymmetric ENA
emissions from the magnetospheric cusps [Petrinec et al.,
2011].

2. Observations

[8] The geometry of the IBEX and TWINS spacecraft on
5 April 2010 is shown in Figure 1; IBEX’s orbit is roughly
in the GSE Z = 0 plane (shown). The heavy red portion of
this orbit indicates the motion of IBEX over the full day of
5 April. Because IBEX is a nearly Sun-pointed 4 rpm spin-
ner (15 s period), its 7� full width at half maximum (FWHM)
field of view (FOV) observes a broad cut across the dayside
magnetosphere throughout this entire day. As time pro-
gresses, IBEX moves slowly (counterclockwise) along its
orbit and views progressively further ahead of the Earth.
While not well suited for imaging the X extent of emitting
structures, these observations are ideal for measurements of
timing, Z extent, flux variations, and energy spectral changes
from a broad dayside emission region.
[9] The TWINS spacecraft are in Molniya orbits, with

inclinations of 63.4�, apogees of �7.2 RE geocentric, and
orbital periods of precisely one half of a sidereal day. At
�08:30 UT on 5 April 2010, the respective approximate

Figure 1. Plot of the IBEX and TWINS orbits in the GSE
X-Y plane. IBEX orbits nearly in this plane, and dots along
its orbit indicate 1 day intervals with the red segment identi-
fying all of 5 April 2010. The IBEX spacecraft has a 7�
FWHM FOV (gray) that was repeatedly scanning across
the dayside magnetosphere on this day as IBEX moved
counterclockwise along its orbit. TWINS 1 and 2 are in
Molniya orbits, which are highly inclined to the Earth’s
equator, leading to the different apparent shapes in this plot,
and have geocentric apogees >7 RE, so that the bulk of the
orbit extends out of the page.
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local times of TWINS 1 and TWINS 2 are �19:30 and
09:20. The TWINS spacecraft are spaced and phased in their
orbits so that the ENA imagers provide nearly continuous
magnetospheric observations throughout the day with
simultaneous, stereo imaging for over an hour centered
roughly on 06:00, 12:00, 18:00, and 24:00 UT. The combi-
nation of IBEX and TWINS observations allows for the first

ever three-point ENA imaging of the magnetosphere (or in
fact, any space plasma).
[10] Figure 2 summarizes the ENA emissions observed by

IBEX (Figure 2a), solar wind parameters taken from the
ACE/Wind spacecraft propagated to the magnetosphere
by OMNI (Figures 2b–2e), and geomagnetic response
(Figures 2f and 2g) for all of 5 April 2010. The interplanetary

Figure 2. ENA counts in ESA step 5 are shown along with solar wind parameters taken from the ACE/
Wind spacecraft propagated to the magnetosphere as a part of the OMNI data set and geomagnetic indices
for all of 5 April 2010: (a) ENA counts in ESA step 5, (b) interplanetary magnetic field, (c) solar wind
(sw) speed, (d) solar wind dynamic pressure, (e) solar wind motional electric field, and (f and g) geomag-
netic responses AE and SYM-H. The interplanetary shock arrived at �08:25 UT (vertical line). HB, histo-
gram binned; DE, direct event.
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shock arrived at the magnetosphere at�08:25 UT. BZ (green
in Figure 2b) varied between slightly positive and slightly
negative for the hours leading up the shock and then turned
quickly southward (BZ � �13 nT), continuing for more than
an hour after the shock arrival; this southward field and a
jump in the solar wind flow speed (Figure 2c) from
�550 km s�1 to�700 km s�1, created a substantial motional
electric field (Figure 2e) coupled into the magnetosphere.
Furthermore, the increased speed (Figure 2c) and density (not
shown) caused the solar wind ram pressure (Figure 2d) to
jump from �2 to �10 nPa, likely causing a significant
compression of the overall magnetosphere. In addition, while
both the density and temperature (not shown) are elevated
after the passage of the interplanetary shock, the ENA
emissions seemingly track the density profile (especially the
enhancement at �12:00 UT), suggesting that enhanced ENA
emissions are, not surprisingly, directly related to the density
of the source ions. The AE (Figure 2f) and SYM-H (Figure 2g)
geomagnetic indices responded essentially instantaneously
with jumps across the shock arrival of �200 to 800
and ��10 to +20, respectively.
[11] Figure 2a shows the ENA counts observed in the

IBEX-Hi energy step 5, which measures 1.99–3.75 keV
(FWHM) H ENAs (note that IBEX’s detection efficiency for
heavier ENAs is extremely low). IBEX acquires ENA data
in each of six energy steps (see Table 1) by stepping up
every two spins (i.e., the sequence of energy steps on sub-
sequent spins is 1,1,2,2,3,3,4,4,5,5,6,6,1,1…). Thus, the
fundamental time resolution for a single sample at any given
energy is 15 s, but only two of these are taken sequentially at
each of six energy steps, so that the full cycle repeats every
�3 min. The red curve in Figure 2a shows histogram-binned
(HB) data that are summed onboard over 48 spins
(�12 min); because of the sampling sequence, this obser-
vation consists of �2 min of data collection time for energy
step 5 sampled in eight segments over �12 min. The black
curve shows direct event (DE) data from each pair of spins at
this energy step (taken on a pair of spins each 12 spins)
where we have multiplied the observed counts by 48/12 in
order to put both curves on the same scale. Note that the two
curves match for times of lower count rates, but for higher
counts, the direct events undersample the ENAs owing to
IBEX’s limited telemetry rates. This by-design combination
allows us to use direct event data for more accurate timing,
while the histogram data of all ENAs (summed onboard)
provide accurate fluxes at somewhat lower time resolution.
[12] ENA emissions from the dayside magnetosphere are

shown in Figure 3. The two intervals represent the �3 h
before the shock arrival (Figures 3a and 3c) and the �1 h
after (Figures 3b and 3d); Figures 3a and 3b are based on
histogram data for energy step 3 (�1.1 keV), and the bottom

shows energy step 5 (�2.7 keV). In contrast to the direct
events, the histogram data capture all ENAs measured at
these energies by IBEX. The preshock images (Figures 3a
and 3c) show ENA emissions from both magnetospheric
cusps as described by Petrinec et al. [2011]; it is interesting
to note that there are higher ENA emissions from the south-
ern cusp than from the northern cusp prior to the interplane-
tary shock arrival that seem to disappear after arrival. After
the shock arrives at Earth (Figures 3b and 3d), the magne-
topause is likely compressed, and IBEX observes strongly
enhanced emissions from the nose of the magnetosphere and
magnetosheath, as examined by Fuselier et al. [2010].
[13] Figure 4a again shows the ENA counts measured in

ESA 5 from 07:00 to 16:00 UT. Six sequential intervals (I–
VI) are identified and color coded. The energy spectra for all
six intervals are plotted in Figure 4b, with both the spectra
and their time ranges indicated by the color coding. Clearly
the preshock cusp emissions (I, black) are very different
from the post shock, compressed magnetosheath emissions
(II–VI). In particular, even in the initial ramping up of the
ENA emissions (II, red), their spectrum is strongly enhanced
at energies >1 keV compared to lower energies. This higher-
energy enhancement grows even stronger through the peak
ENA fluxes (III, yellow) and then slightly lessens through
the remainder of the enhanced fluxes (IV, green and V, light
blue). By the end of the interval examined (VI, dark blue),
the lower-energy fluxes have dropped back essentially to
their preshock levels, while the higher-energy fluxes remain
significantly enhanced. This sequence of observations begs
the question as to why the peak energy is as low as it is and
whether the solar wind or magnetosheath plasma ions are
producing the bulk of the observed ENAs.
[14] Because IBEX was designed to measure the tenuous

ENA emissions from the outer heliosphere, the sensors were
optimized to provide extremely high sensitivity. This sensi-
tivity allows very precise observations such as the spectral
information shown in Figure 4, even when the ENA source
is far from the Earth, where the neutral exospheric densities,
with which the ions charge exchange, are extremely low. It
also provides adequate statistics of measurements from these
distant regions to allow reasonably precise timing of signif-
icant changes in magnetospheric emissions. Figure 2a shows
ENA counts in 12 spins (�3 min), which clearly show a
discontinuous enhancement just prior to 08:30 UT. In addi-
tion, we examined IBEX’s individual direct event data from
individual spins at each of the six observed energies. These
pass bands collectively span from 0.38–6.00 keV FWHM
and have different transit times for the different speed ENAs,
as shown in Table 1, from the emission region near the nose
of the magnetopause �27 RE away.

Table 1. IBEX-Hi Energy Bands and Approximate Observational Time Lags

ESA
Level

ENom �FWHM
(keV)

ENom

(keV)
ENom +FWHM

(keV)
Speed of H at
ENom (km/s)

27 RE Travel
Time (s)

Arrival After
Energy Step 6 (s)

1 0.38 0.45 0.58 293.5 587 392
2 0.52 0.71 0.95 368.7 467 272
3 0.84 1.08 1.55 454.7 379 184
4 1.36 1.85 2.50 595.2 290 95
5 1.99 2.70 3.75 719.0 240 45
6 3.13 4.09 6.00 885.0 195 0
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[15] While the counting statistics are limited in the indi-
vidual spin data, discontinuous jumps can be seen in each of
the six energy steps with generally later times at progres-
sively lower energies as expected for the transit time delays.
The last three columns of Table 1 show the speed of an H
ENA at the central energy of each energy step, the transit
time for the ENA to propagate from the nose of the mag-
netosphere to IBEX (�27 RE), and the differential time lag
from the fastest ENAs observed. In Figure 5, we show a
dispersion analysis of the timing of the onset of enhanced
ENA fluxes. For each energy bin, the vertical bars indicate
the range of possible arrival times with the lower ends
corresponding to the measurements just before the enhance-
ment and the upper ends the measurements just after.

Horizontal bars indicate the FWHM ranges of the six energy
channels (Table 1). The distance to the source determines a
fixed slope in 1/v versus time; here we assume that the
enhancement begins at the distance to the GSE x axis (27 RE),
where the nose of the magnetosphere should first encounter
the interplanetary shock arrival. For this distance, the initial
ENA enhancement must have started between 08:26:08 and
08:26:26 UT, bounded by the earliest time for ESA 5 (blue
dot) and the latest time for ESA 2 (red dot), in order to
account for the increases seen at all energies.
[16] Measurements of ENAs from near the nose of the

magnetopause provide a global view of conditions in this
region [Fuselier et al., 2010]. As such, they allow a global
(although integrated) test of results from global

Figure 3. IBEX images of differential flux of ENAs observed from the dayside of the Earth for energy
bands centered on (a and b) 1.1 keV and (c and d) 2.7 keV. Figures 3a and 3c show times before the inter-
planetary shock arrival (05:22–08:04 UT), and Figures 3b and 3d show those after (08:27–09:13). Images
are constructed from the combination of spinning and motion of the IBEX spacecraft along its orbit over
the interval integration interval; this, along with IBEX’s intrinsic �7� FWHM angular resolution, pro-
duces the blocky ENA features shown [e.g., McComas et al., 2011b]. The modeled magnetic field lines
[Tsyganenko, 1995] are calculated for the central time in the ENA observation interval shown in each
image and projected onto the GSE X-Z plane; the model field in Figures 3b and 3d probably shows less
compression than actually occurred, and the bright ENA emissions are likely coming at least in part from
the highly compressed subsolar magnetosheath.
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magnetospheric magnetohydrodynamic (MHD) simulations
of this region. MHD results at any point in a model are
characterized by the magnetic field, density, temperature,
and plasma velocity. The distribution function may be
characterized by a drifting Maxwellian, and in turn the rel-
evant differential directional intensity as a function of par-
ticle energy E [Rossi and Olbert, 1970] may be found as

Jion E;→v;→xð Þ ¼ v2

m
f →v;→xð Þ ¼ v2

m
n

m

2pkT

� �3=2
exp �m →v � →v0ð Þ2

2kT

 !
;

ð1Þ

where v is from the emission point x toward the observation
point, n is the particle density, T is the temperature, and v0 is
the plasma bulk velocity. The ENA brightness at the
spacecraft is obtained by integrating the optically thin ENA
emissions along each line of sight,

JENA E; x; zð Þ ¼
Z

Jion E; x; y; zð Þs Eð ÞnH x; y; zð Þdy; ð2Þ

where s is the cross section for energetic protons scattering
from neutral hydrogen of the geocorona, whose particle
density is nH. In order to compare directly the modeled ENA

intensities with the IBEX data shown in Figure 3, we per-
formed the integral here along GSE Y, giving a map of ENA
emission as a function of GSE X and Z, consistent with the
image plane observed by IBEX for this event.
[17] We ran the Open Geospace General Circulation

Model (Open GGCM) [Raeder et al., 2001] at the Com-
munity Coordinated Modeling Center using propagated
solar wind input for the day of 5 April 2010. We down-
loaded physical quantities from this model on a one RE grid
and interpolated in three dimensions. We also used the
empirical geocoronal density model from Rairden et al.
[1986]. Since the charge exchange cross section [Lindsay
and Stebbings, 2005] is relatively constant across the
energy range considered, we used a constant value of
s = 2 � 10�15 cm2 and approximated the energy response of
the detector as flat across the energy band half widths given
in Table 1. We used a fixed IBEX position of (6,25,0) RE in
GSE coordinates throughout the event. For comparison with
Figure 3, it is necessary to average model results in time to
compare with the IBEX exposures over similar time periods.
Over the less dynamic and longer early period of observa-
tion, we averaged model values from 06:04 to 08:04 UT at
20 min intervals, while in the dynamic period 08:28 to 09:12
UT we averaged over 4 min intervals, to calculate the pro-
jected ENA emissions. Dynamics visible in individual steps
of the model simulations are not examined here, but the
averaging produced images directly comparable to the IBEX
observations over the matching time periods.
[18] The results in Figure 6 show general agreement of the

model with the IBEX observations in terms of integrated
brightness at �2.7 keV from around the nose of the mag-
netopause after the interplanetary shock arrival. Simulated
fluxes in this energy band from before the shock and at
�1.1 keV both before and after the shock arrival are sig-
nificantly different from the observations, with the model
showing relatively little intensification at �1.1 keV arrival
compared to the observations. In addition, a discrete feature
above the Z = 0 plane at about X = 7 RE is evident before the

Figure 4. (a) ENA counts in ESA 5, color coded to provide
a guide to the ENA energy spectra measured by IBEX.
(b) Energy spectra from before the shock arrival (black)
through the substorm. Error bars represent �1s Poisson sta-
tistical errors (square root of the counts).

Figure 5. ENA dispersion analysis for initial enhancement
times seen in each of the six IBEX-Hi energy channels. For a
source at the nose of the magnetopause, 27 RE away, the ini-
tial ENA intensification must have occurred between
08:26:08 and 08:26:26 UT.
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shock arrival in the simulated image but not in the obser-
vations. The model showed considerable dynamical behav-
ior in the earlier period, which corresponded to a period of
elevated AE (see Figure 2). The model’s discrete features at
�1.1 keV (visible to a lesser extent at the higher energy),
and overall brightness in the earlier period in ESA 3, appear
to be due to plasma flows present in the model, which the
IBEX observations do not provide evidence of. In contrast,
the model does not show enhanced cusp emissions [Petrinec
et al., 2011] as clearly seen in the IBEX observations.
[19] While derivation of emission intensities from inner

magnetospheric models has been done before [Fok et al.,
2003; Lee et al., 2007; Buzulukova et al., 2010], IBEX

also detects significant ENAs from the outer magnetospheric
regions. We infer that flow velocities in these regions should
influence the emissions detected in the different energy
bands. Inclusion of those velocities, which in this region can
provide a large part of the ENA speed, has produced general
agreement on the overall flux levels between the model
results and data in some cases. However, there are also some
significant differences, with the model showing little or no
enhancement at the lower energy, in contrast to the IBEX
ENA observations, which show strong enhancement at both
energies shown. Perhaps the detailed flows present in the
model led to discrepancies in the structure and brightness of
the simulated ESA 3 emissions early in the event.

Figure 6. Comparison of (left) ENA observations from Figure 3 with (right) simulated ENA emissions
using the same color bars. The left (right) image in each pair shows emissions before (after) the arrival
of the interplanetary shock, the top images are all for ESA 3 (1.1 keV central energy), and the bottom
images are for ESA 5 (2.7 keV central energy).
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Figure 7
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[20] We next examine simultaneous observations of
magnetospheric ENAs from TWINS 1. In Figure 7, each
column displays seven separate images, which collectively
cover energies from 0.5 to 96 keV. Each image was pro-
duced from detailed information about the detection of
individual ENAs. While TWINS data can be binned at any
energy resolution, for these images we chose 100% wide
energy bins as indicated in Table 2. Figure 7 comprises six
sets of energy resolved images, each collected over five
minutes of observations, with the start times of each shown
at the top.
[21] In all images in Figure 7, we have first applied a

process we call “statistical smoothing” (first introduced for
analysis of IBEX heliospheric data [McComas et al., 2009c]
and subsequently adapted for TWINS data [Valek et al.,
2010]), where smoothing is performed on high-resolution
data until a desired level of minimum statistical certainty
(counting statistics) is reached for the entire image. Since
then, we have continued to evolve and perfect the imple-
mentation of statistical smoothing of TWINS data. For this
study, we use counts in individual 1��1� pixels and sum
with their neighbors until achieving at least 25 counts
(corresponding to 20% Poisson statistics) in order to produce
smoothed flux images. By this algorithm, portions of the
original image that already had 25 counts were unsmoothed.
Subsequently, we apply a newly developed background
subtraction procedure that significantly improves the quality
of the TWINS images when certain types of background are
present in one of the two ENA head. Details of both statistical
smoothing as we apply it to TWINS data and the background
suppression procedure are provided in Appendix A.
[22] The 08:20–08:25 images in Figure 7 are very similar

to other images over the preceding couple of hours. These
represent the relatively quiet magnetospheric emissions prior
to the interplanetary shock arrival. The 08:25–08:30 images
cover the shock arrival and first few minutes thereafter. The
08:30–08:35 images are the brightest in the sequence with
the emissions in the subsequent five minutes (08:35–08:40)
showing significantly reduced ENA fluxes, especially at
lower energies. Much of the apparent enhancement in the
lower-energy 08:30–08:35 images, when the magnetosphere
was initially compressed, is identifiable as background from

higher-energy ions entering through the TWINS collimator
(the collimators should remove all ions with energies less
than �7–10 keV) and particles penetrating the instrument
walls (see appendix). In contrast, the higher-energy ring
current emissions (>10 keV) continue to show enhanced
emissions, very similar to the times of peak intensity for at
least 20 min after the shock arrival. Finally, the fifth (08:50–
08:55) and sixth (09:30–09:35) columns show the emissions
roughly 20 min and an hour after the shock arrival, the latter
being near the end of the substorm when the magnetosphere
is again approaching a quieter magnetospheric state.
[23] Inspection of the individual sets of five minute aver-

aged images from 08:40 to 09:30 show a consistent evolu-
tion with a slow decay in the ring current emissions at high
altitudes and the growth of low-altitude emissions (LAEs)
near the Earth. These LAEs are bright emissions produced
by precipitating ring current ions that show up near the limb
of the Earth under the correct viewing geometry; LAEs are
routinely observed from both TWINS spacecraft [McComas
et al., 2009a; Bazell et al., 2010; Valek et al., 2010]. While
none of the images show significant LAEs prior to or during
the shock arrival (left four columns), the highest four energy
bands show initial brightening of the LAEs by 08:50–08:55
(fifth column) and by 09:30–09:35 (last column), the LAEs
show up as bright near-Earth emissions across all energies.
[24] Figure 8 shows the time evolution of the LAE

enhancement from 08:00 to 09:30 UT as a function of
energy. Plotted is the log of the ratio of the peak pixel to the
average measured ENA flux (total flux divided by the num-
ber of pixels inside 2 RE geocentric). While the statistical
smoothing and background subtraction make the precise

Table 2. TWINS Energy Bands and Approximate Observational
Time Lags

EMinimum

(keV)
ENom

(keV)
EMaximum

(keV)
Speed of H at
ENom (km/s)

5 RE Travel
Time (s)

32 64 94 3520 9
16 32 48 2490 13
8 16 24 1760 18
4 8 12 1245 25
2 4 6 880 37
1 2 3 622 52
0.5 1 1.5 440 73

Figure 8. Color-coded ratio of peak to average ENA flux
observed inside of 2 RE geocentric distances. This ratio pro-
vides a qualitative assessment of the existence and strength
of the LAE emission, which begin first at the highest ener-
gies �15 min after the shock arrives and fill in at lower ener-
gies over the subsequent �20 min.

Figure 7. Energy-resolved TWINS images of substorm ENA emissions sorted by time and energy. Each column shows a
different set of 5 min integrated images, with the start time listed on the top. Each row of images shows a different energy
band (central energies indicated on the left side), all of which have 100% energy resolution; each row also has a common
three decade logarithmic color bar. The last two columns of images (indicated by red boxes) are from roughly 20 min
and 1 h after the shock arrival. In all images, the Earth limb (white circle) and L = 4 and L = 8 model field lines are shown
at noon (red) and at 6, 12, and 18 magnetic local time.
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value of this ratio less important, the fact that the LAEs are so
highly localized allows this ratio to provide a good qualita-
tive indication of their relative strength. Dark blue regions of
Figure 8 (log(ratio) < 0.3) indicate that essentially no LAEs
are present; this was true at all energies until �08:45 UT,
�15 min after the shock arrival. Starting at this time, the
highest-energy LAEs show up with continued LAE bright-
ening at higher energies and the onset of LAEs at progres-
sively lower energies over the next �20 min.
[25] Just as for the IBEX observations, we have also pro-

duced simulated ENA images to compare with the TWINS
observations. Again, the emissions arise from the line-
of-sight integration of an optically thin source region
(equation (2)). For this comparison, we calculated the 3-D
distributions of ring current fluxes using the Comprehensive
Ring Current Model (CRCM) [Fok et al., 2001], which is
an appropriate tool for studying ring current dynamics [Fok
et al., 2003; Ebihara and Fok, 2004; Jones et al., 2006; Fok
et al., 2006; Buzulukova et al., 2010; Fok et al., 2010]. The
CRCM solves the bounce-averaged Boltzmann equation to
obtain the temporal evolution of phase space density for
ring current ions. The CRCM calculates the Birkeland cur-
rents and electric field in the inner magnetosphere self-
consistently with the ring current pressure distribution. The
empirical T96 model [Tsyganenko, 1995; Tsyganenko and
Stern, 1996] is used to provide the magnetospheric mag-
netic field. The polar boundary condition for the electric
field potential is calculated from the Weimer-2000 convec-
tion model [Weimer, 2001]. The density and temperature of
the plasma sheet are calculated with the empirical TM2003
model [Tsyganenko and Mukai, 2003] at r = 10 RE. The
CRCM outer boundary in the equatorial SM plane is located
at r � 9 RE.
[26] Figure 9 shows the simulated images, which have

been plotted over the exact same energy ranges and times,
from the perspective of the TWINS spacecraft, and on the
same color bars for each energy band. Thus, it is again
straightforward to compare these images directly with the
actual TWINS observations shown in Figure 7. The real data
include additional noise and backgrounds, which show up as
apparent emissions; these backgrounds are most evident in
the lower-energy images from 08:30 UT but are also present
at lower levels in the other images. Nonetheless, the overall
levels of ENA fluxes emanating from the ring current are
quantitatively quite similar to the observed levels. Note that
this comparison can only be made for the higher-altitude,
direct emissions from the ring current as the CRCM only
simulates ring current fluxes and does not include ion pre-
cipitation and thus the capability to model LAEs.
[27] An interesting difference between the observed and

simulated ENA images is that the simulated ones show rel-
atively little variation with time over the interval shown with
only a progressive brightening at nearly fixed local times
and altitudes across each row of Figure 9. In contrast, the
TWINS images in Figure 7 show significant intensification
in the ring current from before to after the interplanetary
shock arrival. It is likely that IPS- and substorm-related
inductive electric fields can significantly contribute to ring
current flux enhancements and corresponding enhancements
in the ENA emissions. In this particular CRCM simulation,
we used the dynamic T96 magnetic field model. The CRCM
has inductive electric fields associated with changes in the

T96 magnetic field, however, one can hardly expect an
accurate description of IPS- and substorm-related changes in
magnetic field geometry with the T96 model, especially for
extreme cases like this event. A possible solution for this is
to use a fully coupled CRCM-MHD model, which is cur-
rently being developed by the TWINS team. In any case,
comparison of the model and direct observations indicate
that the real ring current can be far more dynamic than even
the best current model (CRCM) can predict.

3. Discussion

[28] This study is the first to combine two unique sets of
magnetospheric ENA observations: (1) TWINS, which pro-
vides continuous ENA observations of the ring current and
LAE emissions, with periodic stereo imaging from the two
spacecraft, and (2) IBEX, which was designed to image the
dim ENA emissions from the outer heliosphere but which
also provides extremely sensitive observations of more dis-
tant portions of the Earth’s magnetosphere. Together
TWINS and IBEX have provided a unique and simultaneous
imaging of the Earth’s magnetosphere and enabled the first
truly global perspective of a magnetospheric substorm: the
5 April 2010 substorm that led to the loss of control of
Intelsat’s Galaxy 15 communications satellite in geosyn-
chronous orbit.
[29] The 5 April 2010 substorm was driven by a fast

interplanetary shock that passed the Geotail spacecraft at
�08:25 UT, approximately 15 RE upstream from the Earth
[Connors et al., 2011], and thus arrived at and began com-
pressing the magnetopause at �08:26 UT. Essentially
immediately (between 08:26:08 and 08: 26:26 UT) this
compressed region produced strongly enhanced ENA emis-
sions that were observed several minutes later at IBEX
�27 RE off to the side of the Earth-Sun line, owing to the
finite travel times of the ENAs at various energies.
[30] It is interesting that the subsolar magnetosheath ENA

emissions observed by IBEX were immediately and strongly
enhanced as soon as the interplanetary shock arrived. In
addition, the background in the observations at the TWINS
spacecraft increased essentially simultaneously (beginning
between 08:25 and 08:30), and the ring current emissions
were enhanced and stayed enhanced starting with the com-
pression of the magnetosphere. At this juncture, it is not
clear what mechanism associated with the shock arrival
directly causes the ring current intensification. Perhaps it is
simply compression of the magnetosphere reducing the flux
tube volumes and increasing the ring current densities and
emissions. On the other hand, it could be some other pro-
cess. For example, adiabatic heating followed by pitch angle
scattering through interactions with EMIC waves might
explain such compression-related enhancements of magne-
tospheric ENA emissions.
[31] In contrast to the direct ring current emissions, the

observed LAEs were significantly delayed, only beginning
to show enhancements at the highest energies �15 min after
the shock arrival. The subsequent LAE emissions observed
by TWINS at progressively lower energies over the next
�20 min indicate an interesting delay, which cannot simply
be explained by ion dispersion and propagation times from
the ring current down to the ionosphere. These times are
much shorter and should only be one to a few minutes, even
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Figure 9. Simulation results covering the same times and energies as the TWINS observations and
plotted using the same color bars and other features as those used in Figure 7 to facilitate direct comparison
of the two sets of images.
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down at 1 keV. Furthermore, the ENA propagation times
once they are produced �5 RE from the TWINS spacecraft
are all less than about one minute (see Table 2). Thus, the
longer, tens-of-minutes time scale seems to represent evo-
lution of the ring current pitch angle distribution toward the
loss cone as ions precipitate.
[32] Another interesting aspect of the TWINS LAE emis-

sions is that they are very bright at the highest energies
observed even though the direct ring current emissions both
observed at the same energies by TWINS and predicted by
the CRCM model peak at lower energies. This combination
of observations suggests that the LAEs are not simply a
measure of the total ion content of various magnetic flux
tubes in the ring current, but rather that some physical pro-
cess “gates” the precipitation of ions down into the iono-
sphere where the LAEs are produced (it is also possible that
there is some time-dependent complexity of the ENA pro-
duction in the ionosphere). Since the viewing geometry
changed relatively little over the observations shown here,
we suggest that the strong global compression of the mag-
netosphere documented by IBEX likely changed both the
drift paths of the ring current ions and altered which pitch
angles were able to precipitate. For example, strong com-
pressions are believed to produce pitch angle anisotropy in
trapped magnetospheric ions [e.g., Anderson and Hamilton,
1993], which in turn generates ion cyclotron waves that
pitch angle scatter (and thus enhance the precipitation of)
ring current ions, with a broader range of pitch angle being
affected for higher-energy particles [e.g., Jordanova et al.,
1997].
[33] In addition to the detailed timing and overall flux

measurements provided by both IBEX and TWINS, the
energy-resolved ENA measurements provide important
spectral information about the emitting source regions. For
example, Figure 4 shows that the preshock cusp emissions
are significantly different from the compressed magne-
tosheath emissions after the interplanetary shock arrives,
which are significantly enhanced at energies >1 keV com-
pared to lower energies. This higher-energy enhancement
increases through the peak ENA fluxes and stays enhanced
even after the lower-energy fluxes have dropped back
essentially to their preshock levels. Such a sequence is
generally consistent with the much higher solar wind speed
persisting after the arrival of the interplanetary shock,
although an explanation of the detailed evolution of the
ENA fluxes and spectra are beyond our current under-
standing of the magnetospheric system. At higher energies,
TWINS observes a similar energy-dependent response in the
ENA emissions from the trapped ring current. As already
noted above, the >10 keV TWINS images continue to show
enhanced emissions well after the initial shock arrival, and
well beyond the brief background enhancement caused by
direct particle penetration. Thus, spectral information in
ENA images provides an essential window into the pro-
cesses whereby the solar wind inputs energy into the
magnetosphere.
[34] The combined IBEX and TWINS observations pro-

vide a more complete global picture of the complicated
magnetospheric evolution than has ever been available
before. In order to address these more detailed connections,
this study also provides simulated ENA fluxes for compar-
ison with both the IBEX and TWINS observations. The

simulations were run as if viewing from the actual locations
of the IBEX and TWINS spacecraft, cover the same inte-
gration times as the observations, and were plotted on
exactly the same color bars as the data. In general, the
observed and predicted fluxes are similar, with similar peak
flux values. However, the detailed distributions, time evo-
lution, and energy distribution do differ between the IBEX
and TWINS observations and their respective simulations.
[35] ENA emission imaging and MHD simulations both

have a global nature, and intercomparison allows a check on
the validity of the simulations, and aids in interpretation of
the data. Furthermore, sometimes what is not shown is also
important. For example, the MHD simulation of the IBEX
observations prior to the arrival of the interplanetary shock
failed to show the cusp emissions, but did show time-vari-
able fast flows from near the nose. Similarly, the simulations
of the TWINS data showed far less variability in the pre-
dicted ENA fluxes over this substorm event than actually
observed. Such differences demonstrate the potential to
directly extract information about plasma flows and
enhancements, using multienergy ENA detectors of suffi-
cient sensitivity; comparison of such observations should
allow testing and improvements to the current set of MHD
models and provide for much deeper and more detailed
physical understanding of the magnetosphere.

Appendix A

[36] This appendix documents several important details of
the TWINS data analysis that have been developed since the
original TWINS mission paper [McComas et al., 2009a]. In
particular, we describe and document our method for bin-
ning the ENA data (section A1), a recently developed pro-
cess called “statistical smoothing” that was first used for
ENA imaging of the outer heliosphere on IBEX [McComas
et al., 2009b] (section A2), and our method for differential
background subtraction between TWINS ENA heads
(section A3). This appendix is intended to provide the
detailed explanation and citable reference for these advanced
analysis tools as they are currently applied to TWINS
images.

A1. ENA Binning

[37] The TWINS instruments [McComas et al., 2009a]
produce 3-D ENA images (two spatial dimensions and one
velocity dimension) by combining measurements from two
separate ENA sensor heads. The sensor heads are referred to
as the AWAY head of the TOWARD heads. This naming
convention specifies the head look direction with respect to
the instrument electronics box.
[38] The approximate FOV for each sensor is indicated in

Figure A1. Each sensor head makes an instantaneous image
over 1 spatial dimension and velocity space. The whole
instrument is then actuated back and forth in a windshield
wiper motion to fill in the second spatial dimension. The
TWINS data are binned into 4� wide actuation sectors. With
a nominal actuation velocity of 3� s�1, these data are accu-
mulated over 1.333 s. A full sweep is made up by combining
45 sectors to get 180� of actuation. A full sweep is 60 s of
data plus an additional 12 s of time required to reverse the
motion of the actuator. Therefore, a 60 s image is produced
every 72 s. Figure A1 shows this process schematically. The
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instantaneous FOV for the AWAY (TOWARD) sensor head
is shown in green (red), and the FOV for a full sweep is the
region shaded dark (light) gray. Images are created by using
an integer number of sweeps.
[39] TWINS uses coincidence measurements to determine

each particle’s Time of Flight (TOF) and for background
rejection. For each sector the data include 16 bit counters for
the total number of valid events by sensor head and detailed
information for up to the first 1253 valid events from both
heads. This detailed information, called the Direct Events
(DEs) includes information to determine the incident angle,
particle TOF, and a time “slice” that increments every 1/3 s.
With the constant actuation velocity, the slice value defines
the actuation position to 1�.
[40] During times of high counting rates, the total number

of valid events may exceed the allotted telemetry for DEs.
For each sector of data there is enough telemetry to report
only up to the first 1253 DEs. Since for each sector the
telemetry gets filled in chronological order, we can use the
slice information to estimate the time used to acquire DEs. If
there is at least 1 DE reported in slice n, and slice n is the last
slice in a sector with any DEs, then we know that there was
sufficient telemetry for all DEs measured in the previous
slices. For those 1� wide slices the DEs were accumulated
over a full 1/3 s. We can determine the total number of valid
events that are in slices n through the end of the sector as the
difference of the total valid events and the total DEs in the
slices prior to slice n. Making the assumption that the
remaining valid events are uniformly distributed over slices
n through end of the sector, then we can estimate what
fraction of the DEs were not available for transmission for
slice n, and scale the accumulation time appropriately.
[41] The TWINS sensors measure the incident direction of

the ENAs and the TOF of the ENAs inside the sensor to
determine the particles velocity. The DEs are binned by
incident angle and TOF. Both of these quantities have
uncertainty due to the interaction of the incident ENA with
the thin carbon foil of the instrument [McComas et al., 2004,
2009a; Valek et al., 2010, and references therein] and from
the finite width of the bins used for the angle and TOF. The
particles energy is calculated from the velocity (path traveled
in the sensor determined from incident angle divided by the
TOF) and mass, here assumed to be H.

[42] Since both incident angle and TOF are measured in
discreet bins, the resultant energy bins boundaries are not
constant over the full FOV; that is, the determined energy
from TOF bin i will be different at angle bin j and bin j + 1.
Figure A2 shows the effect of the discreet TOF binning has
on the energy bands over a small angular range. The alter-
nating blue and orange bars are for different TOF bins and
the horizontal black lines indicate the limits of the 32 keV
energy band used in this paper. The limits of the 32 keV
energy band in general do not line up with the boundaries
imposed by the discreet TOF bins.
[43] In order to make a meaningful image for a given

energy, we must address how the discreet energy binning
varies with angle. The similar IMAGE MENA instrument
[Pollock et al., 2000] uses the method of Henderson et al.
[2005] in which a fit to the measured energy spectra for
each angle bin is used to determine the flux at a given
energy. This was necessary for MENA owing to its limited
telemetry for TOF.
[44] TWINS has a TOF resolution that is 4 times finer than

that of MENA, so a more direct approach can be used. To
account for the variation in the TWINS energy bins as a
function of angle, the counts per energy and angle band will
include the counts from the discreet energy bins that fully fit
in the larger array (e.g., 16–48 keV), and a fraction of counts
from the bins that straddle the boundaries in the full energy
bin. A simple linear interpolation using the TOF bin that
straddles the energy bin boundary and the last TOF bin that
is completely inside the energy bin boundary is used to
estimate the fraction of counts to include from the partial
TOF bins.

A2. Statistical Smoothing

[45] The TWINS images typically cover a large dynamic
range, with the locally intense LAE being orders of magni-
tude brighter than the more diffuse High-Altitude Emissions

Figure A1. Schematic of the sensor head FOVs. Images
are generated by sweeping the �1-D FOV in a windshield
wiper motion. The approximate instantaneous FOV for the
TOWARD (AWAY) head is shown in red (green). The total
FOV after a full sweep of the actuator for the TOWARD
(AWAY) sensor head is shown in light (dark) gray. At the
end of every other sweep the two sensor heads are looking
in approximately the same direction.

Figure A2. The energy binning due to finite TOF bin res-
olution. For a constant incident angle, the alternating blue
and orange colors indicate the energy band for a single
TOF value. The lines at 16 and 48 keV show the limits of
our 32 keV energy band used in this paper.
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(HAE). Also the sensitivity of the TWINS sensors varies
with imaging angle, which leads to variation of the measured
counts across an image of even relatively uniform ENA flux.
The error due to counting statistics therefore can vary sig-
nificantly across an image. To maintain a more uniform error
from counting statistics across an image, we developed an
image processing technique we call “Statistical Smoothing.”
[46] In this process counts from surrounding pixels are

summed to achieve a minimum error from counting statis-
tics. The size of the region of included pixels varies
dynamically to maintain the minimum number of counts per
pixel. This can be thought of a sliding boxcar average where
the width of the boxcar can change from step to step to
maintain a minimum error. This has the virtue of maintain-
ing high spatial resolution in regions of high flux (e.g.,
locally intense LAE) and having sufficient counts in regions
of low flux (e.g., diffuse HAE). The statistical smoothing
method requires the least amount of smoothing needed to
achieve any particular statistical certainty. This statistical
smoothing method was invented and first used by McComas
et al. [2009b] for ENA imaging of the outer heliosphere with
IBEX and was subsequently extended to handle TWINS
ENA images of the inner magnetosphere [Valek et al.,
2010].
[47] The TWINS images shown in this paper have been

processed to have at least 25 counts (20% Poisson counting
statistics) in each pixel. If the counts in a given pixel are less
than this specified target value, counts from the surrounding
nearest neighbors are added until the target value is reached.
When this target value is reached, the new counts total and
commensurate geometric factor are then recorded for that
pixel in a new array. The counts and geometric factor over
the region of contributing pixels are combined to calculate
the correct intensity. In regions of the image with high
counts, just the original single pixel or only a small area
around that pixel is needed to reach the target value, while in
regions of low counts the areas can include many adjacent
initial pixels.
[48] The pixels with a FOV closest to parallel to the

rotation axis sweep out a smaller solid angle than pixels at
the outer edge of the image. For statistical smoothing, we
derive regions that are approximately square in solid angle
viewing as opposed to being “equal” in instrument angle
coordinates. The regions of approximately square solid

angle are 1� wide in the instrument imaging direction (radial
in the images) by m degrees wide in the instrument actuation
direction (azimuthal in the images). The value of m is
determined to give the new pixel a solid angle that is
approximately that of a 1� � 1� pixel 55� from the center of
the image. The value of m is constrained to be an odd integer
value so that the averages are centered on the pixel.
[49] Figure A3 shows the steps in the dynamic smoothing

process. Shown in Figure A3a is the total number of counts
per 1� � 1� pixel before any instrument response functions
or dynamic smoothing has been applied. The white space
indicates pixels where no DEs are returned either owing to
low sensitivity for that particular look direction or owing to
telemetry limitations preventing the measurement being
transmitted. Figure A3b shows the area of pixels that must
be included for each pixel to achieve the target value of
25 counts. The TWINS instrument has a region of low sen-
sitivity that can be seen as a semicircle in the lower half of the
images. This can be seen as the absence of counts in
Figure A3a and as the increase of required area to reach the
target value in Figure A3b. Figure A3c shows the image that
has been created after statistical smoothing and proper
instrument response functions have been applied. Figure A3d
shows the error in the image due to counting statistics.
[50] The amount of smoothing is determined by the target

value. Figure A4 shows the effect on the image when the
target value is increased. In each image, the solid angle
required to meet or exceed the target value is shown as the
image on the top, and the resultant smoothed image is shown
on the bottom for the same time period and energy shown in
Figure A3. The target values used were 0, 9, 25, and 100.
Since Poisson statistical errors go as the square root of the
number, the per pixel maximum errors are 33%, 20%, and
10% in Figures A4b, A4c, and A4d, respectively. A target
value of 0 results in no smoothing except for the center of
the image. A target value of 25 counts provides a reasonable
error (20%) and produces quality images without lengthy
processing (processing time is a function of the target
value). Note in Figure A4 that there is little difference
between the 25 and 100 count images. At the center of the
image 1��1� pixels are combined to maintain approxi-
mately equal solid angle bins. The steps seen in the solid
angle plots for Figure A4a are a result of the constraint that

Figure A3. Illustration of the statistical smoothing process. (a) The total number of counts per pixel
before any instrument response functions or dynamic smoothing has been applied. (b) The area (in stera-
dians) that must be included for each pixel to achieve the target value of 25 counts. (c) The image that has
been created after the statistical smoothing and proper instrument response functions have been applied.
(d) The error in the image due to counting statistics. The data in Figure A3 is from the 16 keV energy band
at 09:00 UT on 5 April 2010.
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m (number of bins in the azimuthal direction) be an odd
integer.

A3. Background Subtraction

[51] There are times when the sensitive TWINS ENA
sensors have backgrounds that are comparable to the ENA
signal. TWINS is sensitive to three classes of backgrounds;
UV light, penetrating energetic particles that can pass
through the instrument walls, and medium energy charged
particles, which are energetic enough to pass through ion
rejection collimators. UV from the Earth and the geocorona
are effectively attenuated by freestanding transmission grat-
ings (transmission �0.6 � 10�5) [McComas et al., 2009a].
The Ly-a from the Sun is intense enough to pass through the
freestanding transmission gratings; however, the Sun is typ-
ically not within the FOV of TWINS. Sectors of data that
have the Sun within 20 degrees of its FOV are removed from
the images. (No images in this paper met this criterion and
needed to be removed.)
[52] Penetrating energetic particles pass through the walls

of the sensor, and therefore do not produce valid events.
However, during periods of high fluxes penetrating particle
false coincident events are possible. These false “valid”
events are identified by their isotropic distribution. TWINS

is turned off as it enters perigee to prevent this sort of con-
tamination from the radiation belts.
[53] The TWINS sensors use charged-particle-rejection

collimators to suppress the background from medium energy
charged particles in the local environment. The TWINS
sensors use charged-particle-rejection collimators to sup-
press this background. The collimators are constructed with
a series of parallel plates that have high voltage applied to
every other plate, with the remaining plates held at ground.
The resultant electric field between these plates is to sweep
out charged particles [McComas et al., 2009a].
[54] The high voltage applied to these collimator plates

dropped and then stabilized over the first year of the mission.
Currently the voltage levels are such that the TWINS1
AWAY sensor head is lower than that for the TWINS1
TOWARD head. The lower voltage applied to the AWAY
sensor head make it more susceptible to charged particle
penetration through its collimator. The effect of this back-
ground is the apparent increased flux seen in the AWAY
sensor head in Figures A3 and A4. (See Figure A1 for the
AWAY and TOWARD sensors FOV.)
[55] The images in this paper were made of multiple

sweeps (four sweeps), and therefore the measured flux at the
end of the sweeps seen in either head should be nearly
identical if we assume the ENA flux varies slowly over an
�5 min image. The similar look directions for the sensor

Figure A4. Illustration of the effect the target value has on images for target values of (a) 0 counts,
(b) 9 counts, (c) 25 counts, and (d) 100 counts. Bottom images are of the ENA flux after statistical smooth-
ing has been applied, and top images are of the total area per pixel required to reach the target levels.

Figure A5. Demonstration of the background subtraction. (a) The image created using only the
TOWARD sensor head. (b) The image created using only the AWAY sensor head. (c) The complete
(two-sensor) image that results from combining data from these two different heads. (d) The flux differ-
ence map used to remove the excess background in the AWAY head. (e) The background subtracted flux
map.
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heads are shown schematically in Figure A1. The regions
labeled a and b are sampled by both the TOWARD head
(red wedge) and the AWAY head (green wedge). The dif-
ference in the measured flux at the ends of the sweep then
gives a measure of the excess backgrounds seen in the
AWAY head. The difference between the red and green
curves at each end of the actuation cycle is linear interpo-
lated over the actuation angle to estimate the angular
dependence of the background.
[56] Figure A5 illustrates the steps of this process.

Figure A5a (Figure A5b) is an image generated using only
the data from the TOWARD (AWAY) sensor head, and the
combined image is in Figure A5c. The excess background in
the AWAY sensor head with the linear interpolation applied
is shown in Figure A5d. This map of the flux differences is
then converted to counts using the instrument response
functions and subtracted from the raw counts image. The
statistical smoothing process is then applied using the
background subtracted counts to generate the image shown
in Figure A5e. All images shown in the body of the paper
have this background subtraction applied.
[57] This process removes excess background from the

AWAY sensor head but does not address any backgrounds
that are common to both sensor heads. Also if there are sharp
spatial gradients at the location where the differences are
determined this process can return unreliable results. The
largest spatial gradients are typically at the location of the
LAEs. For the time period covered in this paper, the LAEs
are far enough from the region where the background sub-
traction is performed to allow for a good background
subtraction.
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