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[1] In this paper, we analyze Two Wide-angle Imaging Neutral-atom Spectrometers
(TWINS) stereo observations of energetic neutral atoms (ENAs) produced from the low
altitude emission (LAE) region during the interval 1130–1146 UT on 6 April 2010.
Geometrical calculations determine the geophysical locations of pixels at or near the LAE
limb and the associated uncertainties. For our event, the two TWINS imagers observed a
broad (8.4–9.2 h wide in magnetic local time (MLT)) region of LAEs on the opposing
limb, possibly containing an ion boundary near dusk. The most intense LAEs were
detected in a narrow range of magnetic latitude (67ı–74ı) and pitch angle (112ı–116ı).
We implement a simplified thick-target approximation (TTA) to obtain ion spectra from
TWINS LAEs and perform a validation study using a conjunction of the TWINS-
observed LAE crescents with a simultaneous NOAA 17 polar-orbit pass slightly west of
the TWINS LAEs. Since TTA is limited to the brightest portion of LAEs, we apply our
analysis for pixels with at least 30% of the peak value. TWINS ion spectra are calculated
for individual pixels spanning several hours of MLT. The spectra exhibit a pronounced
local time dependence. For more westward MLT (and more equatorward latitude), there
is a shift toward spectra that are more energetic and peaked. This spatial dependence is
consistent with ion drift theory and previous observations. The peaked LAE-derived ion
spectra of 6 April 2010 are notably different than those observed during much weaker
disturbances, but are consistent with LAE observations from similar activity levels. These
results demonstrate that with proper caution in interpreting the results, TWINS ENA
imaging resolves MLT-dependent (and to a limited extent, latitude-dependent)
low-altitude ion spectral shape information, simultaneously across a broad range of MLT.
This study advances previous results that considered much coarser MLT structure in
LAEs and augments previous statistical spectral analysis of in situ data.
Citation: Goldstein, J., D. J. McComas, P. Valek, J. Redfern, F. Søraas, and D. Bazell (2013), Local-time-dependent low-altitude
ion spectra deduced from TWINS ENA images, J. Geophys. Res. Space Physics, 118, 2928–2950, doi:10.1002/jgra.50222.

1. Introduction
1.1. TWINS Low Altitude Emission (LAE)

[2] Two Wide-angle Imaging Neutral-atom Spectrome-
ters (TWINS) is a NASA mission of opportunity that per-
forms simultaneous energetic neutral atom (ENA) imaging
from two spacecraft on widely separated Molniya orbits
[McComas et al., 2009a]. TWINS measures ENAs over a
broad energy range (1–100 keV) with high angular (4ı�4ı)
and time (�1 min) resolution.
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[3] The ENA imaging of the storm time terrestrial ring
current was first demonstrated by Roelof [1987], using data
from the ISEE 1 spacecraft. The decades that followed saw
numerous studies using ENA imaging to discern the global
dynamics of space environments throughout and to the very
edge of the Solar System: at Earth by the Polar, Astrid,
IMAGE, and TWINS missions [Henderson et al., 1997;
Barabash et al., 1997; Pollock et al., 2001; Brandt et al.,
2002; Mitchell et al., 2003; Brandt et al., 2004; McComas
et al., 2009a; Bazell et al., 2010; Buzulukova et al., 2010;
Fok et al., 2010; Ilie et al., 2012], at Jupiter [Mauk et al.,
2003], Saturn, and its moon Titan [Mitchell et al., 2005a,
2005b] by the Cassini mission, and at the interstellar bound-
ary by Cassini [Krimigis et al., 2009] and IBEX [McComas
et al., 2009b]. Magnetospheric ENAs are created by charge
exchange, in which electrons from the neutral exosphere
[Zoennchen et al., 2010; Bailey and Gruntman, 2011] are
captured by energetic ions, rendering them neutral and thus
freeing them from the geomagnetic field. ENA imaging cap-
tures these escaping neutrals and uses them to diagnose the
system-level dynamics of the ring current [Valek et al., 2010;

2928



GOLDSTEIN ET AL.: TWINS LOW-ALTITUDE ION SPECTRA

Keesee et al., 2011, 2012; Goldstein et al., 2012b; McComas
et al., 2012], and in many cases uses forward modeling or
inversion techniques to reconstruct the global energetic ion
distribution [Roelof and Skinner, 2000; Perez et al., 2001;
Vallat et al., 2004; Grimes et al., 2010; Perez et al., 2012].

[4] The ENA imaging captures two fundamental pro-
cesses of magnetospheric ions: injection and precipitation,
i.e., the source and loss of the ring current. Often the bright-
est signal in an ENA image is the low-altitude emission
(LAE), produced by ions from just outside the loss cone,
mirroring in the oxygen exobase. The LAE is generated by
the multiple-collision (thick-target) interaction of precipi-
tating energetic ions with the atomic oxygen exosphere at
altitudes of a few to several hundred kilometers [Roelof and
Skinner, 2000]. Energetic ions precipitating at these alti-
tudes typically undergo hundreds of charge exchange and
stripping interactions as they spiral downward along mag-
netic field lines, continually changing their charge state from
ion to neutral and back to ion again [Roelof and Skinner,
2000; Brandt et al., 2001a]. A large fraction of the parti-
cles mirror and then emerge upward as ENAs that can be
imaged. Energetic neutrals from LAEs were observed by
the Poleward Leap sounding rocket which flew through a
proton arc [Søraas and Aarsnes, 1996]. The first images
of LAEs were produced with high-spatial resolution by the
Swedish microsatellite Astrid [Brandt et al., 2001b]. Sub-
sequently, the IMAGE mission routinely observed LAEs in
images produced by its three ENA cameras [Pollock et al.,
2001; Mitchell et al., 2003; Pollock et al., 2009]. ENA emis-
sions originating from both the proton aurora and the main
ring current have been observed at low altitudes by NOAA
[Søraas and Sørbø, 2012]. LAEs are a ubiquitous feature of
TWINS stereo images, even during extremely mild distur-
bances, e.g., TWINS first-light stereo images from 15 June
2008, during a corotating interaction region (CIR)-driven
event [McComas et al., 2009a].

[5] Multiple studies have investigated TWINS LAEs.
Valek et al. [2010] employed the continuous coverage pro-
vided by the two TWINS spacecraft to determine the relative
timing between LAE precipitation signatures and the trapped
ring current emission (RCE), finding that for the storm on
22 July 2009, the global precipitating ion flux peaked ear-
lier than the that of the trapped ions. Here the LAEs were
characterized by brightest pixel inside 2 RE. In a follow-
up study, Buzulukova et al. [2012] combined TWINS and
NOAA observations from two storms and found that the
relative timing between the LAE (defined as the brightest
pixel inside 1.5 RE) and RCE is controlled by the degree
to which the loss cone is full or empty during the main
phase of the storm. McComas et al. [2012] examined the
timing and energy dependence of LAEs (here defined as
the average ENA flux inside 2 RE) in relation to the arrival
of shock at the magnetopause, finding a sudden intensifica-
tion of higher-energy LAEs roughly 15 min after the shock
arrival, with an energy dispersion such that progressively
lower energies appeared over the following 20 min.

[6] Unlike the optically thin emissions from the trapped
ring current which involve only a single charge-exchange
collision along the imaging line of sight [e.g., Brandt
et al., 2004], LAEs result from multiple charge exchange
and stripping interactions between energetic ions and
the dense, neutral oxygen exosphere, as noted above.

Bazell et al. [2010] analyzed TWINS LAE observations
via a thick-target approximation (TTA) that accounts for
the multiple exospheric collisions, to extract the shape of
the precipitating ion spectrum from the ENA spectrum.
For a weakly disturbed event, their derived TWINS ion
spectra were found to follow (roughly) an (Energy)–1 depen-
dence, inconsistent with both a thermal proton spectrum
and a kappa distribution for reasonable values of kT or �.
Bazell et al. defined the LAE as the multipixel-averaged
ENA flux within a manually selected region of the image,
and the region was correlated with appropriately scaled ion
structures in simultaneous DMSP measurements.

1.2. Overview of LAE Case Study: 6 April 2010
[7] As mentioned above, in published works [Bazell

et al., 2010; Valek et al., 2010; McComas et al., 2012;
Buzulukova et al., 2012], the LAE has been characterized
by either a peak value inside a fixed geocentric radius or
as an average flux within a predetermined region (either
inside a fixed radius or within a manually selected region).
In this paper we investigate the pixel-to-pixel magnetic local
time (MLT) dependence of TWINS-determined ion spec-
tral shapes for a case study interval: 1130–1146 UT on 6
April 2010. The 5–6 April 2010 storm was triggered by
the first coronal mass ejection (CME) of solar cycle 24
[Connors et al., 2011], and the interval for this study was
selected because (a) the viewing geometry was advanta-
geous to capture LAEs from nightside ion precipitation and
(b) the quality of the TWINS images was excellent, with low
background levels.

[8] In section 2, we present geometrical calculations to
determine the geophysical locations (MLT and magnetic
latitude) and local pitch angles of TWINS limb pixels.
In section 3, we apply our geometrical analysis to study
the geophysical distribution of ENA emissions from our
selected interval.

[9] In section 4 we use the thick-target approximation
(TTA) of Bazell et al. [2010] to obtain ion spectra and
employ a methodology similar, though not identical, to
theirs (including pixel-averaged fluxes) to validate the ion
spectra via comparison with simultaneous NOAA data from
a similar magnetic latitude and roughly one MLT hour west
of the TWINS-observed LAEs. We show that the determina-
tion of absolute ion flux bears a large uncertainty related to
the fact that the TWINS pixels do not resolve the precipita-
tion region, and thus, the degree of agreement between the
TWINS and NOAA ion spectra depends greatly on which
NOAA-observed precipitation feature is selected for com-
parison. We also demonstrate that geometrical correction of
ENA differential flux (i.e., scaling the observed ENA flux
by the ratio of the TWINS pixel size to the assumed angular
size of the LAE source region) does not necessarily produce
trustworthy values of absolute ion flux.

[10] We then (section 5) calculate TWINS ion spectra for
individual pixels spanning several hours of MLT along the
Earth limb. We show that the TWINS spectral shapes for our
event are notably different than the monotonic, (Energy)–1

dependence found for LAE-derived ions by Bazell et al.
[2010]. The 6 April 2010 TWINS spectra exhibit a clear
local time dependence favoring higher average energy near
dusk than dawn, consistent with ion drift physics. This result
depends not on the absolute value of the TWINS-estimated
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Figure 1. Viewing geometry for low altitude emission (LAE) signatures. Because of the highly direc-
tional emissivity function [Pollock et al., 2009; Bazell et al., 2010], a TWINS imager observes LAEs
from the the opposite limb, e.g., an imager on the dayside observes LAEs from the nightside limb. (a) The
local pitch angle of the low-altitude ENAs is estimated as cos˛ = e� � Oc (cf. text). (b) Definition of angles
� , !, and  used to derive LAE colatitude. (c) Contours of LAE intensity, depicting vertical scale height,
adapted from a high-spatial-resolution Astrid ENA image [Brandt et al., 2001a, 2005]. For comparison,
the green double arrow indicates the radial size of a TWINS pixel from a vantage point �6 RE away.

ion flux, but rather upon the shapes of the individual pixel
spectra. We find a weaker trend favoring hotter ions at more
equatorward latitudes, most likely reflecting that the more
energetic duskside ions are following drift trajectories closer
to the Earth than the less energetic dawnside ions. The lat-
itudinal correlation is less clear, perhaps owing to greater
uncertainty in the geometric latitude determination.

[11] From these results, we show that TWINS ENA imag-
ing can resolve MLT-dependent low-altitude ion spectral
shape information simultaneously across a broad range of
MLT and may resolve some of the latitudinal dependence.
The ability to resolve pixel-to-pixel local-time-dependent
spatial structure advances previous results that considered
much coarser MLT structure via comparisons of two widely
separated (in MLT) pixels, or averages of larger groups
of pixels from the LAE region [e.g., Bazell et al., 2010;
McComas et al., 2012]. Our result also augments previ-
ous statistical analysis of the local time dependence of
ion spectra [Hardy et al., 1989], by providing system-level
information in a single image rather than in a sequence of
temporally decorrelated single-point measurements.

[12] The observation of LAEs thus enables broad MLT
coverage of magnetospheric ion precipitation, which can
provide contextual and/or complementary spatial and spec-
tral information for more local observations such as made
by a variety of in situ spacecraft.

[13] In the next section we describe our analysis
methodology.

2. Methodology
[14] In this section, we describe the geometrical calcula-

tions used to determine the geophysical locations (MLT and
magnetic latitude, ƒ) and local pitch angles (˛) of TWINS
limb-viewing pixels, and our implementation of the thick

target approximation developed for LAE analysis by Bazell
et al. [2010].

2.1. TWINS Viewing Geometry
[15] In this study, TWINS LAE emissions are sampled

along or just inside the Earth’s limb as seen from the view-
ing geometry depicted in Figure 1. The TWINS spacecraft
(either 1 or 2) is at location s, and the LAE is located at
a � aOr. Unit vector Oc � d–1(s – a) points from the LAE to
the TWINS spacecraft along the pixel line of sight (LOS),
where d is the distance between the spacecraft and the LAE
source location:

d =
�
r2

s + a2 – 2 {�s�a cos('s – 'a) + zs za}
� 1

2 . (1)

Here we employ a mixture of standard Cartesian (x, y, z),
spherical (r, � , '), and cylindrical (�, ', z) coordinates
as convenient to simplify the mathematical form of our
equations. Subscripts “s” and “a” refer to vectors s and a,
respectively. The problem to solve is the following: given
the spacecraft location s = (rs, �s,'s), determine the LAE
geophysical location a = (a, �a,'a).
2.1.1. Radial and Azimuthal LAE Location

[16] In this study, the LAE is assumed to originate from
an altitude h, i.e., geocentric distance a = RE + h. We use
h = 400 km, based on high-spatial-resolution Astrid LAE
observations taken from low altitude [Roelof and Skinner,
2000; Brandt et al., 2001a, 2005], depicted in Figure 1c.
Our determination of the LAE location is not very sensi-
tive to the choice of LAE altitude because the angular size
in the TWINS field of view (FOV) encompassed by scale
size (a – RE) is typically smaller than a TWINS pixel. From
a TWINS spacecraft-to-LAE distance of 6 RE, scale sizes
(a – RE) ranging from 300 to 800 km are a factor of 3 to 9
times smaller than a 4ı TWINS pixel, with the largest factor
corresponding to the smallest h. However, as discussed later
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(section 2.2), the choice of the related quantity bh, the alti-
tude thickness of the LAE, does affect the geometric scaling
correction applied to the ENA differential flux.

[17] The azimuthal angle of the LAE, 'a � �(MLTa –
12)/12, is determined numerically in the spherical “skymap”
projection used to display TWINS images (cf. Figure 4).
We project meridional lines (emanating from the SM coor-
dinate pole) onto a sphere of radius a, at np evenly spaced
azimuthal angles and calculate their intersections with the
limb of that sphere, generating an array of np values
of ' along the limb. Then for each TWINS limb pixel
(cf. section 2.1.4), the value 'a is assigned as that of the
closest of the np points. We use np = 315, corresponding
to one projected meridional line every �4.5 min of MLT,
sufficient to well resolve the 4ı-by-4ı (instrument frame)
TWINS pixels whose mean skymap-projected MLT-width
is �1 h (cf. section 2.1.5). We note that the apparent MLT
of the LAE is dependent upon the geocentric radius (a)
assumed for the LAE, but this is a small effect compared to
the MLT width of each pixel.
2.1.2. LAE Colatitude

[18] To derive an expression for LAE magnetic colatitude,
�a = � /2 – ƒa, we apply the law of cosines for the three
angles depicted in Figure 1b:

d2 = a2 + rs
2 – 2 a rs cos � (2)

a2 = d2 + rs
2 – 2 d rs cos! (3)

rs
2 = d2 + a 2 – 2 d a cos (4)

Setting equal d2 from (2) and (3), we obtain an equation for
angle � , which is most similar to magnetic latitude ƒa (and
thus most closely related to colatitude �a), as a function of
!, each LAE pixel’s angular offset from the origin:

cos � =
rs

a
–

d
a

cos!. (5)

The angle ! is essentially the TWINS instrument’s imaging
angle (corresponding to the instrument collimator direction;
cf. section 2.1.5 and McComas et al. [2009a]), equal to
n���, where ��(= 4ı) is the imaging-angle pixel resolu-
tion and n� is the number of imaging-angle pixels from the
center of the Earth. Equation (5) for cos � includes distance
d, which in (1) depends on �a, the quantity for which we
are solving. To provide a solution which does not depend
on prior knowledge of the LAE colatitude, we apply the
quadratic formula to equation (3) and express distance d
solely as a function of the imaging angle !:

d(!) = rs

�
cos! –

p
(cos2 ! – 1) + (a/rs)2

�
. (6)

Here we have rejected the + solution which corresponds to
the intersection of the LOS with r = a on the back side of the
Earth, not visible to TWINS. With (5) and (6), we equate d2

of (1) and (2) to obtain

cos �a =
�
z2

s + 	2�–1
�

zs rs cos � – 	
q

z2
s + 	2 – r2

s cos2 �

�
(7)

where 	 � �s cos('s – 'a). We reject the + solution which
corresponds to the Southern Hemisphere. For pixels located
precisely at the limb,  limb = � /2, equation (4) reduces to

r2
s = a2 + d2, and equation (3) yields the angular size of the

limb:

cos!limb =
d
rs

=

s
1 –

�
a
rs

�2

. (8)

Equation (2) then becomes cos �limb = a/rs, yielding the limb
solution

cos �a,limb =
�
z2

s + 	2�–1
�

zs a – 	
q

z2
s + 	2 – a2

�
. (9)

2.1.3. LAE Pitch Angle
[19] We estimate the local pitch angle (˛) sampled from

the TWINS vantage point as cos˛ = e� � Oc, where e� is a
unit vector in the direction of the dipole geomagnetic field:

cos˛ = –
h�
a3 d

�
3
2

sin 2�a (	 – �a) + (3 cos2 �a – 1)ız
	

, (10)

where ız = (zs – za), and h� = a3(1 + 3 cos2 �a)–1/2 is the scale
factor for the field-aligned dipole coordinate.
2.1.4. Limb Pixel Selection

[20] Because the TWINS imaging-angle pixel resolution
�� (4ı) is typically larger than the radial extent of the LAE
source region, and because pixels are generally not perfectly
aligned with the true LAE limb (at r = a or ! = !limb), we
must account for the deviation offset�! � !–!limb of each
pixel and use the general (non-limb) solution of equation (7).
With some algebra, it can be shown that to satisfy the con-
dition, cos �a � 1 restricts the solution such that ! � !C,
where

cos!C =
r2

s – a zs

rs
p

r2
s – 2 a zs + a2

. (11)

Thus, equation (7) provides a means of calculating the mag-
netic colatitude (and thus, latitude) of limb pixels in an
annular region of the TWINS image, bounded above by the
limb at r = a and below by angular offset !C. In this study,
we restrict our analysis to data for which the center of the
pixel lies in this annular region of the image.
2.1.5. Uncertainty in MLT, Latitude, and Pitch Angle

[21] Each TWINS imager consists of two collimating sen-
sor heads mounted on a rotating actuator that sweeps back
and forth over an approximately Earth-centered viewing
cone [McComas et al., 2009a, 2012; Valek et al., 2010].
Thus, the instrument’s 1-D imaging angle � (parallel to
the collimator plates) corresponds roughly to geophysical
radius and the actuation angle corresponds approximately to
geophysical longitude. Calculated values of MLT and mag-
netic latitude, assigned to the center of each pixel, bear an
uncertainty associated with the finite size of TWINS pixels.

[22] For a truly Earth-centered TWINS image, and for
an LAE in the same geophysical meridional plane as the
TWINS spacecraft (i.e., cos('s – 'a) = ˙1), the imaging
line of sight (LOS) projected onto a TWINS image would
be normal to the projected limb curve at the point of inter-
section. In this ideal case, the MLT width of the LAE pixel
would be �MLT = 4ı (24/360)h � 0.3h. However, because
the image is not quite centered on the Earth, and because
imaging LOS are not generally normal to the limb curve, the
average pixel’s MLT width is somewhat larger:�MLT � 1h
(cf. Figure 4b). The average uncertainty of the MLT value
assigned to the center of the pixel is half the pixel width:
ıMLTa � 0.5h. Note that apart from this pixel-related loca-
tion uncertainty ıMLTa, there is an intrinsic minimum-scale
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Figure 2. TWINS 1 and 2 attitude angles during 1130–1145 UT on 6 April 2010. (a) TWINS 1 imager-
Earth angle, defined as the angle between the imager boresight and the unit vector pointing from the
spacecraft to the Earth’s center. (b) TWINS 1 azimuthal angle, defined as the angular displacement in
the plane normal to the imager boresight; displacement is measured relative to the orientation at the UT
midpoint of the interval (i.e., 1138 UT). (c and d) Same as Figures 2a and 2b except plotted for TWINS 2.
Individual actuation cycles during the 15 min integration time are numbered (1–11) for TWINS 1.

size of approximately 1 MLT h, smaller than which TWINS
cannot resolve, because of the finite width of the slit camera
(cf. section 5.5).

[23] Uncertainty in the LAE latitude ƒa is much larger
than that of MLT because LOS are tangential to the limb
at the point of intersection (Figure 1a). With some alge-
bra, the variation of latitude with imaging angle @ƒa/@!
can be computed from equation (7); its magnitude is infi-
nite at the true limb and decreases with decreasing !. For
a finite deviation offset �! = ! – !limb where ! > !C,
the magnitude of @ƒa/@! is finite but still quite large. Our
approach is to estimate the uncertainty ıƒa as the difference
in latitude between the pixel center (!a) and its inner edge:
!a – 0.5��. Thus calculated for our study, the typical uncer-
tainty is as much as several tens of degrees (cf. Figure 4c),
which significantly decreases confidence in the absolute
latitude of a given pixel. However, the pixel-to-pixel rela-
tive latitude may be meaningful for groups of pixels in a
TWINS image (cf. section 5.4). Compounding the latitude
uncertainty, the angular deviations �!a of the individual
pixels produces a large scatter in ƒa. Therefore, to quantify
the effect of relative latitude, we use the average devia-
tion h�!ai = 1.2ı to calculate the values ƒa assigned to
the pixel centers and calculate the corresponding latitudi-
nal uncertainties ıƒa using the individual angular deviations
�!a from the limb. These uncertainties ıƒa are propagated
through equation (10) to yield corresponding pitch angle
uncertainties ı˛a.
2.1.6. TWINS Spacecraft Attitude

[24] In this study, each TWINS image is calculated by
integrating ENA flux over a 15 min interval (i.e., approx-
imately 11 sweeps of the rotating actuator). Though each
TWINS spacecraft is an approximately nadir-pointing plat-
form, adjustments in attitude that occur during the 15 min
ENA integration can contribute to the uncertainty in the
LAE location. Our plotted uncertainties (section 3) reflect
only those associated with TWINS pixel size, but in this

section, we consider the quantitative effect of variable
spacecraft orientation. Figure 2 plots the imager-Earth angle
(top row) and azimuthal attitude angle (bottom row) for both
TWINS imagers.

[25] First we discuss the attitude of TWINS 1. The
imager-Earth angle is defined as the angle between the
imager’s boresight [McComas et al., 2009a] and the unit
vector pointing from the spacecraft to the Earth’s center.
This angle corresponds most closely to the instrument’s
1-D imaging angle �. Thus, in terms of the uncertainties in
position discussed in section 2.1.5, the imager-Earth angle
contributes to latitudinal uncertainty in a manner quanti-
tatively analogous to that of the 4ı imaging-angle pixel
size. Figure 2a shows that there was an �12ı peak-to-peak
attitude adjustment of the TWINS 1 spacecraft during the
first two actuation cycles (i.e., prior to 1133 UT), after
which time, the TWINS 1 attitude was stable to within a
few tenths of a degree. For the entire 15 min interval, the
TWINS 1 imager-Earth uncertainty is measured by the stan-
dard deviation, about 4ı. Thus, the TWINS 1 uncertainties
in latitude and pitch angle (plotted in section 3) that arise
from the 4ı pixel size must be scaled up by adding, in
quadrature, the uncertainty associated with the 4ı attitude
deviation, i.e., these uncertainties must be multiplied byp

2(=
p

42 + 42/4). The azimuthal attitude angle plotted in
Figure 2b is defined as the angular displacement in the plane
normal to the imager boresight, and this angle corresponds
to actuation angle. The 4ı deviation in this azimuthal angle
likewise increases the 4ı-pixel-associated MLT uncertainty
by a factor of

p
2. Overall, the TWINS 1 attitude adjust-

ment during the first two actuator rotation cycles increases
the uncertainties of latitude, pitch angle, and MLT each by
approximately 41%.

[26] The TWINS 2 attitude was stable (to within sev-
eral tenths of a degree) throughout the entire interval. The
TWINS 2 imager-Earth angle deviation of 0.7ı (Figure 2c)
increases the latitude and pitch angle uncertainties each
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by 2% (
p

42 + 0.72/4 = 1.02). The TWINS 2 azimuthal
attitude angle deviation of 0.4ı (Figure 2d) increases the
MLT uncertainty by half a percent.

[27] In summary, when the TWINS spacecraft are sta-
ble to within a degree or so, the contribution of spacecraft
attitude to the uncertainties in LAE (or limb) location is neg-
ligible. However, when the TWINS image encompasses an
attitude adjustment (such as that during 1130–1133 UT for
TWINS 1), the contribution to the uncertainty in the LAE
geophysical location can indeed be significantly increased.
A strategy to minimize this uncertainty is to select inter-
vals that do not include large attitude adjustments, where
possible.

2.2. Geometric Flux Correction
[28] As mentioned in section 2.1.1, the vertical (i.e., with

altitude) scale size of the LAE is significantly smaller than
the 4ı TWINS imaging-angle pixel can resolve. Assuming
an LAE-scale size bh (in km), the angular size in the TWINS
imaging-angle direction of an LAE within the region 1 RE �
r � (1 RE + bh) is (using equation (8))

�!LAE = cos–1

s
1 –

�
RE + bh

rs

�2

– cos–1

s
1 –

�
RE

rs

�2

. (12)

Although (12) assumes the altitude midpoint of the LAE
region lies at r = RE + bh/2, the magnitude of this angular
size �!LAE is the same if the midpoint is displaced in alti-
tude. Because the TWINS imaging-angle pixel resolution
�� is larger than �!LAE, the apparent LAE brightness in a
TWINS pixel will be smaller than the true brightness by a
factor F–1

c , where
Fc = ��/�!LAE. (13)

Therefore, in this paper, we apply a geometric correction to
the LAE differential flux:

Jcorrected = Japparent � Fc. (14)

[29] This geometric flux correction attempts to account
for the known mismatch in vertical LAE-scale size and
TWINS imaging-angle pixel resolution. From Figure 1c,
it can be expected that bh might range from roughly 300
km to 800 km, depending on the precipitating ion flux,
and what fraction of the peak is included in the definition
(e.g., half-maximum). For TWINS imager location a = 6 RE,
this range (300–800 km) of bh corresponds to values of Fc
from 8.7 to 3.3 (respectively). In this study we use bh = 300
km, which corresponds to Fc = (8.66, 8.16) for (TWINS 1,
TWINS 2), and which yields reasonable though not perfect
agreement with NOAA data depending upon the closeness
of the NOAA-TWINS conjunction (cf. section 4).

[30] The correction factor of (13) assumes a “side-view”
of emissions above 1 RE, similar to that depicted in
Figure 1c. This assumption may not be generally valid for
TWINS LAE imaging. The emissivity functions of Bazell
et al. [2010] were calculated only for sources inside the 1
RE limb, but preliminary calculations including emissions
above 1 RE (E. C. Roelof, private communication, 2012)
indicate two things. First, the brightest emission can often
occur inside the 1 RE limb. Second, because the flux of
emergent ENAs along a given LOS results from a chain of
multiple charge exchange and stripping collisions, it may

not be possible to formulate a robust geometric correction
that scales with the ratio of the TWINS pixel angular size
to the angular size of the LAE emission region. In any case,
the side-view geometry assumption would only be approx-
imately valid for pixels containing the LAE limb (r = a)
within their field of view, i.e., for |�!| = |! –!limb| � ��/2.
For TWINS imaging angle resolution �� = 4ı, this means
the correction is valid for pixels inside the limb, offset by
� 2ı. In principle, pixels offset by more than 2ı could
be corrected by factoring out the emissivity function of
Bazell et al. [2010] (cf. section 3.1.2), which decreases as
one moves farther inside the limb. In this study, we apply
the limb-based geometric correction to all LAE pixels that
satisfy the validity criterion �! � 2ı, with the follow-
ing rationale. First, we do not have available an analytical
expression for the emissivity function to correct the flux for
pixels inside the limb. (The emissivity function of Bazell
et al. [2010] is calculated numerically.) Second, the geo-
metric correction provides a slightly less arbitrary correc-
tion factor than the normalization constant of Bazell et al.
[2010] (cf. section 2.3). Finally, though we perform a quan-
titative validation of the absolute magnitude of TWINS-
measured LAE differential flux (section 4), our main results
and conclusions (section 5) are dependent more upon the
shape of the TWINS low altitude spectra than the absolute
magnitude.

[31] The geometric correction does not account for MLT
variation of the source fluxes smaller than the TWINS pix-
els or slit camera aperture can resolve (cf. sections 2.1.5
and 5.5). Even including the geometric correction, the
brightness of an LAE pixel will be a convolution of the
actual brightness of the LAE, the geophysical latitudinal
dependence of the emissivity function Bazell et al. [2010],
and the TWINS instrument response to angular scattering
caused by ENAs passing through the carbon foils used in
the TWINS cameras [McComas et al., 2009a; Funsten et al.,
1993]. Regarding this last factor, Appendix A contains a
brief consideration of the effect of foil scattering on a
TWINS imager’s ability to resolve MLT structure in LAEs.

2.3. LAE Thick-Target Approximation (TTA)
[32] Through comparison of TWINS ENA images with

ion data from the DMSP multi-spacecraft mission, Bazell
et al. [2010] validated the thick-target approximation (TTA)
analysis that allows LAEs to be used as a quantitative diag-
nostic of the broad global dynamics of ion precipitation.
There are some important limitations to the TTA approach.
First, TWINS pixels do not properly resolve the precipi-
tation region, which is known (from in situ observations)
to be highly spatially structured. Because of this limitation,
TTA analysis can only capture precipitating ion dynam-
ics on broader spatial scales, commensurate with TWINS
pixel sizes. In our study, we show that one can resolve the
global local time dependence with an intrinsic spatial scale
of about 0.5–1 MLT h (cf. section 5). Another limitation
arises from the finite width of TWINS energy bins. For pre-
cipitating ion spectra that are steeply falling (with energy),
ENA flux within a given energy bin tends to be weighted
toward lower energy, and this effect becomes more pro-
nounced with increasing width of the energy bin. At higher
energies, where fluxes are lower, energy bins may be wider
to obtain sufficient counts for a healthy signal to noise.
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Table 1. Coefficients of Fit log10 
 = C0 + m „ +
f0 „n sin

h
� „

E1

i
(with „ � log10 E) to Charge

Exchange (
c) and Stripping (
s) Cross Sections of
Basu et al. [1987]

�c �c �s
Coefficient 1–30 keV 30–1000 keV 1–1000 keV

m –0.159 –0.695 0.04097
C0 –15.30 –15.30 –16.00
f0 0. 0.58 0.40
E1 1. 2.425 2.9856
n 0. 1. 0.40

(In section 4, we use the overlap of the highest TWINS
energy bin with the lowest NOAA energy bin to mitigate
this concern.) Despite these limitations, the TTA approach
was shown by Bazell et al. to yield ion spectral shapes
(fundamental diagnostics of the ion precipitation process)
that agree well with simultaneous in situ data.

[33] It is important to note that the TTA works only if
the LAE intensity is not changed by the emissivity function,
both in energy and space. Therefore, the TTA approach can-
not be applied everywhere along the limb, but rather must
be limited to the brightest portion of LAEs. We therefore
restrict our analysis to pixels with at least 30% of the peak
value.

[34] The TTA analysis of Bazell et al. [2010] provides
a relation between the pixel-averaged (i.e., averaged over
pixel solid angle) ENA differential flux hJENAi and the
precipitating ion source hJioni:

hJioni = N



1 +

s


c

�
hJENAi, (15)

where 
s and 
c are the stripping and charge exchange cross
sections, and N is a normalization factor manually adjusted
by Bazell et al. to achieve agreement between TWINS and
DMSP ion spectra at 5 keV. In our analysis, we test the
validity of the geometric correction by equating N of Bazell
et al. with our factor Fc. Their values of N ranged from 1.2 to
9.15, which according to equations (12) and (13) (and using
their TWINS spacecraft locations r = 5.86 and r = 6.18,

respectively) correspond to LAE-scale sizes of 2300 km and
280 km. Given the uncertainties (and the unknown LAE-
scale size which must be assumed in our analysis), the range
of normalization factors N found by Bazell et al. is broader,
but not inconsistent with the Fc we use in our analysis.
However, as discussed in section 4.2.3, the high latitudinal
uncertainty prevents a definitive validation of the geometric
correction factor Fc. It is also possible that the factor Fc is
energy dependent, although Bazell et al. interpreted the good
agreement in TWINS and DMSP spectral shapes as evidence
against this possible energy dependence.

[35] To use equation (15) to convert ENAs to ions
requires an expression for the energy-dependent charge
exchange cross sections; we use the following fit to the 

values of Basu et al. [1987]:

log10 
 = C0 + m „ + f, (16)

where the function f is given by

f = f0„n sin


�
„

E1

�
, (17)

and „ � log10 E is the base-10 logarithm of energy. Our
coefficients of the fit for the charge exchange (
c) and strip-
ping (
s) cross sections are given in Table 1. The ad hoc fit
for 
c has a discontinuous derivative at 30 keV. The cross
sections 
c and 
s are plotted in Figure 3b.

[36] We note one fine point related to TWINS energy
binning. The energy bins are 100% wide, i.e., each TWINS
energy bin Ej includes flux from 0.5Ej through 1.5Ej. When
using the TTA method, we calculate the energy-dependent
coefficient Jc �

�
1 + 
s


–1
c


contained in equation (15) and
plotted in Figure 3a. In our analysis, we use the value of
Jc at the center value (Ej) of each TWINS energy bin. An
alternate approach might be to average the function Jc over
each energy bin; doing so results in values of Jc that differ
by under 3% from the values we use (minimum difference:
0.2%, at 16 keV; maximum difference: 2.6%, at 50 keV;
mean difference: 1%).

(a)

(b)

Coefficients for Thick Target Analysis

Figure 3. Coefficient and cross sections for thick target analysis (TTA). (a) Dimensionless coefficient�
1 + 
s


–1
c


from equation (15). (b) Charge exchange (
c) and stripping (
s) cross sections, estimated
using equation (16) and coefficients in Table 1; see text.
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2.4. Implementation of TTA
[37] A component of our analysis uses a simplified imple-

mentation of the thick target approximation (TTA) of Bazell
et al. [2010] to obtain ion spectra from the low-altitude
ENA measurements. The TTA method calculates an emis-
sion source region using an analytical approximation for
the multiple charge-exchange and stripping collisions occur-
ring in the optically thick oxygen exobase. The apparent
LAE brightness, as viewed from a particular vantage point,
is then calculated via a numerical line-of-sight integration
through the model emission source region. Since the parent
ion distribution is unknown, Bazell et al. [2010] assumed
an idealized (spatially uniform) ion distribution to calcu-
late a viewing-geometry dependent “emissivity function”
(section 3.1.2). Used together with the emissivity function,
equation (15) can in principle recover the absolute ion flux
from the precipitation region.

[38] In this paper, we circumvent the numerical calcula-
tion of the emissivity function and apply equation (15) to
a geometrically corrected ENA flux (cf. section 2.2). The
goal is to determine what information can be obtained with
a simplified version of the TTA approach. We show that
our simplified approach with its set of approximations does
yield useful quantitative information about the source ion
distribution.

[39] In the rest of this paper, we apply our methodology to
TWINS imaging data from a 15 min interval of strong LAEs
during 6 April 2010.

3. TWINS Observations
[40] Figure 4 shows TWINS data from the 15 min

(˙1 min) interval 1130–1146 UT during the weak (–73 nT)
CME-driven geomagnetic storm of 6 April 2010 [Connors
et al., 2011; McComas et al., 2012; Buzulukova et al., 2012;
Goldstein et al., 2012a, 2012b]. The first row (Figure 4a)
contains 30 keV TWINS 1 and TWINS 2 images in the left
and right columns, with the LAE signature indicated in each
image. The second to fourth rows (Figures 4b–4d) show
ENA differential flux sampled along the limb, plotted versus
values of MLT, magnetic latitude (ƒ), and pitch angle at (or
near) the limb.

3.1. MLT Distribution of LAEs
[41] During this interval, the TWINS 1 averaged loca-

tion (in SM coordinates) was (rs, MLTs, ƒs) = (5.9 RE,
1208, 56ı), and TWINS 2 was at (5.6 RE, 1035, 59ı). That
is, the two imagers were at similar radii and latitude and
separated by 1.5 h of local time. This stereo-viewing geom-
etry, in which the two imagers’s perspectives differ mostly
by MLT, is in principle useful for determining whether there
is an MLT boundary in the ion precipitation.
3.1.1. Extent of MLT Distribution

[42] Figure 4b depicts the LAE flux versus MLT. The dots
are the flux values of individual limb pixels, color coded
using the same color bar as the TWINS images. Vertical and
horizontal bars at each dot indicate the uncertainties in dif-
ferential flux and MLT, respectively. The MLT uncertainties
were discussed in section 2.1.5. (Note that the TWINS 1
MLT bars must be multiplied by

p
2 to include the effect of

attitude variations during 1130–1133 UT; cf. section 2.1.6.)
The vertical bar at each flux dot is a combination (added

in quadrature) of the Poisson counting error and the scat-
ter from a running average 0.5 MLT h in width. The scatter
from the running average is meant to measure the magnitude
of unphysical fluctuations with scale sizes smaller than the
MLT uncertainty (cf. section 2.1.5).

[43] TWINS 1 and 2, imaging the same ion precipitation
region from slightly different vantage points (approxi-
mately 1.5 MLT h apart), see somewhat different MLT
distributions. The solid curve is a fit to the pixel data using
a two-component Gaussian:

Gf =
X
i=0,1

Ci

(
Ai0 + Ai1 exp

"
–

1
2

�
' – Ai2

Ai3

�2
#)

, (18)

where Ci = (0.4, 0.7), and the coefficients Aij are

TWINS 1 : A0j = (0.016, 0.23, 2.57, 0.17)
A1j = (0.016, 0.11, 3.05, 0.66) (19)

TWINS 2 : A0j = (0.009, 0.12, 2.63, 0.44)
A1j = (0.010, 0.10, 2.73, 0.59). (20)

The Gaussian fits are included both to guide the eye and
provide a quantitative metric of the flux-versus-MLT dis-
tribution. A two-component fit is performed to account for
two possible MLT-scale sizes, i.e., to determine if there is
a narrower peak embedded in a broader MLT distribution.
The first component (index i = 0) models the more local-
ized peak, if there is one. The second component (i = 1)
models the broader peak, and it is obtained by fitting a
Gaussian function to a six-point boxcar average of the flux
versus MLT. The MLT-scale size of the peak (i.e., the 1/ exp
MLT half-width of the peak) is WMLT = 12

p
2 Ai3 /� . For

TWINS 1, there is indeed a narrow peak (A03 = 0.17,
WMLT = 0.9 h), centered at 2149 MLT, embedded in the
broader (A13 = 0.66, WMLT = 3.6 h) distribution. For TWINS
2, the coefficients A0j and A1j are all very similar and indi-
cate the absence of a narrow peak. The respective absolute
peak fluxes occur at 2149 MLT and 2203 MLT for TWINS
1 and 2.

[44] Aside from consideration of the narrower peak in
the TWINS 1 distribution, both TWINS 1 and 2 distribu-
tions contain LAE fluxes spanning a broad range of MLT.
To characterize the MLT distribution in Figure 4b, vertical
dotted lines are drawn where the fit equals 20% of its peak
flux value. By this measure, the TWINS 1 LAE, spanning
1911–0403 MLT (09 h 14 min of local time), is approxi-
mately 50 MLT min broader than that of TWINS 2, which
spans 1807–0231 MLT (08 h 24 min).
3.1.2. Emissivity Function

[45] Because LAEs are produced by ions mirroring at
low altitudes, the ability to image them is highly dependent
on viewing geometry [Roelof and Skinner, 2000; Pollock
et al., 2009]. Bazell et al. [2010] used TTA analysis to
calculate the emissivity function, which describes the por-
tion of the TWINS FOV for which the viewing geometry
favors LAE imaging. Conceptually, the emissivity func-
tion is an “artificial LAE emission pattern” calculated by
assuming an ion precipitation region distributed uniformly
in MLT and magnetic latitude and computed for a specific
imager-viewing geometry. Consistent with prior observa-
tions, Bazell et al. found that the calculated emissivity
function is a crescent-shaped region (hereinafter denoted the
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(a) 

(c) ENAs vs. LAT near limb (c)

(d) ENAs vs.P.A. near limb  (d)

(b) ENAs vs. MLT near limb (b)

Figure 4. TWINS 1 and 2 images of low altitude emission (LAE), 6 April 2010, 1130–1146 UT
(˙1 min). The LAE signature spans a broad range of nightside MLT, and its peak is at the maximum lati-
tude or pitch angle sampled along the limb. (a) Each image gives ENA flux intensity. Earth (center circle)
and fiducial dipole field lines (at L = 4 and 8, color coded by MLT) drawn. The LAE is the brightest sig-
nature found at or near the Earth limb. (b–d) ENA intensity versus magnetic local time (MLT), latitude
(ƒ), and pitch angle (˛) along the limb. Note large uncertainties in ƒ and ˛ at lower latitudes, where
pixel LOS are nearly tangential to the limb.

“emissivity crescent”) at or within the limb on the far side
of the Earth from the imager, centered roughly 12 MLT h
(or 180ı longitude) away from the imager’s location. Fur-
thermore, the brightness of the emissivity function peaks at
� 180ı relative longitude and falls off with relative longi-
tude in either direction. (There is also a gentler roll-off with
increasing latitude away from the limb.) In the idealized case
of two imagers whose locations differ only by MLT, the
emissivity functions for the two imagers would be identical
except for a constant MLT offset. Bazell et al. used compar-
ison of the emissivity function to the observed LAE’s MLT

distribution to identify edges in ion precipitation. Here we
attempt to use this method.

[46] In Figure 4b, dashed lines 12 MLT h away from the
TWINS 1 and 2 imagers mark the limb location directly
opposite to each imager. The TWINS 1 line is 1.5 MLT h
east of the TWINS 2 line. In the idealized case where ion
precipitation is uniformly distributed in local time, the MLT
widths of the LAE distributions for TWINS 1 and 2 would
be the same, but the TWINS 1 distribution would be shifted
1.5 MLT h east of that of TWINS 2. However (as stated
above), the TWINS 2 distribution is actually approximately
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50 min narrower: whereas the TWINS 1 and 2 eastern edges
are indeed offset by �1.5 MLT h, the TWINS 1 western
edge is only �1 MLT h east of the TWINS 2 western edge.
Taken at face value (and assuming the idealized case), this
would indicate that there is a real edge in the MLT dis-
tribution of ion precipitation at 1807 MLT, the location of
the TWINS 2 edge. However, without actually calculating
the emissivity function, and considering the uncertainties in
both the Gaussian fits and in the MLT determination, we
cannot determine conclusively that this western LAE edge
at 1807 MLT is an ion precipitation edge. Based on the
as-expected 1.5 h shift in the TWINS 1 versus TWINS 2
eastern LAE edges, we conclude that these eastern edges are
almost certainly caused by the longitudinal dependence of
the emissivity function. Thus, setting aside the possibility
that the western LAE edge seen by TWINS 2 might coin-
cide with an MLT boundary in ion precipitation, the broad
MLT distributions seen by TWINS 1 and 2 correspond to the
LAE emissivity crescents (as defined by Bazell et al. [2010])
visible to the two imagers.

3.2. Latitude and Pitch Angle Dependence
[47] Figure 4c plots LAE differential flux versus magnetic

latitude (ƒa), calculated using equation (7). As described in
section 2.1.5, we use the average deviation from the true
limb h�!ai = 1.2ı to calculate the values of cos!a in
equation (5), and thus determine the values ƒa assigned to
the pixel centers, plotted as the color-coded dots. We use the
individual angular deviations of each pixel �!a to calculate
the corresponding latitudinal uncertainties ıƒa, plotted as
the horizontal bars. (Note that the plotted latitudinal uncer-
tainties for TWINS 1 must be multiplied by

p
2 to include

the effect of varying spacecraft attitude during 1130–1133
UT; cf. section 2.1.6) Although the uncertainties are tens of
degrees wide, they show a clear trend because the uncer-
tainty lies not in the calculated location but rather arises
from the lack of knowledge about where in the latitudinal
pixel the real emission occurred. The dependence of flux
versus ƒa is not single valued, but increases to a maximum
at �74ı for both TWINS 1 and 2. This trend results purely
from the viewing geometry; for an Earth-pointed imager
in a Molniya orbit, pixels near the limb will follow just
such a non-single-valued curve versus latitude. Note also
that the peak flux value occurs close to the peak latitude;
this attribute results from geometry as well; the peak near-
limb latitude will occur at the location 180ı in longitude
away from the imager, i.e., near the peak in the emissivity
function. This clear trend indicates that though the absolute
magnetic latitude of an individual pixel cannot be precisely
determined, the relative latitude between adjacent pixels do
follow a trend that can be used to discern dependence on
changes in latitude along the limb. Note also that for the
highest latitude TWINS 1 pixels, the latitude uncertainty
bars are significantly smaller than at lower latitude; these
pixels have slightly larger individual pixel offsets from the
true limb, which reduces the uncertainty as discussed in
section 2.1.5.

[48] In Figure 4d, the LAE differential flux versus the
geometric pitch angle of equation (10) is plotted. The hor-
izontal bars give the pitch angle uncertainty ı˛a, plotted
by propagating the ıƒa above through equation (10). The
LAEs emerge from the source region in a narrow range of

pitch angle, peaking at 112ı for TWINS 1 and 116ı for
TWINS 2. These pitch angles describe particles that are
nearly mirroring in the exobase and are not inconsistent with
the LAE pitch angle range of 98ı ˙ 15ı found by Pollock
et al. [2009]. Given the large uncertainties, the fact that the
TWINS 1 and 2 fluxes have peak-value pitch angles that
differ by �4ı is probably not geophysically meaningful.

3.3. ENA Intensity Outside the Limb
[49] Though we have restricted our geometric analysis to

pixels at or just inside the limb (cf. section 2.1.4), there
is comparable ENA flux well outside (i.e., 2–3 pixels out-
side) the r = a limb. For the 30 keV images shown in
Figure 4, this is very probably not scattering in the instru-
ment foils (cf. section A), but rather reflects parent ions at
small pitch angles, i.e., whose bounce motion along the field
line takes them down to near-limb altitudes. In support of
this assertion, while TWINS 1 sees bright (i.e., orange) ENA
emissions extending beyond the dawnside limb, TWINS 2
does not; if the pixels outside the dawnside limb were caused
by foil scattering, both instruments would see this effect.
Thus, in addition to providing geophysically useful infor-
mation, in this case stereo imaging also helps rule out the
possibility of an instrumental artifact. Note also the exten-
sion beyond the duskside limb, which coincides with the
radial direction in the circular TWINS image; at 30 keV,
this signature likely comes from counts of geophysical ori-
gin (i.e., from small pitch angles). The linear-like feature
is exaggerated by the mapping from the rectangular instru-
ment (imaging-angle-versus-actuation-angle) coordinates to
the circular “skymap” image coordinates, because near the
center of the image, there is a singularity in the skymap
coordinate system.

3.4. Energy Dependence
[50] Figure 5 plots ENA differential flux of limb pixels

versus MLT, magnetic latitude, and pitch angle, for nine
energy bins from 1 keV to 50 keV. Each energy bin Ej inte-
grates ENA counts (which are converted to differential flux)
from ˙0.5Ej, e.g., the 1 keV bin spans 0.5–1.5 keV, the
4 keV bin spans 2–6 keV, and so on. ENA fluxes gener-
ally decrease with increasing energy. In the dusk MLT sector
(west of midnight), however, the ENA flux intensity flat-
tens out at lower energies, decreasing to a local minimum at
the lowest energy bin (1 keV, gray curve). The general spa-
tial dependencies noted for 30 keV fluxes (in sections 3.1
and 3.2) hold for all energies, although the range of MLT
spanned by the LAE narrows and shifts duskward at the
highest energies. For example, the 50 keV flux-versus-MLT
curve (red curve) falls more rapidly with MLT east of mid-
night than does the 1 keV (gray) curve. This duskward
shift with increasing energy is qualitatively consistent with
ion drift physics: lower energy ions act under the influence
of both an eastward E � B drift and a westward magnetic
gradient-curvature drift, whereas higher-energy ion drifts are
dominated by westward magnetic drift.

4. TWINS and NOAA Conjunction
[51] Through comparison of TWINS ENA images with

ion data from the DMSP multi-spacecraft mission, Bazell
et al. [2010] validated the thick-target approximation (TTA)
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(b) ENAs vs. LAT near limb 

(c) ENAs vs. P.A. near limb 

(a) ENAs vs. MLT near limb TWINS 2TWINS 1

(b)

(c)

(a)

sample:
30% of peak

at 50 keV

TWINS ENAs:  6 April 2010, 1130-1146 UT

E
N

A
 d

iff
e

re
n

tia
l f

lu
x 

  
  

 [
cm

  
 s

r 
s 

e
V

]
2
  
  
  
  
  
  
  
  
-1

E
N

A
 d

iff
e

re
n

tia
l f

lu
x 

  
  

 [
cm

  
 s

r 
s 

e
V

]
2
  
  
  
  
  
  
  
  
-1

Figure 5. TWINS observations on 6 April 2010, 1130–1146 UT, of ENA intensity of limb pixels versus
(a) MLT, (b) latitude, and (c) pitch angle for TWINS energy bins from 1 keV to 50 keV. The gray boxes
indicate pixels for which the 50 keV channel intensity is �30% of the peak value at 50 keV; these pixels
are selected for comparison with NOAA data. The horizontal bar in the latitude plot gives the average of
the selected 50 keV pixels.

analysis that allows LAEs to be used as a quantitative diag-
nostic of the broad global dynamics of ion precipitation.
In this section, we adapt the TTA validation method to a
TWINS-NOAA conjunction study, as follows. We convert
TWINS ENAs into ion differential fluxes, which are com-
pared with the proton fluxes of NOAA during a conjunction
of the three spacecraft (TWINS 1 and 2, and NOAA 17).
The ion fluxes from TWINS and NOAA are combined to
produce a low-altitude ion spectrum spanning 0.5–800 keV.

4.1. NOAA/POES Precipitating Protons
[52] The orbits of the NOAA/POES satellites are polar

and sun-synchronous at an altitude of about 850 km and
with an orbital period of 100 min. The orbits of the different
satellites cover different local times. The instrument used in
this study is the Medium Energy Proton and Electron Detec-
tor (MEPED) which provides directional measurements of
energetic protons and electrons at pitch angles of 0ı and
90ı. In this study, particles in three energy ranges are used:
30–80 keV, 80–240 keV, and 240–800 keV. The detectors
are sensitive to both protons and neutral particles, but give
neither mass resolution nor the charge state of the parti-
cles. Though the term protons is used throughout this paper,
MEPED cannot distinguish between different ion species.
For a discussion of the instrument response to heavier ions,
see Søraas et al. [2002].

[53] Figure 6 shows NOAA 17 MEPED proton mea-
surements by the vertical and horizontal detectors on
the satellite, from 6 April 2010 during the time inter-
val 1130–1146 UT of TWINS imaging observations

(cf. Figures 4 and 5. The left column plots 0ı pitch-angle
protons versus MLT, magnetic latitude (LAT) and UT. The
right column plots 90ı pitch angles. All of the NOAA
observations shown are from the Northern Hemisphere.
As indicated by the color legend in the center, protons in
three energy ranges (30–80, 80–240, and 240–800 keV)
are shown. From the plots, the region of proton precipi-
tation and the proton energy spectrum can be determined.
Qualitatively, the flux decreases sharply with energy for
all NOAA-observed protons in this interval. NOAA’s polar
orbit obtained roughly meridional slices through two distinct
bands of intensified proton precipitation, labeled “A” and
“B” in the 90ı-pitch-angle data of Figure 6. Precipitation
band A fell within roughly 1900–1920 MLT and a latitude
range of 58ı–66ı. Precipitation band B fell within 1805–
1825 MLT and 68ı–72ı. NOAA observed higher fluxes in
A, the more eastward and equatorward band.

4.2. TWINS-NOAA Comparison
[54] In this section, we compare TWINS ion differen-

tial fluxes (converted from ENAs using TTA analysis) to
NOAA proton fluxes. Because the highest energy bin of
TWINS (50 keV ˙ 25 keV) is nearly identical to the lowest
NOAA energy bin (30–80 keV), a TWINS-NOAA con-
junction study offers a good opportunity to validate our
simplified implementation of the TTA method.

[55] To obtain a meaningful comparison between the
TWINS ENA and NOAA proton measurements requires
some care. Ideally, we would seek an exact conjunction
during the 1130–1146 UT TWINS imaging interval, such
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Figure 6. NOAA 17 MEPED proton measurements during 1130-1146 UT on 6 April 2010 by vertical
(pitch angle 0ı) and horizontal (pitch angle 90ı) detectors, for three energy ranges: 30–80 keV, 80–240
keV, and 240–800 keV. Data are plotted versus (a) MLT, (b) latitude, and (c) UT. NOAA observed two dis-
tinct precipitation bands: A (1900–1920 MLT, 58ı–66ı) and B (1805–1825 MLT, 68ı–72ı). The average
50 keV intensities of the selected TWINS 1 and 2 pixels (from Figure 5b) are plotted (labeled “ENAs”),
along with their geometrically corrected intensities (corr) and TTA-derived ion intensities (Ions). The
polar dial plot at bottom center indicates the spatial relationship among NOAA bands A and B, and
TWINS 1 and 2 LAE intervals.

that NOAA 17 sampled the proton precipitation oval at
ranges of MLT and latitude corresponding to the strongest
TWINS-observed LAE flux. However, NOAA 17’s polar
orbit sampled precipitating protons mostly westward of
the TWINS-observed LAE emissivity crescent. Therefore,
given NOAA’s polar orbit, we define the conjunction in
terms of latitude, with the assumption that the proton pre-
cipitation bands extend eastward into the LAE emissivity
crescent. Specifically, we first compare the MLT-averaged
TWINS flux (converted from ENAs to ions; see below)
with the latitude-averaged NOAA proton flux (at 90ı pitch
angle), for a narrow range of magnetic latitude common
to both TWINS and NOAA. We also perform a second
comparison that includes NOAA data from a wider range
of latitude to account for the large uncertainty in TWINS-
determined LAE latitude.

4.2.1. Conjunction With Precipitation Band B
[56] For the TWINS MLT-averaged differential ion flux,

the sample region includes all pixels (of either TWINS 1
or 2) for which the 50 keV channel flux is at least 30%
of the peak value at 50 keV. Note that in our characteriza-
tion of the MLT extent of the LAE in Figure 4, we included
all points above 20% of the peak, in order to capture the
majority of the region included in the LAE emissivity cres-
cent. Here we use the slightly higher value of 30% because
we wish to minimize the longitudinal roll-off at the edges
of the emissivity crescent. Thus defined, the TWINS 1 and
2 sample regions are indicated in Figure 5 by the gray
boxes. In MLT, the sampled region is broad: 2034–0236
MLT (TWINS 1) and 1943–0032 MLT (TWINS 2). In mag-
netic latitude, the sampled pixels span 67ı–74ı (TWINS 1)
and 70ı–74ı (TWINS 2). We calculated the mean value of
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TWINS ENA flux for each of the TWINS 1 and 2 sampled
pixel regions. These sample-averaged values are indicated
for the 50 keV energy bin by the respective horizontal bars
labeled “AVG 1” and “AVG 2” in Figure 5b. The 50 keV
TWINS 1 and 2 sample-averaged ENA fluxes are also plot-
ted Figure 6b by the yellow line segments labeled “ENAs.”
The horizontal width of the line segments indicates the range
of latitude sampled for each quantity. The TWINS 1 and 2
sampled magnetic latitude ranges correspond more closely
with the more westward and poleward NOAA precipitation
band B.

[57] We converted the TWINS 1 and 2 ENA fluxes to ion
fluxes as follows. First, we applied the geometric correc-
tion of section 2.2, assuming bh = 300 km. This correction
was applied for all TWINS energy bins; the corrected ENA
fluxes at 50 keV are plotted as the line segments labeled
“corr” in Figure 6b. The corrected ENA fluxes in all energy
bins were then scaled up to ion fluxes using equation (15);
the 50 keV values are labeled “Ions” in Figure 6b. These
50 keV (i.e., 25–75 keV) TWINS sample-averaged ion
fluxes are in reasonable agreement with those of the 30–80
keV protons measured by NOAA (blue curve) in this same
latitude range.

[58] In the next section we compute a single ion spectrum
from TWINS and NOAA data, spanning 0.5–800 keV.
4.2.2. TWINS and NOAA Ion Spectrum (B)

[59] TWINS 1 and 2 averaged ion spectral intensities
were computed for the 1–50 keV energy bins as follows.
At each energy and for each imager, the ENA background
level was estimated as the minimum value of ENA flux
value from all the pixels along the limb (i.e., not just
in the sampled regions indicated by the gray boxes in
Figure 5). Note that (as can be seen by inspection of
Figure 5) the background ENA level is approximately 10%
of the peak signal. The rationale for this subtraction is that
from examination of each image, the minimum value along
the limb is representative of an ENA signal level that is
not localized to the limb and thus is very likely not an
LAE signal. The energy- and imager-dependent ENA back-
ground was converted to a background ion flux value by
applying the geometric correction and TTA analysis. This
background level was subtracted from the sample-averaged
ion flux at each energy, and for each imager. Finally, at
each energy, we took the mean of the TWINS 1 and
2 fluxes.

[60] The NOAA ion spectral intensities were averaged
over the TWINS sample latitude range (67ı–74ı), which
includes precipitation band B. No background subtraction
was performed for the NOAA fluxes because unlike imaging
measurements (for which it was verified that the minimum
flux value along the limb was representative of the overall
background for the image), there is no guarantee that the
minimum NOAA proton flux represents the correct back-
ground for the selected magnetic latitude interval. Moreover,
the minimum NOAA proton flux during 1130–1146 UT is 2
orders of magnitude smaller than the peak value during this
interval, so subtraction of this value would be a negligible
correction.

[61] The resulting TWINS-NOAA ion spectrum is shown
in Figure 7. The cyan-colored curve gives the NOAA-
determined portion of the spectrum, spanning 30–800 keV.
The solid yellow curve gives the TWINS 1 and 2 averaged

spectral intensity, spanning 0.5–75 keV. The horizontal
bars show the energy bins for TWINS and NOAA; the
dots are plotted at the linear midpoints of their respec-
tive energy bins. The vertical bars on the NOAA points
give the standard deviation from the mean (i.e., the average
value in the 67ı–74ı magnetic latitude range). The verti-
cal bar on each TWINS point contains contributions from
two sources. The first is the TWINS ENA Poisson counting
error (20%, as discussed for Figure 4). The second contri-
bution is the standard deviation from the sample-averaged
and imager-averaged mean. That is, each TWINS point
is averaged over all sample pixels, and averaged between
both imagers. These two contributions (counting error and
standard deviation from the mean) are added in quadrature
to produce the TWINS vertical error bars. For reference,
the dotted yellow curve shows the original ENA fluxes
versus energy.

[62] The TWINS spectral shape of Figure 7 is notably
different than that found by Bazell et al. [2010] for
LAE-derived ions during a weakly disturbed interval
(Dst � –30 nT) on 11 October 2008. For this weak
event, TWINS observed monotonically falling ion spectra
that roughly follow an E–1 dependence. Similarly mono-
tonically falling spectra were observed in a proton arc by
the Poleward Leap sounding rocket on 11 November 1983,
during an interval for which Dst � –40 nT [Søraas and
Aarsnes, 1996]. In contrast to the monotonic spectra of these
weaker events, our spectrum from more strongly disturbed
conditions (Dst � –70 nT) has a local peak at 4 keV.
This difference is attributed to the fact that stronger distur-
bances ought to produce more peaked ion spectra. Indeed,
the peaked 6 April 2010 spectrum is qualitatively consis-
tent with prior TWINS LAE observations during stronger
events. McComas et al. [2012] measured ENA peak-to-
average flux ratios with broad local maxima in the range
�16–96 keV, subsequent to the arrival of a solar wind shock
on 5 April 2010 (1 day prior to our event interval). Valek
et al. [2010] reported LAE spectra with broad peaks cover-
ing the range �2–32 keV while Dst varied between –25 nT
and –66 nT during a CIR-driven storm on 22 July 2009.

[63] As will be shown in the next section, the local peak in
the plot of Figure 7 is the sample-averaged, imager-averaged
signature of what is actually a pronounced MLT depen-
dence. Above 50 keV, the NOAA intensity falls very steeply
with energy.

[64] Within the ranges of their respective error bars, there
is good agreement between the TWINS flux at 50 keV
(i.e., the 25–75 keV bin) and the NOAA flux in the
30–80 keV bin. However, five major assumptions are made
to obtain this agreement.

[65] 1. First, our geometric correction assumes a LAE
vertical (versus altitude) scale size bh = 300 km. If we
choose instead bh = 800 km, the maximum vertical-scale
size estimated based on Figure 1, we obtain the green dashed
curve of Figure 7, which is a factor of �3 smaller than the
yellow TWINS ion curve. To the degree that the LAE scale
size is bounded by bh = 300–800 km, the green dashed and
yellow solid curves represent bounding limits to the TWINS
ion spectral intensity’s dependence on bh.

[66] 2. The second assumption we make is to neglect
MLT dependence of the NOAA proton precipitation bands
by assuming these bands, which were actually observed
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TWINS-NOAA Conjunction (B)  

6 April 2010, 1130-1146 UT

B

TW-1

TW-2

midnight

Figure 7. Combined TWINS-NOAA ion spectrum, 1130–146 UT on 6 April 2010 from conjunction
between TWINS LAEs and NOAA precipitation band B. NOAA protons (cyan curve) at each energy
band are averaged over 67ı–74ı latitude (i.e., band B). TWINS ions (solid yellow curve) in each energy
bin are averaged over all selected pixels and averaged between the two imagers; all intensities have
been background subtracted and derived from ENA intensities as described in the text. Also plotted are
unmodified TWINS ENAs (yellow dotted line), and ion intensity using alternate geometric correction
(green dashed line); see text. The polar dial plot at the top right illustrates the TWINS-NOAA (band B)
conjunction.

westward of the main LAE emissivity crescents of both
TWINS 1 and 2, extend into the emissivity crescent.

[67] 3. Third, we ignore the substantial uncertainty in the
magnetic latitude values that were geometrically determined
for the TWINS pixels. Relevant to this latter assumption,
averaging the NOAA data over a wider range of latitude,
and thus including the factor of 10 stronger, lower-latitude
proton precipitation band (Figure 6) produces much higher
NOAA spectral intensity, decreasing the level of agreement
(cf. next section).

[68] 4. Fourth, we assume that the TWINS pixels included
in the sample (and averaged) contain fluxes unmodulated (in
either space or energy) by the emissivity function.

[69] 5. Fifth, we assume that it is meaningful to compare
the protons observed by NOAA at 850 km altitude with the
ion fluxes derived from TWINS LAEs at an unknown but
assumed altitude of 400 km. Though we list this assumption
for completeness, it is not much of a concern because it is
probable that very few downward going ions are lost above
400 km.

[70] Given these multiple assumptions and their associ-
ated uncertainties, the agreement between the TWINS and
NOAA curves of Figure 7 must be accepted with some cau-
tion. Nonetheless, within the constraints of our simplified
analysis, Figure 7 does provide limited validation of the con-
version of TWINS low-altitude ENA emissions to ion fluxes
that can complement both the spatial coverage and energy
range of in situ measurements.

4.2.3. TWINS and NOAA Ion Spectrum (A + B)
[71] In Figure 6b, the magnetic latitude range of the

selected TWINS pixels very closely matches that of NOAA-
observed precipitation band B, and in the previous section,
this conjunction yielded fairly good agreement where the
energy ranges of the TWINS and NOAA spectra over-
lap. However, we must acknowledge that the geometrically
determined latitudes of TWINS pixels bear a considerable
uncertainty, tens of degrees on average (cf. Figure 4). To
account for this uncertainty, we calculated a TWINS-NOAA
combined ion spectrum for a second definition of con-
junction which includes NOAA proton data from a wider
range of latitude, i.e., including both NOAA precipitation
bands (A and B). The NOAA spectral intensities were
computed as an average flux (in each NOAA energy bin)
over the magnetic latitude range 58ı–74ı, with no back-
ground subtraction. The TWINS intensities were computed
as described above, including geometric correction, con-
version to ions, and background subtraction. The result is
shown in Figure 8. The TWINS ion spectrum was mul-
tiplied by a factor of 20 to bring it into agreement with
the NOAA spectrum. Given the poor level of agreement
with the NOAA spectrum in this second conjunction, it
is clear that the latitudinal uncertainty of TWINS limb
pixels is an impediment to validating the absolute ion
fluxes using data from the polar-orbiting NOAA spacecraft.
Because TWINS pixels do not resolve the precipitation
region, it is not possible to determine a priori which of
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TWINS-NOAA Conjunction (A + B)

6 April 2010, 1130-1146 UT

midnight

A
B

TW-1

TW-2

Figure 8. Combined TWINS-NOAA ion spectrum, 1130–146 UT on 6 April 2010 from conjunction
between TWINS LAEs and both A and B precipitation bands observed by NOAA. To obtain agree-
ment between NOAA 30–80 keV and TWINS 50˙25 keV intensities, the TWINS spectrum is multiplied
by a factor of 20. The polar dial plot at the top right illustrates the TWINS-NOAA (bands A and B)
conjunction.

the NOAA-observed precipitation bands (A, B, or both)
contributes to the ENA signal in corresponding TWINS pix-
els. The MLT separation between the NOAA orbit and the
TWINS-observed LAE crescent compounds this difficulty.
We conclude, as did Bazell et al. [2010], that the shapes of
the TWINS-derived ion spectra are more trustworthy than
the absolute ion fluxes. This is a nontrivial result because
the conversion to ion differential flux using equation (15)
involves multiplying ENA spectra by a function of 
c and

s (the energy-dependent charge exchange and stripping
cross sections).

5. TWINS Individual Pixel Spectra
[72] In the previous section, we performed a comparison

between NOAA in situ data and TWINS LAE-derived ion
flux, averaged over a broad range of MLT. In this section,
we demonstrate that the individual pixel-to-pixel variation
in LAEs resolves MLT-dependent low-altitude ion spectral
shape information.

[73] Figure 9 shows background-subtracted ion spectra
for TWINS 1 (left column) and TWINS 2 (right column).
Each curve is obtained from a single pixel selected at or just
inside the limb as described in section 2.1.4. The ENA fluxes
are converted to ion fluxes and background subtracted as in
the previous section, except no averaging of multiple pixels
is performed. The individual pixel curves are color coded by
MLT (Figures 9a and 9b) or magnetic latitude (Figures 9c
and 9d). The same color coding is used for TWINS 1 and 2
in each row.

5.1. MLT Dependence
[74] The TWINS ion spectra reveal a pronounced depen-

dence on magnetic local time (Figures 9a and 9b):
[75] 1. East of midnight (cyan and blue curves), the spec-

tra rise slightly from a local minimum at 1 keV to a peak at
4 keV and then fall steeply and monotonically with energy
above 4 keV.

[76] 2. West of about 2200 MLT (orange and red curves),
the spectral shapes are quite different from those of post-
midnight: there are dips in relative (to the peak) intensity
at the lowest energy, and these low-energy dips become
more pronounced as one moves westward. With decreasing
(i.e., more westward) MLT, the spectra become increas-
ingly flattened between �4 and 30 keV, producing a
broad peak that shifts to higher energies with decreasing
MLT. At the most westward locations, there emerges a
thermal-like peak above 10 keV. For comparison, a 12.3-
keV thermal spectrum (J0 E exp[–E/kT]) is plotted over the
most duskward spectra for TWINS 1 and 2. The TWINS
2 spectrum at 1943 MLT (Figure 9b, red curve) agrees
quite well with the 12.3 keV thermal spectrum above
8 keV.

[77] 3. At intermediate MLT locations (green and yel-
low curves), the spectral shapes exhibit a transition between
those of the pre-2200 MLT and postmidnight sectors.
Although these spectra do not exhibit a clear thermal-like
peak, they certainly do not fall as steeply (in the range 4–50
keV) as the postmidnight spectra. The general trend is a shift
toward more energetic, more peaked spectra with decreasing
(more westward) MLT.
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TWINS Low Altitude Ions    6 Apr 2010, 1130-1146 UT

Figure 9. Background-subtracted ion spectra for TWINS 1 (left column) and TWINS 2 (right column),
1130–146 UT on 6 April 2010. Each curve is obtained from a single limb pixel as described in the text.
The individual-pixel spectral curves are color coded by (a and b) MLT or (c and d) latitude. The same
color coding is used for TWINS 1 and 2 in each row. The dotted gray curve is a thermal spectrum at
12.3 keV. The gray dots indicate the effect of energy binning: each dot is at point (Ej, Mj), where Ej is
the center value of each TWINS energy bin, and Mj is the average value of the Maxwellian function over
each energy bin. There is negligible effect of energy binning except for the 50 keV bin.

[78] This trend is consistent with ion drift physics:
lower energy ions act under the influence of both an
eastward E � B drift and a westward magnetic gradient-
curvature drift, whereas higher-energy ion drifts are dom-
inated by westward magnetic drift. More energetic ions
will (on average) migrate westward under the influence
of gradient-curvature drift, and the least energetic ions
will tend to drift eastward under the influence of the
magnetospheric electric field. Comparison of the two sets
of spectra from TWINS 1 and 2 also shows reasonable
consistency in terms of absolute MLT, i.e., curves with
similar MLT in the left and right panels tend to have

similar spectral shapes. Said another way, one could com-
bine the TWINS 1 and 2 spectra into a single group and
obtain the trend toward more energetic spectra for more
westward locations.

[79] We compare the MLT dependence of the TWINS
individual pixel ion spectra of 6 April 2010 with two prior
results:

[80] 1. Bazell et al. [2010] derived ion spectra from
TWINS LAEs during a very weak geomagnetic disturbance
(11 October 2008) with Dst � –30 nT and Kp = 3.3 and
found a similar MLT dependence to our study: more ener-
getic spectra at more westward MLT. They sampled two
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Figure 10. Normalized 2-D spectra for TWINS 1 (left column) and TWINS 2 (right column), plotted
versus (a) MLT and energy and (b) latitude and energy. Each row of 2-D spectrum plots the 100-point-
interpolated (see text) intensity versus energy, normalized to its peak intensity at that MLT or latitude.

MLT locations, 0450–0500 MLT and 2200 MLT. The more
eastward spectra (0450–0500 MLT) decreased by a factor
of 10 between 1–40 keV, whereas the more westward spec-
trum (2200 MLT) decreased by a factor of 3–4 in the same
energy range. However, their spectra contained neither the
low-energy dip observed on 6 April 2010, nor the thermal-
like peak above 10 keV. These results are not inconsistent
because the 6 April 2010 spectra were obtained during a
more disturbed period (Dst � –70 nT, Kp = 4.7) than those
of 11 October 2008, during which it might be expected to see
a shift toward slightly higher energies (and thus a relative
dip at 1 keV and a peak at 4 keV).

[81] 2. Hardy et al. [1989] analyzed 26.5 million 1 s spec-
tra in the 30 eV to 30 keV range, obtained by the DMSP F6
and F7 spacecraft. They calculated average spectra, binned
in MLT and Kp. Their average spectra for Kp = 5 (i.e., sim-
ilar to the conditions on 6 April 2010) did not contain local
low-energy peaks in the 1–50 keV TWINS energy range, but
did show significantly more energetic spectra at midnight
than at dawn, consistent with the 6 April TWINS spectra.
Their midnight and dusk spectra also contain evidence of
10–20 keV thermal spectral peaks qualitatively similar to the
12.3 keV peak that on 6 April 2010 TWINS observed in the
same MLT range.

5.2. Latitude Dependence
[82] Figures 9c and 9d show the latitudinal dependence.

For each imager’s set of spectral curves (TWINS 1 or 2), the
more peaked, energetic spectra are found at lower magnetic
latitudes. Unlike for the MLT dependence, though, compari-
son of the two sets of spectra from TWINS 1 and 2 does not
show consistency in terms of absolute latitude. For example,
the 69ı (cyan) curve of TWINS 2 has a more energetic, more
peaked spectral shape than the 66ı (blue) curve of TWINS 1,
in contradiction of the single-imager trend toward more
energetic spectra at more equatorward latitude. This lack
of consistency between the absolute latitudinal dependen-
cies of the two imagers reflects the significant uncertainty in
the latitude determination. This absolute-latitude mismatch

could also be a real effect of more localized variations. How-
ever, the fact that the mismatch occurs for an MLT range
simultaneously sampled by both imagers is evidence against
this explanation. In terms of relative latitude, however, the
trend toward more energetic spectra at lower latitudes is also
consistent with drift physics. For a given energy, the ion drift
trajectory is at lower L (and lower latitude) near dusk than
dawn. Thus, the latitudinal dependence of the TWINS ion
spectra seems to be a byproduct of the strong MLT depen-
dence: given the trend toward more energetic ions near dusk
than dawn, then it will also be the case that the more ener-
getic ions will follow drift trajectories closer to the Earth
(i.e., lower latitude).

5.3. Normalized Spectra
[83] To illustrate further the MLT and latitudinal depen-

dencies just discussed, Figure 10 shows normalized 2-D
spectra for TWINS 1 (left column) and TWINS 2 (right
column), plotted versus MLT and energy (top row) and mag-
netic latitude and energy (bottom row). Each row of a 2-D
spectrum plots the spectral intensity versus energy, normal-
ized to its peak value at that MLT or latitude. Each TWINS
limb pixel’s nine-point energy bin-sampled spectrum has
been linearly interpolated to a 100-point, logarithmically
spaced energy array spanning 1–50 keV. The rationale for
doing this is to facilitate comparison with the line-plot spec-
tra of Figure 9, with the assumption that in the line plots, the
visual shape of the spectra is more easily perceived via the
line segments (each of which is a linear interpolation) link-
ing individual points. As with Figure 9, the 2-D spectra of
Figure 10 show a clear trend toward spectra with peaks at
higher energy for more westward MLT locations. There is a
less clear/consistent trend toward peaks at higher energy for
more equatorward latitudes. The reasonable consistency in
absolute MLT between TWINS 1 and 2 is illustrated by the
fact that the transition (labeled “T”) to spectral shapes with
a sharp dip in intensity at the lowest energy (i.e., the blue
pixels at the lowest energies) occurs at about the same MLT
in both plots: at approximately 2140 MLT in Figure 10a and
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TWINS 1TWINS 1
TWINS 2TWINS 2

(a) (b)
TWINS Low Altitude Ions         6 Apr 2010, 1130-1146 UT

Hardy et al. [1989]:
       Dusk       Dawn

Figure 11. Average energy EAVE, plotted for TWINS 1 and 2, versus (a) MLT and (b) latitude. Solid
red and blue lines are linear fits (see text for fit parameters). White curves in versus latitude plot are re-
normalized EAVE curves from dawn (dotted line) and dusk (solid line), adapted from Hardy et al. [1989],
as described in the text.

2150 MLT in Figure 10b. The lack of consistency in absolute
latitude is similarly illustrated by the different (for TWINS 1
versus TWINS 2) latitudinal locations of this transition (T):
at approximately 70ı in Figure 10c and 73ı in Figure 10d.

5.4. Average Energy
[84] Following Hardy et al. [1989], the spectra of Figure 9

were used to calculate the average ion energy at each
TWINS limb pixel:

EAVE =
integral energy flux
integral number flux

=
P

Ji Ei �EiP
Ji �Ei

(21)

where quantities are summed from i = 0 : : : 8 corresponding
to the nine TWINS energy bins, Ji is the ion differential flux
for each TWINS energy bin, �Ei is the width of the energy
bin, and Ei is the value of energy at the center of each bin.

[85] In Figure 11, the average energy EAVE is plotted for
TWINS 1 and 2, versus MLT and magnetic latitude. Also
plotted are linear fits for each imager’s EAVE data, given by

MLTFit : Latitude(ƒ)Fit :
TWINS 1: 23.9 – 1.0(MLT – 20) 23.6 – 0.5 (ƒ – 66ı)
TWINS 2: 24.6 – 1.6(MLT – 20) 28.5 – 1.0 (ƒ – 66ı).

(22)

In Figure 11a the TWINS 1 and 2 MLT fits are similar, with
slopes differing by 37.5% and MLT = 2000 intercepts differ-
ing by 3%, providing additional evidence for consistency of
the spectral dependence on absolute MLT. In Figure 11b, the
TWINS 1 and 2 latitude fits are less similar (slopes differing
by 50%, ƒ = 66ı intercepts differing by 17%), consistent
with a less certain absolute latitude determination.

[86] The calculated values of EAVE provide a quantita-
tive measure of the already-discussed trends favoring more
peaked, more energetic spectra at more westward MLT and
at more equatorward latitude. The physical interpretation of
the EAVE curves is the same as that of the individual pixel
spectra. The average ion energy is greater near dusk and
at lower latitude, consistent with ions of different energies
acting under the influence of both the magnetospheric con-
vection electric field and the magnetic gradient-curvature
drift.

[87] Hardy et al. [1989] plotted dawn and dusk values
of EAVE versus dipole L–2, for Kp = 5, i.e., the Kp level

of our 6 April 2010 event. (In the case of the dawn curve,
they plotted normalized EAVE.) Qualitatively consistent with
our plot Figure 11b, they found duskside EAVE increased
with decreasing latitude. More quantitatively, Hardy et al.
found a linear relationship for EAVE versus dipole L–2 near
dusk, indicating EAVE values consistent with adiabatic com-
pression. Near dawn, they found a linear relationship above
ƒ � 70ı. Using a cursor-based Interactive Data Language
algorithm, we extracted normalized EAVE versus L–2 data
from scanned versions of their Figures 15 (duskside curve)
and 17 (dawnside). We converted the L–2 values to ƒ using
a dipole field. To compare these normalized EAVE versus ƒ
curves with our Figure 11b, we re-normalized the Hardy
et al. curves to be 22 keV (the mean EAVE value of both
TWINS 1 and 2 fits) at 72ı (the mean latitude of both fits).
These two re-normalized curves, plotted as the solid (Dusk)
and dotted (Dawn) lines, follow the general trend of the
TWINS 1 and 2 EAVE versus ƒ data. Therefore, within the
limits of the considerable uncertainty in TWINS pixel lat-
itude, the TWINS precipitating ion spectra agree with the
results of Hardy et al. [1989] and are thus not inconsistent
with adiabatic compression. The existence of any consis-
tency whatsoever in the latitudinal dependence is evidence
that relative magnetic latitude of TWINS limb pixels is
not meaningless despite the large uncertainty in absolute
latitude value.

5.5. MLT Scale Size Resolved by TWINS
[88] As mentioned in section 2.1.5, the TWINS imagers

are each mounted on a rotating actuator that sweeps back
and forth over an approximately Earth-centered viewing
cone. Each imager has an instantaneous field of view (FOV)
of 140ı-by-4ı, with the second dimension being the slit-
camera width [McComas et al., 2009a, 2012; Valek et al.,
2010]. In skymap-projected images (e.g., Figure 4), the sky
is discretized into 4ı-by-4ı pixels in both imaging angle (�)
and azimuthal (actuation) angle (ˇ). Because near the cen-
ter of the skymap-projected image the imager’s slit-camera
width is larger than the azimuthal size ıˇ of the wedge-
shaped pixels, each LAE pixel contains counts from a wider
range of ˇ than the boundaries of the pixel. As occurs for
any such boxcar averaging, this leads to smearing in MLT,

2945



GOLDSTEIN ET AL.: TWINS LOW-ALTITUDE ION SPECTRA

because the actuation angle ˇ most closely corresponds to
the geophysical MLT coordinate. Therefore, although there
is a clear and pronounced MLT dependence found in the
TWINS spectra of Figure 9 and their derived values of EAVE
in Figure 11, it is also true that there is a finer-scale MLT
dependence that cannot be resolved by TWINS because of
the finite-width slit camera. Assuming an LAE located on
the limb (r = a) directly opposite from the TWINS imager,
we estimate the minimum scale size for MLT structure that
can be resolved by the 4ı-wide slit-camera to be

ıSMLT =
1
2

(12h)
4ı

2 !limb
, (23)

an estimate obtained by calculating the fraction of the limb
(2!limb angular size, or 12 MLT h wide) subtended by the
4ı angular width of the slit-camera. From a vantage point
approximately 6 RE away, this estimate yields ıSMLT �1
MLT h. Thus, although our knowledge of the MLT location
of the center of a TWINS LAE pixel is uncertain to within
˙ıMLTa � ˙0.5 h (section 2.1.5), the TWINS imager’s
finite slit-camera width smears out structures smaller than
about 2 ıMLTa. This smearing is evident in the spectra of
Figures 9 and 10. Line spectra from adjacent (in MLT) pix-
els are very similar to each other, and the normalized 2-D
spectra show evidence of �1 h wide “banding” in local
time. Also consistent with the estimated ıSMLT above, in
the TWINS 1 ENA flux versus MLT plot of Figure 4b,
the narrower peak in the two-component Gaussian fit has
an MLT half-width of WMLT = 0.9 h (section 3.1.1). Note
that in terms of instrument angular response, the 4ı slit-
camera width corresponds to the full-width half-maximum
of the counts versus non-imaging angle calibration curve
[McComas et al., 2009a, Figure 41b]. Including count rates
below the half-maximum value would double the estimate
given in equation (23).

5.6. Effect of Statistical Smoothing
[89] A standard part of the TWINS image-making pro-

cess includes an algorithm called “statistical smoothing”
[McComas et al., 2009b; Valek et al., 2010; McComas
et al., 2012]. This algorithm adaptively assigns pixel counts
to obtain a desired level of minimum statistical certainty, for
the entire image. For this study, we require 25 counts per
pixel (i.e., � 20% Poisson statistics) throughout the image.
It is worth emphasizing the adaptive nature of statistical
smoothing; regions of the original image that already have
25 counts are unaffected by the algorithm.

[90] It is natural to wonder whether statistical smooth-
ing may influence the results and conclusions presented in
this paper. It is known that the LAE is a very localized fea-
ture, and thus in principle two adjacent pixels may have
very different ENA fluxes. However, because LAEs are gen-
erally the brightest feature of a TWINS image, and thus
already have more than 25 counts per pixel, LAEs are gener-
ally unaffected by the smoothing algorithm. We checked the
effects of statistical smoothing on our results by running our
analysis both with and without statistical smoothing. There
are no significant differences between these two versions of
our analysis:

[91] 1. The plots of ENA flux within the high-flux
LAE region (sections 3.1–3.4) are visually indistinguishable
regardless of whether or not smoothing is applied.

[92] 2. Spectra from fluxes averaged over the entire LAE
region (section 4) are likewise the same in both versions of
our analysis.

[93] 3. Individual pixel spectra (section 5) are all qualita-
tively identical and are quantitatively virtually identical in
most cases, as follows. Spectra obtained from the brightest
part of the LAE (west of about 2200 MLT) are identical in
both versions. For energies above about 10 keV, the lower
flux spectra from east of 2200 MLT are slightly “noisy” (i.e.,
� 10% fluctuation from the smoothed spectra). Spectral
shapes and their interpretation are the same.

[94] 4. Integrated quantities (also section 5) are nearly
identical (to within about 20%) for the two versions of our
analysis.

[95] 5. Using unsmoothed images, values of the peak half-
width at 12 and 16 keV are approximately 50% lower than
that of the smoothed images (Appendix A), but only for
the assumption that the peak occurs at the dawn limb (blue
curve). For the peak-at-dusk assumption (red curve) the
half-width curve is unchanged.

[96] In summary, we find no significant difference
between the two versions of the analysis (smoothed versus
unsmoothed). All of our results are virtually identical in both
versions, and our conclusions (section 6) are not affected
by whether or not smoothed images are used. For more
about the statistical smoothing algorithm, see the detailed
discussion in Appendix A2 of McComas et al. [2012].

6. Summary and Conclusions
[97] In this paper, we have presented observations and

analysis of ENAs produced from the low altitude emission
(LAE) region during the interval 1130–1146 UT on 6 April
2010. In place of more rigorous numerical calculation of the
emissivity function, we implement a simplified version of
the thick-target analysis (TTA) of Bazell et al. [2010] that
includes a geometric correction of the ENA flux. Since the
TTA is limited to the brightest portion of LAEs, we apply
our analysis for pixels with at least 30% of the peak value.
With proper caution in interpreting the results, our simplified
approach (with its set of approximations) does yield useful
quantitative information about the source ion distribution.

[98] We show that TWINS ENA imaging can resolve
MLT-dependent low-altitude ion spectral shape information
simultaneously across a broad range of MLT and can dis-
cern the relative latitudinal dependence. We find a clear
and pronounced local time dependence of the spectral prop-
erties of precipitating ions, favoring more energetic ions
near dusk than dawn. This result demonstrates the degree
to which pixel-by-pixel variation in LAEs can resolve MLT
spatial structure, which advances previous results that con-
sidered much coarser MLT structure via averages of larger
groups of pixels from the LAE region. Although we include
a quantitative validation study of the TWINS-derived ion
differential flux using simultaneous NOAA 17 data, our con-
clusions about MLT-dependent precipitating ion energetics
are dependent upon the shape of the derived spectra rather
than the absolute magnitude.

[99] The broad coverage of local time dependent ion pre-
cipitation provided by TWINS imaging can provide useful
contextual information for models and local measurements,
and/or can complement the spatial and spectral information
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from in situ observations. For example, values of average
ion energy (EAVE) derived from TWINS LAE ion spectra
can provide a useful constraint (or metric of performance)
for global ring current simulations. Using imaging to derive
values of EAVE across a broad range of MLT augments pre-
vious statistical analysis of the local time dependence of
ion spectra [Hardy et al., 1989], by providing system level
information in a single image rather than in a sequence of
temporally decorrelated single-point measurements.

[100] Our specific results and detailed conclusions are
summarized in the following four sections.

6.1. TWINS LAE Imaging
[101] We present the details of geometrical calculations

used to derive the geophysical locations (MLT and mag-
netic latitude) and local pitch angles of TWINS limb pixels,
assuming the LAEs originate from a specified altitude.

[102] We find an analytical solution for limb pixels
located within an annular region of the TWINS image
bounded above by the specified LAE altitude and below by
a minimum angular offset. We estimate the uncertainties in
LAE location and pitch angle associated with finite-sized
pixels. The pixel-related uncertainty in MLT is approx-
imately 0.5 h. The latitudinal uncertainty is very large
(several tens of degrees) for pixels at the limb because
imaging lines of sight are tangential to the limb for these
pixels. The uncertainty decreases with inward angular off-
set from the limb. Because TWINS pixels do not resolve
the LAE region, there is high uncertainty about where in the
latitudinal pixel the real emission occurs. The pitch angle
uncertainty is comparable to that of latitude. We estimate the
minimum MLT scale size (1 MLT h) that can be resolved
because of boxcar-average-type smearing in the image by
the finite width of the TWINS slit-cameras. In section A, we
compare the observed LAE flux-peak width to expected val-
ues for the magnitude of angular scattering in the instrument
foils and conclude that (within the limitations of finite pixel
size and instrument design) the TWINS-measured LAE flux
reflects the MLT distribution of the geophysical source.

6.2. Geophysical Distribution of ENAs
[103] We apply our geometrical analysis to study the geo-

physical distribution of ENA emissions from a 15 min
interval of strong LAEs: 1130–1146 UT on 6 April 2010.

[104] For this interval there was a broad (8.4–9.2 h wide)
distribution of LAEs in MLT, located on the opposing limb
from the two TWINS imagers. This result is consistent with
numerical calculation of the emissivity function by Bazell
et al. [2010] that predicts optimal LAE viewing in a
crescent-shaped region at or inside the limb opposite a
TWINS imager. The MLT width of the TWINS 2 distri-
bution was approximately 50 min narrower than that of
TWINS 1, implying a possible (though highly uncertain)
boundary in ion precipitation near the dusk terminator.
LAEs were detected by TWINS in the magnetic latitude
range 67ı–74ı, and in a narrow range of pitch angle peak-
ing at 112ı for TWINS 1 and 116ı for TWINS 2. Though
the absolute latitude of an individual pixel cannot be pre-
cisely determined, the relative latitude of adjacent pixels
does follow a trend that can be used to discern dependence
on changes in latitude along the limb.

6.3. TWINS-NOAA Validation Study
[105] Through comparison with simultaneous NOAA 17

in situ observations on 6 April 2010, we test the validity of
a simplified implementation of the thick-target approxima-
tion (TTA) of Bazell et al. [2010] to obtain ion spectra from
TWINS LAEs.

[106] We circumvent the numerical calculation of the
emissivity function and apply a geometry-based correction
to ENA differential flux that scales with the ratio of the
TWINS pixel size to the smaller angular size of the LAE in
the TWINS field of view. For a TWINS imager located 6
RE from the LAE, the correction factor ranges from 3 to 9
for expected altitudinal thicknesses of the emission region.
We develop an analytical fit to the charge exchange and
stripping cross sections of Basu et al. [1987].

[107] We perform a validation study using a conjunc-
tion between the broad (in MLT) region of TWINS-
observed LAEs and a simultaneous NOAA-17 polar-orbit
pass. NOAA 17 observed two distinct bands of proton
precipitation slightly west of the TWINS LAEs: band A
(1900–1920 MLT and 58ı–66ı magnetic latitude) and band
B (1805–1825 MLT and 68ı–72ı). NOAA observed higher
fluxes in A, the more eastward and equatorward band. The
ion fluxes from TWINS (averaged over the entire LAE
region and for both imagers) and NOAA are combined to
produce low-altitude ion spectra spanning 0.5–800 keV for
two NOAA conjunction intervals: including only band B
(which most closely corresponds with the TWINS LAE
latitude range and including both bands A and B. In the over-
lapping energy range of TWINS and NOAA, there is good
agreement between the TWINS and NOAA absolute spec-
tral intensities for the band B conjunction. There is a factor
of 20 disagreement for the combined band A and B conjunc-
tion. We conclude that the shapes of the TWINS-derived ion
spectra are more trustworthy than the absolute ion fluxes.

6.4. Local Time Dependence of Precipitating Ions
[108] We calculate TWINS ion spectra for individual pix-

els spanning several hours of MLT along the LAE limb
to measure the local time dependence of the energetics of
precipitating ions.

[109] The TWINS ion spectra from 6 April 2010 reveal
a pronounced dependence on magnetic local time. The gen-
eral trend is a shift toward more energetic, more peaked
spectra with decreasing (more westward) MLT. Spectra
obtained from east of midnight fall steeply and monotoni-
cally with energy above 4 keV, with a slight dip in intensity
at 1 keV. With decreasing (more westward) MLT, spectra
become increasingly flatter in the 4–30 keV range, with
a broad peak that shifts to higher energies with decreas-
ing MLT. At the most westward locations TWINS observed
a thermal-like peak just above 10 keV. The 1 keV dip is
increasingly pronounced with more westward MLT. The
more energetic ion spectra occur for generally lower latitude
TWINS pixels. Average ion energy EAVE calculated from
the TWINS ion spectra is generally higher near dusk and
at more equatorward latitudes. The MLT and magnetic lati-
tude trends of these ion spectral shapes and average energies
are consistent with ions drifting in both the magnetospheric
convection electric field and the nonuniform geomagnetic
field. More energetic ions tend to travel farther westward
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where drift paths come closer in to the Earth, and less ener-
getic ions tend to drift farther eastward where trajectories are
farther out from the Earth.

[110] The peaked ion spectra on 6 April 2010 are notably
different than the monotonic, (Energy)–1 dependence found
for LAE-derived ions by Bazell et al. [2010] for a weaker
disturbance on 11 October 2008. However, LAE spectral
peaks have been reported for stronger events by McComas
et al. [2012] and Valek et al. [2010]. The MLT dependence
of 6 April 2010 TWINS ion spectra is consistent with the
two-point MLT sampling obtained by Bazell et al. [2010]
for 11 October 2008, if one takes into account the different
strengths of these two events. The TWINS-observed thermal
peak above 10 keV is qualitatively similar to thermal peaks
observed near midnight and dusk in the statistical analysis
of Hardy et al. [1989]. Within the limits of the consider-
able uncertainty in TWINS pixel latitude, the 6 April 2010
observed latitudinal dependence agrees with the statistical
analysis of Hardy et al. [1989], which showed consistency
with adiabatic compression. The latitudinal trend of 6 April
2010 ion spectra is modest evidence that relative magnetic
latitude of TWINS limb pixels is meaningful despite the
large uncertainty in absolute latitude.

Appendix A: LAE Peak Width
[111] Energetic neutrals entering the TWINS 1 or 2

imager must pass through a carbon foil used to derive each
ENA’s entrance angle and velocity [McComas et al., 2009a].
Incident particles are known to undergo angle scattering
as they transit a carbon foil, depending on particle inci-
dent energy and foil thickness. This appendix considers the
degree to which foil scattering plays a role in determining
(or obscuring) the MLT dependence of LAE pixels along
the limb. Specifically, we estimate the angular width of the
LAE signal and compare it with theoretical and experimental
determinations of foil scattering.

[112] Figure A1a contains TWINS 1 images from the
interval chosen for this paper, 1130–1146 UT on 6 April
2010. Images at 1 keV and 50 keV, the lowest and high-
est energy bins, are shown to aid in discussing energy-
dependence of foil scattering. The images are presented in
a skymap projection as in Figure 4, but without dipole field
lines and with ENA differential flux plotted in a linear color
scale. We measure the angular size of the LAE in the imag-
ing angle direction (i.e., the radial direction in the skymap
image) because the TWINS imager’s slit-camera geome-
try limits angular scattering in the azimuthal direction. For
reference, the violet line (labeled “Sampled Intensity”) is
plotted at constant azimuthal angle, passing through the LAE
region in each image (1 or 50 keV). The 50 keV LAE
occupies a shorter length along the violet sample line than
does the 1 keV LAE, and also its peak is shifted more
duskward. The question we wish to answer is whether the
linear extent of the LAE along this sample line is dominated
by foil scattering, or represents an energy dependent MLT
distribution of the parent population of precipitating ions.

[113] We sample the ENA flux along the violet sample
line, for each of the TWINS energy bins. The resulting
ENA flux-versus-instrument angle profiles are plotted in
Figure A1b, color coded by energy. The violet sample line
crosses the Earth limb (1 RE) in two locations near dusk and

dawn; for reference, these locations are indicated by verti-
cal lines in the ENA flux plot. To test the influence of foil
scattering we consider two idealized cases:

[114] 1. A point-source ENA signal located at the dusk
limb, i.e., the limb closer to the center of the image. This
case assumes high angular scattering by the carbon foil, i.e.,
that the entire linear extent of the LAE along the sample line
is caused by foil scattering.

[115] 2. A point-source ENA signal located at the dawn
limb. This case represents a low estimate for foil scattering,
as it assumes the LAE source is confined to the r = a limb,
and that any emissions outside the limb are not geophysical
and therefore must be foil scattering.

[116] Thus, for each of the ENA differential flux curves of
Figure A1b, we overplot the half-width-half-max (HWHM)
‰1/2 measured with respect to the dusk limb (open cir-
cles) or with respect to the dawn limb (filled circles). These
‰1/2 data are plotted versus scaled energy ES � (mH/m) E
in Figure A1c. The red line (with open circles) gives the
curve for the peak/source located at the dusk limb, and the
blue curve (filled circles) shows the case of the peak/source
located at the dawn limb. Lacking knowledge of the species
composition for the 6 April 2010 event, we assume m = mH.

[117] Funsten et al. [1993] analyzed the scattering versus
incident energy for particles transiting nominal 0.5�g cm–2

carbon foils. We performed a linear fit to their experimental
and theoretical curves and found the following relations for
the angular scattering half-width at half maximum (HWHM)
‰ for hydrogen (H), helium (He) and oxygen (O):

log10 ‰H = 1.09074 – 1.00983 log10 E (A1)
‰He = 2.75‰H (A2)
‰O = 10.9‰H. (A3)

The ‰H and ‰O curves are overplotted onto Figure A1c.
These curves are, for energies above 3 keV, significantly
smaller in magnitude and have a much steeper slope than the
two 6 April ‰1/2 curves.

[118] The yellow curve of Figure A1c plots the experi-
mental values of‰1/2 determined from laboratory calibration
of the TWINS 1 flight instrument. The calibration ‰1/2
values at lower energies (ES < 10 keV) are the laboratory-
determined values for angular scattering in the foils, and
are comparable in magnitude to the Funsten et al. curves.
At higher energies, calibration values level off to a ‰1/2
value of � 3.5ı, which is not a foil-scattering effect but is
rather the intrinsic resolution of the instrument determined
by the degree of signal spreading in the instrument MCPs
and anode.

[119] The ratios of the blue and red solid curves to the
calibration data are plotted as red and blue dashed curves.
For both assumptions (peak at dusk vs. dawn limb), the 6
April 2010 ‰1/2 data (except for the 50 keV point on the
blue curve) are a factor of 2–5 larger than the calibration
data. Since the on-orbit foil scattering is no different than
that measured in the laboratory, we interpret the 6 April 2010
‰1/2 values as evidence that the LAE signal is not a point
source, and the extended distribution along the limb cannot
be explained entirely (or even mostly) as angular scattering
in the carbon foils. That is, we believe the along-the-limb
MLT dependence of TWINS-measured LAE flux reflects at
least in part the MLT distribution of the geophysical source.
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Figure A1. Characterization of the width of TWINS-observed LAE signals and comparison with
expected values associated with angular scattering in the instrument foils. (a) TWINS 1 images at 1 keV
and 50 keV. The circle is the Earth limb (r = 1 RE). At each energy, LAE intensity is sampled along
the violet line at constant instrument actuation angle. (b) LAE intensity versus instrument imaging angle
along the violet line, for nine TWINS energy bins. Two definitions of peak half-width are indicated by
the open circles (assuming the peak at the dusk limb) and filled circles (peak at the dawn limb). (c) Peak
half-widths plotted versus mass-scaled energy, compared to published values [Funsten et al., 1993] and
TWINS calibration values (yellow curve). The dashed lines are the ratios to the calibration values.

This assertion is bolstered by the geophysically consistent
MLT dependence of derived ion spectra, found in Figure 9.
Furthermore, inspection of the image at 50 keV (at which
energy we expect scattering to be entirely negligible) shows
there is a distributed (in MLT) source.

[120] Foil scattering is largest at the lowest energies.
According to the TWINS calibration data the HWHM scat-
tering at 1 keV is 8–9ı, or 2 pixels. Therefore, we considered
whether the reduction in spectral intensity at 1 keV, found
in the line spectra of Figure 9, might be caused in part
by scattering. It is possible that 8ı–9ı foil scattering could
reduce the 1 keV flux for a given limb pixel, by displacing
counts to adjacent or nearby pixels. We tested this hypoth-
esis by calculating spectra that included all possible LAE
pixels, including pixels well outside the limb. This test was

performed for two types of pixel selection: manual and
automated, i.e., select all pixels with fluxes above a frac-
tion fp of the peak. For both manual and automated LAE
pixel selection (the latter with various peak fractions fp), the
LAE spectra all contained evidence of the 1 keV reduction
in spectral intensity, although the magnitude of the “dip”
varied slightly (by a few percent). In addition, from exam-
ination of the full energy and MLT range of the spectra in
Figure 9, it is clear that the intensity reduction at 1 keV is
consistent with the rest of the spectra at higher energies, for
which foil scattering is smaller than the intrinsic resolution
of the instrument. Therefore, we conclude that the general
trend of reduced intensity at the lowest energies is a real
geophysical effect, and not an artifact of angular scattering
in the instrument foils.
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