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[1] The 22 July 2009 magnetic storm is the first significant storm during the emergence of
the recent prolonged solar cycle minimum. This moderate storm (minimum Dst
approximately≤�78 nT) has received a good deal of attention in the community. We present
here global observations of the H and O populations in the inner magnetosphere using
Energetic Neutral Atom (ENA) observations from the TWINS mission. We develop and
provide the methodology for separating H and O ENAs, based on mass dependent differences
in the pulse height distributions of the microchannel plate (MCP) based detectors. We present
the first composition separated H and O ENA images at central energies of 16 and 32 keV.We
also show that TWINS has sufficient angular resolution to separate the High Altitude
Emissions (HAEs) from the Low Altitude Emissions (LAEs). We observe that all ENA
emissions in this energy range quickly rise, but the O ENAs have a larger relative increase,
and stay at elevated levels much longer, well into the recovery phase.
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1. Introduction

[2] The 22 July 2009 magnetic storm is the first moderate
storm during the emergence from the prolonged minimum of
solar cycle at the beginning of solar cycle 24. It is also the
largest storm since December of 2006. This moderate storm
(minimum Dst approximately≤ �78 nT) has received a
good deal of attention in the community [Valek et al., 2010;
Fok et al., 2010; Glocer et al., 2011; Keesee et al., 2012;
Perez et al., 2012]
[3] Valek et al. [2010] presented the first Energetic Neutral

Atom (ENA) images of this storm from the Two Wide-angle
Imaging Neutral-atom Spectrometers (TWINS) [McComas
et al., 2009]. Flown aboard two spacecraft in Molniya orbits,
TWINS allows for continuous observations of the inner
magnetosphere with at least one ENA imager and stereo
observations multiple times a day. Valek et al. [2010] showed
that emissions from high altitudes (due to charge exchange of
ring current ions with neutral hydrogen in the exosphere at

high altitudes) were markedly different from those from
lower altitudes where the ENAs are generated at <500 km
(due to charge exchange of ions from the loss cone with
neutral oxygen in the upper atmosphere) [Roelof, 1997;
Bazell et al., 2010]. Low altitude ENAs emit from a narrow
range of pitch angles compared to the broader range emitted
by the high altitude ENAs (see Goldstein et al. [2012a,
2012b] for TWINS measurements of global high altitude
ENA pitch angle anisotropy)
[4] Previous studies have referred to the low altitude

emissions as LAEs, and the emissions for high altitudes as
Ring Current Emissions, or RCEs authors [Buzulukova
et al., 2010; Fok et al., 2010; Valek et al., 2010]. Since the
ring current is a major source of these high altitude ENA
emissions, this nomenclature is reasonable, but other regions
of the magnetosphere (e.g., plasmasheet) also contribute to
these high altitude emissions. We have chosen to use the
naming convention of McComas et al. [2012] and refer to
the high altitude emissions as HAEs.
[5] During the 22 July storm, the LAEs were seen to peak

about an hour earlier than the HAEs. Using the thick target
and large target approximation from Bazell et al. [2010],
the observed ENA energy spectra of the LAEs and HAEs,
respectively, were transformed to show the energy spectra of
the parent ion populations[Valek et al., 2010]. Due the lack
of composition measurements, Valek et al. [2010] had to
assume that the ENAs observed were all from H. The spectral
shape of the LAE andHAE ion populations were quite different,
with the LAEs showing an energy dispersion not seen in the
HAEs. High-energy LAEs were seen first; the lower-energy
LAEs were seen to fill in over tens of minutes. Interestingly,
a similar time history was observed in the LAEs byMcComas
et al. [2012] for the 5 April 2010 substorm.
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[6] Fok et al. [2010] modeled the 22 July 2009 storm and
compared those results with the ENA emissions seen by the
TWINS and in situ ion measurements made by THEMIS
[Angelopoulos, 2008]. Simulation runs were performed with
both static and time-varying magnetic fields. They concluded
that while a time-varying B is important, “global convection”
dominates if Dst is less than approximately �50 nT
[7] Glocer et al. [2011] studied the rapid rebuilding of the

outer radiation belts during this storm. The refilling of the
outer belt typically takes days, but in this event, the refilling
occurred within only a few hours. These authors used a
combination of observations from the Akebono satellite,
NOAAPOES and GOES 11 satellites, and the in situ monitors
aboard the TWINS 1 spacecraft along with modeling results
using the coupled Radiation Belt Environment (RBE) model
and Block-Adaptive-Tree Solar wind Roe-type Upwind
Scheme (BATS-R-US) code. Glocer et al. [2011] showed
results indicating that the rapid enhancement ofMeV electrons
is due to a dipolarization of the magnetic field which transports
the electrons earthward and energizes them through conserva-
tion of the first and second adiabatic invariants.
[8] Perez et al. [2012] showed the evolution of the energy

spectrum of the ring current for the 22 July storm. They
performed inversions of the TWINS ENA images of this
storm to determine the global ion energy spectrum. The
energy spectra obtained during the time period when the
LAEs were dominant showed a peak energy that evolved from
approximately 20keV at 0344UT to between 10 and 15 keV
at 0544UT consistent with what was inferred in Valek et al.
[2010]. The energy spectrum from the deconvolved ENA
images later in the early recovery phase of the storm showed
reasonable agreement when compared to in situ measurements
from THEMIS.
[9] Missing from our current understanding of this storm

(and the magnetosphere at this time), especially in the global
context, is the contribution and distribution of oxygen to
storm dynamics. O+ can be a significant component during
storm times. Daglis et al. [1993] and Daglis [1997] showed
that during large storms, the energy density of the ring
current can be dominated byO+, and even for moderate storms,
the O+ energy density can increase significantly.Mitchell et al.
[2003] showed that the O ENA content, measured at
>50–100 keV by IMAGE/HENA, increases in bursts during
substorm onset during storms. Fok et al. [2006] used coupled
kinetic-MHD code for modeling of O HAEs during magneto-
spheric substorm. It was shown that bursts of oxygen ENA
observed by Mitchell et al. [2003] come from nonadiabatic
heating of O+ stored in the magnetotail before substorm onset.
Recent modeling work has further shown the importance of
the inclusion of O+ in the dynamics of storms [Glocer et al.,
2009a, 2009b; Welling et al., 2011].
[10] In this study, we present here the first Oxygen ENA

images measured by TWINS. The TWINS energy range
extends far below that of HENA and allows us to image and
understand the physics of this critical ion component sepa-
rately for the bulk H over the plasma and low-energy ranges
of energetic particles for the first time. Brief descriptions of
the TWINS ENA images and the method used to determine
H and O ENA content from this data set are given in sections
2.1 and 2.2. A more complete discussion of the composition
determination of the TWINS data set is presented in section
A. Observations of the measured ENA composition of the 22

July 2009 moderate storm are presented in section 3. We
observe that the ENA emissions in this energy range quickly
rise, but the O ENAs have a larger relative increase, and stay
at elevated levels much longer, well into the recovery phase.
Discussion and conclusions are given in section 4.

2. Methodology

2.1. TWINS Overview

[11] The TWINS mission [McComas et al., 2009] includes
two identical Energetic Neutral Atom (ENA) imagers flown
aboard two separate spacecraft in Molniya orbits (inclination
of 63�, orbital period of 12 h, and apogee ~7.2 RE) to image
the inner magnetosphere. The phasing of the orbits is such that
the TWINS sensors provide essentially continuous ENA
observations from at least one of the TWINS spacecraft and
stereoscopic imaging for approximately 2 h twice each day.
[12] The TWINS ENA imagers are based upon the slit

camera concept [McComas et al., 1998] originally flown as
the MENA instrument [Pollock et al., 2000] on the IMAGE
mission [Burch, 2000]. Two sensor heads are used to acquire
an instantaneous 1-D spatial image across the full energy
spectrum of the ENAs. The imager is rotated back and forth
in a windshield wiper motion to fill the full field of view
(FOV). The TWINS FOV is an approximately nadir pointing
cone with a half width of 60�. Neutral atoms are detected
and recorded at very high angular resolution (~1�) with
ΔE/E ≤ 1.0 for H atoms. Full images are taken in 60 s
typically every 72 s over an energy range from <1 keV/amu
up to ~100 keV/amu. See section A of McComas et al.
[2012] for a full description of how the ENAs are processed
to generate images.
[13] The TWINS instrument uses ultrathin carbon foils of

a nominal 0.5 mg cm�2 mounted at the aperture to make a
coincidence time of flight (TOF) measurement. Ultrathin
carbon foils (typically 0.5 to 3.5 mg cm�2), mounted on
highly transmissive grids, have been used successfully in a
wide variety of space missions [McComas et al., 2004]. As
the primary ENA passes through the foil, emitted secondary
electrons are accelerated to a microchannel plate (MCP)
detector where they provide a timing start pulse. The
primary ENA is then measured in a different region of the
same MCP, producing the timing stop pulse. The ENA
trajectory measurements are obtained using the detected
positions of an ENA and its associated secondary electrons.
Complete details about how the TWINS instruments
work are provided in the TWINS mission paper [McComas
et al., 2009].

2.2. Composition Determination

[14] Both H+ and O+ in the magnetosphere charge exchange
efficiently with the exosphere and upper atmospheric neutrals
producing H and O ENAs. ENA composition identification is
determined by analyzing the mass dependent differences in
the pulse height distributions of the MCP based detectors.
This technique has been used successfully on the HENA
[Mitchell et al., 2003] and magnetosphere imaging instrument
(MIMI) [Mitchell et al., 2004] ENA imagers to look at higher
energy (> 50–100 keV) O ENAs. The stop pulse in the
TWINS velocity measurement is from the impact of the
primary ENA. The pulse height varies as a function of mass,
and this variation is what the HENA and MIMI instruments

VALEK ET AL.: TWINS OXYGEN-HYDROGEN OBSERVATIONS

3378



use to determine ENA composition. For TWINS, however, the
variation of the pulse height between the H and O stop pulses
for the lower energies measured is fairly small. Therefore, in-
stead, we use the pulse height distribution generated by the
secondary electrons emitted from the carbon foils to
determine the composition of the ENA signal. A brief overview
of the technique used for composition separation is given here,
with a more complete description provided in section A.
[15] As the primary ENA passes through the carbon foil,

secondary electrons are liberated and accelerated toward the
MCP detector. The mean number of electrons emitted from
the foil exit surface (n) increases with increased ENA mass
and velocity [Gruntman et al., 1990; Ritzau and Baragiola,
1998]. The (mostly secondary) electrons leave the carbon
surface with an energy small (approximately few eV)
compared to the energy imparted by the accelerating potential
(~1.1 keV) inside the detector section. The n electrons
liberated from the carbon foil impact the MCP with nearly
the same energy. Due to spreading from the initial exit direc-
tions from the foil and space charge effects, the n electrons
strike the MCPs with a spacing generally larger than the
pore-to-pore distances of tens of microns. Therefore, each of
these n electrons can start cascades in independent groups of
pores in the MCPs. Because the MCP pores are essentially
separate electron multipliers, the pulse height from n electrons
will be, to zeroth order, n times that of a single electron.
[16] An incident beam, even of a pure mono-energetic,

single species ENAs produces a broad distribution of pulse
heights owing to the statistical nature of theMCPmultiplication
process. Additionally, while the average pulse height for H
and O are separated in TWINS, the distributions also have
significant overlap, so it is not possible to distinguish the
species of the incident ENA on an event by event basis. Rather,
for a given velocity range, the measured pulse height distribu-
tion is fit to a linear combination of characteristic pulse height
distributions of the H and O ENAs, determined during the
instrument flight calibration [McComas et al., 2009]. Once
the numbers of H and O events are determined, species specific
geometric factors are applied to determine the flux of H and O
to produce composition separated ENA images.
[17] An aspect of the TWINS images, which results from

using start foils for timing, is that the incident particles
undergo energy straggling and angle scattering as they pass
though the foils (see Valek et al. [2010] for how these effect
the imaging). The magnitudes of these effects are functions
of (1) the foil properties, (2) the foil thickness, and (3) the
incident energy and species of the particle passing though
the foil [Funsten et al., 1993; Allegrini et al., 2006]. For
particles arriving at the carbon foils with the same incident
angle and energy, more massive particles experience larger
energy loss and angular scattering. Because of this, the
TWINS instrument will make higher resolution measurements
of the H ENAs than of the O ENAs. The magnitude of the
energy straggling and angular scattering is reduced for all
species as the foil thickness is reduced. To minimize the
energy straggling and angular scattering, carbon foils as thin
as those reliably flown to date are used in TWINS (nominal
thickness ~0.5mg/cm2) [McComas et al., 2004].
[18] Since TWINS viewing is collimated in one spatial

dimension and actively imaged in the other dimension (radial
in TWINS images—perpendicular to the collimated direction),
angular scattering effects are limited to the imaging dimension.

Intense ENA emissions can scatter and create artifacts that ap-
pear as extended emissions in the imaging direction. Lower-
energy and more massive ENAs will produce the largest scat-
tering artifacts. Low-energy oxygen ENAs will scatter across
a wide angular range even if they are coming from a
localized region in space. For this initial paper on O ENAs,
we only present ENA images where the O is at sufficiently
high energy (16 and 32 keV) so that the scattering is small
enough to still allow high resolution images (~ 4�).

3. Observations

[19] On 22 July, the IMF turned strongly southward, and
the proton density increased to a peak value of ~50 cm�3.
Starting around 0430 UT, the IMF transitioned to a strong
negative By at 0600 and then again to negative Bz at 0800
UT. The proton speed (not shown) increased steadily from
~300 km/s before 22 July to speeds of ~500 km/s on 23 July.
The solar wind dynamic pressure increased to a peak value
of ~ 12 nPa around 0500 UT. See Figure 1 for a summary
of the environmental conditions during this storm.
[20] The duration and strength of the IMF Bz has been

shown to be the main driver of magnetic storms [Gonzales
et al., 1994; Zhang et al., 2004; Zhang et al., 2006]. The
IMF must be<�5 nT for at least 2 h for a moderate storm
(�30 nT>Dst> �100 nT) at the 80% occurrence level.
The solar wind conditions meet this criterion for this storm
(Figure 1).
[21] As in Perez et al. [2012], we classify the 22 July 2009

storm as a Co-rotating Interaction Region (CIR) driven storm
primarily due to the nonsteady north/south component of the
interplanetary magnetic field (Figure 1, red trace in top panel).
CIRs are large-scale structures in the heliosphere that gener-
ally produce weak storms defined as those with minimum
SYM/H> �100 nT. CIR storms also tend to lack a sudden
storm commencement (SSC) and have long recovery phases
(> 24 h). The 22 July 2009 storm meets all of these criteria.
A review of CIR storms is given in Tsurutani et al. [2006].
[22] The main phase of the magnetic storm was seen to

begin at around 0200 UT and reached a minimum of �95 nT
in Sym-H. This double dip storm had its first minimum at
0600 UT. The IMF Bz turned northward at ~ 0600 UT for
about 1 h and then southward again, resulting in a second
minimum of nearly the same magnitude as the first at
0900 UT. There is an initial recovery phase with a rapid
increase of Sym-H from 0900–1100 UT where the long
duration decay commences.
[23] Figure 2 shows a sequence of O and H ENA images

taken just prior to the storms main phase, at peak of the
storm, during the middle of the storm, and during the slow
recovery. Each image includes data integrated over 30min
with the start of the time indicated by the label; the energy
bands have a width of 100%. Figure 2a shows Sym-H with
the time of the images indicated with vertical bars. The
16 keV images are shown in Figure 2b, and 32 keV images
are shown in Figure 2c.
[24] Figure 2 gives an overview of the dynamics of the H

and O ENAs through this storm. Just prior to the storm onset
(0058 UT), the brightest ENA emissions observed are H
LAEs near dusk (i.e., bright emissions at the limb near the
purple field lines). The brightest ENA emissions are seen
at the peak of the storm (0530 UT).The brightest feature in
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the H ENA images at 0530 UT is the LAEs, seen at dusk
(foot print of purple field line). For the O ENA image, the
HAE emissions are approximately as bright as the LAEs.
Later (0829 UT), we see increased emissions in both H
and O ENAs. The ring current (HAEs) fills in with a more
extended local time coverage for O than for H ENAs.
[25] In the final set of images during the recovery (1258 UT),

the HAEs are seen to be on the dusk side, with larger relative
O to H emissions than the pre-storm (0058 UT) levels. The
average ENA flux across the full TWINS H 16keV image
increases from 1.1� 10�2 to 2.9� 10�2 (eV cm2 sr s)�1

(a factor of 2.6) between the 0058 and 1258 images. The average
ENA flux across the full O 16keV image increases from
1.9� 10�5 to 2.3� 10�3 (eVcm2 sr s)�1 (a factor of 121) be-
tween the 0058 and 1258 images. For the 32 keV images, the
average H ENA flux increases from 3.2� 10�3 to 1.1� 10�2

(eV cm2 sr s)�1 (a factor of 3.4), and the average O ENA flux
increases from 1.2� 10�5 to 1.3� 10�3 (a factor of 92).
[26] The measured counts are distributed between H and O

counts based on the fitting parameter A in equation A2. The
number of fitted counts is not required to an integer value.
Maps of the counting uncertainties can then be produced
using s ¼ ffiffiffi

n
p

. Figure 3 is a map of the scaled counting error
for the ENA images shown in Figure 2.
[27] The energy dependence of the charge exchange cross

sections is important when comparing the H and O ENA
emissions. The charge exchange cross sections for H+ on
H changes significantly between the 16 and 32 keV energy
bands used in this paper, while the O+ on H charge exchange
cross section is has less variation. Figure 4 shows the
charge exchange cross sections as a function of energy from
Lindsay and Stebbings [2005]. The energy bands used in the
ENA images in this paper are shown in blue (16 keV) and
yellow (32 keV), with the overlap in green. It is worth noting

that for the 16 keV energy band, the average cross sections
for H and O are nearly equal, but for the 32 keV band, the
O cross section is significantly larger that the H cross
section. Because of the energy dependence of the charge
exchange cross section, the fraction of O/H ENA emissions
will generally be larger with increased energy than the
parent ion populations.
[28] As discussed above, the ENA emissions observed by

TWINS can be separated into HAEs (greater than approxi-
mately 500 km) where the probability of multiple collisions
is very low (called “optically thin”) and LAEs, where ions
precipitate into the upper atmosphere (< 500 km) and undergo
multiple charge exchanges (called optically thick). At low
altitudes, the LAEs are generated by mirroring ions and
come from a narrow range of pitch angles [Roelof, 1997;
Pollock et al., 2009; Bazell et al., 2010]. Because of this,
observations of the LAEs have a strong dependence on the
location of the TWINS spacecraft. An optically thick approx-
imation is required to account for multiple collisions producing
LAEs [Bazell et al., 2010]. The neutral density in the upper
atmosphere is much larger than further out in the exosphere,
and therefore, the LAEs appear brighter in the TWINS ENA
images than the ring current for similar flux of ions.
[29] For both HAEs and LAEs, the ENA flux is dominated

by H. Just prior to the onset of the storm (0058 UT in
Figure 2), TWINS observed the brightest ENA emissions
coming from the H LAE. The O emissions at this time are
fairly dim, localized to the post midnight sector and from
relatively near the earth (L ~< 4) (Figure 2). At ~0200
UT, the storm begins, and the flux of both LAE and HAE
ENAs increases rapidly.
[30] Figure 5 shows a sequence of images from 0230 to

0400 UT, which coincides with the main phase of the storm.
The error maps for this time are shown in Figure 6. At 0230
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UT, the H LAEs were seen in the afternoon / dusk sector,
where the O LAE emission was still dim, with a peak near
midnight. Over the hour and a half shown in Figure 5, the
LAE emissions for both species are seen to rapidly increase.
The O LAE initially is observed on the night side but
transitions to the dusk side with the H LAEs. At 0400 UT,
the peak of the O and H LAEs are both seen at dusk. The O
LAEs extend for nearly 12 h of local time as opposed to the
H LAEs that are more peaked near dusk.
[31] Care must be taken when interpreting the LAE

observations due to strong viewing geometry effects. Due
to their narrow range of pitch angles [Roelof, 1997;
Pollock et al., 2009; Bazell et al., 2010], LAEs from a limited
range of local times will be observable from a given location in
space. The spatial probability of viewing LAEs is given the
“emissivity function” and is described by Bazell et al.
[2010]. The emissivity function has a crescent shape, generally

centered 12 h of local time from the location of the TWINS
spacecraft. See Bazell et al. [2010, Figures 8–10] for examples
of emissivity functions for TWINS. For the images in Figure 5,
the emissivity function is peaked near dusk.
[32] Later in the storm at 0830 UT (Figure 2), both strong

HAE and LAE emissions are observed, and a well-formed ring
current is seen in both the H and O emissions. The TWINS 2
spacecraft is in a prime location at this time to see LAEs in
the pre-midnight sector. The H ENAs observed by TWINS 2
show both bright LAEs and HAEs. The H LAEs are brighter
than the H HAEs at this time. However, the HAE and LAE
emissions are of approximately equal brightness in the O
ENA image. Since the LAE production process occurs where
the neutral density is greater, this indicates that the line-of-
sight integrated O+ ion populations responsible for the HAE
is greater in the ring current than for the narrow region where
O+ ions are mirroring in the upper atmosphere.
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[33] During the recovery stage (1258 UT, Figure 2), the H
ENA signal is greatly reduced from the peak of the storm,
and the H LAE signal is nearly unobservable. Compared to
the pre-storm images, the hydrogen HAE emissions are
brighter than the LAE emissions. This may be an indication
that the loss cone for H+ has significantly emptied by this
time. In contrast, the O ENAs are still significantly brighter
in both the HAE and LAE than that observed in the pre-
storm image. A distinct, pre-midnight O HAE is observed.
More striking is that at this time, there is a very bright O
LAE that was absent prior to the storm. This indicates that
the loss cone still has significant O ions precipitating into
the atmosphere. The lighter H ions will have 4 times shorter
bounce period than O ions, assuming they have the same
parallel energy. This shorter bound period may lead to more
collisions in the upper atmosphere, and a more rapid
empting of the loss cone. Also, the larger gyro radius of
the O makes it more susceptible to pitch angle scattering
which may be a source of refilling of the loss cone. Since

the orbital positions for TWINS 1 at 01 and 13 UT are very
similar, the viewing geometry effects on the observed LAEs
should be minimal between these 2 times.
[34] To better quantify the temporal variation of the HAE

and LAE, we calculate two indices as first done in Valek
et al. [2010]. The indices defined here are modified from
those used in Valek et al. [2010] to be more robust. The
changes to the indices do not change the conclusions derived
from Valek et al. [2010]. The HAE index is defined to be the
average ENA flux measured where the line of sight passes
between 2 and 4 Re from Earth. This gives a global
overview of the ENA production in the ring current and
most of the inner magnetosphere. By only including emis-
sions outside 2Re, the bright LAEs are excluded from
this index. By excluding emissions outside 4Re, we do not
include pixels with the lowest count rates and therefore the
highest pixels with the highest uncertainties from counting
statistics. The HAE index is not adjusted for changes in
latitude or other viewing geometry effects. To do so would
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require full image inversion or forward modeling, which we
feel is beyond the scope of this paper.
[35] Since the LAEs are localized to near the Earth limb, the

LAE index is calculated using data from inside 2Re. The LAE
index is calculated as the mean of the 16 brightest pixels minus
the mean of the remaining pixels inside of 2Re. This allows for
the bright LAE to be separated from the any broader ENA
signature or any backgrounds present across the whole image.
[36] The LAE and HAE indices for this storm are calcu-

lated from 30min ENA images and are shown in Figure 7.
The red curves are for the 16 keV energy band, and the blue
for the 32 keV band. The solid (dashed) line is for H (O) in
the HAE, LAE, and CRCM panels (2, 3, and 5), and the
values increase as one moves downward on the y axis to al-
low for simpler comparison to the Sym-H values. The two
time periods between 0600 to 0800 UT and 1200 to 1230
are regions with elevated backgrounds in the TWINS mea-
surements and are not included in this study.
[37] The rate of increase of the HAE can be calculated as

t ¼ 1
f
df
dt ¼ d ln f

dt . During the period between 0300 and 0530
UT, the O HAE rate of increase is 1.5 times larger than that
of the H HAEs at 16 keV and 2 times larger at 32 keV. During
the main phase, a small but rapid increase in the AE index at
0300 UT is seen, which is consistent with a small substorm
occurring at this time (Figure 1).The elevated rate of increase
of O during this period is consistent with the observations of
Mitchell et al. [2003] enhanced O injections during substorms.
The rates of increase for the H and O HAEs are approximately
equal during the rest of the period shown here. In the
period between 0000 and 0230 UT, the measurement error
for O is significant, so it is difficult to estimate of the O rate
of increase during this time.
[38] A second dip in Sym-H for this storm is seen at 0900

UT. The O ENAs show a very slight increase, while the H con-
tinues to decrease in emissions. At 1000 UT, there is a sudden
brightening of both the H and OHEAs. This is coincident with

at rapid rebuilding event of the radiation belts [Glocer et al.,
2011]. The images taken between 1000 and 1030 UT have en-
hanced backgrounds, which may result in an overestimate of
the HAEs at those times, and are not included here. In both
the LAEs and HAEs, this increase is larger in the H than in
the O. This is most likely due to the background resulting from
light particles (e.g., some local ions getting past the collima-
tors). The light particles will skew the measure pulse height
distribution to be more H-like.
[39] The slow recovery phase of the storm begins ~ 1200 UT.

Both the H and O HAEs are elevated from the pre-storm levels
and are gradually decaying. The O HAEs increased by a larger
factor than the HHAEs. At the beginning of the recovery, the H
LAEs are approximately at their pre-storm levels. The O LAEs,
however, are approximately an order of magnitude more
intense than the pre-storm levels.
[40] The average ENA flux is proportional to the average

ion flux, described by the thin target approximation for HAEs

Jion;HAE
� � / 1

s10
JENA;HAE
� �

(1)

where s10 is the charge exchange cross section of the parent
ion with the background H exosphere, plotted versus energy
in Figure 4. The average ion flux in EQ 1 is over a line of sight
integral. For simplicity, we assume that the parent ion
populations for H and O have comparable line of sight distri-
butions. Using this approximation, the ratio of the HAE parent
ion populations of O to H are given in the fourth panel of
Figure 7 (thick line). The pitch angle distributions of H+ and
O+ can be quite different [Daglis and Axford, 1996], so the line
of sight distributions of H+ and O+ may also be quite different.
Local variations of the O/H ratio along the line of sight may
deviate from the line of sight average plotted in Figure 7.
[41] Bazell et al. [2010] gave a thick target approximation

(TTA) for a parent proton population on neutral oxygen
generating H LAEs. However, a TTA has not been developed
for a parent O+ population on neutral oxygen generating
O LAEs due to the complexity of the possible interactions.
Because of this, a quantitative O / H ratio for the parent
populations for the LAEs is unavailable since these relate to
the ENA LAEs by an undetermined factor, which is itself a
function of energy. Instead, we plot in the fourth panel of
Figure 7 the ratio of O/H ENA LAEs, scaled to the value at
0200 UT (thin line), which we take as the start of the storm.
This ratio allows us to observe the fractional change of the
O/H LAE parent population.
[42] The ratio of the HAE parent ion population increases

from ~1% pre-storm to~ 10% O/H at the beginning of the
early recovery. During this storm, the O component of the
ENAs increases more rapidly and remains at elevated levels
for a longer period of time than for H ENAs. The lower energy
bin shows a larger increase than the higher energy bin.
The ratio of the LAE ENA populations shows a larger
fractional increase in O than the HAEs. The LAEs increase
by an order of magnitude, whereas the HAEs increase by only
a factor of ~ 3 to 5. This may be an indication of nonadiabatic
heating of the O resulting in a pitch angle distribution that is
more favorable for the production of LAEs.
[43] The bottom panel of Figure 7 shows CRCM [Fok

et al., 2001]. Simulation results for the ring current total
kinetic energy content for this event. We ran the CRCM
for the period 1800 UT 21 July to 1800 UT 22 July 2009
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with the inputs as described in Fok et al. [2010] for static
magnetic field case. The difference from the setup described
in Fok et al. [2010] is that we also include an O+ component
with density calculated according to Young et al. [1982]
relation. The Young relation specifies O+/H+ ratio for ion
densities at the CRCM polar boundary as a function
from Kp and F10.7 indices. For each species, we calcu-
late the energy content by integrating CRCM-calculated
number of particles in the entire CRCM computational
domain inside ~ 9RE in the equatorial plane in a given
TWINS energy bin. We believe this is a good proxy for
ENAs because plasma at all L-shells contribute to bright
ENA emissions near the Earth where geocorona density is
high (with modulation from pitch angle distribution). Both
O+ and H+ populations are subject to drift losses through
magnetopause and charge-exchange losses. Charge-
exchange cross-section energy dependence is different for
O+ and H+ making different loss rates for different species
with the same temperature.
[44] There is a general qualitative agreement between

this result and the indices described above. Both show a
rapid increase with the main storm phase, with gradual decay

during the recovery phase. We observe also that O+/H+ ratio
in the CRCM is smaller in the beginning of the storm and
increases during main phase. This is consistent with Young
et al. [1982] relation where O+/H+ ratio increases with activity.
The CRCMmodel predicts a similar O/H ratio as we see in the
HAEs (not shown).
[45] To determine detailed local time response, either a

forward model [Brandt et al., 2001] or deconvolution
[Perez et al., 2001] is required. This will be done in future
studies, but for an approximate determination of the local
time variation, we divide the HAE index describe above into
local time sectors using the location where the line of sight
crosses the magnetic equatorial plane; these four sectors
are centered on 00, 06, 12, and 18. The resulting local time
HAE index is shown in Figure 8.
[46] The local time HAE index for H shows increases in the

ENAs on the night side, which then drift westward to the dusk
side. During the peak of the storm, we see the ring current over
a larger extent of local time. During the recovery phase, the
ENAs are most intense on the night and dusk sides. For the
O HAEs, during the main phase there is nearly an equal
increase seen in the dawn and dusk sectors. We also note that
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Figure 5. H and O ENA images during the storm main phase (same format as Figure 2). The ENAs shown
are from a portion of the TWINS FOV cone with a half angle of 35� to highlight the near Earth emissions.
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the spreading of the 16 keV emissions from a concentration at
midnight at 0300 UT toward dusk at 0600 UT is consistent
with Perez et al. [2012, Figure 7].

4. Discussion and Conclusions

[47] Using the ENA imagers of the TWINS mission, we
studied the variations in the global composition of the inner
magnetosphere during the 22 July 2009 storm. This required
developing and implementing a methodology to separate O
from H ENAs. This technique is based on the mass depen-
dent variation in the electron yield from the ultrathin carbon
foils, manifested in the measured pulse height distributions.
Using this technique in this paper, for the first time we
[48] 1. presented global O and H images of the inner magne-

tosphere centered on 16 and 32keV ENAs (8–48keV inclusive);
[49] 2. produced images with the spatial resolution needed

to differentiate between H and O LAE and HAE ENAs;
[50] 3. identified local time differences in the evolution of

H and O distributions during storm time for the inner magne-
tosphere in this critical energy range;

[51] 4. identified temporal differences in the evolution of
H and O during different phases of the storm;
[52] 5. showed qualitative agreement between the H and O

observations with model results from CRCM.
[53] While this storm has been studied by others [Valek

et al., 2010; Fok et al., 2010; Glocer et al., 2011; Keesee
et al., 2012; Perez et al., 2012], we present the first mea-
surements of the O component in the inner magnetosphere
for this storm. The contribution of O+ is expected to be
small for this moderate storm [Daglis and Axford, 1996;
Fu et al., 2001].We observe that the O component is not a
significant fraction of the ring current (O/H peaks at 0.1);
however, we do have the sensitivity to observe that the O
population evolves differently than the H population, both
temporally and spatially.
[54] During the main phase of the storm from 0300 to

0530 UT, both the H and O HAEs increase rapidly. During
this period, the 16 keV (32 keV) O HAEs have a rate of
increase that is 1.5 (2.0) times larger than the H HAEs of the
same energy. A strong H LAE is seen prior to the storm and
through the main phase. The H LAEs then have a gradual
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Figure 6. Map of the counting error is shown for each of the images in Figure 5. This figure has the same
format as Figure 3.
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decrease down to below pre-storm levels at the start of the
storm recovery at 1200 UT. In contrast, very few O LAEs
are seen pre-storm, but they exhibit a rapid increase and peak
at the same time during the storm as the H LAEs. At the early
recovery phase of this storm, the O LAEs remain above the
pre-storm levels, in contrast the H LAEs.
[55] The AE index rises rapidly by ~ 600 nT starting at

0300 UT, coincident with the largest rate of increase for
the O ENAs. Delcourt [2002] showed that during substorm
dipolarizations, low energy O+ in the plasma sheet can be
energized to high energy (100 keV) and be injected into
the ring current. Using AE as a proxy for substorm activity,
the observation of increased O HAEs during the increases in
AE is consistent with the result of Delcourt [2002].
[56] The local time HAE index for H shows increases in

the ENAs on the night side, which then drift westward to
the dusk side. During the peak of the storm, we see the ring
current is seen over a larger extent of local time. During the
recovery phase, the ENAs are most intense on the night and
dusk sides. For the O HAEs, during the main phase, there is
nearly an equal increase seen in the dawn and dusk sectors.

This may be indicative of the injected O ions traveling
further earthward from the tail prior to drifting westward.
During the recovery, the O/H ratio of the parent population
is uniform in local time, with a larger relative increase for
the lower energy band.
[57] Early studies [Akasofu et al., 1963] of large magnetic

storms showed that what is now referred to as the recovery
phase consists of two parts, one with a rapid decay of a
few hours and a second much slower and lasting much
longer. Observations [Hamilton et al., 1988] and simulations
[Noël, 1997] of a great storm in February 1986 showed that
O+ was the dominant component in the energy density near
the storm’s main phase. The rapid decay phase was attributed
to the loss of O+ ions via charge exchange in the inner ring
current. In contrast, Ohtani et al. [2005] reported that for a
large storm in August 2000, IMAGE/HENA data suggested
that both total H+ and O+ increased at the start of the recovery
phase due to substorm activity. A statistical study
[Ohtani et al., 2006] of both H+ and O+ energy density during
59 storm events from September 2001 to March 2003
with Sym-H ≤ �50 nT confirmed that the 60–119 keVH
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ENAs and the 52–180 keV O ENAs are stronger during
the recovery phase of the storms. These authors also
found that the O ENAs contribution relative to the H
ENAs contribution increased with storm intensity.
[58] While this is a relatively weak storm, it is certainly in the

range considered by Ohtani et al., [2006]. The observations
presented here are consistent with their findings that the
substorm activity at this time shown in Figure 1 produces an
increase in ENAs even as Sym-H increases. For the energy
range we present here, the increase in the O/H ratio during
the rapid recovery period is in sharp contrast to what was
observed for very large storms. It should be noted that storms
with very low Sym-H are usually ICME-driven storms, and
the storm analyzed here is CIR driven. The relatively small
contribution from the O+ during most of the storm studied here
is also consistent with expectations for relatively weak storms.
[59] Thus, we present here the methodology to produce and

the first O ENA imagesmeasured by the TWINSENA imagers.
We also present for the first time the oxygen ENA images
with high enough spatial resolution to resolve the localized
Low Altitude Emissions separately from the high-altitude
(largely ring current) emissions. While this study only shows
the magnetosphere’s global compositional response to one,
rather small storm, importantly, it provides the methodology
and techniques needed to separate H and O ENAs for future
TWINS measurements and observations.

Appendix A: TWINS Composition Determination

[60] The TWINS instrument [McComas et al., 2009]
measures Energetic Neutral Atoms (ENAs) incident direction
and velocity using a coincidence method. The ENAs that enter
the TWINS aperture pass through an ultrathin carbon foil
[McComas et al., 2004] and liberate secondary electrons.
The secondary electrons are accelerated toward the detector
plane with ~1.1 kV acceleration potential. The microchannel
plate (MCP) based sensor then measures the arrival time and
position of the secondary electrons and the primary ENAs to
determine the particles incident direction and velocity.
See Figure A1 for a drawing of the geometry of the TWINS
sensor heads. The interaction of the ENA and the foil does
perturb the trajectories of the ENAs through angular scattering
and energy straggling [Funsten et al., 1993]. The perturbation
of the ENAs velocity is a function of the particles mass and
energy and results in an uncertainty in the ENA images
[Valek et al., 2010].
[61] For each coincident event measured, TWINS reports

“Direct Events” (DEs). These DEs have the detailed informa-
tion of the instrument response to the ENAs that allow us to
producemap of the ENA population as a function of the arrival
direction and energy per amu. Included in the direct events are
the arrival location on the detector plane of the secondary elec-
trons and primary ENA, referred to as the start position and
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stop position, respectively. The direction of travel inside the
sensor is determined using these measured positions and
the sensor geometry. Also included in the DEs is the time of
flight (TOF) which is the time between the arrival of the
secondary electrons and the primary ENA. Using the TOF,
the direction of travel in the sensor, and the distance between
the carbon foil and the detector plane, the ENAs velocity
(inside the sensor) is determined. The direction and velocity
of the ENA are then mapped to the most probable arrival
direction and velocity of the ENAs prior to the carbon foils
(see McComas et al. [2012] for a detailed discussion of the
TWINS image making process).

A1. Determination of Composition From the Pulse
Height Distribution

[62] For each secondary electron (start) and primary ENA
(stop), TWINS measures the height of the pulse of electrons
exiting from the MCP detectors. The size of the pulse height
is a function of the incidents particles mass and energy.
Starts (secondary electrons) have an energy nearly equal to
the acceleration potential since the electrons exit the foil
with an energy of only a few eV. The stops (primary ENAs)
impact the detector with nearly the same energy as they
entered the instrument since the perturbation of the foil is
fairly small [Allegrini et al., 2006] compared to the TWINS
measurement range of 1 to 100 keV/amu.
[63] Past instruments, such as the IMAGEHENA instrument,

used the measured pulse height of the primary ENA to
determine its species [Mitchell et al., 2003]. For the HENA
instrument, the stop pulse heights have sufficient separation be-
tweenH andOENAs to be used to determine species. However,
for the operating parameters used with the TWINS instrument,
the distribution of pulse heights for O andH do not have enough
separation to be used to determine species. Instead, the TWINS
instrument uses the start pulse height to determine species.
[64] A small integer number of secondary electrons are liber-

ated when the ENA transverses the carbon foil. The distribution
of the number of electrons emitted is a function of the primary
particles velocity and mass [Gruntman et al., 1990; Ritzau
and Baragiola, 1998].The secondary electrons are emitted from
the foil with enough spread in their velocities that they have a
separation at the detector plane that is large (~1mm) compared
to the hole spacing of the MCPs (~10mm).

[65] Each electron from the foil therefore has a chance of
generating its own charge pulse in the MCPs, which results
in a pulse that can be estimated as n*C, where n is the
number of electrons from the foil and C is the average
charge pulse per electron. While the average pulse height
for O is larger than that of H, the pulse height distributions
for H and O are both fairly wide and have significant overlap
for the TWINS detectors. This is due to both the variation of
the number of electrons emitted from the foil per incident
ENA and the width of the pulse height distributions as a
function of the number of electrons striking the MCP. Thus,
one is unable to determine the mass of individual ENAs
using the start pulse height; however for a large enough
collection of ENAs, one can statistically determine the
relative fractions of H and O.
[66] The start pulse height distributions for H (red) and O

(green) for particles with energy per mass of 2.7 keV / amu
are shown in Figure A2. Both curves have been normalized
so the total area under each curve is equal. Vertical dashed lines
are at the approximate locations of the peak of the 1, 2, 3, and 4
electron pulse height distributions. The resultant H andO distri-
bution are the combination of the n-electron distributions

PHi ¼
X
n

ai;n�phn (A1)

where PHi is the total start pulse height for species i, phn is
the start pulse height if n electrons are emitted from the foil,
and ai,n is the probability that n electrons are emitted from
the foil for species i.
[67] Figure A3 shows the variation of the PH distributions

as the particle energy per mass was varied during the instru-
ment flight calibration. The color of each trace indicates the
total energy of the incident particle. The solid curves are for
H+, and the dashed lines are for O+. The majority of the
TWINS calibration was performed with ions since the in-
strument performance is identical except for the ion rejection
subsystem and a small (~ 1 kV) potential at the foil with will
increase the energy of the incident ion.
[68] The difference in the start pulse height distributions is

used to determine the fraction of H andOmeasured by TWINS.
Using pulse height distributions determined during the instru-
ment calibration, PHH and PHO, the measured start pulse height
distribution can be written as the linear combination

Figure A1. Figure showing the trajectories of the ENAs through a TWINS sensor.
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PHT xð Þ ¼ A�PHH xð Þ þ 1� Að Þ�PHO xð Þ (A2)

where PHT is the measured normalized pulse height of
combined H and O ENAs, A is the fraction of events that are
from H ENAs, and x indicates which bin of the distribution
(i.e., the charge exiting the detector). This parameter A is the
fraction of HENAsmeasured by TWINS prior to the application
of mass specific response functions for TWINS and not the
fraction of incident H ENA flux into TWINS. The value of

A in equation A2 is determined by performing a least squares
fit. Any measurement of y events of pulse height x will have
some measurement error, so the residual for each is given by

ri ¼ yi � PHT xið Þ
¼ yi � A� PHH xið Þ � PHO xið Þ½ � � PHO xið Þ (A3)

[69] The least squares solution provides the value where A
minimizes the value of w2, where

w2 ¼
X
i

yi � A� PHH xið Þ � PHO xið Þ½ � � PHO xið Þð Þ2
s2i

(A4)

where si is the standard deviation of the measurement error.
Assuming our measurement is described by a Poisson distri-
bution, the standard deviation can be estimated by si ¼ ffiffiffiffi

yi
p

.
For bins that measure 0 events, we use a standard deviation
of 1 count. Since A is the fraction of counts due to H, we
impose the condition that 0 ≤A ≤ 1. If any values of A< 0
are set to 0, and any values of A> 1 are set to 1.
[70] Helium is not included in the composition determina-

tion. The helium-electron yield, and therefore the pulse
height distribution, is between that of H and O. However,
the production of He ENAs is significantly less efficient than
that for H or O. The charge exchange cross sections for He+

on H is about a factor of 2 lower than the charge exchange
cross section of H+ on H at 16 or 32 keV/amu [Barnet,
1990]. So even if He+ was found in quantities of say 10%
compared to H+ in the inner magnetosphere, the He ENA
signal would be only ~ 1%.
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Figure A2. Comparisons of the start pulse height distribu-
tions for H (red) and O (green) that enter the sensor with
nearly the same velocity. The start pulses are from secondary
electrons emitted from ultrathin carbon foils.
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Figure A3. The PH distributions vary with both E/m and species. Shown here for the four sensor heads
that make up the two TWINS instruments are the measured pulse height distributions during calibration.
Solid curves indicate H, and dashed curves indicate O. The E/m of the curves is indicated by its color.
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A2. Extrapolation of the Pulse Height Distribution
[71] The facility used for the TWINS calibration [McComas

et al., 2009] has an ion source with an energy range between 1
and 50keV. Because of this, there is only a limited overlap in
energy per mass between H+ and O+ used during calibration.
To extend the range where the composition fractions can be
determined, the H+ (O+) pulse height distributions must be
extrapolated to lower (higher) energy per mass.
[72] The pulse height distribution is modeled as a summation

of Gaussians

PHS v;mð Þ ¼
X1
n¼1

PS;n v;mð Þ CS;n�e
�1

2

x�aS;nð Þ.
sS;n

� �2� �2
664

3
775 (A5)

where v and m are the incident particles velocity and mass,
and the index s indicates which of the four TWINS sensors
(two sensors per spacecraft) the distribution applies to. The
summation is over the number of electrons, n, starting
cascades in the MCPs. The second term (in brackets) in the
summation describes the pulse height distribution when n elec-
trons start cascades in the MCP, with x being the pulse height
and as,n the location of the n electron peak (e.g., 5 pC in
Figure A2). The values of as,n and ss,n are independent of v
or m, since all electron emitted from the carbon foil are accel-
erated to the same potential. The first term in the summation,
Ps,n(v,m), is the probability that for an incident particle with
velocity v and mass m will emit n electrons which start
cascades and is modeled with a Poison distribution

PS;n v;mð Þ ¼ qs v;mð Þn
n!

e�qs v;mð Þ (A6)

where qs(v,m) is the effective yield from the carbon foil in
sensor s, for incident particles with velocity v and mass m.
[73] The effective yield will differ from the actual secondary

electron yield from the carbon foil since the MCP detectors do
not measure the incident electrons with a 100% efficiency. The
number of electrons contributing to the measured pulse height
distribution, n, will be less than or equal to the number of
electrons emitted from the carbon foil, n0 (n≤ n0). In addition,
the most probable number of electrons emitted from the

carbon foil is 0 [Gruntman et al., 1990]; however, it is obvious
that the TWINS MCP detectors can only measure an electron
when one is emitted from the foil and therefore cannot
estimate the fraction of incident events which do not emit
electrons from the foil. Therefore, the effective yield inferred
from the TWINS pulse height distributions will differ
from published values for the forward electron yield from
0.5mg cm2 carbon foils [Allegrini et al., 2003; Ritzau and
Baragiola, 1998].
[74] The measured pulse height distributions can be fit to the

model in equation (A3) to determine the only free parameter,
the effective electron yield. Figure A4 shows examples of
two such fits. The model given here does an excellent job
reproducing the measured pulse height distributions.
[75] From the fits, we are able to determine the relation

between the effective yield (qs(v,m)) and the incident particles
energy per mass. This is shown in Figure A5, with the H (O)
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Figure A4. Examples of fitting the calibration data to the model describe in equation (A3). Measured
pulse height distributions are shown with the thin black line, with smoothed values overlaid (orange
curve). Individual n-electron distributions are shown in the dash-dot lines, with the accumulative fit drawn
with the red dashed line.
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data indicated with starts (diamonds). While the yields
are lower than published by others [Allegrini et al., 2003;
Ritzau and Baragiola, 1998, and references therein], the
shapes of the curves do agree with those results.
[76] In the energy per mass range from 1 to ~ 30 keV/amu,

the electron yield has been reported to vary with (E/m)b, where
b is near 0.5 [Ritzau and Baragiola, 1998]. For E/m below

1keV/amu, straggling in the foil limits the yield. For E/m
larger than ~ 30 keV/amu, stopping power goes down, also
reducing the electron yield. Because of this, the pulse height
model (equation (A3)) is only valid in this energy range.
[77] Using the best fit for the effective yield (Figure A5),

we can now extrapolate the expected H and O pulse height
distributions over the full energy/mass range of the TWINS
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Figure A6. Extrapolated pulse height distributions using the results from Figure A6 and equation (A3).
The white dashed lines bound the region where this extrapolation is valid, and the vertical black lines
indicate the E/M where we have calibration data to constrain the model.
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Figure A7. Pulse height distributions for varying MCP voltage. The color of the vertical bars indicate the MCP voltage,
ranging from 2400V (red) to 3200V (dark blue). The length of the lines indicate � 1s counting error range from Poison
statistics. The top panels show un-scaled pulse height distributions and the bottom panels show pulse height distributions
scaled to the 1-electron peak with the MCPs at 2850V.
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instrument. The result of this extrapolation is shown in
Figure A6, where the vertical black lines indicate points
where there is calibration data to constrain the extrapolation.

A3. Gain Variation

[78] Over the life of a mission, the gain of MCP detectors
gradually decreases. By design, this can be corrected by
increasing the applied high voltage. For the TWINS mission,
decrease in gain of the detectors has been observed. The
MCP high voltage was increased March 2011 to return the
gain to near launch levels. However, between voltage adjust-
ments, this variation of the gain needs to be addressed when
determining the composition, using equation (A2). The pulse
height distribution is scaled such that the one electron peaks
for the calibration data and the in flight measurement are
aligned.
[79] Figure A7 shows the normalized pulse height distri-

butions for an incident beam with energy of 9 keV measured
during instrument calibration. The full pulse height distribu-
tion was measured for varying MCP voltages, ranging from
2400V to 3200V in order to characterize the variation with
MCP gain. The two panels on the left are for an incident
beam of protons, and the two panels on the right are for an
incident of O+ ions.
[80] The top panels of Figure A7 show the pulse height dis-

tributions prior to any scaling. As the voltage is increased, the
gain can clearly be seen to increase with MCP voltage as the
distribution clearly shifts to having larger pulses. The bottom
panels have their distributions scaled such that the 1 electron
peaks align with the peak at 2850V (nominal operating volt-
age). The scaled pulse height bytes for voltage v are

PHscaled byte ¼ PHunscaled byte�ðpeak byte 2850=peak bytevÞ (A7)

[81] Once the scaling is applied, the pulse height distribu-
tions are aligned to within the measurement error. This scaling
is applied prior to performing the fit to determine the factor A
in equation (A2). The parameter A then is used to determine
the number of O and H counts measured in TWINS. Finally,
species specific instrument response factors are applied to
generate the composition separated images, such as in
Figures 2 and 5 of the main text of this paper. SeeMcComas
et al. [2012] for a complete discussion on the TWINS image
making process.
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Erratum

In the  originally  published  version  of  this  article,  the  surname  of  Raluca  Ilie  was  misspelled.  The
typo  graphical erro  r has  sinc  e been  corr  ected, and  this  vers  ion may  be c  ons  idered the a  uthoritative

  version of record.  




