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Abstract: The ring current region in the Earth’s magnetosphere contains energetic charged particles,
which are injected from the magnetotail, get trapped in the inner magnetosphere, and finally drift
around the Earth. The current, essentially carried by ions, is caused by the differences between the
drift of the positively charged ions and that of negatively charged electrons. The charge exchange that
occurs between ring current ions and geocoronal atoms determines the distribution and evolution
of the ring current and lays the basis for remote detection techniques. By measuring the energetic
neutral atoms produced by the charge-exchange process, the ring current can be remotely detected
via energetic neutral atom imaging. The Chinese Double Star Program operated the NeUtral Atom
Detector Unit (NUADU) onboard one of its two satellites for more than four years. A variety of
studies were conducted using multiple methods applied to observations, such as intuitive image
inspection, forward modeling, and inversion. Energetic neutral atom imaging was established as a
promising technique for future imaging projects.

Keywords: energetic neutral atom imaging; ENA; ring current

1. Introduction

Space has an abundance of charged particles, namely plasmas consisting of electrons
and ions. Compared with the lower atmosphere or ionosphere, the magnetosphere is
so tenuous that the particles are virtually collisionless [1,2]. Regardless, collisionless
particles are closely coupled with dynamic electromagnetic fields and experience complex
motion [3,4].

Measuring the properties of plasmas, such as their spatial distribution, energy spec-
trum, and components, is crucial for understanding the dynamics of any region in space.
In situ satellite measurements [5,6] are conventionally used for this purpose; however, such
methods can only provide a single-point measurement in time, and it is difficult to acquire
a full view of a large region or structure, particularly in the case of large temporal variation.

Similar to optical photography, it is possible to capture an “image” of a space region
by counting energetic neutral atoms (ENAs) originating there. ENAs are produced via a
charge-exchange reaction between energetic ions and low-energy neutral atoms [7]. Once
produced, a neutral atom leaves the reaction location, keeping the energy and moving
direction that its mother particle possesses exactly when the reaction occurs. Immune from
the electromagnetic field influence, energetic neutral atoms take nearly straight paths (like
photons). Counting neutral atoms’ incidence from different directions underlies remote
imaging or photography.

Owing to its considerable advantages over conventional in situ measurements, great
effort has been devoted to technological development and scientific research concerning
ENA imaging, particularly for Earth’s ring current that is abundant with energetic ions. At
the early stage, ENA signatures were captured by some energetic ion detectors that were
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not dedicated to measuring ENA, such as those flown on ISEE 1/2 [8], GEOTAIL [9], and
POLAR [10] missions. Detection of ENAs was unambiguously established by IMP7/8 and
ISEE 1 measurement, and their source was identified as the ring current [11]. This was a
major milestone in validating the idea that magnetospheric processes can be effectively
studied by remotely measuring ENAs. An instrument with a dedicated high-energy ENA
detection channel was flown on the CRRES satellite [12], followed by deploying of the first
dedicated ENA camera onboard the ASTRID satellite [13]. More productive ENA imaging
measurements were performed by subsequent IMAGE [14] and TWINS [15] missions.
The IMAGE mission adopted three specially designed ENA cameras in different energy
ranges and for different objectives, namely the high energy instrument, HENA measuring
10–500 Kev energy to study Earth’s ring current, the medium ENA instrument, MENA
measuring 1–30 Kev to study the plasma sheet, and the low ENA instrument, LENA
measuring between 10 eV and 500 eV to study the ionospheric source of ions flowing
from the polar cap. TWINS mission for the first time provided stereo ENA imaging of
Earth’s magnetosphere using simultaneous imaging from two satellites [16]. In addition
to detecting geospace, ENA imaging has also been applied to planetary or heliosphere
studies; examples include the Cassini mission for Saturn [17] and the IBEX mission for
sensing the interaction between the heliosphere’s boundary and interstellar medium [18].
The Jupiter Icy Moons Explorer (JUICE), currently under development, was also set to
carry an ENA camera to explore Jupiter, Ganymede, and Europa [19]. Applying the ENA
imaging technique to other planets has been considered by the scientific community [20,21].
It is out of the scope of this paper to make a detailed review of the evolution of ENA
detecting techniques and a full series of relative missions, interested readers are referred to
the comprehensive review article by Gruntman [22].

The Double Star Program (DSP) is a cooperative endeavor undertaken by China and
the European Space Agency (ESA) [23,24]. It consists of two satellites, named ‘TC-1’ and
‘TC-2’, which were launched in 2003 and 2004, respectively. TC-1 undertook an eccentric
equatorial orbit to cover the magnetotail regions, and TC-2 had an eccentric polar orbit,
which is advantageous for a global view of the ring current from an elevated position over
the polar regions. The DSP and the four-satellite European Cluster mission [25] were put
into a combination that constituted a six-point observation constellation in the geospace.

The ENA imaging instrument onboard TC-2, the Energetic NeUtral Atom Detector
Unit (NUADU) [26,27], was the primary payload of the satellite. This was the first Chinese
magnetospheric mission to successfully photograph the Earth’s ring current. This current
article aims to expand on some concepts about ring current and charge exchange that is
fundamental for ENA imaging and reviews several studies based on NUADU observations.

2. The Earth’s Ring Current

Electrons and ions, or plasmas, move actively in space under the influence of electro-
magnetic fields [3]. An electric current arises once a motion difference occurs. Hence,
there are always complicated currents flowing around Earth, including the ring cur-
rent [2,3,28,29].

The geomagnetic field predominantly exhibits a dipolar pattern in the inner magne-
tosphere [30]. Charged particles immersed there mainly take three types of motion with
regard to magnetic field lines: gyration, bouncing between mirror points, and transverse
drift motion [3]. These motions can take place over time scales of milliseconds, seconds,
and hours [3]. Owing to the swift response of particles to any electric field parallel to the
magnetic field, macroscopic charge separation or current along the field lines is usually
negligible. For drift motion, an electric current arises owing to different particle drifting
directions, which are westward for ions and eastward for electrons [3,7]. In plasmas with a
density gradient perpendicular to the magnetic field, the gyration of the charged particles
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also contributes to the electric current (i.e., the polarization current) [31]. The density of the
total perpendicular ring current can be calculated with the following equation [31]:

j⊥ = −
[
∇× P⊥B

B2

]
+

B
B2 ×

P⊥∇B
B

+
B
B2 × P‖b · ∇b +

B
B2 ρ

dv
dt

(1)

where B is the magnetic field, b is the unit vector of the magnetic field lines, ρ is the plasma
mass density, P|| and P⊥ are the parallel and perpendicular plasma pressures with respect
to the magnetic field, respectively, and v is the plasma bulk velocity. The terms within the
equation represent, in order, the magnetized current, magnetic field gradient drift current,
magnetic field curvature drift current, and polarization current.

The ring current is in a donut shape encircling the Earth and is mirror-symmetric
about the equatorial plane. Its geocentric distance may range from 2 to 7 RE (Earth radius),
depending on the geomagnetic condition, which is ultimately affected by solar activities
and solar wind-magnetosphere interaction [32–34]. Ring-current particles are believed
to be injected from the plasma sheet within the magnetotail during geomagnetic storms,
although the detailed mechanism is yet to be determined [7,35]. Stationary pictures of the
magnetosphere during storms (Figure 1) indicate that particles drift from the magnetotail
toward the Earth approximately along equal-potential lines and drift around the Earth
under control of the curved geomagnetic field. Upon crossing the injection boundary, the
particles are essentially subject to magnetic drift (gradient drift and curvature drift) rather
than the E×B drift they experienced in the magnetotail. This storm time convection, or
injection, results in a stronger ring current at a position closer to Earth. For long-duration
convection, particles may readily drift out and become lost at the magnetopause [7].
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which the minimum Dst index is below a critical value [39]. 
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Figure 1. The magnetospheric convection denoted by drift paths of energetic ions. (Figure adapted
from Yuting Ng).

According to the Biot–Savart law, the ring current causes perturbation of the geomag-
netic field at the surface of Earth, mainly in the horizontal (H) component [36,37]. Building
up the ring current and the resultant drop in the ground geomagnetic field are the two
most prominent features of geomagnetic storms [38,39]. To measure the overall intensity of
ring currents and geomagnetic storms, Chapman and Bartels [40] developed a disturbance
storm time (Dst) index. The Dst index represents the longitudinally averaged part of the
external field measured at the geomagnetic dipole equator on the Earth’s surface [41]. The
most commonly used definition of a geomagnetic storm is an event in which the minimum
Dst index is below a critical value [39].

Characterized by the variation in the Dst index, the evolution of a geomagnetic storm
is usually divided into the main phase and recovery phase, corresponding to the building-
up and decay of the ring current [7,38,39]. In some cases, before the main phase, a short
interval features an abrupt increase in Dst, known as the Sudden Storm Commencement
(SSC) phase [39].
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Notably, the ring current does not occupy an exclusive region in the geospace. To some
extent, it overlaps with the radiation belt abundant in hazardous high-energy particles,
the plasmasphere with low-energy cold particles [42], and the geocorona or outermost
part of the Earth’s atmosphere consisting primarily of cold hydrogens [43]. This creates
an environment for many complex interactions to take place, among which the interaction
between ring current ions and geocoronal particles contributes greatly to the decay of
the ring current and produces neutral atoms that can be utilized with precision for ENA
imaging techniques [7,13–15,44].

In contrast to other particles that may appear in the same spatial region, the ring-
current particles are correctly recognized by their contribution to the current density. Ions
with energy from 10 KeV to 200 KeV are the main current carriers of Earth’s ring cur-
rent [7,45]. In general, most ions are hydrogen ions (H+), however, oxygen (O+) may
become dominant during strong geomagnetic storms [46,47]. Helium (He+) is a minor-
ity species in the ring current, and is not negligible in some circumstances. Different
types of ions may have different origins, leading to characteristic decay times [7,44]. This
complicates the evolution of the ring current.

3. Charge-Exchange Reaction

The charge-exchange reaction is a collisional process between an ion and a neutral
atom or molecule, wherein one or more electrons are transferred from the neutral atom to
the ion. In space, owing to acceleration by electromagnetic fields, ions are naturally more
energetic than neutrals [7]. Hence, the charge-exchange process usually ends with a fast
ENA and low-energy ion. Radiation, most likely X-rays, may also be produced when the
transferred excited electrons return to the ground energy state during the reaction [44,48].
This process imposes non-negligible effects on the physics of the planetary atmosphere,
galaxy, or cosmos. It also provides two valuable methods, ENA and X-ray remote sensing,
to survey space or the cosmos. Figure 2 shows an example of charge exchange reaction
between energetic oxygen ions and geocoronal hydrogen neutral atoms.
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Figure 2. Scheme depicting the charge-exchange process [49]. An electron is transferred from an
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Because regions of the ring current and the geocorona overlap, there is a possibility
that a ring current energetic ion may collide with a geocoronal hydrogen or oxygen atom.
Once this collision causes charge exchange, an energetic neutral atom is produced and
emitted from the reaction location. The energetic neutral atom maintains the speed (both
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magnitude and direction) of the original ion when the reaction takes place and flies in a
nearly straight path under the negligible influence of gravity.

Depending on the composition, the following charge-exchange processes may need to
be considered for the ring current and geocoronal interaction.

H+ + Hcold → H + H+
cold (2)

O+ + Hcold → O + H+
cold (3)

He++ + Hcold → He+ + H+
cold (4)

He+ + Hcold → He + H+
cold (5)

H+ + Ocold → H + O+
cold (6)

O+ + Ocold → O + O+
cold (7)

He++ + Ocold → He+ + O+
cold (8)

He+ + Ocold → He + O+
cold (9)

Although the oxygen atom (O) is a minority species in the geocorona, it may be
important for ring current ions with low mirror points, where a spiraling ion consumes all
its energy parallel to the magnetic field and bounces back. The position of a mirror point
is determined by the magnetic field distribution, inclination between the ion speed and
magnetic field, and pitch angle at the equatorial plane. A smaller equatorial pitch angle is
favorable for an ion to spiral down to a lower atmosphere to interact with the abundant
oxygen atoms there.

The probability of the occurrence of a charge-exchange reaction can be quantified by
the cross-section σ in units of area. Given the cross-section σ, geocorona number density
n, and differential flux of the energetic ions j, the local differential flux of ENAs can be
expressed as follows:

jENA−i(r, K, α) = ∑
β

nβ(r)σiβ(K)ji(r, K, α) (10)

where subscripts I and β denote the ion species and geocoronal neutral atom species,
respectively, and r, K, and α are the position vector, kinetic energy, and pitch angle of the
ions, respectively.

Charge-exchange cross-sections can be measured in the laboratory. However, this
is difficult due to the cross-section being both species-dependent and energy-dependent.
There is limited cross-sectional data in the literature, and undesirable discrepancies exist
between different sources [50]. This is conducive to better understanding and is necessary
for the simulation of multiple charge-exchange processes to compose a full cross-section
dataset. The following equations are the fitting results based on minimal measurements
obtained from the literature.

σH+H(K) = (4.15− 0.531ln(K))2 ·
(

1.0− e−
67.3

K

)4.5
· 10−16 cm2 (11)

σO+H(K) = (3.13− 0.171ln(K))2 ·
(

1.0− e−
87.5

K

)0.8
· 10−16 cm2 (12)

σH+O(K) =

(
(2.91− 0.0886ln(K))2(

1.0− e−50.9/K
)−2 +

4.73 + 0.862ln(K)(
1.0− e−0.0306/K

)−2

)
· 10−16 cm2 (13)

σO+O(K) = (4.07− 0.269ln(K))2 ·
(

1.0− e−
415
K

)0.8
· 10−16 cm2 (14)

σH+He(K) = 1.9exp(−0.6ln(K)− 3.2)2 · 10−16 cm2 (15)

σO+He(K) = 2.0exp(−0.47ln(K)− 4.0)2 · 10−16 cm2 (16)
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where the cross-section of O+ versus He was estimated according to the ratios between
the atomic numbers of the three kinds of neutral atoms, and thus may be subject to large
uncertainties.

Figure 3 reveals that the cross-sections for neutral H and O monotonically decrease
with increasing energy. For neutral He, the cross-section first increased to a maximum and
then decreased. This is a distinct feature of the non-resonant charge-exchange reaction.
Because of the minor change in ion energy (~2 eV) during this type of reaction, it is difficult
for the reaction to take place when the ion energy is low.
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Charge exchange plays an important role in geospace physics. Ring current ions
may be lost via convection crossing the magnetopause, precipitation into the atmosphere
due to continuous wave-particle pitch angle scattering, and charge exchange. During the
recovery phase, when storm-time convection ceases, the contribution of charge exchange
may become more prominent, and can be the most effective mechanism for ring current
decay after the fast-recovery phase. Bishop [51] suggested that ENAs generated in the
main ring current may be re-ionized when traversing the inner magnetosphere. This
converts ENAs back into ions, albeit at new radial distances, which undergo subsequent
charge collisions and generate secondary ENAs. This mechanism yields a secondary ring
current. In addition, if an ENA pushes its way into the ionosphere, it may be re-ionized
and contribute to the energy and mass budget of the ionosphere.

4. Studies Based on NUADU Observations
4.1. Instrumentation and Observations

The NUADU is equipped with 16 solid-state detectors (SSD), evenly distributed within
a 180◦ elevation range. Each SSD has a field of view of 11.5◦ × 2.5◦ (for elevation and
azimuth, respectively). The instrument scans in the azimuthal direction while the TC-
2 satellite spins. During a full satellite spinning cycle of 4 s, the instrument performs
128 samplings with an integral time of 31.25 ms. Consequently, for each 4 s interval, the
ENA counts can be binned into a matrix with 2048 grids (16 × 128). The ENA counts from
multiple spin cycles may be further summed up by the onboard data processing unit to
produce a final telemetry data frame. The instrument is usually configured to sum each
4-spin sample, which accounts for an integrated time of 125 ms. Deployment of the sixteen
along satellite spinning axis is illustrated in Figure 4.
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Figure 4. Field of view of a single detector and pointing directions of the detectors. By attitude control,
the satellite spinning axis was usually maintained in vicinity of the Z axis of the Solar Magnetic (SM)
coordinate system with +Z pointing northward.

Because a mechanical collimator was used, the geometry factor of each SSD was fixed
at 0.0125 cm2sr, which is independent of the particle mass and energy. To prevent pollution
from geocoronal Lyman-a radiation, the instrument was wrapped with a layer of aluminum
with a thickness of 200 nm. It was also equipped with high-voltage deflectors to prevent
charged particles from impinging on the detectors. Because the high voltage was limited to
5000 V, charged particles with energies higher than 300 KeV were still able to transverse
the deflecting electric field and enter the detectors. The deflecting electric field is likely to
alter the energy of charged particles, causing particle pollution, which can reach all energy
channels of the instrument.

NUADU counts ENAs without discriminating particle compositions while registering
events for four energy levels according to the magnitude of responses in electronics. As
most ions in the Earth’s ring current are H+ and O+, the instrument was calibrated against
H and O. Table 1 presents the information for each energy channel of the instrument. The
entire energy range covers the main part of the energy spectrum of the ring current ions.

Table 1. Energy channels of NUADU.

Channel H O

Ch1 46–50 keV 132–139 keV
Ch2 50–81 keV 139–185 keV
Ch3 81–158 keV 185–300 keV
Ch4 158–∞ keV 300–∞ keV

Throughout the entire TC-2 mission, from August 2004 to July 2008, NUADU ac-
cumulated a dataset of volume greater than 29 GB, which laid the basis for subsequent
scientific studies.
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4.2. Review of Studies

Various methods have been applied to NUADU observations, which can be catego-
rized into intuitive visual inspection, parameter analysis, forward modeling and compari-
son, and inversion.

(A) Intuitive visual inspection

After data preprocessing, such as count-to-flux conversion, solar radiation and charged
particle pollution mitigation, coordinate transformation, and satellite attitude correction,
ENA fluxes are presented in 4π-solid-angle matrix plots, with the abscissa axis representing
the azimuth direction and vertical axis for the elevation direction. In accordance with the
elevation distribution of the detectors and the timing of ENA sampling, each matrix plot
had 16 rows and 128 columns. All plots are presented with a satellite spin axis, presumably
along the Z axis of the Solar Magnetic (SM) coordinate system, and the sun is in the
zero-azimuth direction. Such an arrangement has the advantage of allowing people to
intuitively perceive the source region distribution of ENAs, and to be further guided by a
curve (colored white, Figure 5), indicating the limb of the Earth viewed from the satellite
position.
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Usually, only during strong magnetic storms is NUADU able to see significant ENA
enhancements in its images. Chen et al. [53] selected the magnetic storm that occurred in
November 2004, shortly after the launch of TC-2, when the satellite and the instrument
were in good status. It was a very strong magnetic storm, as the minimum Dst reached
−373 nT and lasted for more than five days. In their study, images taken near the magnetic
poles and at different storm stages were visually inspected, focusing on the evolution of the
ring’s current local time distribution. During the main phase of the magnetic storm, the ring
current was strongly enhanced and confined to the dusk side of the Earth. When the storm
developed into the recovery phase, in response to a northward turn of the interplanetary
magnetic field (IMF), ENA fluxes gradually spread to other local times, indicating the
formation of a symmetric ring current. Although images taken during the later recovery
stage showed that the ring current had largely shrunk, the Dst was still at a very low level
(i.e., a large negative value) and was compared to that of the main phase. This finding
suggests that a strong magnetotail current, invisible to ENA detection, contributes to the
magnetic disturbance indicated by the Dst index.

(B) Parameter analysis

A parameter deduced from ENA data can be useful for tracing the evolution of the
ring current. Chen et al. [52] used the maximum flux of each ENA image to represent the
overall ENA flux, which is rational because the maximum ENA flux always varies with
the same trend as the overall flux. For both selected magnetic storms, the ENA fluxes of
the four energy channels generally decreased with energy except at the end of the main
phase when the flux of the third energy channel surpassed that of the second channel. This
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is consistent with a nondispersive earthward ion injection process driven by an enhanced
magnetospheric electric field. Another significant feature of ENA flux variations during
the Dst fast-recovery phase is an ascent interposed in the overall decreasing process. This
is interpreted as a result of ion pileup at the dusk side when convection weakened upon
entering the recovery phase. Because the parameterized ENA flux should be determined by
a variety of factors apart from ring current ion fluxes, caution must be taken in interpreting
it as an approximate measure of the overall ion flux to provide some insight.

(C) Forward modeling and comparison

To guide the development of NUADU, Shen and Liu [44] conducted a simulation
study. Given an analytical ring current ion distribution and Chamberlain model of the geo-
corona [43], ENA fluxes can be calculated assuming arbitrary satellite positions. The main
assumptions adopted by the model are the Kappa energy distribution and the empirically
determined azimuth asymmetry for plasma-sheet ions at the injection boundary.

ji(K0, ϕ0) = ji max 0 ·
K0

Ki max 0
·
(

1 +
1
κ

)κ+1
·
(

1 +
K0

κKi max 0

)−κ−1
· h(ϕ0) (17)

where K0 is the initial energy of the ions, and jimax0 and Kimax0 are the maximum differential
flux and the corresponding characteristic energy of the ith ion species, respectively. Function
h(φ0) modulates the ion flux for an asymmetric azimuth or local time distribution.

It was also assumed that ions experienced adiabatic motion, keeping the magnetic
moment constant when injected from the plasma sheet into the ring current region. Accord-
ing to Liouville’s theorem, the ion flux at any position and pitch angle can be analytically
determined.

Using the model described by Shen and Liu [44] and the same parameter set it took,
Chen et al. [54,55] simulated real TC-2 satellite positions and compared the results with the
ENA images captured by NUADU. There were significant discrepancies between the obser-
vations and simulations, particularly with regard to the local time distribution, latitudinal
distribution, and energy spectrum. Comparisons between observed and simulated ENA
images are shown in Figure 6. Keeping these discrepancies in mind, the author made some
amendments to the model and got more consistent results. Major amendments include
changing the Kappa energy spectrum to a Maxwellian one, replacing the fixed O+/H+

ratio with a varying ratio determined by the geomagnetic Kp index in according with the
fact that the ratio of O+ may dramatically increase during magnetic storms [46], skewing
ion injection front from the nightside to the dusk side of the Earth, adding oxygen and
helium species to the neutral exosphere mode that made low altitude regions much more
important in ENA production, and adding ENA stripping (re-ionizing) process to the mode
assuming an optical-thick scenario. The updated mode and results were presented in his
Ph.D. thesis [56].

In the new simulation, both the observed and simulated ENA images show flux en-
hancement very close to the limb of Earth, which is a new feature obtained after oxygen
and helium species were added to the geocorona model. The oxygen and helium exosphere
leads to a strong ENA emitting at very low heights of approximately 1000 km, where ions
spiral down along geomagnetic field lines and interact with the dense atmosphere. This in-
dicates that for ENA imaging, not only fluxes from the equatorial plane but also those from
the high latitudes are significant, even when viewed from a relatively high satellite position.
This type of low-altitude emission (LAE) has been studied by quite a few researchers [13,57].
D. Bazell et al. [57] drew a comparison between the LAE spectrum deduced from TWINS
observations and that from DMSP in situ ion precipitation measurements, demonstrating
ENA imaging as a promising method for monitoring dynamics in the aurora oval region.
Chen et al. [55] once again highlighted the significance of LAE.



Magnetochemistry 2023, 9, 29 10 of 14Magnetochemistry 2023, 9, x FOR PEER REVIEW 10 of 15 
 

 
Figure 6. Comparison between the observed (left) and the simulated (right) images, for 8 November 
2004 03:53:37 UT. [55]. 

In the new simulation, both the observed and simulated ENA images show flux en-
hancement very close to the limb of Earth, which is a new feature obtained after oxygen 
and helium species were added to the geocorona model. The oxygen and helium exo-
sphere leads to a strong ENA emitting at very low heights of approximately 1000 km, 
where ions spiral down along geomagnetic field lines and interact with the dense atmos-
phere. This indicates that for ENA imaging, not only fluxes from the equatorial plane but 
also those from the high latitudes are significant, even when viewed from a relatively high 
satellite position. This type of low-altitude emission (LAE) has been studied by quite a 
few researchers [13,57]. D. Bazell et al. [57] drew a comparison between the LAE spectrum 
deduced from TWINS observations and that from DMSP in situ ion precipitation meas-
urements, demonstrating ENA imaging as a promising method for monitoring dynamics 
in the aurora oval region. Chen et al. [55] once again highlighted the significance of LAE. 
(D) Inversion 

As direct ENA analysis is inevitably subject to ambiguity, and many factors may con-
tribute to ENA counts, it is highly desirable to retrieve ion fluxes of the ring current from 
ENA imaging data. However, it is not possible to convert an integrated two-dimensional 
image into a three-dimensional distribution unless some assumptions and constraints are 
in place. Much effort has been devoted to this endeavor. Lu et al. [58,59] proposed a line-
arly constrained iterative inversion model to retrieve the global ring current ion distribu-
tion. In the model, the count in each pixel of an ENA image, Cδ,ε (pixel with elevation δ 
and azimuth ε), is represented by integration along the line of sight (LOS) of the instru-
ment: 𝐶 , = 𝑑𝑉Δ𝐸Δ𝑇ΔΩ 𝐴(𝛿, 𝜀)Δ𝑆 𝑗 𝜎 (𝐸) + 𝑗 𝜎 (𝐸) 𝑛 (18)

where dV is the volume element of the LOS of each pixel, ΔE is the energy range within 
which neutral atoms are detected, ΔT is the time period during which neutral atoms are 
accumulated, ΔΩ is the solid angle of the volume element pointing to the δ, ε pixels, A(δ, 
ε) is the response function of the detector for the pixel with elevation δ and azimuth ε, ΔS 
is the cross-section of the volume element perpendicular to the LOS, jionH and jionO are the 
unknown ion fluxes of hydrogen and oxygen, σH(E) and σO(E) are the respective charge-
exchange cross sections between energetic hydrogen and oxygen ions and cold exospheric 
neutral atoms, and n is the exospheric neutral atom density near Earth. 

Figure 6. Comparison between the observed (left) and the simulated (right) images, for 8 November
2004 03:53:37 UT. [55].

(D) Inversion

As direct ENA analysis is inevitably subject to ambiguity, and many factors may
contribute to ENA counts, it is highly desirable to retrieve ion fluxes of the ring current from
ENA imaging data. However, it is not possible to convert an integrated two-dimensional
image into a three-dimensional distribution unless some assumptions and constraints are in
place. Much effort has been devoted to this endeavor. Lu et al. [58,59] proposed a linearly
constrained iterative inversion model to retrieve the global ring current ion distribution.
In the model, the count in each pixel of an ENA image, Cδ,ε (pixel with elevation δ and
azimuth ε), is represented by integration along the line of sight (LOS) of the instrument:

Cδ,ε =
∫

dV∆E∆T∆Ω
A(δ, ε)

∆S
[jionHσH(E) + jionOσO(E)]n (18)

where dV is the volume element of the LOS of each pixel, ∆E is the energy range within
which neutral atoms are detected, ∆T is the time period during which neutral atoms are
accumulated, ∆Ω is the solid angle of the volume element pointing to the δ, ε pixels, A(δ, ε)
is the response function of the detector for the pixel with elevation δ and azimuth ε, ∆S is
the cross-section of the volume element perpendicular to the LOS, jionH and jionO are the
unknown ion fluxes of hydrogen and oxygen, σH(E) and σO(E) are the respective charge-
exchange cross sections between energetic hydrogen and oxygen ions and cold exospheric
neutral atoms, and n is the exospheric neutral atom density near Earth.

Taking a numerical approach, the ENA count becomes:

Cδ,ε = ∆T∆E ∑
j,(or,k)

∆Ωi,j,k
A(δ, ε)

Si,j,k
j∗i,j,k(L, λ, ϕ, E, α)σ∗(E)n(L, λ, ϕ)i,j,k∆li,j,k (19)

where i represents the φ coordinate, j is the λ coordinate, and k is the L coordinate of the
volume element. A linear constrained iterative inversion method was used to guide the
iteration direction by the error between the calculated and measured images to obtain the
best inversion result.

Lu et al. [60] compared the inversion results with in situ measurements made by the
LANL geostationary satellite. Good consistency demonstrated both the robustness of the
inversion method and the reliability of the NUADU observations.

To study the ring current evolution process by applying the inversion model,
Lu et al. [61] retrieved a sequence of global ion distributions with high spatial and temporal
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resolutions (approximately 4 min). In contrast to the conventional theory that ring current
enhancements are the result of ion injections from the plasma sheet, it was found that
in this instance, ring current enhancement occurred well before any ion injection. De-
spite this study producing significantly new results, further research is needed to confirm
this conclusion.

Lu et al. [62,63] further improved the inversion temporal resolution to approximately
1 min and made it possible to exploit images recorded near the perigee of the satellite orbit,
which otherwise would have been smeared owing to fast satellite motion. This should be a
sequence of ion distributions retrieved from the ENA images with the highest temporal
resolution. For a 10 min interval, during the recovery phase of a substorm, the enhancing
and decaying processes of the ion flux of the ring current are clearly shown.

5. Conclusions

Charge exchange, a chemical process that occurs universally in space, plays an im-
portant role in the evolution of Earth’s ring current. It influences the ring current ion
distributions and can now be sensed remotely.

Following other ENA imaging satellite missions, as a cooperative effort by China and
the ESA, NUADU onboard the DSP has successfully operated for more than four years.
Using NUADU data, studies ranging from intuitive visual inspection to more elaborate
inversion methods have been conducted, and some valuable results have been obtained.

Chen et al. [53] presented the full evolution process of the ring current during a strong
magnetic storm, in view of ENA images captured over the polar cap. Ion distributions
and Dst variation were rationally represented by ENA images, albeit the contribution from
magnetotail current to Dst may not visible in ENA observations. Using parameterized
gross ENA flux to trace the development of storms, Chen et al. [52] found the phenomena
of dispersive ion injection and a pileup of ions at the dusk side of the Earth that further
complicated the topic of ion distribution and its evolution. Forward simulations and com-
parisons against observations have been done, coming out with an optimized mode [54,55].
The simulations revealed some important factors, such as the significance of LAE. A linear
constrained iterative inversion method was devised and applied to NUADU observa-
tions [57–59]. The high time resolution (1 min) the inversion mode ultimately acquired
made ENA imaging more promising for monitoring purposes [61,62]. The application of
the mode to NUADU observations has revealed some interesting features such as ENA
enhancement well before ion injection, although further confirmation is needed [60].

However, just as the complexities the above research has implied, there are a lot
of open questions concerning the source, acceleration, loss mechanism, drift process,
and many other aspects of ring current ions. Among them, the relationship between
magnetic storms and substorm is remarkably controversial [63]. Some research holds
that storm and substorm are independent, conceiving that ring current ion injection is
driven by a large-scale convectional electric field rather than by inductive electric fields
caused by geomagnetic field polarizations during substorms [64–66]. While some other
research showed evidence, on the contrary, that ring current ions are accumulated by
multiple substorm injection, that is to say, a storm embodies contributions from multiple
substorms [67].

Furthermore, technically speaking, drawing definite augmentations from ENA images
is challenging, because of the line-of-sight integration and many poorly determined factors
that may also contribute. For example, there are few laboratory-based cross-sectional
measurements available, and models for geocoronal density are not sufficiently accurate.
For the imaging technique, it is also desirable to capture images with higher spatial and
temporal resolutions and lower noise levels. Noise in images hinders a clear perception
and may cause the inversion algorithm to be non-convergent or even invalid, whereas
noise mitigation methods adopting multiple image integration will incur smearing due to
the fast motion of the satellite.
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ENA imaging is a developing technique, expanding its use to space regions other than
the Earth’s ring current, such as the magnetosphere, heliosphere, and planetaries. China
places much emphasis on this type of imaging technique, as it has conducted a successful
lunar ENA measurement [68] and is aiming to image the Earth’s magnetosphere from
around the moon [69], as well as on a lunar base [70]. China is also currently implementing
a magnetosphere X-ray imaging mission, the SMILE program [71], which bears many
similarities to ENA imaging with regard to algorithms. With further advances in technology
and the deployment of more missions, the future of ENA imaging will enhance further
space exploration.
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