0254-6124/2022/42(5)-0884-07  Chin. J. Space Sci.

Z A FIR

LU Li, YU Qinglong, ZHOU Ping, JIA Shuai, CHANG Yuan. Simulation of ENA Imaging Measurements on a Geosynchronous Orbit. Chinese Journal
of Space Science, 2022, 42(5): 884-890. DOI:10.11728/¢jss2022.05.210414051

Simulation of ENA Imaging Measurements

on a Geosynchronous Orbit

LU Li"*?
JIA Shuai'*?

YU Qinglongl’2’3
CHANG Yuan"***

ZHOU Ping"*’

L(Laboratory of Space Environment Exploration, National Space Science Center, Chinese Academy of Sciences, Beijing 100190)

2(Beijing Key Laboratory of Space Environment Exploration, Beijing 100190)

3(Key Laboratory of Science and Technology on Space Environment Situational Awareness, Chinese Academy of Science, Beijing 100049)

4(Shanghai Institute of Satellite Engineering, Shanghai 200240)

Abstract Geosynchronous orbit is located in the ring current region, where the energetic particle emission envi-

ronment challenges the ion deflection design limit of the Energetic Neutral Atom (ENA) imager. Therefore, there is

no measurement record of ENA imaging in this area before. On the basis of possessing the patent of high-energy

ion deflection technology, ENA imaging under different Kp index in geosynchronous orbit is simulated. The simu-

lation images show the characteristics of low-altitude ENA emission source and the rough sketch of magneto-

sphere. Due to the north-south conjugation observation of geosynchronous orbit, the simulated ENA images at dif-

ferent positions all have north-south symmetry. Aiming at the unsolved problems, such as the input source of ring

current energetic ions during geomagnetic activities and its evolution process, we analyzed the possible results of

ENA imaging combined with in-situ particle measurements in the same satellite, as well as the subversion effect of

any north-south asymmetry of ENA map on the inversion model.

Key words
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0 Introduction

The energy of geomagnetic activity usually comes from
the input of kinetic energy of solar wind particles. How-
ever, the specific time, path and mechanism of its input
have always been a puzzle in the field of magnetosphere
physics. ENA imaging measurement and inversion is an
important technique to reveal the particle energy trans-

[1.2]

port process. Lu et al.">" used the inversion of ENA

Energetic Neutral Atom (ENA), Magnetosphere, Ring current, ENA imaging

imaging data with a high spatial and temporal resolution
of NUADU/TC-2"* to give preliminary results on the
time series and development process of geomagnetic
substorms, and proposed directions for further research.
Through simulation, we can make the exploration tech-
nology more reasonable and effective to serve the above
specific scientific objectives.

Previous magnetospheric ENA imaging explora-

tion satellites mostly adopt large elliptical orbits with
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large inclination'* ™, with apogee over tens of thousands
km, and ENA emission signals from the north and south
polar regions cannot be observed at the same time. The
simulation and inversion models are all based on the as-
sumption of the north-south conjugate change of the re-
ciprocating bounce of energetic ions along magnetic
lines” . The ENA imaging measurement and inver-
sion only focus on the radial and azimuth changes of the
Energetic ion distribution in the ring current region.
However, the north-south conjugation properties of ENA
imaging observations should also be questioned. At
least, the north-south conjugate characteristics of the au-
roral arc in the polar cap region associated with the pre-
cipitation particles are not very clear. Xing et al™™
found that the polar cap arc’s motion in dawn-dusk di-
rection shows a clear dependence on the interplanetary
magnetic field B, component and presents a clear asym-
metry between Southern and Northern Hemispheres. The
ENA emission signals from the north and south poles
can be telemetered simultaneously on the geosynch-
ronous orbit satellite, which is an ideal platform for de-
tecting and tracking the source and characteristics of pre-
cipitation particles.

The geosynchronous orbit is located in the ring cur-
rent region, where the energetic particle emission envi-
ronment challenges the ion deflection design limit of the
ENA imager. As a result, there is currently no ENA
imaging exploration program in this orbit. On the basis
of the design patent of the charged particle deflection de-

. [15
Vlce[ ]

, we simulated the ENA imaging measurement of
ENA imager under different geomagnetic activities (Kp
index) on the geostationary orbit satellite. The causal se-
quence of ion transport during geomagnetic activity is
analyzed by means of ENA imaging telemetry and in
situ measurements of energetic particles sampling in the
same local time zone on board of the same geostation-

ary satellite.

1 ENA Imaging Simulation during
Magnetic Storm
1.1 Simulated Orbit

Geosynchronous orbit altitude » = 35786 km, inclination

0° in the equatorial plane, as shown in Fig.1. Four ENA

Dawn
Noon Midnight
Dusk
Fig. 1 Geosynchronous orbit and ENA imaging

simulation positions

imaging simulation locations: noon, dusk, midnight and
dawn are marked in Fig.1.

1.2 Simulation Equations

The counts recorded in each pixel of an ENA image, C
(0, €) with elevation ¢ and azimuth ¢, is represented in

the simulation equation,

C (8,6) = [ ABATARjy, (L, .0, E, )
A(b,e)a(E)n (r,¢,0)dV. (1)

Here AE is the energy range within; AT is the integral
time for the pixel; AQ is the solid angle of the volume
element pointing to the J, ¢ pixel; jio, is lon differential
flux at the Integral volume element; A(J,¢)is the re-
sponse function of a detector!"; & (E) is the charge ex-
change cross sections!'®; n(r, @, 0) is the exospheric neu-
tral atomic density, where r is geocentric distance, ¢ is
longitude, and 6 is latitude; dVis the volume element in-
tegral along the line of sight of the detector.

The ion flux in the ring current region may be ex-

pressed in the form oft"

,jion(Lv @797E’ a) =

€ Jnaxolt () 5){1 + (W)

[sin o + (1 — sin a) (LO/L)O'45]2} (2

Here,
e=(1+1/k)""" ~2.962(k = 5.5),
@ is azimuth,

h(p) = exp{—¢£[1 = cos(p — ¢J)]},
(Here, s =180°, £ =0.75 for azimuth asymmetry of ring
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current ion flux), € is the magnetic latitude, L is the mag-
netic shell index, ¢ is the magnetic longitude, £ is the
proton’s energy, Ey (7 keV) is the typical ion-energy of
the maximum ion-flux, and Ly=7.3 is the outer bound-
ary of the ion injection region of the Ring Current (RC).

In Eq. (2), the ion flux changes vs. magnetic shell
index L is related to the magnetic activity index Kp. In
definition of L,=(122—10Kp)/(24-L), then:

_ | L+2(L, - L),
r={ 1

L < Lb,
L> L, (3)

9

The pitch angle () of the particles within the vol-
ume element is expressed in terms of 6 (magnetic lati-

tude) and a.q (equatorial pitch angle) such that

(1 + 3sin’9)"/*

sina =
cos36

SIN Q- (4)

The ENA imager has a minimum energy channel of
more than 10 keV, so it cannot directly record the neu-
tral atom evaporated from the exosphere. The ENA map
recorded by the ENA imager is the energetic neutral
atom produced after the charge exchange of neutral atom
evaporated from the exosphere and energetic ions pre-
cipitated from the ring current region.

The neutral hydrogen densities provided by Cham-
berlain’s model adjusted by Rairden et al' are too low

to be applicable in the ring current region. If conserva-

(@ Kp=3

(b) Kp=5 06:00 LT

12:00 00:00

18:00
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tion of the radial flux of neutral atoms during a major
geomagnetic storm is assumed, we may, however, add
an additional term to the Chamberlain model so that the
density can be represented by

n(r,0,p) = no{ exp [17.5 e 1 —

1.46(1 — 0.7;)sin9 cos (p)] * <%)2} (5)

where r is the geocentric distance in R, ay=1.78 R, rep-

resents the height of the exosphere, and n;=1600 cm” is
the neutral density constant. This model is better fitted
for the yearly average hydrogen density in solar maxi-
mum conditions in the ring current region measured by
Tinsley e al."®, which should also be suitable in a ma-
jor storm period.

1.3 Simulation Results

Assuming that Kp index is 3, 5 and 7 respectively, the
hydrogen ion flux distribution with an energy range of
10~30keV in the equatorial ring current region is
shown in Fig.2. The local time, Kp index, satellite orbit
and ENA imaging simulation position are labeled in a
certain place of each plane in Fig.2. With the increase of
Kp index, the ion flux increases, and the maximum ion
flux region moves earthward. Maximum fluxes and loca-
tions of hydrogen ion fluxes under different Kp indexes
are given in Table 1.

06:00 LT

Log.
6.3

00:00 5.7

5.1

—
o
T
>
[0}
2
TH
w)
i
g
Q
S
=
K
=
e
s

06:00 LT

i 00:00

18:00

Fig. 2 Equatorial ion flux distribution with geomagnetic active index Kp of 3, 5 and 7, respectively
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Table 1 Maximum hydrogen ion fluxes

Kp index 5 7
Maximum ion flux/ (cm st keV ' 's™) 5.07x10° 1.31x10° 2.3x10°
Location of L/R, 6.4 4.6 32

For the triaxial stabilized satellite, a space Angle of
6°x6° is set for each detector unit in the 4n Field of
View (FOV) of the simulation. According to the simula-
tion model developed by Lu et al™ simulated ENA
images with 1 min integration at noon, midnight, dawn
and dusk at different Kp indexes were obtained, Fig.3.
Under different geomagnetic active conditions, the max-
imum ENA counts of simulated images corresponding to
the four local time are given in Table 2.

The effective simulated ENA count is basically dis-
tributed in 2z FOV earthward. In Fig. 3, the center of the
polar coordinate system (—90°) is facing the Earth. In the
FOV range of —90°~—84°, there is basically no effec-
tive simulated ENA count. The pixel distribution of the
maximum ENA count tends to coincide with the mag-
netic field line projected at high latitudes. Especially in
the case of night, line-of-sight at —90° traverses the ion
flux maximum in the ring current region (see Local
Time 00:00 in Fig.2), but there is still no effective ENA
simulation count in the range of —90°~ —84°(the 2nd
row of Fig.3). This indicates that during geomagnetic ac-
tivity, the exploration characteristics of the magneto-
sphere are usually low-altitude ENA emission sources at
high latitudes''” >
limit color block in those simulated ENA images vivid-

. The region covered by the lower

ly outlines the contour of the magnetosphere. Where, the
first and second rows of Fig.3 are the magnetosphere
profile at the section dawn-and-dusk, and the third and
fourth rows are the magnetosphere profile at the meridi-
an plane.

From left to right in Fig.3, as Kp index increases,
the simulated ENA count increases and the spatial distri-
bution range of ENA emission increases also. The simu-
lated ENA image (Row 3 and 4 in Fig.3) observed from
both sides of dawn and dusk shows the distribution char-
acteristics of simulated ENA count along the projected
magnetic field line due to the day-night asymmetry of
the distribution of ring current energetic ion fluxes. The
increase in the simulated ENA count in polar caps of
both south and north (see the 2nd row of Fig.3) is the

projection of ENA emission enhancement on the closed
magnetic field line of the magnetotail in the polar region.

2 Discussion

The ion flux distribution presented by the simulation

model"?!

is symmetric in the morning and evening and
in the north-south direction, except for the day-night
asymmetry. The ENA simulation results (Fig.3) also
demonstrate the above symmetry.

The exploration results show that the distribution of
the equatorial ion flux is not uniform in the radial or in
the azimuth”" **. With the enhancement of geomagne-
tic activity, the distribution of ion flux in the ring cur-
rent area will appear to move earthward, and it is often
accompanied by east/west drift in different phases of the
substorm'"> %,

Whether the distribution of ion flux has the asym-
metry of north and south is a problem that has not been
involved before. Because the previous ENA imaging ex-
ploration satellite has a large inclination, it cannot record
ENA emission signals at the north and south poles at the
same time, and it naturally does not pay attention to the
asymmetry of ENA images in the south and north.
Geosynchronous orbit observation, satellite record glo-
bal ENA imaging at low latitudes can naturally pay at-
tention to the symmetry between north and south of
ENA emission signals.

If the north-south asymmetry of ENA emission sig-
nal appears in the actual observation, it will be subver-
sive to the previous ENA inversion model. In previous
inversion models, we always assumed that the ring cur-
rent energetic ions producing ENA emission bounced
back and forth between the north and south poles along
the closed magnetic field line, and its corresponding
ENA emission source should be symmetrical between
north and south. Therefore, the contingency of the lati-
tude variation of ion fluxes is excluded from the inver-
sion calculation and replaced by a theoretical mo-
del[l 1,12].
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Fig. 3 Simulation ENA image with the integral time of 1 min for 4 feature positions under different geomagnetic

activity conditions. The spatial angular resolution of each pixel is 6°x6°

In view of physics, the symmetry of south and  injection, the pitch angle diffusion of energy ions, efc. If
north means that the energy ion input that causes the  there are direct inputs of solar wind ions at high latitude
change of ion flux occurs in the closed magnetic field  open magnetic field line region, it is possible to obtain

line region of low latitude, such as the magnetotail ion  the south-north asymmetric ENA images. Therefore,
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Table 2 Maximum ENA counts

Kp index 3 5 7
Noon 1603.9397 3081.94775 5071.10938
Dusk 294428613 5501.90088 9027.37207
Night 1672.59656 3639.30688 6446.42285
Dawn 2944.28687 5501.91699 9027.36035

ENA imaging measurements in geosynchronous orbit
are of innovative significance in magnetospheric phy-
sics.

The geostationary orbit satellite is equipped with
both plasma detector and ENA imager, which makes the
in-situ and remote data confirm each other'**’. ENA
imaging inversion is global. The closer the satellite is to
the ENA emission source, the stronger the ENA emis-
sion signal it receives and the smaller the relative error
of ion flux inversion results at the corresponding satel-
lite location, which is also an important area for in-situ
measurements.

The time sequence of response of different pay-
loads to geomagnetic activities also explains the causal
sequence of particle events. The time scale of substorm
events is about 30 min. A major geomagnetic storm can
contain multiple continuous substorms. The high spatial
and temporal resolution ENA measurement and inver-
sion results'” show that the azimuth of ion flux distribu-
tion evolves rapidly during the substorm, and the azi-
muth of the maximum ion flux region moves nearly
10 time zones in about 10 min. The source of particle in-
put for such a rapidly moving of large energetic ion flux
distribution remains a mystery. Tracing the source of the
input that causes the change of ion flux is an important
topic at present. Comparing the large and rapid evolu-
tion process of ion flux captured by in-sifu measure-
ments with the time sequence of global ENA imaging in-
version results can help solve the above problems.

3 Conclusions

The above discussion indicates that ENA imaging mea-
surements on geosynchronous orbit satellite have the in-
novative significance of expanding cognition in the field
of space science. In a geostationary orbit, (1) the conju-
gated properties of ENA images indicate the north-south
symmetry of precipitating ions, so as to investigate if in-

jected ions coming from open/closed magnetic field re-
gions; (2) energy particle in-situ measurements and ENA
imaging are combined to investigate the causal se-
quence of energetic particle events in the ring current re-
gion. The above efforts aim to investigate the source and
trigger mechanism of energy particles in geomagnetic
active events and to upgrade the ENA imaging instru-
ments and inversion model.

Geosynchronous orbit has a large family of satel-
lites, which are very common in the application satellite
sequence, such as meteorology, navigation, resource
monitoring, etc., providing a lot of cooperating opportu-
nities for the payload carrying. The design and develop-
ment of a special ENA imager for the complex particle
emission environment in geosynchronous orbit and the
development of a 3D ENA imaging inversion model will
become new hotspots in the field of magnetosphere
physics.
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