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We simulate a 2-D ENA coded modulation imager on board a polar orbit satellite. An imaging measurement, which can realize continuous monitoring of low-altitude ENA emission sources, is applied to the evolution process of energetic ion events. The present simulation results show that: (1) Low earth polar orbit satellites can approach ENA emission sources from inside and outside the inner radiation belt. At low altitude, ENA images can be collected with a time resolution of only 5 s, enabling for the first time observation of the evolution process of energetic ion events, on top of determining a global distribution pattern of energetic ions; (2) For tracing energetic particle trigger source of substorm, the propagation distance of energetic particles can be calculated by using time difference of ENA energy spectrum response of different energy channels; (3) Due to the proximity of the ENA emission source, the ENA imager will respond to medium and small-magnitude signals of substorms, which will help sample continuous collection and statistical analysis of massive data under various geomagnetic activities, and provide important data support for space weather forecasts.
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INTRODUCTION

Energetic ions (from tens to hundreds of KeV) are the main carriers of energy transport during high levels of geomagnetic activity, and most of the energetic ions gather in the ring current area. The disturbances in the solar wind and magnetotail can cause remarkable temporal and spatial variations of ring current ions (Fok et al., 2001; Cao et al., 2011; Zhang et al., 2015; Yu et al., 2017). Therefore, real-time monitoring of the ion flux distribution in the ring current area is an effective way to study geomagnetic activity. The transport process of ring current ions during strong geomagnetic activity is controversial and inconclusive due to the lack of effective measurements. NASA's TWINS mission was designed to address this issue (McComas et al., 2009).

Previous space explorations have been affected by the uncertainty of spatial or temporal changes of measurements, so it is difficult to draw a clear conclusion. Recently, the 2D telemetry function of the ENA imager has solved the above problems. However, considering the time scale of geomagnetic activity, the temporal and spatial resolution under certain statistical requirements becomes the main obstacle to the function of the instrument. In other words, the ENA imaging measurement can only obtain the global distribution pattern of energetic ions currently (Brandt et al., 2002a,b; DeMajistre et al., 2004; Perez et al., 2004).

The TC-2 satellite of DSP is in a polar orbit of 560 × 38,000 km altitude (Liu et al., 2005a,b) and carries an ENA imager NUADU (McKenna-Lawlor et al., 2004, 2005). The perigee measurements of NUADU on board TC-2 on November 12, 2004, show that the close-up imaging of low-altitude ENA emission sources can greatly improve the temporal and spatial resolutions of ENA imaging (Lu et al., 2019). Therefore, the near-Earth polar orbit satellites can be used to realize real-time monitoring of ring current energetic ions during geomagnetic activities with high spatial and temporal resolution. In the present work, we attempt to apply this imaging measurement to the evolution process of energetic ion events (Lu et al., 2016, 2019). The main scientific objective of this work is to use the ENA imager on a polar orbit satellite to monitor the distribution and evolution of energetic particles in the inner and outer radiation belts, especially for small-substorm events; serving space weather forecasting with mass data statistics; to explore the causality of energetic ion precipitation, injection, and other transport processes, as well as the electromagnetic field environmental evolution.



LOW-ALTITUDE ENA EMISSIONS

The first ENA map was detected by ISEE-1/ MEPI (Roelof, 1987); the main conclusion of the work is that the neutral atom distribution reflects the ion distribution information of the ring current. Roelof (1987) repeatedly adjusted the ion flux distribution in the equatorial ring current region to simulate the ENA distribution which is similar to the detected results. According to the Earth contour and characteristic magnetic field lines projection in his simulated map, it can be found that the ENA flux maximum is near the high-latitude polar region. Brandt et al. (2001) reported an actual ENA imaging at low altitudes by the Swedish micro-satellite Astrid and extracted the equatorial ion distribution from this measurement. Goldstein et al. (2016) formulated an analytical model for ENA emissivity that partially corrects for the global viewing geometry dependence of low-altitude emissions observed by TWINS (McComas et al., 2009).

Based on TC-2 /NUADU's ENA measurements on November 7, 2004, and inversion of ion flux distribution, a set of 3-D maps of ENA emission source in different magnetic shells was derived (Lu et al., 2008b). The maps reveal that the ENA emission source is located in the low altitude polar region.

On November 6, 2006, STEREO/STE also collected ENA images near perigee on the night side of Earth at altitudes between 510 and 840 km (L < 1.15) during a small substorm (Dst −8 nt; AE 200 nt) (Wang et al., 2010).

Therefore, the location of ENA emission source is jointly determined by the energetic ion distribution in the radiation belt and the low-energy neutral atom density evaporated from the exosphere involved in ionic charge exchange, and it is not located in the equatorial ring current region where the energetic ion flux is the largest. In other words, the detected ENA image of the ENA imager contains the spatial distribution information of both the ring current energetic ions and the exosphere low-energy neutral atoms.



LOW ALTITUDE ENA EMISSION SIMULATION MODEL


Simulated Orbit Design

An elliptical polar orbit with a 1,500 km apogee, a 500 km perigee, and 90° inclination is assumed. A 2-D ENA imager on board this polar orbit satellite is shown in Figure 1. The instrument space angular resolution is 6° x 6°, and the FOV of the instrument can be designed by 4π solid Angle simulation.


[image: Figure 1]
FIGURE 1. Schematic diagram of polar orbit simulation test. The red curve in the figure is the polar orbit, and the black box is marked as telemetry simulation positions.




Simulation Equation

The simulation equation can be written as

[image: image]

where [image: image](δ, ε) is the counts recorded in each pixel of an ENA image with elevation δ and azimuth ε, ΔE is the energy range within, ΔT is the integration time for each pixel, ΔΩ is the solid angle of the volume element pointing to the pixel, jion is ion differential flux of the Integral volume element (see below), A(δ, ε) is the response function of the detector (Lu et al., 2014), σ(E) is the charge exchange cross sections (Smith and Bewtra, 1987), n (r, φ, θ) is the exospheric neutral atomic density, where r, φ, and θ are the geocentric distance, magnetic longitude, and latitude, respectively (see below), and dV is the volume element integral along the line of sight of the detector.



Ring Current Ion Flux

The ion flux in the ring current region is written in the following form (Lu et al., 2008a):

[image: image]

with e = (1 + 1/κ)κ+1 ≈ 2.962 (κ = 5.5) and h(φ) = exp[−ξ(1 − cos(φ − φs))]

where φs = 180° and ξ = 0.75 are for azimuth asymmetry of ring current ion flux, θ is the magnetic latitude, L is the magnetic shell index, φ is the magnetic longitude, E is the proton's energy, E0 (7 KeV) is the typical ion-energy of the maximum ion-flux, and L0= 7.3 is the outer boundary of the ion injection region of the ring current (RC). The pitch angle (α) of the particles within the volume element is expressed in terms of θ and αeq (equatorial pitch angle) by

[image: image]
 

Density of Exospheric Neutral Atoms

The ENA imager has a minimum energy channel of more than 10 keV, so it cannot directly record the neutral 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 precipitated from the ring current region. On the other hand, the neutral hydrogen densities provided by Chamberlain's model (Rairden et al., 1986) are too low to be applicable in the ring current region. However, if conservation of the radial flux of neutral atoms during a major geomagnetic storm is assumed, we introduce an additional term to the Chamberlain model so that the density can be represented by

[image: image]

where r is the geocentric distance in RE with a0 = 1.78, RE representing the height of the exosphere, while n0 = 1600 cm−3 is the neutral density constant. This model is better fitted by the yearly average of hydrogen density measured around solar maximum (Tinsley et al., 1986) and should also be suitable in a major storm period.




ENA IMAGING SIMULATIONS IN A LOW EARTH POLAR ORBIT


ENA Image Simulations for Protons

The orbit of the polar satellite is shown in Figure 2 (red ellipse). The blue dots and labels mark the four characteristic positions of the simulation, and the north and south poles and magnetic local time are also marked with red characters in the figure.


[image: Figure 2]
FIGURE 2. Polar orbit in the x-z plane.


The energy spectrum width of proton (H+) is set in the 10–30 keV range and the equatorial ion flux is: JH = 8 × 105 cm−2 s−1 sr−1 kev−1. The distribution of ion fluxes in the equatorial plane is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Ion flux distribution on the equatorial plane.


By simulation, the 1-min integral 2-D ENA image at four different positions on the orbit (Table 1) was obtained, as shown in Figure 4.


Table 1. Parameters of 4 simulation positions.

[image: Table 1]


[image: Figure 4]
FIGURE 4. ENA images for 1 min integration time, 10–30 KeV.


The polar angle of 90° (center of the circle in each plane in Figure 4) is oriented toward the sky. Local time, north and south poles, are marked with red characters on each plane. The simulation model adopts pixel settings of 6° × 6°. In order to compare the intensity of ENA counts at different locations, the same logarithmic color scale was used for the simulation of the four positions.

The simulation results of position 1 (top left of Figure 4) and 3 (bottom left of Figure 4) show that the satellite can realize the north-south conjugate observation near the equator inside the inner radiation belt. The ENA flux signals generated by the radiation belt in the north and south hemispheres are labeled with red letters S and N, respectively. Because the Z coordinate of the characteristic position is 500 km north (see Table 1), ENA emission counts from the northern hemisphere (red N) of positions 1 and 3 is larger than that from the southern hemisphere (red S) in Figure 4. FOV range of outer radiation belt is −12° < θ < 42° and 0° < ϕ < 360°. The polar Angle (θ) from 42° to 90° Faces to the inner radiation belt. Since the model does not include the inner radiation belt, the ENA simulation map draws the boundary between the inner and outer radiation belts.



Location of the ENA Emission Source

Due to the north-south symmetry of positions 2 and 4 in Figure 4, we projected position 4 into the northern hemisphere and calculated the center location of ENA emission sources by using the parallax between the two simulated ENA images. At position 2 (apogee at the North Pole, altitude: 1,500 km), the ENA maximum counts is located at polar angles between −12° and −18°, with a center at −15°. At position 4 (perigee at the South Pole, altitude: 500 km), the ENA maximum counts is located at polar angles between 0° and−6°, with a center at −3°. Hence, the latitude and altitude of the center of the ENA maximum emission source can be calculated with Equation (5); see Figure 5A.

[image: image]

Obviously, the ENA maximum emission center is located at an altitude of 1,719.3 km and latitude of 55°.


[image: Figure 5]
FIGURE 5. Calculation schematic diagram of ENA radiation maxima center (A) and distribution range (B).


In a similar way, the distribution range of the ENA emission source is calculated by 3 polar-angle pixels (18°), as shown in Figure 5B.

[image: image]
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The low-altitude ENA emission source is located between 1,500 and 2,800 km altitude, and 54°-60° latitude range.



Simulation of the Minimum Temporal Resolution for ENA Image Measurement

Under the same conditions as above, the 5-s integration ENA maps are shown in Figure 6. We can see that the ENA counts have reached 3 digits, which basically meets the statistical requirements of data inversion.


[image: Figure 6]
FIGURE 6. ENA images for 5 s integral, 10~30 KeV.





THE ENERGETIC PARTICLE DISTRIBUTION AND EMISSION TRACKING IN RADIATION BELTS

The inner radiation belt is relatively close to the ground, on average located between 1.2RE to 2RE, with a central location about 1.5RE away from the center of the earth. It is mainly composed of high-energy protons (10–100 MeV), energetic protons (in keV order), electrons, and a small amount of tritium and helium. The energetic proton flux can reach 105/ (cm2s), mainly from galactic cosmic rays (Wang, 2003). Unlike the outer radiation belt, the inner radiation belt is closer to the Earth. Energetic ions and neutral atoms evaporated from the exosphere can directly exchange charges in the region where energetic ions are distributed. This means that the ENA images acquired from the direction of the inner radiation belt may directly reflect the configuration of the energetic ion distribution in the inner radiation belt.

The outer radiation belt is far from the ground, its distribution ranges from 2.6 to 6 Re, and the center is located between 3 and 4 Re. Its main component is energetic electrons (e.g., Fu et al., 2012), and the maximum energetic ion (5–300 kev) flux can also reach about 109/(cm2 s) during magnetic storms. These energetic electrons and ions are generally believed to be injected from the magnetotail (Fu et al., 2011) or be accelerated magnetospheric plasmas.

The present ENA images simulation of a polar satellite shows that the exploration range of the orbital above ±60° latitude is focused on the low-altitude ENA emission source generated by the energetic ions precipitated from the ring current. This exploration segment, about 1/3 of the satellite's orbit, allows the acquisition of high spatio-temporal resolution ENA images (top right and bottom right of Figures 4, 6) used to extract ring current ion flux distributions. The satellite's orbital period between ±54° latitude, accounting for about 2/3 of the satellite's orbit, is located inside the inner radiation belt. The instrument can thus monitor both the inner and outer radiation belts and achieve conjugated imaging detection of the northern and southern hemispheres (as shown in top left and bottom left of Figures 4, 6). This type of orbit provides the opportunity to traverse the edge of the inner radiation belt over the south Atlantic anomaly zone and to conduct in-situ particle measurement of the radiation environment in the south Atlantic anomaly zone.

We note that the ENA signals recorded by the ENA imager are always associated with geomagnetic activity. This event characteristics of ENA images can be used to trace the energetic particles trigger source. The present 2-D coding modulation imager improves the time resolution of recording a single ENA event, Pi (t, x, y, E), to less than 1 ms. Different energy ions transport at different speeds. For the same transport distance, the shorter the transport time, the higher the energy (see Table 2). According to the response time difference of energy spectrum curves of different energy channels, the emission source location of energetic ions can be inferred: the less the time difference of energy spectrum response is, the shorter the transport distance of energetic ions causing charge exchange is. It is generally believed that there are two possible sources of energetic ions: one is the entry of energetic ions directly from the solar wind in the polar cusps, and the other is the precipitating energetic ions accelerated along the magnetic field line from the magnetotail. The time difference of ENA spectrum generated above can be calculated according to different propagation distances. For 1RE propagation distance, the response time difference of 10 and 100 keV protons is about 3.16 s. However, the response time difference between 100 keV and 1 MeV protons at 1RE is only about 1 s. This problem had not been solved before due to the poor temporal resolution of the ENA images. The present 2-D coding modulation imager allows collection of ENA from remote sources as well as in situ. This provides a new technique for tracking energetic ions that produce ENA emission intensification during geomagnetic activity intensification.


Table 2. Time and distance for different energy of hydrogen atoms.
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CONCLUSIONS

The neutral atom imaging packet contains real-time information about the spatial distribution of ring current ions (Roelof, 1987). The present simulation shows that the temporal resolution of ENA imaging measurements can be as low as 5 s on a 1,500 km × 500 km polar orbit, compare to the 1 to 10 min time resolution of actual and past measurements, i.e., about 10 to 100 times better. Therefore, ENA imaging measurement is an effective means to monitor geomagnetic activity, especially in the ring current region.

There are two ways to improve the temporal and spatial resolution of ENA imager. One is to improve the performance of the basic ENA imager itself, which might be difficult and expensive. The other is to design the spacecraft orbit in order to perform measurements close to the ENA emission sources. Of the two, the latter is more practical than the former.

Generally, the sense of distance can come from parallax, or time difference. We use parallax concepts to identify the location of ENA sources and time differences concepts to trace the location of energetic particles triggered by a substorm.

Those improved temporal and spatial resolutions could enable monitoring not only the global energetic ion flux distribution but also to obtain the causal sequence analysis of the transport process of energetic ions during periods of high geomagnetic activity period (Lu et al., 2016).

Due to its proximity to the ENA source, the ENA imager will respond to moderate or even lower intensity substorms. This will lead to a unique set of data collected under various geomagnetic activities that could improve space weather forecasts.

It is generally believed that the inner radiation belt is relatively stable, and the source of particles mainly comes from cosmic rays and solar proton events. In this region, the loss of particles is mainly due to particle collisions, curvature scattering by magnetic field lines, and the interaction of high-energy protons with inner radiation belt fluctuations. Recent studies have found that there is a one-to-one correspondence between the changes of high-energy proton flux in the inner radiation belt and the Dst index of magnetic storms (Chen et al., 2016; Li et al., 2017). Therefore, monitoring the evolution of high-energy proton flux in the inner radiation belt during magnetic storms can provide us more insights into the physical processes at stake.
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