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ABSTRACT
We review the technique and history of Energetic Neutral Atom (ENA) imaging of space plasma, along with recent results from international collaborations: The ENA imaging results from the IMAGE mission at Earth, and from the Cassini mission at Jupiter and Saturn. Both IMAGE and Cassini carry ENA cameras built at JHU/APL. The HENA imager on board the IMAGE mission provides global images of the ring current around the Earth and reveals the dynamics of the electrical coupling between the ring current and the ionosphere. The INCA imager on board Cassini returns ENA images from the enormous magnetosphere around Saturn, giving unprecedented insight into the dynamics of the hot plasma and its interaction with neutral gas and Saturn’s moons. The review ends with a brief description of ENA imaging of the heliospheric boundary and the future projects utilizing ENA instrumentation.
INTRODUCTION
Encased in the Earth’s magnetic field is an enormous region filled with trapped electrons and ions, having energies ranging from those of the low-energy thermal plasma (energies on the order of a few electron Volts (eV)) to those of the high-energy, radiation belts (energies ranging upward from 100 keV). This region has been termed the magnetosphere and exists due to the pressure balance between the geomagnetic field and the solar wind, an ever-present flow of magnetized plasma from the Sun penetrating the entire solar system. In general, magnetized bodies, such as Earth are not the only bodies that interact strongly with the solar wind. The ionospheres of weakly magnetized planets, such as Venus and Mars, set up currents that partially deflect the solar wind flow around the planet. For a more complete review of planetary magnetospheres see Paranicas (this issue). 
Figure 1 summarizes what we know about the structure of the Terrestrial magnetosphere. This figure was put together from decades of research using local measurements of charged particles and of magnetic and electric fields and represents in some sense the average state of the magnetosphere [Mitchell, 1990; Lui, 1991]. The charged particles in the magnetosphere are guided by magnetic and electric fields. Ions and electrons gyrate around magnetic field lines in helical orbits and also move up and down along the field lines in a so-called bouncing motion, so that the field lines can be thought of as “flux tubes” filled with plasma. Above the ionosphere and out to a couple of Earth radii (RE) is the so-called plasmasphere consisting of a cloud of relatively low-energy (a couple of eV) electrons and ions. Beyond the plasmasphere is the ring current, the energetic (1 to a few 100 keV) electron and ion distribution that flow from the nightside around the Earth. Under certain circumstances the ring current can flow out of the dayside magnetospause, or circle the Earth like a ring of plasma. The ring current plasma is fed from the plasmasheet in the tail of the magnetosphere.
[image: image15.jpg]ENA, MCP-only
analysis

CHARGED PARTICLE
SWEEPING COLLIMATOR

CHARGED
PARTICLE

Pixelated
SSDs.

AN

- e 4
L B
e

N

ENA, SSD
‘analysis

1-D IMAGING,

|START MCP

2-D IMAGING,
STOPMCP

|SD electronics

p———

PRE-
AMPS
HVSUPPLIES





FIGURE 1. The structure of the terrestrial magnetosphere [Mitchell, 1990; Lui, 1991].
Imagine what our understanding of the weather would be without imaging satellites looking down at Earth, imaging evolving weather systems. We would only have point measurements of wind velocities, precipitation and pressure. Undoubtedly, models of this system would require a complex system of equations with many free parameters, and would  provide only an average picture of the weather patterns. The same was true for space physics for a long time, before the first auroral imagers provided an instantaneous global view of the aurora, answering the question of how the aurora changes over the polar regions with changing solar wind conditions. One of the biggest problems still remained: How to obtain that same global information about the energetic plasma in the entire magnetosphere, far above the aurora?

The most abundant ion species in the magnetosphere is protons.  The magnetospheric plasma interacts with the terrestrial magnetic field and the ionosphere, constituting a dynamic system that constantly changes in response to the solar wind. Unfortunately, there is no way to take a picture of this confined plasma. A proton does not have an electron that can produce a photon, whose detection enables imaging. 
However, a decade of research, starting with the interpretation by Hovestadt and Scholer [1976] of an observation by Krimigis et al. [1975], led to the realization that energetic ions trapped in the magnetosphere that are neutralized by charge exchange, can escape their entrapment and therefore be detected far from their source. This discovery gave birth to the Energetic Neutral Atom (ENA) imaging technique [Roelof, 1987], which today has provided unprecedented insight into the global plasma dynamics, not only at Earth, but also at Jupiter, Saturn, Titan, and Mars.
ENA PRODUCTION
It turns out that most planets, including Earth, are surrounded by a distribution of cold neutral gas known as the exosphere, which can be thought of as the extension of the upper atmosphere. This neutral gas is sufficiently dense to provide a charge exchange medium for the ions in the plasma. During charge exchange, a singly-charged, energetic ion picks up an electron from a neutral gas atom or molecule of the exosphere or the upper atmosphere, so the ion is thereby neutralized and becomes an ENA. Since the ENA is now neutral its motion is no longer governed by the magnetic and electric fields. If the ENA is sufficiently energetic it is also unaffected by the gravitational field, so that it propagates in a straight trajectory, much like a photon. Unlike a photon, the ENA is a sample of the source population, carrying with it, not only spectral information, but also information about the composition of the source plasma. The charge exchange process is illustrated in Figure 2. Assuming no further collisions between the charge exchange and the detector, the flux of the ENAs at energy E (in units of the number of ENAs per unit area per solid angle per unit time per unit energy) can be written as a line-of-sight (LOS) integral over the ion flux, jION, and the number density of the cold neutral gas, n, in which the plasma is submerged multiplied by the charge exchange cross section, 10.
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FIGURE 2. The production mechanism of ENAs. A trapped, singly charged, positive ion charge exchanges with a neutral gas atom or molecule. An electron is transferred from the neutral gas atom or molecule to the energetic ion, which becomes an ENA. The ENA is now unaffected by electric fields, magnetic fields, and also by the gravitational field (if the energy is significantly greater than the gravitational escape energy, which is a few eV for a hydrogen atom at Earth) and so the ENA propagates in a straight trajectory from its production point to the observer. The energy lost to the target in the charge exchange reaction is a couple of tens of eV, which makes this an energy-conserving process in the ring current energy range (> 1 keV).
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FIGURE 3. (a) First ENA image constructed from data obtained by the MEPI detector on board the ISEE-1 satellite. (b) Simulated image using a parametric ring current and exospheric model. Taken from Roelof et al. [1987].

HISTORY
Historically, the first identification of ENAs is believed to have been made by Vegard [1939], who correctly interpreted Doppler-shifter Lyman- emissions from ground as fast, neutral hydrogen bombarding Earth’s upper atmosphere [Vegard, 1948]. However, the discoveries leading to the construction of the first ENA image [Roelof, 1987] started with a series of key observations of ENAs escaping planetary magnetospheres. Krimigis et al. [1975] reported an observation from IMP-7 and 8 (positioned outside Earth’s magnetosphere) of particles coming from the direction of the Earth. The initial interpretation led them to believe that these were charged particles escaping the terrestrial magnetosphere. Just a couple of years earlier, the equatorial, low-altitude satellite Azur had detected neutral atoms precipitating onto the upper atmosphere of Earth [Moritz, 1972; Hovestadt et al., 1972]. With these two key observations in mind, Hovestadt and Scholer [1976] realized that it was ENAs, not charged particles, that were being emitted from the Earth’s magnetosphere. Soon thereafter, observations by Voyager-1 at Jupiter and Saturn, in search of auroral X-rays, showed similar signatures of escaping radiation, but the explanation as escaping ENAs was favored on the grounds of spectral shape and intensity [Kirsch et al., 1981a; 1981b].
Roelof et al. [1985] continued the analysis of the particle signatures observed by IMP 7 and 8 using the Energetic Particles Experiments (EPE) and also included the observations from the Medium Energy Particle Instrument (MEPI) on board the ISEE-1 spacecraft. The three-dimensional viewing capability of the MEPI detector later enabled Roelof [1987] to construct the first ENA image (Figure 3). 
The ISEE-1 satellite was located on the dawn side of Earth’s magnetosphere, traversing magnetic field lines that connect to the open polar cap where ion fluxes are normally very low. Due to the low foreground proton fluxes and the detector’s straight-in open geometry, it was possible to detect the relatively weak fluxes of ENAs produced when the Earth’s ring current charge exchanges with the cold hydrogen gas surrounding the Earth (the exosphere) and upper atmosphere. Figure 3a shows the ENA fluxes obtained by the MEPI detector on board the ISEE-1 satellite warped into a fish-eye projection. The Earth is represented by the circle drawn in the center of the plot and the terminator (dividing line between sunlit and dark side of Earth) is the slightly curved line across it. The two outermost rings are drawn at 4 and 8 times the Earth’s radius (RE). The dipole magnetic field lines are drawn at noon, dusk, midnight, and dawn local times.

We see that the ENA fluxes are more intense at low altitude close to the Earth. This is because the exospheric density grows exponentially with decreasing altitude. Figure 3b shows a simulation using a model ring current and exosphere. The model ring current intensity maximum had to be centered around midnight in order to match the observed ENA images.
This first ENA image represented a global image of the invisible ring current, whose structure and properties had previously only had been accessible to in-situ satellite measurements. As with many novel techniques, this one was also received with strong skepticism and several proposals to NASA, led by L. A. Frank and D. J. Williams, to fly a dedicated ENA imager in orbit around the Earth were made in vain.
Ironically, it would be a mission to Saturn, not Earth that would host the first dedicated ENA camera in history. In 1990 JHU/APL took the bold leap of proposing the Ion and Neutral Camera (INCA) [developed through a NASA grant in the late 80’s, Cheng et al. 1993] as a part of the Magnetosphere Imaging Instrument (MIMI) suite [Krimigis et al., 2004] on board the Cassini mission to Saturn. It took forceful, and sometimes personal, convincing of NASA Headquarters to finally accept INCA as a part of the MIMI payload.

Cassini was launched in 1997 and returned global ENA images of Jupiter’s magnetosphere in 2000 [Krimigis et al., 2002; Mitchell et al., 2004]. The spacecraft was captured in orbit around Saturn in July 2003 and the INCA images have immediately revealed a magnetosphere that is far more dynamic than previously anticipated (see more below).
While INCA was being developed an opportunity presented itself to JHU/APL to participate in the Swedish micro-satellite mission Astrid [Barabash et al., 1998], carrying the second dedicated ENA imager at a 1000 km altitude in a polar orbit around the Earth. The Astrid mission was remarkable in that it took only slightly more than one year from idea to obtaining the first ENA image [Barabash, 1995; Brandt et al., 1999]. The Astrid spacecraft failed after only 5 weeks of measurements, but provided a much needed proof-of-concept and details on the interaction between the ring current and the upper atmosphere important for future imaging missions like the IMAGE mission. Figure 4 shows two of the highlights of the short Astrid mission. Figure 4a shows the ENA image of the interaction between the ions and the upper atmosphere [Brandt et al., 2001], overlaid on an illustration of the magnetic field lines and ion trajectories in white. These low-altitude ENA emissions had been shown to result from charge exchange with atomic oxygen at altitudes above 200 km [Roelof, 1997]. Figure 4b shows an ENA image obtained from an equatorial, nightside vantage point and reveals the structure of the ring current from below [Brandt et al., 2002a]. Both images have an unresolved mix of 26-71 keV hydrogen and 46-130 keV oxygen.

From the beginning, APL scientists envisioned a comprehensive magnetospheric imaging mission [Williams et al., 1992]. This vision was ultimately realized in the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) mission with three ENA imagers, one far ultraviolet (FUV) imager, one extreme ultraviolet (EUV) imager, and one radio plasma imager [Burch, 2000]. The High Energy Neutral Atom (HENA) imager [Mitchell et al., 2000] was based on the INCA design and built at JHU/APL. Today, about six years after launch, HENA is still returning high-quality ENA images of the ring current on a routine basis, providing unprecedented scientific insight into the physics of the inner magnetosphere. The remaining two ENA imagers are the Medium Energy Neutral Atom (MENA) imager [Pollock et al., 2000] and the Low Energy Neutral Atom (LENA) imager [Moore et al., 2000]. The MENA imager studies the low-energy range of the ring current and plasma sheet. The LENA imager has the challenging task to image the sub-keV range, which provides global measurements of the outflow of ions and neutral particles from the polar cap. The three imagers have been designed to probe three different populations of the magnetosphere: the plasma sheet (MENA), the more energetic ring current (HENA) and the ionospheric source region of outflowing ions from the polar cap (LENA).
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FIGURE 4. ENA images obtained by the ENA camera PIPPI on board the Swedish microsatellite Astrid. (a) Image of the interaction between the ring current and the upper atmosphere of the Earth. (b) Image of a flux tube filled with plasma obtained at 1000 km altitude on the nightside, at equatorial latitudes, looking down towards the Earth. The image is displayed in an all-sky projection, where the outermost rim is only one point. Both images have an unknown mix of 26-71 keV hydrogen and 46-130 keV oxygen ENAs.
APL has maintained a leading position in ENA imaging and consequently participates in numerous international efforts. The most recent is the successful European Space Agency (ESA) missions Mars Express (MEX – launched June 2003) and Venus Express (VEX – launched November 2005), which both carry the identical Aspera-3 and Aspera-4 experiments consisting each of two ENA detectors, one ion and one electron spectrometer. Both experiments are lead by the Swedish Institute of Space Physics, Kiruna. Figure 5 shows an ENA image obtained by the Neutral Particle Imager (NPI) on board MEX and shows solar wind ions interacting with the upper Martian atmosphere. The image was taken from eclipse in the shadow of the planet and it most likely shows the product of the interaction between the solar wind and the upper atmosphere [Brinkfeldt et al., 2005]. The solar wind ions charge exchange with the neutral gas of the upper atmosphere and create highly directional ENA emissions from behind the planet. The direction of these ENAs is sensitive to the upper atmospheric distribution and can help us understand how the Martian atmosphere has been lost to space.
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FIGURE  5. ENA image in the <10 keV energy range obtained by the Neutral Particle Imager on board Mars Express. The image was obtained in eclipse behind Mars and shows the interaction between the solar wind and the upper atmosphere [Brinkfeldt et al., 2005]. Images like this can help us understand this interaction and how the upper Martian atmosphere is lost to space.
DETECTION TECHNIQUE
In order to accurately measure ENAs, charged particles and photons must be rejected. To date there have been about half a dozen dedicated ENA imagers flown, two of which have been designed and built at APL. Figure 6 shows the High Energy Neutral Atom (HENA) imager [Mitchell et al., 2000] on board the IMAGE spacecraft [Burch, 2000]. The INCA instrument on board the Cassini mission to Saturn is almost identical to HENA except the solid-state detectors (SSD) that were only flown on HENA. Charged particles are swept away by an alternating voltage applied to the fan-like aperture plates. A thin carbon foil is located at the end of the collimators. The remaining ENAs pass through a this foil with only a small energy loss, producing a shower of secondary electrons that is accelerated with electrostatic fields to the start micro channel plate (MCP). These electrons form a start pulse that is fed to a timing circuitry. The front foil is essentially a one dimensional slit and the location of the start pulse along the slit is measured by a position sensitive anode on the backside of the start MCP. 
The collimators allow particles of a 90 deg acceptance angle to enter the instrument. Two detector system handle particles entering from the two 45 deg ranges. ENAs entering from the left-hand side 45 degrees (marked “ENA, MCP-only analysis” in Figure 6) are detected by a micro-channel plate (MCP) system, and ENAs entering the right-hand side  (marked “ENA, SSD analysis” in Figure 6) are detected by a pair of SSDs. 
ENAs hitting the stop MCP produce a pulse of electrons whose position and time are recorded by a two dimensional (2D) imaging anode on the backside of the stop MCP (the darker plate below the two stacked stop MCPs in Figure 6). ENAs hitting the SSDs produce a shower of electrons on the surface of the SSDs that are accelerated by electrostatic fields towards the SSD stop MCP where the stop time is recorded. The SSDs are divided up into 10x24 pixels whose individual pulses are amplified by integrated circuits on the backside of the SSDs, where also pixel identification tags are assigned to each pulse. 
The time difference between the start and stop pulse from either system can now be combined and used to compute the velocity of the ENAs. Requiring that only particles within a certain time window (~100 ns) are counted rejects most of the photons that survive the passage through the front foil, and leaves a clean signal. Using the start position from the 1D slit and the stop position from the 2D imaging anode or pixilated SSDs, the direction of the ENAs are computed and binned into angular pixels in the Digital Processing Unit (DPU).

The instant field-of-view of the HENA instrument is 90 deg in the plane of Figure 6 and 120 deg out of the plane of Figure 6. The IMAGE satellite has a spin period of 2 min with its spin axis perpendicular to the plane of Figure 6. The spinning motion allows a 360x120 deg ENA image to be formed every 2 min. The angular resolution is set to 6x6 deg for energies less than or equal to 60 keV and to 3x3 deg for energies greater than 60 keV (assuming hydrogen).
Two methods can be used to determine the mass of the ENAs. The energy deposited in the SSD is recorded and is mv2/2 less the (small) energy loss in the front foil (known from calibrations), where v is the velocity of the incoming ENA. Therefore, using the measured velocity, the mass can be determined. The second approach is to use the recorded pulse-height of the shower of electrons from the backside of the stop MCP. An oxygen atom hitting the stop MCP produce a several times higher pulse than a hydrogen atom. This second technique has been applied to both the HENA and INCA instrument designs.

[image: image7]
FIGURE 6. The HENA imager on board the IMAGE satellite. Taken from Mitchell et al. [2000].
ENA IMAGING OF THE TERRESTRIAL MAGNETOSPHERE
Figure 7a shows a recent ENA image of the hot plasma surrounding the Earth during a geomagnetic storm. The image is taken approximately 8 R​E above the north pole and was formed by detecting hydrogen ENAs in the 10-60 keV range. Two sets of geomagnetic dipole field lines are plotted at noon (12), dusk (18), midnight (00) and dawn (06). The altitudes of the field lines at the equator are 4 and 8 RE. Although the ENA flux is a convolution between the ion flux and the neutral gas of the exosphere, we immediately see the enhancement of the hot plasma around local midnight of Earth [Brandt et al., 2002b].
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FIGURE 7. (a) ENA image of the terrestrial proton ring current in the 10-60 keV range obtained by IMAGE/HENA. (b) The equatorial proton plasma pressure obtained by inverting the hydrogen ENA image in the 10-198 keV range on the left. Distances are plotted out to 8 RE.
ENA images of the inner magnetosphere convey global information about the ring current morphology, dynamics and composition (e.g. H or O). To obtain the underlying ion distribution, inversion techniques have been developed [ DeMajistre et al., 2004], where the ENA countrates are expressed as linear sums of the ion flux in the equatorial plane. The inversion algorithm must incorporate a correct magnetic field, exosphere models, and constraints. In other words, equation (1) is expanded into a summation over ion flux in spatial bins in the equatorial plane. The ion flux is then retrieved by applying a constrained linear inversion technique. The ion flux can then be used to calculate the plasma pressure. Figure 7b shows the result of this exercise, where HENA hydrogen ENA images in the 10-198 keV range have been inverted to flux, from which the equatorial proton pressure has been computed.
The plasma pressure in the inner magnetosphere is to a first approximation balanced, in equilibrium by the electrical currents through the force balance equation
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where J is the current density, B is the magnetic field intensity and P is the generalized plasma pressure tensor. The magnetic field can be taken from realistic magnetic field models such as the one developed by Tsyganenko et al. [2003]. The resulting electrical currents associated with the ring current plasma pressure close through the ionosphere. Together with other magnetospheric current systems at higher latitudes, these currents close through different ionospheric conductances on the day- and nightside, auroral  and sub-auroral region, producing electric fields that map out to the magnetosphere (magnetic field lines can be assumed to be infinite conductors). 

The motion of the ring current ions is determined by the magnetospheric electric and magnetic fields. Therefore, the ionospheric electric fields modify the trajectories of the ring current ions and, thus, the morphology of the plasma pressure. In turn, this modifies the electrical currents driven by the plasma pressure. This feedback forms the basic coupling of the inner magnetosphere with the low-latitude ionosphere, which varies  on timescales on the order of 10 min. The ability to retrieve a significant fraction of the global pressure distribution from ENA images on the same timescales makes ENA imaging  an invaluable tool in the analysis of the coupling in the inner magnetosphere. The basic mathematical method for deriving pressure driven electric currents from ENA images was developed by Roelof [1989].
Figure 8 shows the plasma pressure in the equatorial plane exerted by the protons in the ring current together with the associated electrical current system. The distribution of the protons can be extracted from the ENA images obtained by IMAGE/HENA. Close to the equatorial plane the currents close on themselves, but at higher latitudes they begin to close down through the ionosphere at slightly lower latitudes than the aurora. This current system is commonly known as the Region-2 current system. The global distribution of all currents as they hit the ionosphere can be globally monitored by analyzing the magnetic field data from the Iridium satellites [Waters et al., 2001].
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FIGURE 8 Part of the electrical current system driven by the ring current plasma pressure. The colorcoded pixels in the plane represent the pressure exerted by the ring current protons imaged (through ENAs) by IMAGE/HENA. The derived currents are shown as black lines. Near the equator the currents close on themselves. At higher latitudes the currents become more horseshoe-like and close through the ionosphere, at slightly lower latitudes than the auroral oval. 

A GLIMPSE OF JUPITER’S MAGNETOSPHERE
On its way to Saturn the Cassini spacecraft flew by Jupiter and obtained the first-ever ENA image of the Jovian magnetosphere. Figure 9a shows an ENA image obtained at about 150 Jovian Radii (RJ) from Jupiter during a 24 h integration period in the 50-80 keV range of the hydrogen channel of INCA [Mitchell et al., 2004]. However, at that distance the source of the ENA emissions was confined to only a dozen pixels. The associated spreading in the INCA instrument – Point Spread Function (PSF) – is about 5-10 deg for this energy range. Figure 9b shows the result when the PSF is removed from the ENA image. It clearly shows one central peak surrounded by two peaks [Mauk et al., 2003]. The two surrounding peaks are produced by charge exchange between the energetic ions and the neutral gas torus produced by one of Jupiter’s icy moons, Europa. 
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FIGURE 9. (a) ENA image obtained by INCA of the Jovian magnetosphere from about 150 RJ [Mitchell et al., 2004]. (b) The ENA image with the point spread function removed. The two peaks on either side of the central peak are the ENA emissions from the interaction between the energetic ions and the neutral gas torus produced by the Moon Europa. Taken from Mauk et al. [2003].

ENA IMAGING OF THE SATURNIAN MAGNETOSPHERE AND ITS INTERACTION WITH TITAN
In July 2004 Cassini arrived at Saturn. INCA obtained ENA images of the magnetosphere during the approach to the planet. It was quickly realized that the dynamics of the magnetosphere of Saturn was different than that of Earth. Before Cassini came close enough so that the magnetosphere could be resolved by INCA, the ENA flux displayed a periodicity very close to that of the rotation period of Saturn itself. We have now established that the periodicity originates from the corotation of the plasma in the Saturnian magnetosphere [Krimigis et al., 2005]. Saturn’s strong magnetic field and rapid rotation period of about 10 h 45 min creates a strong, so-called corotational electric field in the rest frame of the non-rotating system. This electric field speeds up any plasma in the magnetosphere until it reaches speeds close to the corotation speed of the planet. The exact rotation speed of the plasma is a complicated relation between the magnetic field, particle energy, and the neutral gas density. For example, the corotation speed at Titan’s orbit (20 Saturnian Radii (RS)) is roughly 150 km/s. This speed is so significant that ENAs that were produced by  ions with a bulk flow velocity towards Cassini will have almost 1 keV higher energy when they are detected by INCA. ENAs produced by ions with a bulk flow away from Cassini will have lower energies when detected by INCA. With a sloping energy spectrum, the result is therefore an increase in ENA intensity produced from ions moving towards the detector and a decrease of ENA intensity from ions moving away from the detector [Paranicas et al., 2005]. This variation is known as the Compton-Getting effect.
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FIGURE 10. Hydrogen ENA images of the inner magnetosphere of Saturn obtained by INCA in the 20-50 keV range. The X-axis points towards the Sun, Z-axis is parallel to the rotation axis of Saturn, and the Y-axis completes the right hand system. The outermost ring represents the 20 Saturn Radii (RS) distance, which is approximately the orbit of Titan. Saturn itself and the visible extent of the rings are located in the center (small). The rotation direction of the observed ion cloud is indicated by the dashed curved arrow. The   inset shows simulated ENA image of the first ENA image at 03:45 UTC. The required energetic proton distribution extends beyond the orbit of Titan.
Figure 10 shows a sequence of hydrogen ENA images of Saturn’s magnetosphere obtained by INCA in the 20-50 keV range. They show a full rotation of an ion cloud that was injected into the magnetosphere from the nightside (left side) at some point in time. Cassini was located at about 30 RS from Saturn, just a few degrees below the equatorial plane. The outermost ring in the images represent the distance of 20 Saturn Radii (RS), which is the orbital distance of Titan. The sun is to the right and north is shown by the Z-axis. The first three images show how the ion cloud moves around Saturn, passing between Cassini and Saturn. Note the difference in intensity between the peak on the nightside at 03:45 UTC and the peak on the dayside at 10:41 UTC. This difference is believed to be caused by the Compton-Getting effect. From 10:41 UTC to 16:33 UTC the ion cloud rotates behind Saturn until it reaches the nightside again. The rotation of the injected ion cloud has been observed to last for at least nine days, but the rotation appears to be interrupted whenever the solar wind conditions are such that an injection takes place in the night side magnetosphere.
Several comparisons with the results from terrestrial ENA analysis have revealed certain similar features of global dynamics. One of those is the possible occurrence of storms and substorms at Saturn [Mitchell et al., 2005]. When Cassini is outside Saturn’s magnetosphere it can measure the properties (magnetic field, speed, density) of the solar wind plasma at the same time as INCA obtains global images of the magnetospheric response to the dynamic solar wind. By comparing the responses of Earth (well known) and Saturn to solar-wind driving, it is possible to recognize global energization and transport mechanisms that are also at work at Saturn.
At Earth the neutral gas distribution is almost spherically symmetric and exponentially decreasing with radius, whereas the neutral gas distribution at Saturn is disk-like and “clumpy”. This makes the interpretation of the Cassini images a challenging task. In some respects the Saturn ENA images are more representative of the neutral gas distribution, while at Earth (because the neutral gas distribution is known) the ENA images can be immediately interpreted in terms of the ion distribution. The intense peak seen in the measured images and in the inset simulated ENA image of Figure 10 is located at about 4-5 RS in the E-ring region, which contains high densities of water products such as O, OH, and H2O. Since magnetospheric ions fill most of the magnetic flux tubes in the magnetosphere, there are significant fluxes of ions at higher latitudes. The near equatorial confinement of the ENA emissions  in the images must therefore mean that the neutral gas is confined to the equatorial region, consistent with independent modeling results [Jurac and Richardson, 2005]. 

The moons of Saturn essentially sit still in the high-speed flow of plasma in Saturn’s magnetosphere. The system of moons provides unique opportunities to investigate the interaction between energetic plasma and the atmospheres of the moons. One such opportunity is the interaction with the moon Titan. Amsif et al. [1997] had anticipated that Titan’s exosphere would be a strong source of ENAs. Figure 11a shows an ENA image obtained by INCA during the first flyby of Titan. The ambient magnetospheric ions flow from left to right with a speed of roughly 150 km/s in the rest frame of Titan. Note that the ENA emissions are most intense on the trailing (in the rest frame of Titan) side of Titan (right side). This had been predicted by Dandouras and Amsif [1999] as a finite gyroradius effect (Figure 11b). A proton in the 20-50 keV range has a gyroradius which is close to Titan’s radius. The most intense ENA emissions are produced close to Titan where the atmosphere density is high. Consequently, on the leading side, intense ENA fluxes are produced at low altitudes in the opposite direction to Cassini. Therefore only very low ENA fluxes are visible on this side. On the trailing side, protons at low altitudes produce intense ENA fluxes that travel toward Cassini and can be detected by INCA. However, the high plasma flow speed (~150 km/s), the real magnetic and electric field morphology complicates the interaction, and the details of the interpretation of the ENA images of Titan are yet to be explained fully. See Mitchell et al. [2005] for more details.
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FIGURE 11. (a) Hydrogen ENA image in the 20-50 keV range of the interaction between the flow of magnetospheric ions and the dense atmosphere of Titan. Note that the emissions are most intense on the trailing side (right side) of the flow. (b) The mechanism responsible for the asymmetry. Since the gyroradius of a proton is comparable to the radius of Titan and since the neutral gas density falls of exponentially with altitude, most ENAs, produced at low altitude, travel towards Cassini on the trailing side. ENAs produced at low altitudes, on the leading side of Titan, travel away from Cassini.
HELIOSPHERIC ENA IMAGING 
Any magnetized object in space is likely to have some sort of magnetosphere, if it is immersed in the local space plasma environment. The solar wind carries with it the Sun’s magnetic field and carves out a magnetic cavity sitting in the local interstellar medium (LISM). This cavity – the heliosphere - encompasses the entire solar system and likely extends outward from the Sun to 150-200 astronomical units (AU) from the Sun (one AU is the mean Sun-Earth distance). The LISM consists of mostly neutral and ionized H and He. Our solar system moves through the LISM with a speed of about 24 km/s. The heliosphere is the region dominated by the Sun’s magnetized plasma, including the supersonic solar wind, which becomes subsonic (terminates) when it meets the LISM at the termination shock (mean distance 100 AU). The heliosheath consists of the slowed, heated, and compressed (shocked) solar wind and extends at least another 50-100 AU outward from the termination shock. 
The enormous distances involved make it unlikely that we will obtain a large statistical database on the outer heliosphere based on in-situ observations alone. To date, Voyager-1 is the only spacecraft that has crossed the termination shock and entered the heliosheath plasma [Decker et al., 2005]. Therefore the only possible global measurements of the outer heliosphere, specifically of the heliosheath, are remote measurements. One of the most promising techniques in this area is ENA imaging. The feasibility of such measurements was demonstrated by Gruntman et al. [2001]. The protons of the hot and relatively dense heliosheath charge exchange with the neutral gas of the LISM, creating ENA emissions from all parts of the heliosheath. Their variation with direction over the sky will illuminate the nature of the solar-wind/LISM interaction. Although the densities involved are low, the enormous thickness of the heliosheath (the path length in Equation (1)) makes it the dominant ENA source, aside from planetary magnetospheres.

There exist several models of this interaction and recently HENA data has been used successfully to set upper limits of the ENA flux from the termination shock (E. C. Roelof, private communication). These upper limits are consistent with the recent measurements of the proton intensities measured when Voyager 1 crossed the termination shock in December 2005 [Decker et al., 2005]. APL is involved in the upcoming Interstellar Boundary Explorer (IBEX) mission, lead by Southwest Research Institute, which will carry two ENA imagers covering two overlapping energy ranges from ~100 eV to 6 keV. The IBEX mission is the first mission dedicated to imaging the termination shock and helisoheath.
THE FUTURE OF ENA IMAGING
ENA imaging has been developed during the past two decades from proof-of-concept into a mature remote-sensing tool for space physics, but several improvements are still needed to perfect the technique. Since the first ENA image, the angular resolution has decreased to just a few degrees and hydrogen can be imaged separately from oxygen. One of the challenges is to expand the currently achievable energy range to about 500 keV, which should be available in about 5 years. This energy range covers most of the plasma pressure of the inner magnetosphere as well as a fraction of the higher energy radiation belts (>300 keV). Therefore this energy range is highly desirable for terrestrial ENA imagers. 
While many ENA cameras are focused on the high-energy range, there are a few that have taken on the challenge of imaging in the sub-keV range. Due to the low velocity of sub-keV ENAs the techniques used to image low- and high-energy particles are completely different. Imaging low-energy particles relies on converting the incident neutral particles to ions by allowing them to interact with a surface. The ions can then be analyzed by an ion spectrometer. Sub-keV ENA imaging has enabled the IMAGE/LENA imager to study the ion outflow from the Earth’s polar regions. The ENA detectors on board Mars Express return data in the sub-keV range to study the atmospheric loss of Mars. In April 2006 the almost identical experiment Aspera-4 (APL Co-I) on board the ESA mission Venus Express will start returning similar data from Venus.
Sub-keV measurements will turn out to be essential for imaging the magnetosphere of Mercury. The SERENA experiment, for which APL is a Co-I, on board the ESA Bepi-Colombo mission will carry ENA detectors in the 100 eV – 10 keV range. The magnetic field of Mercury is weaker than that of Earth so that the magnetosphere is much smaller in relation to the planet. Consequently a trapped ring current and radiation belt region would be below the surface of Mercury; in other words, it is unlikely there are any stably trapped ions or electrons at Mercury. The short spatial scale also places limits on the acceleration of charged particles that can take place. In the terrestrial magnetosphere MeV particles are not uncommon, but Mercury is unlikely to be capable of accelerating particles to more than a couple of keV’s.
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FIGURE 12. A simulated ENA image of the interaction between the proton population in the 10 keV range and the tenuous exosphere at Mercury. The two bright, latitudinal bands seen on the left side comes from precipitating magnetospheric ions. Taken from Brandt [1999].
Figure 10 shows a simulation of what an ENA image obtained by an ideal camera would look like [Brandt, 1999]. As at Earth, plasma should be predominantly energized in the tail region of the magnetosphere, but since Mercury’s magnetosphere is relatively small in relation to the size of the planet, it has been predicted that plasma can be accelerated onto the surface of the nightside, perhaps producing short-lived (10 s -1 min) pulses of ENAs [Barabash et al., 2001]. Plasma would be lost rapidly in this process and would most likely not build up any significant ring current or radiation belt. There are indications that many other processes exist in which charged particles impact the surface in Mercury’s “auroral zones” sputtering material directly from the surface, as well as direct access of the solar wind to the subsolar point. Detecting any of these processes will require, not only high resolution sub-keV imaging, but also mass resolution over a wider range than has been possible before.
As with any imaging technique, the addition of multiple viewing points increases the information about the 3D structure of the object. For ENA imaging this is especially important, not only because of the size and shape of the ion distributions, but because the ion distributions in the magnetosphere are not always isotropic, resulting in ENA intensities that depend on the vantage point of the detector. Simultaneous images from different viewing points can be combined in inversion algorithms to extract the 3D information. Currently, there are only two missions carrying ENA imagers around the Earth: The IMAGE and Double Star missions. The Double Star mission is a Chinese-European mission consisting of two satellites, of which one carries an ENA imager. During 2005-2007 (at a yet unknown date) the NASA TWINS mission consisting of two identical satellites will be launched separately with about a one-year interval, carrying identical ENA imagers in the 1-50 keV range of similar type to the Medium Energy Neutral Atom (MENA) imager [Pollock et al., 2000] on board the IMAGE mission. Therefore, the next coming years will yield increasingly quantitative global information on the terrestrial ring current.
SUMMARY
ENA imaging is a novel, powerful technique for imaging space plasma, which is inaccessible by conventional imaging techniques. APL has been responsible for most of the development and discovery of ENA imaging. Today APL leads two ENA imaging experiments, one in orbit around Earth (on the IMAGE mission) and the other in orbit around Saturn (on the Cassini mission). APL participates in national and international collaborations involving ENA imaging experiments such as TWINS, Mars and Venus Express, IBEX and Bepi-Colombo to Mercury. We have shown how the IMAGE/HENA camera can obtain snapshots (~10 min) of the global plasma pressure distribution of the inner magnetosphere, which allows us to understand the dynamics of the ring current and how the magnetosphere connects to the ionosphere on a global scale.
The INCA ENA imager on board the Cassini satellite orbiting Saturn has revealed a huge magnetosphere that includes injections of energetic ion clouds rotating with the planet and interacting with the moons and their atmospheres. ENA imaging is also one of the few methods to remotely explore the boundaries of the heliosphere, where ENAs are produced when shocked solar wind ions interact with the interstellar medium. The IBEX mission to image the boundaries of the entire heliosphere is currently a NASA mission in preparation by Southwest Research Institute and APL.
ACKNOWLEDGEMENTS
The Cassini/MIMI program at JHU/APL is supported by the NASA office of Space Science under Task Order 003 of contract NAS5-97271 between the NASA Goddard Space Flight Center and the Johns Hopkins University. The IMAGE/HENA program is supported by NASA contract NAS5-96020 through subcontract with the Southwest Research Institute, TX.
TEAM BIOGRAPHY
Dr. P. C. Brandt received his PhD in December 1999 at the Swedish Institute of Space Physics, Kiruna, Sweden, in space plasma physics with a thesis entitle “ENA imaging of Planetary Magnetospheres”. He joined JHU/APL in 2000 as a Post Doctoral Fellow and has been a senior staff member since 2002. Dr. Brandt is currently involved in the Cassini, IMAGE, Mars-, and Venus Express missions, working on magnetospheric research with a focus on ENA imaging.
Dr. D. G. Mitchell is the Principal Investigator of the HENA and INCA instruments and is involved in numerous instrument development efforts at JHU/APL including IBEX.  He is involved in the science analysis of energetic particle measurement from IMAGE, Cassini, Bepi Colombo, Messenger, and more. Dr. Mitchell received his PhD in 1975 at the University of New Hampshire and joined JHU/APL 1978, where he became a senior staff member 1991.
Dr. E. C. Roelof received his PhD at the University of California, Berkeley, in 1966 and joined JHU/APL in 1974, where he now holds a Principal Staff position. He is involved in numerous science investigations: Galileo, Ulysses, Geotail, Voyager, Cassini, ACE, IMAGE , TWINS, Mars- and Venus Express and IBEX.
Dr. S. M. Krimigis received his PhD from the University of Iowa 1965 and joined JHU/APL in 1968, where he headed the Space Physics and Instrumentation Group, became Chief Scientist in 1980, and Head of the Space Department in 1991. Dr. Krimigis' research interests include the Earth's environment, its magnetosphere, the Sun, the interplanetary medium, and the magnetospheres of the planets and other astrophysical objects. He has been Principal Investigator or Co-Investigator on several NASA spacecraft, including the Low Energy Charged Particle (LECP) Experiment on Voyagers 1 and 2, and the Active Magnetospheric Particle Tracer Explores (AMPTE). He is currently a Principal Investigator for the 1997 Cassini mission to Saturn and Titan, and a Co-Investigator on the Galileo, Ulysses, ACE and MESSENGER missions. 
Dr. C. P. Paranicas has done research on Earth’s magnetosphere and the planetary magnetospheres for about 20 years. He is working on the Galileo Jupiter and Cassini Jupiter and Saturn charged and neutral particle data sets. His main area of interest is the weathering of satellite surfaces in planetary magnetospheres.
Dr. B. H. Mauk is the Supervisor of the Particles and Fields section of the Space Physics group at APL. He is a Co-I on the Voyager LECP and Cassini MIMI instruments.

Dr. J. Saur received his PhD from University of Cologne, Germany in 2000 and joined JHU/APL in 2003. Dr. Saur’s specialty is plasma interactions with the moons of  Jupiter and Saturn. He is now at the University of Cologne, Germany.
Dr. R. DeMajistre received his PhD in Computational Physics in 2002 at the George Mason University, Fairfax, VA. He joined JHU/APL in 1994 as a senior staff member and is currently involved in developing inversion techniques for remote sensing measurements of the magnetosphere and the thermosphere obtained from the IMAGE and TIMED missions.
REFERENCES
Amsif, A., Dandouras  I., and Roelof, E. C., “Modelling the Production and the Imaging of Energetic Neutral Atoms from Titan's Exosphere”, Journ. Geophys. Res., 107(A10), 22169-22181 (1997)
Barabash, S., Lukyanov, A. V., Brandt, P. C. and Lundin, R., "Energetic neutral atom imaging of Mercury's magnetosphere 3. Simulated images and instrument requirements", Plan. Space Sci., 49(14-15), 1685-1692 (2001)
Barabash, S., “Satellite observations of plasma-neutral coupling near Mars and the Earth”, PhD Thesis, The Swedish Institute of Space Physics, Kiruna, Sweden, December, (1995)
Barabash, S., Norberg, O., Lundin, R., Olsen, S., Lundin, K., Brandt, P. C.,  Roelof, E. C., Chase, C. J., Mauk, B. H., “Energetic neutral atom imager on the Swedish Micro Satellite Astrid”, AGU Geophysical Monograph Series, (103), “Measurement Techniques in Space Plasmas”, Ed. R. F. Pfaff, AGU, Washington DC, 257-262 (1998)
Brandt, P. C., “ENA imaging of Planetary Magnetospheres”, PhD Thesis, Swedish Institute of Space Physics, Kiruna, Sweden, December (1999)

Brandt, P. C., Barabash, S., Norberg, O., Lundin, R., Roelof, E. C., Chase, C. J., “ENA Imaging at Low Altitudes From the Swedish Micro Satellite Astrid: Images and Spectral Analysis, Journ. Geophys. Res., 104(A2), 2367-2379 (1999)
Brandt, P. C., Barabash, S., Roelof, E. C. and Chase, C. J., “ENA Imaging at Low Altitudes From the Swedish Microsatellite Astrid: Extraction of the equatorial ion distribution”, Journ. Geophys. Res., 106(A11), 25731-25744 (2001)
Brandt, P. C., Ebihara, Y., Barabash, S., Roelof E. C., “ENA images of a narrow flow channel from the plasmasheet during quiet conditions. Astrid-1 observations”, Journ. Geophys. Res., 107(A10), doi:10.1029/2001JA000230, (2002a)
Brandt P. C., Ohtani S., Mitchell, D. G., Fok, M. –C., Roelof , E. C., and Demajistre, R., "Global ENA observations of the storm mainphase ring current: Implications for skewed electric fields in the inner magnetosphere", Geophys. Res. Lett., 29(20),  doi:10.1029/2002GL015160 (2002b)
Brinkfeldt, K., H. Gunell, P. C. Brandt, S. Barabash,

 J. D. Winningham, R. A. Frahm, R. Lundin, M. Holmstrom, H. Andersson, A. Grigoriev, M. Yamauchi, J. -A. Sauvaud, A. Fedorov, E. Budnik, J. -J. Thocaven, J. Scherrer, J. Sharber, K. Asamura, H Hayakawa,

A. Coates, D. R. Linder, C. Curtis, K. C. Hsieh, B. R. Sandel, M. Grande, M. Carter, D. H. Schmidt, T. Sales, J. Kozyra, N. Krupp, J. Woch, J. Luhmann, S. McKenna-Lawlor, R. Cerulli-Irelli, S. Orsini, M. Maggi, A. Mura, A. Milillo, E. C. Roelof, D. Williams , S. Livi, P. Wurz, P. Bochsler, "ENA measurements from Mars eclipse", Icarus, in press (2005)
Burch, J. L., “The IMAGE Mission”, Reprinted from Space Sci. Rev., 91(1-2), Kluwer Academic (2000)
Cheng, A. F., Keath, E. P., Krimigis, S. M., Mauk, B. H., McEntire, R. W., Mitchell, D. G., Roelof, E. C., and Williams, D. J., “Imaging neutral particle detector”, Remote Sensing Reviews, 8, 101-145 (1993)
Dandouras, J., and Amsif, A., “Production and imaging of energetic neutral atoms from Titan’s exosphere:  a 3-D model”, Planet. Space Sci., 47(10-11), 1355-1369 (1999)

Decker, R. B., Krimigis, S. M., Roelof, E. C. Hill, M. E., Armstrong, T. P., Gloeckler, G., Hamilton, D. C., and Lanzerotti, L. J., Science, 309(5743), 202-2024,  doi: 10.1126/science.1117569 (2005)
DeMajistre, R., Roelof, E. C., Brandt, P. C. and Mitchell, D. G., "Retrieval of global magnetospheric ion distributions from high energy neutral atom (ENA) measurements by the IMAGE/HENA instrument", Journ. Geophys. Res., 109(A04214), doi:10.1029/2003JA010322 (2004)
Gruntman, M. A., Roelof, E. C., Mitchell, D. G., Fahr, H. –J., Funsten, H. O., and McComas, D. J., “Energetic neutral atom imaging of the heliospheric boundary region”, J. Geophys. Res., 106(A8),  15767-15758 (2001)

Hovestadt, D. and Scholer, M., “Radiation Belt-Produced Energetic Hydrogen in Interplanetary Space”, Journ. Geophys. Res., 81(28), 5039-5042 (1976)
Jurac, S., and J. D. Richardson , A self-consistent model of plasma and neutrals at Saturn: Neutral cloud morphology, J. Geophys. Res., 110, A09220, doi:10.1029/2004JA010635 (2005)

Kirsch, E., Krimigis, S. M., Ip, W. H. , and Gloeckler, G., “X-ray and energetic neutral particle emission from Saturn’s magnetosphere: Measurements by Voyager-1”, Nature, 292, 718-721 (1981a)
Kirsch, E., Krimigis, S. M., Kohl, J. W., and Keath, E. P., “Upper limits for x-ray and energetic neutral particle emission from Jupiter: Voyager-1 results”, Geophys. Res. Lett., 8, 169-172 (1981b)
Krimigis, S. M., Kohl, J. W., and Armstrong, T. P., “The magnetospheric contribution to the quiet-time low energy nucleon spectrum in the vicinity of Earth”, Geophys. Res. Lett., 2, 457-460 (1975)
Krimigis, S. M.,  Mitchell, D. G., Hamilton, D. C., Dandouras, I., Armstrong, T. P., Bolton, S. J., Cheng, A. F., Gloeckler, G., Hsieh, K. C., Keath, E. P., Krupp, N., Lagg, A., Lanzerotti, L. J., Livi, S., Mauk, B. H., McEntire, R. W., Roelof, E. C., Wilken, B. and  Williams, D. J., “A nebula of gases from Io surrounding Jupiter”, Nature 415, 994-996, doi: 10.1038/415994a (2002)
Krimigis, S. M., Mitchell, D. G., Hamilton , D. C.,  Krupp, N. Livi, S., Roelof, E. C., Dandouras, I., Armstrong, T. P., Mauk, B. H., Paranicas, C. P., Brandt, P. C., Bolton, S., Cheng, A. F., Choo, T., Gloeckler, G., Hayes, J., Hsieh, K. C., Ip, W. –H., Jaskulek, Keath, E. P., Kirsch, E. Kusterer, M., Lagg, M., Lanzerotti, L.,  LaVallee, J., Manweiler, J., McEntire, R. W., Rasmuss, W., Saur, J., Turner, F. S., Williams, D. J. and Woch, J., “Dynamics of Saturn's Magnetosphere from MIMI During Cassini's Orbital Insertion”, Science, 307(5713), 1153-1356 (2005)
Lui, A. T. Y., “Extended consideration of a synthesis model for magnetospheric substorms”, Magnetospheric Substorms,  64, ed. by J. R. Kan, T. A. Potemra, S. Kokubun, T. Iijima, 43-60 (1991)
Mauk, B. H., Mitchell, D. G., Krimigis, S. M., Roelof, E. C., Paranicas, C. P., “Energetic neutral atoms from a trans-Europa gas torus at Jupiter”, Nature, 421, 920-922 (2003) 

Mitchell, D. G., “Guest Editor’s Introduction”, Johns Hopkins APL Techn. Digest,  11(3-4), 224-227 (1990)
Mitchell , D. G.,  Jaskulek, S. E., Schlemm, C. E., Keath, E. P., Thompson, R. E., Tossman, B. E., Boldt, J. D., Hayes, J. R., Andrews, G. B., Paschalidis, N., Hamilton, D. C., Lundgren, R. A., Tums, E. O., Wilson IV, P., Voss, H. D., Prentice, D., Hsieh, K. C., Curtis, C. C. and Powell, F. R., “High energy neutral atom (HENA) imager for the IMAGE mission”, Space Sci. Rev., 91, 67-112 (2000)

Mitchell, D. G., Paranicas, C. P., Mauk, B. H., Roelof, E. C. and Krimigis, S. M., “Energetic neutral atoms from Jupiter measured with the Cassini magnetospheric imaging instrument: Time dependence and composition”, Journ. Geophys. Res., 109(A09S11), doi:10.1029/2003JA010120 (2004)
Mitchell D. G., Brandt, P. C., Roelof, E. C., Dandouras, I., Krimigis, S. M., and Mauk, B. H., “Energetic Neutral Atom Emissions from Titan Interaction with Saturn's Magnetosphere”, Science,  308, 989-992, doi:10.1126/science.1109805 (2005)
Mitchell, D. G., Brandt, P. C., Roelof, E. C., Dandouras, I., Krimigis, S. M., Mauk, B. H., Paranicas, C. P. Krupp, N., Hamilton, D. C., Kurth, W. S., Zarka, P., Dougherty, M. K., Bunce E. J. and Shemansky, D. E., “Energetic ion acceleration in Saturn's magnetotail: Substorms at Saturn?”, Geophys. Res. Lett., 32, L20S01, doi:10.1029/2005GL022647 (2005)
Moore, T. E., Chornay, D. J., Collier, M. R, Herrero, F. A., Johnson, J., Johnson, M. A., Keller, J. W., Lobell, J. F., Ogilvie, K. W., Rozmarynowski, P., Fuselier, S. A., Ghielmetti, A. G., Hertzberg, E., Hamilton, D. C., Lundgren, R., Wilson, P., Walpole, P., Stephen, T. M., Peko, B. L., Van Zyl, B., Wurz, P., Quinn, J.  M., Wilson G. R., “The low-energy neutral atom imager for IMAGE”, Space Sci. Rev., 91(1), 155-195 (2000)
Paranicas, C. P., D. G. Mitchell and P. C. Brandt and S. M. Krimigis and B. H. Mauk, “Periodic intensity variations in global ENA images of Saturn”, Geophys. Res. Letters, 32(21), L21101, doi: 10.1029/2005GL023656 (2005)

Pollock, C. J., Asamura, K., Baldonado, J., Balkey, M. M., Barker, P., Burch, J. L., Korpela, E. J., Cravens, J., Dirks, G., Fok, M. –C., Funsten, H. O., Grande, M., Gruntman, M., Hanley, J. Jahn, J. –M. Jenkins, M., Lampton, M., Marckwordt, M., McComas, D. J., Mukai, T., Penegor, T., Pope, S., Ritzau, S., Schattenburg, M. L., Scime, E., Skoug, R., Spurgeon, W., Stecklein, T., Storms, S., Urdiales, C., Valek, P., Van Beek, J. T. M., Weidner, S. E., Wuet, M., Young, M. K. and Zinsmeyer, C., “Medium energy neutral atom (MENA) imager for the IMAGE mission”, Space Sci. Rev., 91(1), 113-154, (2000)
Richardson, J. D. , “Thermal plasma and neutral gas in Saturn's magnetosphere”, Rev. of Geophys., 36(4), 501-524 (1998)
Roelof, E. C., D. G. Mitchell and D. J. Williams, “Energetic neutral atoms (E ~50 keV) from the ring current:  IMP-7/8 and ISEE-1”,  J. Geophys. Res., 90(A11) , 10991-11008 (1985)

Roelof, E. C., “Energetic Neutral Atom Image of a Storm-Time Ring Current”, Geophys. Res. Letters, 14, 652-655 (1987)
Roelof, E. C., “Remote Sensing of the Ring Current Using Energetic Neutral Atoms”, Adv. Space Res., 9(12), 195-203 (1989)

Roelof, E. C., “ENA emission from nearly-mirroring magnetospheric ions interacting with the exosphere”, Adv. Space  Res., 20(3), 361-366 (1997)

Tsyganenko, N. A., Singer, H. J. and Kasper, J. C., ”Storm-time distortion of the inner magnetosphere: How severe can it get?”, Journ. Geophys. Res., 108(A5), doi:10.1029/2002JA009808 (2003)

Vegard, L., Hydrogen showers in the auroral region, Nature, 144, p. 1089-1090, 1939.
Vegard, L., Emission spectra of the night sky and aurora, in Reports of the Gassiot Committee, 82, Year Book, Physical Soc. Lonond, 82, 25, p. 570-578, 1948.
Waters, C. L., Anderson, B. J. and Liou, K., “Estimation of global field aligned currents using Iridium magnetometer data”, Geophys. Res. Letters, 28,(11), 2165-2168 (2001)
Williams, D. J., Roelof, E. C. and Mitchell, D. G., “Global magnetospheric imaging”, Rev. Geophys., 30(3), 183-208 (1992)
Figure Captions
FIGURE 1. The structure of the terrestrial magnetosphere [Mitchel 1990; Lui 1991].

FIGURE 2. The production mechanism of ENAs. A trapped, singly charged, positive ion charge exchanges with a neutral gas atom or molecule. An electron is transferred from the neutral gas atom or molecule to the energetic ion, which becomes an ENA. The ENA is now unaffected by electric fields, magnetic fields, and also by the gravitational field (if the energy is significantly greater than the gravitational escape energy, which is a few eV for a hydrogen atom at Earth) and so the ENA propagates in a straight trajectory from its production point to the observer. The energy lost to the target in the charge exchange reaction is a couple of tens of eV, which makes this an energy-conserving process in the ring current energy range (> 1 keV).

FIGURE 3. (a) First ENA image constructed from data obtained by the MEPI detector on board the ISEE-1 satellite. (b) Simulated image using a parametric ring current and exospheric model. Taken from Roelof et al. [1987].

FIGURE 4. ENA images obtained by the ENA camera PIPPI on board the Swedish microsatellite Astrid. (a) Image of the interaction between the ring current and the upper atmosphere of the Earth. (b) Image of a flux tube filled with plasma obtained at 1000 km altitude on the nightside, at equatorial latitudes, looking down towards the Earth. The image is displayed in an all-sky projection, where the outermost rim is only one point. Both images have an unknown mix of 26-71 keV hydrogen and 46-130 keV oxygen ENAs.

FIGURE  5. ENA image in the <10 keV energy range obtained by the Neutral Particle Imager on board Mars Express. The image was obtained in eclipse behind Mars and shows the interaction between the solar wind and the upper atmosphere [Brinkfeldt et al., 2005]. Images like this can help us understand this interaction and how the upper Martian atmosphere is lost to space.

FIGURE 6. The HENA imager on board the IMAGE satellite. Taken from Mitchell et al. [2000].

FIGURE 7. (a) ENA image of the terrestrial proton ring current in the 10-60 keV range obtained by IMAGE/HENA. (b) The equatorial proton plasma pressure obtained by inverting the hydrogen ENA image in the 10-198 keV range on the left. Distances are plotted out to 8 RE.

FIGURE 8 Part of the electrical current system driven by the ring current plasma pressure. The colorcoded pixels in the plane represent the pressure exerted by the ring current protons imaged (through ENAs) by IMAGE/HENA. The derived currents are shown as black lines. Near the equator the currents close on themselves. At higher latitudes the currents become more horseshoe-like and close through the ionosphere, at slightly lower latitudes than the auroral oval. 

FIGURE 9. (a) ENA image obtained by INCA of the Jovian magnetosphere from about 150 RJ [Mitchell et al., 2004]. (b) The ENA image with the point spread function removed. The two peaks on either side of the central peak are the ENA emissions from the interaction between the energetic ions and the neutral gas torus produced by the Moon Europa. Taken from Mauk et al. [2003].

FIGURE 10. Hydrogen ENA images of the inner magnetosphere of Saturn obtained by INCA in the 20-50 keV range. The X-axis points towards the Sun, Z-axis is parallel to the rotation axis of Saturn, and the Y-axis completes the right hand system. The outermost ring represents the 20 Saturn Radii (RS) distance, which is approximately the orbit of Titan. Saturn itself and the visible extent of the rings are located in the center (small). The rotation direction of the observed ion cloud is indicated by the dashed curved arrow. The   inset shows simulated ENA image of the first ENA image at 03:45 UTC. The required energetic proton distribution extends beyond the orbit of Titan.

FIGURE 11. (a) Hydrogen ENA image in the 20-50 keV range of the interaction between the flow of magnetospheric ions and the dense atmosphere of Titan. Note that the emissions are most intense on the trailing side (right side) of the flow. (b) The mechanism responsible for the asymmetry. Since the gyroradius of a proton is comparable to the radius of Titan and since the neutral gas density falls of exponentially with altitude, most ENAs, produced at low altitude, travel towards Cassini on the trailing side. ENAs produced at low altitudes, on the leading side of Titan, travel away from Cassini.
FIGURE 12. A simulated ENA image of the interaction between the proton population in the 10 keV range and the tenuous exosphere at Mercury. The two bright, latitudinal bands seen on the left side comes from precipitating magnetospheric ions. Taken from Brandt [1999].
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