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Global Imaging of Solar Wind-Planetary Body Interactions using Soft X-ray Cameras

A common challenge in all of space physics - including studies of the terrestrial plasma environment – is the difficulty of imaging plasmas near planets. Auroral images capture some global aspects of the solar wind or magnetospheric interaction with the planets (e.g., Earth, Jupiter…). For example, Mars Express (MEX) auroral UV indicated regions of electron precipitation [Bertaux et al., 2006] and both UV and X-ray images of the Jovian aurorae provide some idea of the global magnetosphere-ionosphere interaction. Furthermore, the IMAGE mission provided dynamical images of the Earth’s plasmaspheric plasma [Burch et al., 2003]. Yet the distribution of the solar wind around the planets and the entry of solar wind into magnetosphere-atmosphere systems have not been imaged. We show in this white paper that, with suitable instrumentation on planetary and terrestrial spacecraft, soft X-ray emission associated with the solar wind interaction with planetary neutral atoms can map out the solar wind distribution around planets, including the locations of plasma boundaries such as magnetopauses and bow shocks. 

1. Solar Wind Charge Exchange (SWCX) - In the mid-1990s observations of comet Hyakutake by the Roentgen Satellite, ROSAT, as shown in Figure 1, revealed unexpectedly strong soft X-ray emission [Lisse et al., 1996]. This was a mystery at the time: very hot objects are normally required to produce X-rays, and comets are far too cold. However, shortly thereafter Cravens [1997] provided the explanation for this mysterious emission. The solar wind, a radially flowing fluid of primarily protons and helium which fills the entire solar system, also contains a small percentage (<1%) of high charge state heavy ions like C6+, O7+, and Fe13+. These species which are ionized in the solar corona maintain their charge state as the solar wind flows outward through the solar system. When these solar wind ions encounter the high densities of neutral atoms close to a comet, they undergo charge exchange, basically “stealing” an electron from the cometary neutral atoms. The resulting heavy ion, which now has a charge state lower by one, ends up not in the ground state, but rather in an excited state. This excited state quickly relaxes, and in the process the product ions emit soft X-ray and EUV photons [cf. Cravens, 2002; Krasnopolsky et al., 2004]. This process is shown in Figure 2. Other X-ray production mechanisms were evaluated (e.g., scattered solar X-rays) and turned out to be much less efficient than SWCX [cf. Krasnopolsky et al., 2004; Bhardwaj et al., 2007].
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Figure 1 - Mysterious soft X-ray emission from comet Hyakutake.
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Figure 2 - Solar wind charge exchange soft X-ray emission mechanisms.

However, the observation that settled definitively that the mechanism for cometary soft X-ray emission is solar wind charge exchange was the first Chandra comet spectrum. This spectrum showed clear lines which could be identified with specific high charge state solar wind ions. For example, when solar wind O8+ ions charge exchange with a neutral atom the excited O7+ produced emits at the characteristic lines at 654 eV, 775 eV, and 817 eV. And solar wind O7+ ions produce lines from excited O6+ at 561 eV, 568 eV, 574 eV, and 616 eV [cf. Lisse et al., 2001].

Subsequently, we have learned that all comets are X-ray sources with luminosities as high as 1 GW and with the emission extending over hundreds of thousands of kilometers [cf. Cravens, 2002; Dennerl et al., 1997; Krasnopolsky et al., 2004; Kharchenko and Dalgarno, 2000]. Figure 3 shows Chandra and EUVE satellite observations of the X-ray (panel A) and EUV (panel B) emission generated by SWCX at comet LINEAR. The emission is spread out due to the extensive nature of the comet’s atmosphere (coma) and the emission peaks sunward of the cometary nucleus due to collisional depth effects as the solar wind ions are attenuated by the charge transfer collisions. By contrast, the optical image (panel C) shows cometary ions (CO+ bands) concentrated in the comet’s magnetotail. Panel D shows simulation results. Lisse et al. [2001] and other observers have demonstrated with measured spectra that the soft X-ray emission is mainly in transition lines expected from solar wind high-charge state species. Kharchenko et al. [2003] used relative line strengths from soft X-ray spectra observed from comet McNaught-Hartley to deduce the solar wind composition (e.g., relative O8+ and Ne9+ to O7+ abundances) upstream of this comet. And Wegmann and Dennerl [2005] used XMM-Newton data to construct a spatial image of comet C/2000 W1 in soft X-rays. Derivatives of averaged soft X-ray images were used to map out the dynamic location and shape of the cometary bow shock, which was found to be in good agreement with expectations.  
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Fig. 3. Dramatic images of SWCX emission from comets graphically illustrate that the same type of imaging can be performed at other solar system bodies. Panels a-c from Lisse et al. [2001]. Panel d – X-ray emission calculated with a MHD simulation of the solar wind flow around comet Hyakutake [Haberli et al., 1997; Cravens, 2002].
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Fig. 4. The correlation between soft X-ray intensities (red dashed) and solar wind fluxes (blue solid) shows that the solar wind interacting with neutral atoms in the vicinity of Earth can be observed in soft X-rays.

With the insight provided by the cometary soft X-ray observations, it was not much of an extension to realize that the same charge exchange process operating at comets is also operating at all times around Earth. This is because the Earth’s exosphere extends beyond the magnetopause, the magnetic boundary that separates the Earth’s geospace environment from that of the solar wind [Hodges, 1994; Østgaard et al., 2003]. The terrestrial exospheric hydrogen density, which exceeds the nominal density of the solar wind at the magnetopause, drops off rapidly and continuously with distance from the Earth. So, soft X-ray emission due to the solar wind interacting with the Earth’s exospheric hydrogen should also be observed near the Earth. Figure 4 shows the correlation between the solar wind proton flux observed by IMP-8 and the ROSAT soft X-ray flux and illustrates not only the presence of this signal, but also its exceptional correlation with local solar wind conditions. ROSAT experienced a high count rate even though it observed from low-Earth orbit and was constrained to look roughly perpendicular to the Earth-Sun line, and therefore through the flanks rather than through the most intense emission at the nose of the magnetopause. In addition, ROSAT showed an almost immediate response to rapid variations in the solar wind [Cravens et al., 2001].

Note that soft X-rays can also be produced by elastic and fluorescent scattering of solar X-rays from a gas, a fact well demonstrated by astrophysical X-ray observatories when looking at the sunlit Earth [Snowden and Freyberg, 1993]. This effect is also observable in other solar system objects. For example, Cravens and Maurellis [2001] predicted that the disk X-ray emission from Venus and Mars was largely due to X-rays associated with K-shell ionization of carbon dioxide which Dennerl et al. [2002] later confirmed with Chandra observations. However, the cross sections for either elastic scattering or K-shell photoionization are very small in comparison to those for SWCX and a large column of gas is needed to produce significant X-ray intensities. For comets, Krasnopolsky [1997] estimated that this source is orders of magnitude less efficient than the SWCX mechanism. Similarly, Krasnopolsky demonstrated that for comets, K-shell X-ray production from solar wind electron impact ionization is not important (this electron population is far too cold).

2. Current and Future Observations at Mars and Venus - The discussion above clearly demonstrates that solar wind charge exchange soft X-ray imaging provides global imaging in contrast to traditional in-situ measurements (e.g., Mars Global Surveyor, Mars Express, Pioneer Venus, Venus Express). Traditional in-situ imaging does not provide a global view of the plasma environment including the bow shock and the solar wind-ionosphere boundary layer (i.e., “ionopause” boundary layer).   The upper ionosphere and any associated ionospheric/atmospheric escape at Mars strongly depend on how the solar wind interacts with the ionosphere, atmosphere, and crustal fields. The upper ionosphere, extending out through the magnetic pile-up boundary, is a region where ionospheric plasma can escape down the tail (on the nightside), or where pick-up processes are particularly effective. Global imaging of the solar wind distribution around Mars would greatly enhance our ability to determine the solar wind-related atmospheric escape.

Observations of global SWCX emission at Mars and Venus show that the soft X-ray emission from both planets are similar in nature to those from Earth. At Mars, the Chandra X-ray observatory in 2001 detected an X-ray halo due to solar wind charge exchange [Dennerl et al., 2006; Gunell et al., 2004, 2005; Dennerl, 2002; Holmstrom et al., 2001]. At Venus, because the mass of Venus is significantly larger than that of Mars, the exospheric density falls off faster [Gunell et al., 2007]. Consequently, identifying the SWCX X-ray halo in initial Chandra data in 2001 was unsuccessful due to solar maximum solar X-ray contamination. However, subsequent Chandra observations in 2006 and 2007, during solar minimum did reveal the Venusian exosphere to emit SWCX soft X-rays [Dennerl, 2008]. 30.4 nm UV emission from charge exchange of solar wind alpha particles with atmospheric species has been observed at both Venus and Mars and compared to soft X-ray emission [e.g. Krasnopolsky and Gladstone, 2005], so that UV observations supply complementary data to soft X-rays.
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Fig. 5. Simulated images of solar wind charge exchange X-ray emission from Mars.

Figure 5 shows two simulations of solar wind charge exchange X-ray emission at Mars. In the figure on the left, the small white circle shows Mars’ surface and the large circle shows the outer limit of the X-ray halo. Recently, Suzaku imaged Mars and XMM-Newton will image Mars in November. For the XMM observation, we will have in-situ ASPERA-3 ion measurements, which will enable better modeling than we have had for past observations. 
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Fig. 6. Simulations of the solar wind interaction with the terrestrial magnetosphere in soft X-rays viewed from both the front and side.

In this context, the terrestrial magnetosheath can also serve as a relevant example of potential observations at other planets. Figure 6 shows a simulation of the interaction between the solar wind and the terrestrial magnetosphere as observed in soft X-rays from both the front and side. The plasma configuration was determined from MHD simulations performed at the Community Coordinated Modeling Center (CCMC) for the March 31, 2001 storm [Robertson et al., 2006]. Note that the cusps should be particularly bright soft X-ray emitters because the solar wind has easy access along the open field lines to the high density neutral atom population close to the Earth.

3. Planetary Science Topics Addressed by SWCX Observations - Solar wind charge exchange soft X-ray observations address controversies about the solar wind interaction with planetary bodies and, in particular, the dynamic response. The most accessible of these extraterrestrial bodies is the Earth’s Moon.

Distribution of the solar wind around planets, particularly the moon, and solar wind penetration into wakes and tails - To illustrate the observability of soft X-ray emission from the solar wind-lunar interaction, we present some simulations in which we considered argon the main neutral constituent of the lunar atmosphere, based on Table 1 of Stern [1999] with a density of ~105 cm-3 and a scale height of ~40 km. However, these results do not depend critically on the precise composition of the atmosphere and will be substantially the same even if, for example, neon [Heiken et al., 1991] or CO2 is the dominant species [e.g. Vondrak, 1992]. Because the moon does not have a significant magnetic field (although there are magnetic anomalies, [Lin et al., 1998a,b]), the solar wind directly strikes the surface of the Moon and no bow shock is formed. However, at other planets in which a bow shock is formed, soft X-ray imaging will capture the global morphology of the shock, as has already been demonstrated at comets by Wegmann and Dennerl [2005]. 
The solar wind-Moon interaction shown in Figure 7 illustrates the lunar plasma wake, a void downstream of the Moon where the solar wind plasma is blocked by the Moon. Although plasma generally cannot reach this cone, there are some sputtered particles present. At the wake boundary, a significant density gradient forms, providing a wakeward electric field. Electrons move ahead of the less mobile protons to fill the cavity and form an ambipolar electric field which accelerates the ions and causes them to follow the electrons forming the red region in the middle. 
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Fig. 8 – A simulation of the soft X-ray emission as a function of position in the lunar sky.

The wake-filling rate depends on the orientation of the interplanetary magnetic field (IMF). If the IMF is oriented along the flow, the wake will be almost unfilled (there are no collisions in the plasma and charged particles cannot move in the direction perpendicular to the magnetic field lines). Figure 7 shows a simulated density profile near the Moon for the IMF at an oblique angle (45°) [Travnicek et al., 2005]. 
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Fig. 7 – A simulation of the density of the solar wind near the Moon shows the lunar wake. A soft X-ray lunar observatory will be able to measure the extent of the wake.

Figure 8 shows a simulation of soft X-ray emission from the solar wind-lunar interaction. When the zenith angle is 90°, the positive azimuth angles look through the lunar wake, so the X-ray fluxes are suppressed, while the negative angles look back over the pole where the intensities are higher. Therefore, SWCX soft X-ray emission can observe the global structure of the solar wind-lunar interaction. Determining the properties of this interaction has both practical and scientific benefits. For example, the surface of the Moon, like any object in a plasma, charges to an electric potential that minimizes the total incident current [Manka, 1973; Stubbs et al., 2006a,b]. The lunar dayside typically charges a few volts positive, since the photoemission of electrons usually dominates. As a result a “photo-electron sheath” forms above the surface, which in the solar wind extends about a meter, and effectively shields the charged surface from the surrounding plasma [Singer and Walker, 1962]. On the nightside, the lunar surface usually charges ~50-100 volts negative in the solar wind, since plasma electron currents typically dominate [Freeman and Ibrahim, 1975]. In this case a “Debye sheath” shields the surface potential and can extend from meters to possibly kilometers above the surface [Halekas et al., 2003]. Because the coupling between the solar wind plasma and the lunar surface and atmosphere affects surface charging, imaging this interaction globally in soft X-rays may enable accurate real-time modeling of the lunar surface potential over large regions of the Moon.
Exospheric density and loss of atmosphere, sputtering, and pickup ions - Because the soft X-ray emission results from charge exchange, it provides a global window on processes that form and destroy planetary atmospheres and exospheres. In particular, the X-ray flux observed from SWCX is given by

                                                                   4 I ~ sw no L f                                                                       (1)

where I is the X-ray flux, sw is the solar wind flux, no is the surface density of the planetary atmosphere, L is the exponential scale height, f is a factor that depends on viewing geometry (1 for radial and ~5 for limb viewing), and  is a factor that represents the possible transitions and their weighted cross-sections. The value of a typically used is 6x10-16 eV cm2 [Pepino et al., 2004]. For high charge state species such as in the solar wind, the cross section is not very sensitive to the target species. The one exception to this general rule is for a target species of helium which is lower than hydrogen by about a factor of two [Greenwood et al.,  2000].

Because each charge exchange of a high charge state solar wind ion with a neutral atom in the planetary atmosphere or exosphere results in the conversion of a neutral planetary atom or molecule into a charge state +1 pickup ion which will eventually be lost either to the planetary surface or to interplanetary space, SWCX emission provides not only information on the exospheric density and its variation, but also a window on atmospheric loss. It will literally image the solar wind “blowing away” the planetary atmosphere. Loss of atmosphere at non-magnetic planets (e.g., Venus and Mars) can result from ionization of neutrals above the ionopause followed by pick-up by the solar wind flow. This loss mechanism depends on the overlap of the neutral exosphere and the solar wind. SWCX X-ray emission also depends on the overlap of the neutral exosphere and solar wind. Measurements of the spatial distribution, and temporal variations, of this emission would provide much insight into the loss processes.
Furthermore, in the case of the Moon, which has no large scale magnetic field, the plasma will, in general, strike the surface, creating sputtered ions. However, above magnetic anomalies [e.g. Hood and Williams, 1989; Harnett and Winglee, 2003; Hood and Artemieva, 2008], such as Reiner Gamma, the solar wind may be deflected and not reach the surface. Soft X-ray imaging will be able to tell us how close to the lunar and other planetary surfaces the solar wind can penetrate, providing answers to space weathering questions.

Pickup ions themselves have suggested the presence of water at Mercury [Zurbuchen et al., 2008] and have been proposed for mapping the lunar surface and exosphere [Elphic et al., 1991]. Lunar pickup ions have even been observed by a handful of spacecraft [Yokota et al., 2009; Mall et al., 1998; Hilchenbach et al., 1992]. Solar wind charge exchange soft X-ray imaging will provide complementary global observations for in-situ pickup ion measurements which will lead to global surface composition maps and a determination of exospheric structure.

Auroral emission at Jupiter - A powerful aurora in both the UV and the X-ray parts of the spectrum has been observed at Jupiter by several X-ray observatories [Bhardwaj et al., 2006]. X-ray emission from the Io Plasma Torus [Elsner et al., 2005] and from Saturn’s rings [Bhardwaj et al., 2007] has also been observed by Chandra. The auroral X-ray luminosity of Jupiter is about 1 GW and the emission originates in the polar cap region, sometimes with a 40-minute periodicity. The source of the auroral X-rays has been suggested to be either solar wind ions precipitating in the cusp region or sulfur and oxygen ions in the outer magnetosphere that have been accelerated to energies of about 1 MeV/nucleon [cf., Cravens et al., 2003]. Bunce et al. [2004] suggested that the ion acceleration was associated with sporadic reconnection at the dayside magnetopause. An X-ray imager onboard a spacecraft orbiting Jupiter would be able to make high spatial and temporal resolution observations not possible from Earth-based platforms.
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Fig. 9 – A sortie science X-ray observatory which will produce significant and unique scientific results while capable of withstanding the harsh lunar environment and being easily deployed by astronauts.

4. Concept Instrumentation - During the Apollo era, human missions to the moon deployed “suitcase science” packages called the Apollo Lunar Surface Experiments Package or ALSEP. In the future, such packages should include a soft X-ray imaging instrument for studying the solar wind-lunar interaction and the solar wind-terrestrial magnetosphere interaction.
Figure 9 shows a concept design for a Lunar X-ray Observatory (LXO). This instrument is based on the constraints of the ALSEP packages from the Apollo era. The baseline concept for the LXO utilizes a moderate resolution, large area, X-ray CCD camera based on the design for the EPIC/MOS instrument on the XMM-Newton observatory. The CCDs are housed in a small vacuum vessel and have a thin aluminum on polyimide optical blocking filter. The Figure 9 design utilizes a 10o mechanical collimator. X-ray focusing optics are largely precluded by the mass constraints of a sortie science instrument. The X-ray CCD camera is housed in a vacuum vessel which is necessary for ground testing, for protection from outgassing, and for protecting the thin optical blocking filter. The analog readout electronics and the digital event-processing electronics are distributed around the CCD housing as shown schematically in Figure 9.

A spacecraft instrument designed for planetary observations would not be subject to the same constraints as an astronaut-deployed surface instrument, particularly in terms of ergonomics, thermal considerations, and power. There exist a variety of instrument techniques developed in astrophysics that could be used to detect soft X-rays for planetary imaging. However, X-ray telescopes using conventional nested mirror optics are optimized for the study of relatively compact objects and point sources within a small field-of-view. The proximity and scale of solar wind-planetary interactions are such that an X-ray camera designed to globally image the interaction must employ an alternative wide area optic technology such as the micropore (Lobster-Eye) optics design pioneered by the University of Leicester [Brunton et al., 1997; Fraser et al., 2002] which enable instrumentation with both wide field-of-view and low mass. 
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Fig. 10. This figure shows a slumped square pore MCP ideal for imaging soft X-ray emission from the solar wind-planetary interaction.

The design employs slumped microchannel plates (MCPs) with square channel cross-sections called micropore optics (MPOs), an example of which is shown in Figure 10 [Price, 2001]. The pore sizes on these MCPs are typically 20 microns on a side. The square pores provide an array of channels that approximates a Kirkpatrick-Baez system [Kirkpatrick and Baez, 1948], but in a small area, increasing the reflecting surface visible to the source and thus the effective area of an optic of a given size. Internal reflections from two orthogonal walls of the square cross-section channel reverse the direction of the two components of the ray’s velocity. By slumping the micropore optic such that the channel axes are perpendicular to the surface of a sphere, the optic can be used to focus X-rays from infinity to an image surface positioned at half the sphere’s radius.
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Fig. 11 – A concept for a solar wind-planetary interaction soft X-ray imager.
In planetary missions, the micropore optics design is currently undergoing laboratory development by Leicester as the focusing element of the Mercury Imaging X-ray Spectrometer (MIXS) on the upcoming BepiColombo mission. While not designed to image the solar wind-Mercury interaction, MIXS demonstrates the maturity level of this technology.

Figure 11 shows an initial design concept for an X-ray camera for imaging the solar wind-planetary interaction. The imager is shorter than 50 cm with a cross-section of ~15 cm x 15 cm. Soft X-ray photons enter the instrument through the micropore optics array at the top. The complete array will be built up from a number of individually fabricated plates of dimension ~4 cm x 4 cm (see Fig. 10) held together in a mounting bracket. The optics focus the soft X-rays to a point at about half the radius of curvature of the array. Theoretical and laboratory work at Leicester on the concept designs of a wide-area X-ray transient monitor with a ~30° x 30° field-of-view [Fraser et al., 2002] baselined a micropore array with a focal length of 37.5 cm. 

5. Conclusion - Plasma boundaries involving abrupt changes in plasma parameters, such as shocks, will be very apparent in soft X-ray images. One critical part of interpreting the more general measurements is modeling as the solar wind charge exchange emission involves an inversion process to disentangle the contributions from the exosphere and from the solar wind. Still, significant progress has already been made on this topic. For example, Wegmann and Dennerl [2005] used XMM-Newton data to construct a spatial image of comet C/2000 W1 in soft X-rays similar to that shown in panel A of Fig. 3. Derivatives of averaged soft X-ray images were used to map out the dynamic location and shape of the cometary bow shock which was found to be in good agreement with expectations [cf. Flammer, 1991]. Models for SWCX X-ray emissions demonstrate that comparable tomographic reconstruction of shocks and plasma boundaries will be possible with soft X-ray imaging providing the first three dimensional global reconstruction of these boundaries. 
An orbiting imager at Mars, Venus, the Moon, Earth or any space body with neutral gas around it would be capable of imaging the solar wind interaction with that body in soft X-rays. The optimal orbit would be one that takes the spacecraft beyond the plasma boundaries so that the imaging can be performed from the outside. However, even measurements from inside the boundaries, although complicating the interpretation, would provide imaging of the boundary extents and plasma properties.

Past observations of SWCX emission, although extremely valuable, were performed by astrophysical telescopes not optimized for imaging the solar wind interaction with planetary bodies. A dedicated soft X-ray instrument optimized to image the solar wind-planetary body interaction on a future mission will allow us for the first time to observe this interaction globally. The purpose of this white paper is to encourage mission planners over the next decade to include a soft X-ray imager in the strawman payloads.
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