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Abstract

We utilize measurements from instruments on the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission to investigate

singly ionized helium formed by charge exchange between solar wind alpha particles and neutral hydrogen in the region upstream

from Mars. We show that the observed helium ion signal varies with solar wind speed and spatial location in a manner consistent

with expectations for a charge exchange source. We find that the ratio of singly to doubly ionized helium varies with Martian

season, with a peak in the southern summer season. The inferred neutral hydrogen column density and the seasonal variation

thereof agree with the results of previous studies based on other measurement techniques. The MAVEN helium ion measurements

provide a new method of probing the hydrogen corona, with nearly continuous coverage of the Martian seasonal cycle across

the entire mission, enabling study of the interannual variability of the Martian exosphere.
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Key Points: 10 

• Singly ionized helium is produced upstream from Mars by charge exchange between 11 
solar wind alpha particles and Martian neutral hydrogen 12 

• The observed ratio of singly to doubly ionized helium varies as expected with solar wind 13 
speed, spatial location, and Martian season 14 

• Helium ion measurements can be utilized to estimate the column density of hydrogen in 15 
the Martian corona and its seasonal variability  16 

  17 
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Abstract 18 

We utilize measurements from instruments on the Mars Atmosphere and Volatile EvolutioN 19 
(MAVEN) mission to investigate singly ionized helium formed by charge exchange between 20 
solar wind alpha particles and neutral hydrogen in the region upstream from Mars. We show that 21 
the observed helium ion signal varies with solar wind speed and spatial location in a manner 22 
consistent with expectations for a charge exchange source. We find that the ratio of singly to 23 
doubly ionized helium varies with Martian season, with a peak in the southern summer season. 24 
The inferred neutral hydrogen column density and the seasonal variation thereof agree with the 25 
results of previous studies based on other measurement techniques. The MAVEN helium ion 26 
measurements provide a new method of probing the hydrogen corona, with nearly continuous 27 
coverage of the Martian seasonal cycle across the entire mission, enabling study of the 28 
interannual variability of the Martian exosphere.  29 

 30 

Plain Language Summary 31 

Thanks to Mars’ small size and weak gravity, the upper reaches of its atmosphere extend far 32 
above the surface. The lightest element, hydrogen, forms a corona around Mars many times 33 
larger than the planet. The solar wind that flows from the Sun, composed mainly of protons and 34 
alpha particles (doubly ionized helium), interacts directly with this hydrogen corona. Reactions 35 
between solar wind alpha particles and neutral hydrogen in the corona can form singly ionized 36 
helium. We utilize measurements from instruments on the Mars Atmosphere and Volatile 37 
EvolutioN (MAVEN) mission to investigate the singly ionized helium signature in the region 38 
upstream from Mars. We show that the measured signal varies with solar wind speed and 39 
distance from Mars as expected, and utilize it to probe the structure and seasonal variability of 40 
the Martian hydrogen corona. These measurements will ultimately allow us to better understand 41 
the Martian seasonal cycle and its role in the escape of hydrogen from the Martian atmosphere.   42 

 43 

1 Introduction 44 

The solar wind that flows outward from the Sun through our solar system is primarily 45 
composed of ionized hydrogen (protons, ~95% of the solar wind number density on average), but 46 
also contains doubly ionized helium (alpha particles, ~4%), and an admixture of other heavier 47 
ions (~1%), many multiply charged (Bame et al., 1968; Ogilvie & Coplan, 1995). The relative 48 
abundance of alpha particles in the solar wind ranges from <1% to ~10%, and varies with solar 49 
cycle, heliographic latitude, and solar wind speed (Aellig et al., 2001; Kasper et al., 2007).  50 

In addition to doubly ionized helium (He++), the solar wind sometimes contains a small 51 
amount of singly ionized helium (He+). This can occur in unusually cold solar plasma (Gosling et 52 
al., 1980; Schwenn et al., 1980) such as that sometimes found in coronal mass ejections. He+ can 53 
also originate from ionization and pickup of interstellar neutral helium (Möbius et al., 1985), 54 
which produces a localized signature in the portion of the heliosphere downstream from the 55 
interstellar neutral flow, enhanced by the solar gravitational focusing of helium atom trajectories 56 
(Gloeckler et al., 2004).  57 

The production of He+ can also occur in situ, by charge exchange between solar wind 58 
He++ and neutral gases. For example, charge exchange with volatiles in a cometary coma leads to 59 
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a ratio of singly to doubly ionized helium that increases with decreasing distance to the nucleus, 60 
with observations of this ratio thereby enabling reconstruction of the neutral density profile 61 
(Burch et al., 2015; Fuselier et al., 1991; Shelley et al., 1987; Wedlund et al., 2016).  62 

Similar processes also occur at Mars, where charge exchange between the solar wind and 63 
neutrals in the Martian corona can remove up to 30% of the incident alpha particles, leading to 64 
deposition of solar wind helium in the Martian atmosphere (Chanteur et al., 2009; Stenberg et al., 65 
2011). Helium, of exogenic and endogenic origin, also escapes from the Martian atmosphere, by 66 
both thermal and nonthermal processes (Barabash et al., 1995; Krasnopolsky et al., 1993).   67 

A number of lines of evidence, including scattered Lyman-α (Bhattacharyya et al., 2015; 68 
Chaffin et al., 2014; Clarke et al., 2014), hydrogen pickup ions (Rahmati et al., 2018; Yamauchi 69 
et al., 2015), low frequency plasma waves driven by hydrogen pickup ions (Bertucci et al., 2013; 70 
J. S. Halekas et al., 2020; Romanelli et al., 2016; Romeo et al., 2021), and byproducts of charge 71 
exchange between solar wind protons and neutral hydrogen (J. S. Halekas, 2017) have 72 
demonstrated that the Martian hydrogen corona has a strong seasonal variability, peaking shortly 73 
after perihelion in the southern summer season. This seasonal variability apparently results from 74 
the Martian dust storm cycle, which enables transport of water to higher altitudes, where it 75 
undergoes destructive reactions that produce hydrogen that can then escape thermally (Chaffin et 76 
al., 2017; Fedorova et al., 2020; Stone et al., 2020).  77 

The extended nature of the hydrogen corona exposes it directly to solar wind ions in the 78 
upstream region and Martian magnetosheath, enabling charge exchange between neutral 79 
hydrogen atoms and solar wind protons and alpha particles. In this manuscript, we exploit these 80 
characteristics and utilize the ratio of singly to doubly ionized helium to probe the structure and 81 
seasonal variability of the Martian hydrogen corona.   82 

 83 

2 Helium Ion Measurements 84 

We utilize measurements from the SupraThermal and Thermal Ion Composition 85 
(STATIC) and Solar Wind Ion Analyzer (SWIA) instruments on the Mars Atmosphere and 86 
Volatile EvolutioN spacecraft (J. S. Halekas et al., 2015; Jakosky et al., 2015; McFadden et al., 87 
2015) to characterize the incident solar wind and measure the relative abundance of singly and 88 
doubly ionized helium around Mars. We utilize a combination of direct observations of the solar 89 
wind by SWIA in the upstream region and proxy data based on SWIA measurements of 90 
precipitating hydrogen in the upper atmosphere to characterize the solar wind speed (J. S. 91 
Halekas et al., 2017), which determines the charge exchange cross section between solar wind 92 
He++ and neutral hydrogen (Barnett et al., 1990). We utilize STATIC measurements to determine 93 
the ion energy per charge and mass per charge around Mars. We primarily employ the STATIC 94 
c6 product, which retains the best combined energy and mass resolution (32 energies x 64 95 
masses), but sums over all look directions.  96 

Figures 1 and 2 demonstrate our analysis methods. For all STATIC measurements, we 97 
utilize a basic background subtraction that removes the signature of proton and alpha particle 98 
straggling that can lead to spurious counts at the same energy per charge but in other mass per 99 
charge ranges (McFadden et al., 2015). We then separate the STATIC measurements into mass 100 
per charge bins, using mass per charge ranges of 0.7-1.4 to characterize protons, 1.4-2.5 to 101 
characterize He++, and 2.8-5.0 to characterize He+. These broad mass per charge bins account for 102 
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variations in time of flight in the sensor as well as the accuracy of timing and binning counts into 103 
mass tables onboard. These mass per charge bins can also contain other ions, notably including 104 
molecular hydrogen ions (primarily of magnetospheric origin) in the He++ bin and other heavier 105 
multiply charged ions (primarily of solar wind origin) in both helium ion bins.  106 

We next filter by energy per charge, in order to focus on ions approximately co-moving 107 
with the solar wind protons. We compute the characteristic energy of the protons 𝐸! =108 
𝐸!𝑓! 𝑣 𝑑!𝑣/ 𝑓! 𝑣 𝑑!𝑣 as a first estimate of the energy of the solar wind flow. For cases 109 

where this value is lower than the energy of the peak proton differential energy flux, we take the 110 
latter as a better estimate of the solar wind energy, in order to mitigate against the presence of 111 
low energy populations that skew the characteristic energy estimate. We then select ions in the 112 
He++ mass per charge range with energies per charge from 1.5 to 3.5 times that of the solar wind, 113 
and ions in the He+ mass per charge range with energies per charge from 3.0 to 7.0 times that of 114 
the solar wind. For He+, we also track a narrower mass per charge range of 3.3-4.4, and a 115 
narrower energy per charge range of 2.8 to 5.0 times the proton characteristic energy (as shown 116 
in Fig. 2), in order to determine whether the energy-mass distribution has a local maximum in the 117 
He+ bin. 118 

The top three panels of Fig. 1 show energy-time spectra for ions in the three mass per 119 
charge ranges, with the selected energy per charge ranges indicated. Fig. 2 shows a full energy-120 
mass distribution, with the selected mass per charge and energy per charge ranges marked. We 121 
find clear peaks in differential energy flux in the selected mass per charge and energy per charge 122 
ranges, but also note the presence of some weaker fluxes outside of these ranges. In the proton 123 
mass per charge range, we observe non-negligible fluxes both above and below the main solar 124 
wind peak. The lower energy protons primarily result from scattering of the solar wind from 125 
spacecraft and instrument surface, while the higher energy protons most likely represent 126 
hydrogen pickup ions and/or solar wind protons reflected at the bow shock or in the 127 
magnetosheath. We also note the presence of other ions roughly co-moving with the solar wind 128 
(which appear along the same diagonal arc in the energy-mass distribution), likely consisting of 129 
an admixture of heavier multiply charged solar wind ions. Finally, we observe a weak signal in 130 
the He+ mass per charge range at a higher energy per charge than expected for ions co-moving 131 
with the protons, which may indicate the presence of reflected and/or pickup helium ions.  132 
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 133 

Figure 1. Measurements made by the SupraThermal and Thermal Ion Composition (STATIC) 134 
instrument on the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft on 30 135 
September 2020. The top three panels show energy per charge spectra for ions with mass per 136 
charge consistent with protons, doubly ionized helium (He++), and singly ionized helium (He+), 137 
in units of differential energy flux (eV/[cm2 s sr eV]). The black line in the first panel shows the 138 
proton characteristic energy, and the orange and green lines in the second and third panels 139 
bracket the expected energy ranges for helium ions co-moving with the protons. The fourth panel 140 
shows the angle between the sunward vector and the undeflected STATIC field of view (solid), 141 
as compared to the maximum deflection angles for which STATIC can measure singly ionized 142 
helium with the solar wind speed (dashed). The fifth and sixth panels show the densities for ions 143 
in the three mass per charge ranges and the solar wind speed range, and the ratio between the 144 
singly and doubly ionized helium densities. Green diamonds in the bottom panel indicate points 145 
that meet all selection criteria described in the text. Labels at the bottom of the plot indicate the 146 
time and the location of the measurement in Mars-Solar-Orbital coordinates (in units of Mars 147 
radii). The vertical black dashed lines indicate the bow shock location, and the vertical blue line 148 
indicates the time of the measurement shown in Fig. 2.  149 
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 150 

Figure 2. Sample energy-mass distribution measured by STATIC, accumulated over a 128 s 151 
time range, in units of differential energy flux (eV/[cm2 s sr eV]). The black lines show the mass 152 
per charge range utilized to compute proton density, and the proton characteristic energy. The 153 
orange box shows the mass per charge and energy per charge range utilized to compute He++ 154 
density. The outer green box shows the mass per charge and energy per charge range utilized to 155 
compute He+ density, and the inner green box shows the ranges utilized to characterize the peak 156 
of the He+ distribution (see text).  157 

 158 

Using the mass per charge and energy per charge ranges defined above, we compute 159 
estimates of the densities of protons and doubly and singly ionized helium, as well as the ratio of 160 
singly to doubly ionized helium densities, as shown in Fig. 1. To improve statistics, we 161 
accumulate over 128 s intervals, co-adding all STATIC c6 products within each interval 162 
(nominally 32 individual 4-s accumulations), before background-subtracting and computing 163 
partial density moments.  164 

STATIC relies on electrostatic deflectors to cover its field of view (FOV), which has an 165 
azimuthal angle (anode angle) range of 360° and a maximum polar angle (deflection angle) range 166 
of ±45°. The constrained range of the high voltage that controls the electrostatic deflectors 167 
results in a reduced deflection angle range at higher energies. Since we primarily focus on solar 168 
wind ions, we track the angle between the sunward direction and the undeflected FOV, and 169 
compare to the maximum angular range over which STATIC can detect He+ with four times the 170 
energy per charge of the protons, as shown in Fig. 1. When the sunward direction falls outside of 171 
this angular range, the He+ signal typically drops significantly, as seen in the early portion of the 172 
orbit of Fig. 1. We therefore require that the sunward direction lies within the accessible FOV for 173 
the He+ energy per charge range, maximizing the likelihood that we can detect the signal of 174 
interest. 175 

We also apply a number of other selection criteria to the densities and density ratios that 176 
we derive. We require that the average differential energy flux in the inner mass per charge and 177 
energy per charge range for He+ exceeds the average over the entire He+ bin by at least 25%, to 178 



manuscript submitted to Journal of Geophysical Research: Planets 

 

eliminate cases where ions with other energies and/or masses dominate over the desired signal. 179 
We also require an He++ density greater than 0.04 cm-3, and a relative He++ to proton density 180 
ratio between 0.01 and 0.12, in order to ensure adequate statistics and rule out physically 181 
implausible solar wind conditions. Finally, we restrict our analysis to observations with proton 182 
characteristic energies greater than 500 eV, in order to focus on the solar wind and 183 
magnetosheath, and to eliminate data taken in off-nominal operating modes. The green diamonds 184 
in Fig. 1 indicate the observations that meet all of these selection criteria, for this time range.  185 

We carry out the analysis described above for the entire MAVEN science mission, and 186 
show the results in Figure 3. We find a high degree of variability in the individual measurements, 187 
likely resulting from a combination of statistical fluctuations, solar wind variability, differing 188 
observation geometries, and multiple populations of ions. Nonetheless, we do observe a clear and 189 
reproducible signature of seasonal variability in the observed He+ densities, both in the raw 190 
measurements, and more clearly in the median values.  191 

 192 

Figure 3. Helium ion densities measured by STATIC over the entire MAVEN mission. The four 193 
panels show He+ densities from locations outside of the nominal bow shock (upstream) and 194 
between the nominal magnetic pileup boundary and bow shock (sheath), and ratios between 195 
singly and doubly ionized helium densities for the same regions. The black dots show individual 196 
128 s accumulations meeting all selection criteria described in the text. The colored squares 197 
show 24-day medians for four ranges of solar wind speed measured by the Solar Wind Ion 198 
Analyzer (SWIA). The vertical purple lines indicate Mars solar longitudes (LS) of 270° (southern 199 
summer solstice).  200 
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 201 

The observed He+ densities clearly peak in the southern summer season, at a Mars solar 202 
longitude (LS) of ~270°, consistent with the known variability of the Martian hydrogen corona 203 
(Bertucci et al., 2013; Bhattacharyya et al., 2015; Chaffin et al., 2014; Clarke et al., 2014; J. S. 204 
Halekas, 2017; Rahmati et al., 2018; Romanelli et al., 2016; Romeo et al., 2021). Dividing the 205 
measured He+ density by the He++ density reduces the observed level of variability considerably 206 
and more clearly reveals the seasonal trends, as one would expect, since this normalization 207 
accounts for the variation in solar wind composition from stream to stream and thereby reduces 208 
the confounding effects of changing solar wind conditions.  209 

We utilize conic section models of the Martian bow shock and magnetic pileup boundary 210 
(Trotignon et al., 2006) to separate the observations into regions upstream of the nominal bow 211 
shock location and between the nominal bow shock and magnetic pileup boundary locations (i.e. 212 
in the magnetosheath). We find a greater median He+ abundance in the magnetosheath than in 213 
the solar wind, as expected for products of charge exchange, since ions in the sheath have 214 
traveled through a greater column density of neutral hydrogen. We also observe a larger He+ 215 
signal for higher solar wind speeds, again consistent with a charge exchange origin, given the 216 
steep increase in the 𝐻𝑒!! + 𝐻 → 𝐻𝑒! + 𝐻! charge exchange cross section with He++ energy 217 
(Barnett et al., 1990).  218 

 219 

3 Solar Wind Variability 220 

We further investigate the speed dependence of the observed He+ signal by plotting the 221 
data in Fig. 3 as a function of speed for a series of LS bins, as shown in Fig. 4. In the upstream 222 
region, we find a nearly constant apparent ratio of singly to doubly ionized helium, on the order 223 
of ~0.004, for most LS ranges. However, in the southern summer 240-300° LS range, we observe 224 
a density ratio that increases with solar wind speed. Assuming no background and production 225 
solely by charge exchange between alpha particles and neutral hydrogen, the observed speed 226 
dependence of the upstream signal in the 240-300° LS range would imply a median hydrogen 227 
column density of ~2.2x1013 cm-2. On the other hand, if we subtract a constant background ratio 228 
of 0.004, as suggested by the observations, the observed speed dependence of the upstream 229 
signal implies a hydrogen column density of ~1.6x1013 cm-2. The observed speed dependence of 230 
the helium ion density ratio closely agrees with that expected based upon measured charge 231 
exchange cross sections (Barnett et al., 1990), particularly with the addition of an assumed 232 
steady-state background level.  233 

For observations in the sheath, we again find a roughly constant ratio of ~0.004 in the 0-234 
60°, 60-120°, and 120-180° LS ranges (the three ranges surrounding aphelion at LS of 71°). We 235 
observe a small signal, with a slight apparent increasing trend with solar wind speed, in both the 236 
180-240° and 300-360° LS ranges, and a much more prominent signal with a clear solar wind 237 
speed dependence in the 240-300° LS range. Assuming no background and production solely by 238 
charge exchange between alpha particles and neutral hydrogen, the observed speed dependence 239 
of the magnetosheath signal in the 240-300° LS range would imply a median hydrogen column 240 
density of ~3.3x1013 cm-2. Meanwhile, assuming the same constant background ratio of 0.004 as 241 
above, the observed speed dependence of the magnetosheath signal implies a hydrogen column 242 
density of ~2.8x1013 cm-2. This range of values of column density agrees well with previous 243 
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inferences based on charge exchange between solar wind protons and Martian neutral hydrogen 244 
upstream of the bow shock for this LS range (J. S. Halekas et al., 2017).  245 

The origin of the apparent steady-state background level of ~0.004 remains uncertain. 246 
Given the lack of a clear seasonal dependence, it most likely does not result from processes that 247 
would vary with orbital position, such as pickup of interstellar helium. Given the lack of a clear 248 
difference between the apparent background level in the upstream and magnetosheath regions, it 249 
most likely does not result from charge exchange with other Martian exospheric neutral species 250 
(such as oxygen) that do not have strong seasonal variations (Rahmati et al., 2018). Therefore, 251 
the admixture of other solar wind minor ion species in the observations and/or the presence of 252 
additional instrumental backgrounds not accounted for in the analysis provide the most likely 253 
explanations for the observed systematics.    254 

 255 

Figure 4. Helium ion density ratios measured by STATIC over the entire MAVEN mission, 256 
from locations outside of the nominal bow shock (upstream) and between the nominal magnetic 257 
pileup boundary and bow shock (sheath), with median ion density ratios as a function of solar 258 
wind speed for six LS ranges. Black lines show expected ion density ratios given measured cross 259 
sections for charge exchange between He++ and neutral hydrogen (Barnett et al., 1990) and 260 
inferred neutral hydrogen column densities for the southern summer solstice LS range, assuming 261 
no background (solid lines, upper range of column densities), and a constant background level of 262 
0.004 (dashed lines, lower range of column densities).  263 

 264 

4 Seasonal Variability 265 

Given the speed dependence of the relevant charge exchange cross section, the 266 
measurements made during conditions with high solar wind speed provide the clearest record of 267 



manuscript submitted to Journal of Geophysical Research: Planets 

 

the seasonal variability of the Martian hydrogen exosphere. We therefore proceed to analyze the 268 
helium ion measurements obtained during times with solar wind speeds greater than 500 km/s to 269 
investigate the seasonal variability, as shown in Fig. 5. We find ratios of singly to doubly ionized 270 
helium ranging from ~0.004 to 0.02, with a peak at LS of ~270-300°, and generally higher values 271 
in the sheath region than in the upstream region.  272 

 273 

Figure 5. Helium ion density ratios measured by STATIC over the entire MAVEN mission, for 274 
the highest solar wind speed range (> 500 km/s), as a function of Mars solar longitude. The top 275 
panel shows median helium ion density ratios for measurements made outside of the nominal 276 
bow shock (upstream) and between the nominal magnetic pileup boundary and bow shock 277 
(sheath). The middle panel shows median inferred neutral hydrogen column densities, with 278 
(dashed lines) and without (solid lines) subtraction of a constant background helium ion density 279 
ratio of 0.004. The bottom panel shows the same hydrogen column density estimates derived 280 
from helium ions (dashed lines, with background subtraction), together with a previous estimate 281 
(purple lines) derived from byproducts of charge exchange between solar wind protons and 282 
Martian hydrogen (J. S. Halekas, 2017).  283 

 284 

We can convert the observed helium ion density ratios to column density estimates, using 285 
the same charge cross sections employed above (Barnett et al., 1990). For all measurements 286 
made during times with solar wind speeds greater than 500 km/s, we convert the observed 287 
density ratios to inferred column densities, utilizing cross sections appropriate for the solar wind 288 
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speed corresponding to each individual measurement. We perform this same calculation with and 289 
without first subtracting an assumed constant background ion density level of 0.004, and show 290 
the resulting median estimated column densities in Fig. 5. The median column densities thereby 291 
estimated reproduce all the same trends as the raw helium ion density ratios, though they do not 292 
represent an exact multiple thereof, given minor statistical differences in the observed solar wind 293 
speed distributions in each LS bin.  294 

Taking the background-subtracted version of the inferred column densities as our best 295 
estimate for both the upstream and magnetosheath datasets, we compare to column density 296 
estimates based on charge exchange between solar wind protons and Martian neutral hydrogen 297 
(J. S. Halekas, 2017), as shown in Fig. 5. We find that the previous proton-based estimates 298 
generally lie directly between the column density values inferred from our upstream and 299 
magnetosheath helium measurements. Given that the proton-based measurements were processed 300 
to isolate the signal of the hydrogen column extending upstream from the bow shock, one would 301 
expect exactly this ordering of the observations, since the column density encountered at the bow 302 
shock lies between the median column density encountered in the upstream region and that in the 303 
magnetosheath region. This agreement appears quite encouraging, given that we used no 304 
adjustable or assumed parameters in either analysis, other than an assumed constant helium ion 305 
density ratio background level, which we based directly on the systematics of our observations. 306 
The proton-based data, though also covering a full range of seasons, only overlaps with the first 307 
half of the full time range covered by the helium ion dataset, so this level of agreement may also 308 
indicate a fairly consistent seasonal cycle.   309 

We do note some level of disagreement in the LS range 330-360°, with the helium ion 310 
extrapolations for both the upstream and magnetosheath regions exceeding the proton-based 311 
estimate. Intriguingly, this Ls range corresponds with the time period where Mars crosses the 312 
helium focusing cone. Previous measurements indicate a cone centered at an ecliptic longitude of 313 
~74° (Gloeckler et al., 2004), which corresponds to an LS of ~349° at Mars. At the orbit of Mars 314 
(similar to at 1 AU), the helium focusing cone should contain neutral helium with a density 315 
enhanced by a factor of ~5 over the crosswind direction, and an eliptic longitude extent on the 316 
order of ~30-40° FWHM (Gloeckler et al., 2004). This appears quite consistent with the 317 
morphology of the peak we observe in our data in this Ls range, suggesting that this feature may 318 
result at least in part from the pickup of interstellar helium. Previous measurements indicate peak 319 
He+ differential energy fluxes for interstellar pickup ions on the order of ~104 eV/[cm2 s sr eV] at 320 
1 AU (Möbius et al., 1985). As Figs. 1 and 2 demonstrate, STATIC has the capability to detect 321 
such fluxes, at a level comparable to those arising from charge exchange with the Martian 322 
corona. Not all such pickup He+ ions would have energies per charge in the band we selected for 323 
analysis, but a portion would, lending credence to this hypothesis for the origin of the features 324 
observed in this LS range.  325 

 326 

5 Spatial Variability 327 

As a final consistency check, we investigate the spatial dependence of the observed 328 
helium ion density ratios around Mars. In order to best isolate the signal of interest, we focus on 329 
the southern summer LS range of 240-300° and the highest solar wind speed range (>500 km/s), 330 
We convert the measured helium ion density ratios to estimates of the neutral hydrogen column 331 
density, utilizing the same analysis procedure and same nominal background subtraction as 332 
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above. We show the results in Figure 6, in cylindrical Mars-Solar-Orbital (MSO) coordinates. 333 
We find that the inferred column densities increase steadily from the upstream region to the inner 334 
magnetosheath, as expected for a source derived from charge exchange between the solar wind 335 
and the hydrogen corona. The lack of any discontinuities in the inferred column densities at the 336 
bow shock suggests that our analysis methods work reasonably well to select reliable helium ion 337 
observations in both the upstream and magnetosheath regions.  338 

 339 

Figure 6. Inferred neutral hydrogen column densities derived from STATIC helium ion 340 
measurements (with background subtraction) for the southern summer solstice LS range and the 341 
highest solar wind speed range (>500 km/s), as a function of location, in Mars-Solar-Orbital 342 
(MSO) coordinates. For comparison, the bottom panel shows hydrogen column densities 343 
computed from a Chamberlain exospheric model (Chamberlain, 1963) for a plausible exobase 344 
density of 2x106 cm-3 and temperature of 200 K, utilizing straight-line integrations along 345 
tangents parallel to the MSO x axis. The green and blue lines show the nominal positions of the 346 
magnetic pileup boundary and bow shock (Trotignon et al., 2006).   347 

 348 

To provide an illustrative comparison, we utilize a Chamberlain exospheric model 349 
(Chamberlain, 1963) to compute a plausible neutral hydrogen density profile for an exobase 350 
density and temperature appropriate for this season, as determined from a previous analysis 351 
based on solar wind proton charge exchange (J. S. Halekas, 2017). We include no populated 352 
satellite orbits, as generally assumed. We calculate the corresponding column densities, using 353 
line-of-sight integrations along rays parallel to the Mars-Sun line (the MSO x axis). The solar 354 
wind ions do in fact follow approximately anti-sunward streamlines in the upstream region 355 
(neglecting the small aberration due to Mars’ orbital motion), but have more curved trajectories 356 
in the magnetosheath, since the plasma flows deflect around the magnetic pileup boundary and 357 
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the magnetosphere. Therefore, we cannot straightforwardly compare the model column densities 358 
in the sheath to those derived from the helium ion density ratio. Nonetheless, even with the 359 
simplifying assumptions we utilized, the reasonable agreement between the inferred and model 360 
hydrogen column densities provides a useful consistency check.  361 

In general, we expect the solar wind helium ions in the sheath to have encountered a 362 
somewhat larger column density than if they had followed straight-line anti-sunward paths. 363 
However, one would need to utilize a global model of the ion flow and compute the column 364 
density along ion streamlines to perform a more rigorous analysis. Given these complicating 365 
factors, we have made no attempt at this stage to perform an optimization to rigorously derive 366 
the best-fit exobase parameters. However, we note that in principle a sufficient set of 367 
measurements based on helium ion density ratios should provide enough information to constrain 368 
both the exobase density and temperature, without the same degree of colinearity intrinsic to 369 
some other methods utilized to investigate the structure of the Martian corona.  370 

 371 

6 Implications and Conclusions 372 

This manuscript provides a first study of the feasibility of utilizing helium ion 373 
measurements to probe the Martian hydrogen exosphere. We have shown with this work that 374 
singly ionized helium produced by charge exchange between solar wind alpha particles and 375 
neutral hydrogen exists and has a measurable signature in the region upstream from Mars. The 376 
observed solar wind speed dependence and spatial structure of this signal confirms the 377 
interpretation of its origin, and the seasonal variability thereby inferred for the hydrogen 378 
exosphere agrees well with extrapolations from a variety of other techniques. These 379 
measurements should ultimately help us refine our understanding of the role of the Martian 380 
seasonal cycle in the overall escape of hydrogen from Mars (Jakosky et al., 2018).  381 

Utilizing solar wind helium to probe the Martian exosphere has both advantages and 382 
disadvantages over previously utilized methods. Given the rather small ion densities in question, 383 
the helium ion measurement provides only a weak signal, requiring integration over long time 384 
ranges to accumulate sufficient counts to isolate the trends of interest. Furthermore, isolating the 385 
helium ion signal requires the subtraction of a number of backgrounds of both instrumental and 386 
geophysical origin, some more well understood than others. On the other hand, the helium ion 387 
measurement has the advantage of providing a signal that is relatively straightforward to invert to 388 
derive a column density estimate. Given a sufficient number of such measurements, one could in 389 
principle determine the 3-d structure of the hydrogen corona and compare to exospheric models 390 
to extract parameters such as exobase density and temperature, as well as the presence of any 391 
non-thermal components. Furthermore, one can make these measurements anywhere in the 392 
magnetosheath or upstream region, allowing nearly continuous coverage of the Martian seasonal 393 
cycle and thus enabling detailed study of the interannual variability of the Martian exosphere.   394 

Future studies could progress beyond this one by utilizing more sophisticated modeling 395 
of the trajectories of solar wind ions through the magnetosheath, thereby enabling a more direct 396 
comparison between data obtained in the sheath and the column densities predicted by 397 
parameterized exospheric models. One could also more explicitly account for other sources of 398 
singly ionized helium in the Martian environment, including pickup of neutral helium of both 399 
interstellar and Martian origin, and solar wind charge exchange with other neutrals. Accounting 400 
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for these sources would allow a better isolation of the signal from solar wind charge exchange 401 
with the hydrogen exosphere, and would also enable detailed characterization of the spatial 402 
structure and temporal variability of both interstellar and Martian helium.  403 
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