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[1] We have analyzed measurements of planetary ions near Mercury made by the MErcury
Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) Fast Imaging
Plasma Spectrometer (FIPS) over the first three Mercury years of orbital observations (25
March 2011 through 31 December 2011). We determined the composition and spatial
distributions of the most abundant species in the regions sampled by the MESSENGER
spacecraft during that period. In particular, we here focus on altitude dependence and
relative abundances of species in a variety of spatial domains. We used observed density as
a proxy for ambient plasma density, because of limitations to the FIPS field of view. We
find that the average observed density is 3.9 � 10–2 cm–3 for He2+, 3.4 � 10–4 cm–3 for
He+, 8.0 � 10–4 cm–3 for O+-group ions, and 5.1 � 10–3 cm–3 for Na+-group ions. Na+-
group ions are particularly enhanced over other planetary ions (He+ and O+ group) in the
northern magnetospheric cusp (by a factor of ~2.0) and in the premidnight sector on the
nightside (by a factor of ~1.6). Within 30� of the equator, the average densities of all
planetary ions are depressed at the subsolar point relative to the dawn and dusk terminators.
The effect is largest for Na+-group ions, which are 49% lower in density at the subsolar
point than at the terminators. This depression could be an effect of the FIPS energy
threshold. The three planetary ion species considered show distinct dependences on
altitude and local time. The Na+ group has the smallest e-folding height at all dayside local
times, whereas He+ has the largest. At the subsolar point, the e-folding height for
Na+-group ions is 590 km, and that for the O+ group and He+ is 1100 km. On the nightside
and within 750 km of the geographic equator, Na+-group ions are enhanced in the
premidnight sector. This enhancement is consistent with nonadiabatic motion and may be
observational evidence that nonadiabatic effects are important in Mercury’s magnetosphere.

Citation: Raines, J. M., et al. (2012), Distribution and compositional variations of plasma ions in Mercury’s space
environment: The first three Mercury years of MESSENGER observations, J. Geophys. Res. Space Physics, 118, 1604–1619,
doi:10.1029/2012JA018073.

1. Introduction

[2] The plasma environment at Mercury is determined by
a complex interaction of plasma and neutral atom popula-
tions and competing processes involving Mercury’s surface,

Mercury’s atmosphere, solar photons, and the solar wind.
Mercury’s thin, collisionless atmosphere—a surface-
bounded exosphere—is produced by a variety of processes
that act on the surface of the planet. It is composed mainly
of neutral H, He, Na, Mg, K, Ca, Al, and Fe atoms, although
other constituents are expected [Broadfoot et al., 1974;
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Domingue et al., 2007; Killen et al., 2007; McClintock
et al., 2009; Bida et al., 2000]. These atoms may be on
ballistic trajectories, in orbit around the planet, or on escape
trajectories that are controlled by Mercury’s gravity, their
initial launch energy, and solar radiation pressure. Although
the fraction of atoms escaping depends substantially on sea-
son, there is a sufficient population to form a persistent, al-
though rarified, cloud around the planet [Potter et al., 2007;
Leblanc and Johnson, 2010; Schmidt et al., 2012]. On the
nightside, radiation pressure stretches this cloud into
a comet-like neutral Na tail that extends more than 1000
Mercury radii (RM) in the antisunward direction [Potter
et al., 2002; Baumgardner et al., 2008; Baumgardner and
Mendillo, 2009]. Ground-based telescopic studies [reviewed
by Killen et al., 2007] have shown large variations in inferred
neutral column densities, their distribution through Mercury’s
atmosphere and space environment, and the relative abun-
dances among the various species, both seasonally and on
timescales of hours [Potter and Morgan, 1990, 1997; Killen
et al., 1990, 1999, 2001; Killen, 2005; Sprague et al., 1997,
1998; Potter et al., 1999; Schmidt et al., 2012].
[3] The seasonal variability of the exosphere is related to

changes in the solar photon intensity, the Doppler shift in
the incident solar radiation, and the solar wind environment
and micrometeoroid influx during Mercury’s highly eccen-
tric orbit, but it may also be related to a limited surface
reservoir of volatiles [e.g., Leblanc and Johnson, 2003;
Killen et al., 2004; Leblanc and Johnson, 2010]. The
observed variability of Na on the timescale of hours has
been hypothesized to relate to variations in Mercury’s local
space environment, including variations in solar wind dy-
namic pressure and the interplanetary magnetic field (IMF)
affecting dayside magnetic reconnection with Mercury’s in-
ternal dipole field [e.g., Killen et al., 2001; Sarantos et al.,
2007]. These two processes control the direct impact of solar
wind plasma onto the surface and therefore the resultant
sputtering of surface material, the most variable of the
exospheric sources [e.g., Sarantos et al., 2001, 2007;
Massetti et al., 2003; Benna et al., 2010].
[4] Planetary ions are formed at Mercury through several

processes, including photoionization of exospheric neutral
atoms, sputtering directly off the surface by solar wind,
and vaporization of micrometeoroids upon impact on the
surface [Cheng et al., 1987]. Once created, these planetary
ions become part of the planet’s plasma environment, and
their motion is dominated by the interaction of the solar
wind with Mercury’s small internal magnetic field. The field
is weak but sufficient to stand off the solar wind (under most
circumstances) and form a small, permanent magnetosphere
[Ogilvie et al., 1974; Slavin and Holzer, 1979; Russell et al.,
1988; Zurbuchen et al., 2004]. Mercury’s magnetosphere
has a basic structure that is similar to that of Earth but is
much smaller, and Mercury’s weaker internal field causes
the planet to take up a much larger fractional volume
[Russell et al., 1988; Slavin, 2004]. Furthermore, Mer-
cury’s closer distance to the Sun places it in a region that
subjects its magnetosphere to higher solar wind densities
(by a factor of ~10 on average) and a more radial inter-
planetary magnetic field than at Earth. These factors to-
gether make Mercury’s magnetosphere very dynamic, with
reconnection rates ~10 times faster than at Earth and a
Dungey cycle time of ~2min [Slavin et al., 2009]

compared with ~ 1 h at Earth [Dungey, 1961]. Mercury is
therefore an important test case for our understanding of
planetary magnetospheres and their interaction with the so-
lar wind [Baker et al., 2013].
[5] Mercury’s small magnetosphere has a strong impact on

fundamental plasma dynamics. Once created, ions begin to
gyrate around the local magnetic field and are “picked up”
into the convection of the magnetospheric plasma. Because
heavy ions can have gyroradii that are large compared with
the size of the small magnetospheric system, finite-gyroradius
effects are expected to be prevalent, causing anisotropic or
possibly nongyrotropic phase space distributions [Delcourt
et al., 2002, 2003]. In particular, both planetary ions and solar
wind ions entering the open magnetosphere are expected to be
in loss-cone distributions. Such distributions occur when ions
with pitch angles inside the loss cone collide with the planet
and are removed from the distribution. Finite-gyroradius
effects can allow ions to be lost due to gyration across
the magnetopause boundary and resulting pickup into the
solar wind and give rise to nonadiabatic behavior, by which
ions no longer gyrate around a single guiding center and
can detach from magnetic field lines. Because gyroradius
increases with the ratio of mass per charge (m/q), heavy
ions of planetary origin (e.g., Na+ ions, m/q=23 amu/e)
are expected to experience these effects markedly more than
He2+ (m/q=2 amu/e) from the solar wind.
[6] During its first Mercury flyby (M1) on 14 January 2008,

the MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) spacecraft [Solomon et al., 2007]
made the first observations of planetary ions with the Fast
Imaging Plasma Spectrometer (FIPS) [Zurbuchen et al.,
1998; Andrews et al., 2007]. MESSENGER flew byMercury
two additional times, on 6 October 2008 (M2) and 29
September 2009 (M3), before being inserted into orbit.
A first analysis of M1 data revealed the presence of H+,
He2+, He+, Na+/Mg+, and several other heavy ion species
[Zurbuchen et al., 2008].
[7] MESSENGER became the first spacecraft to orbit

Mercury on 18 March 2011, and FIPS began taking contin-
uous measurements shortly thereafter. Analysis of the first
65 d of orbital observations by Zurbuchen et al. [2011]
reinforced the flyby analysis and revealed that planetary
ions were typically organized into three dominant features.
On the dayside, a large plasma population was observed at
high northern latitudes, in the region of the magnetospheric
cusp. On the nightside, plasma was observed near the
equator, in the central plasma sheet. Finally, increased
plasma flux was observed near the magnetopause with
corresponding planetary ion enhancements that span the
magnetopause boundary (as identified in magnetic field
measurements [Anderson et al., 2012; Winslow et al.,
2013]). These features are observed on nearly every orbit,
despite highly variable solar wind and IMF conditions
[Gershman et al., 2012; Baker et al., 2013].
[8] In this work, we present analysis of FIPS planetary ion

measurements over the first three Mercury years of the
MESSENGER orbital mission (25 March 2011 through
31 December 2011). Analysis results include ion composition,
the distribution of different species in latitude and local time,
their dependence on altitude, and their relative abundances
in a variety of spatial domains. We have compared these
results with the predictions of global modeling studies and
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neutral exosphere observations. The results are shown to
have important implications for planetary ion formation
and transport in Mercury’s small magnetosphere.

2. Description and Processing of Measurements

[9] The FIPS is a miniaturized time-of-flight (TOF)
plasma mass spectrometer designed to measure heavy ions
(atomic number> 4) in Mercury’s space environment.
When inside of the magnetosphere, the FIPS sensor mea-
sures energy per charge (E/q) from 0.1 to 13 keV/e, with a
time resolution (scan time) of ~ 8 s. Outside of the magneto-
sphere, the E/q range is 0.05–13 keV/e and the time resolu-
tion is ~ 1min. The instrument can resolve mass per charge
from 1 to 60 amu e–1. FIPS has a very large instantaneous
field of view (FOV) of ~ 1.4p sr and an approximate angular
resolution of 15�. A portion of the FIPS FOV is blocked due
to its position behind the spacecraft sunshade. A detailed de-
scription of the FIPS placement on the spacecraft, its FOV
obstructions, and their impact on measured distribution
functions was given by Raines et al. [2011]. Because the
dominant flow in the magnetosphere is sunward or antisun-
ward and the FIPS FOV points mostly to the side, the veloc-
ity distribution core (center) is typically not within the FOV.
Under these conditions, we must apply a model-based recov-
ery algorithm on an individual time-step basis to estimate
plasma moments. Whenever the distribution is isotropic
and hot (i.e., a thermal velocity comparable to convection
speed), the plasma density and temperature can be estimated
without knowledge of the three-dimensional bulk speed
[Raines et al., 2011]. Although these conditions are often
reasonably met in both the magnetospheric cusp and plasma
sheet, they do not apply to all of the measurements included
in this large survey. Therefore, we do not attempt to recover
the true number density of the ambient plasma from the
observations in this work. We instead use observed number
density, nobs, as a proxy for comparisons of relative abun-
dances of different ion constituents. Observed density is cal-
culated by converting observed counts to phase space
density then integrating over the observed velocity range, to
reach particles per unit volume (cm–3) observed by FIPS.
Gershman et al. [2012] have described the calculation of nobs
for solar wind ions, but an identical calculation applies for
both supersonic and subsonic plasmas. Observed density
differs from the true number density of the ambient plasma
by a time-dependent and unknown factor that depends on
the vector flow velocity of the plasma, the plasma thermal
velocity, and the orientation of the spacecraft. The assump-
tion here is that different ions will have similar distribution
functions to one another, and consequently their observed
densities can be compared.
[10] If different ion species arrive at the instrument with

substantially different velocity distribution functions, our
estimates of relative abundances will be affected. For exam-
ple, the heaviest planetary ions are likely to exhibit large loss
cones. In the more extreme cases, ions that are created just
before measurement may not have had sufficient time to
scatter into an isotropic or even gyrotropic distribution and
are thus highly directional. In contrast, solar wind ions, such
as He2+, are much more likely to be near equilibrium and
have distributions that are not far from Maxwellian. The
cusp is a region for which our estimates of relative

abundance are most trustworthy because the electric fields
there are expected to be small and particles are not expected
to be highly directional. Where the effects of the limited
FOV of FIPS are substantial, observed densities for plane-
tary ions reported here are lower limits.
[11] The FIPS uses a double-coincidence technique to

greatly reduce background noise. However, spurious double-
coincidence counts still do occur. These counts come from
two main sources: the extension of very high count proton
measurements into other times of flight, and the release of
small numbers of ions from surface processes within the
instrument. Although all major ion species reported here
can be analyzed from the raw data, accuracy is markedly
improved by removing these spurious counts. A detailed
noise model and removal method has been developed and
is employed with the data in this work at the individual scan
level. After noise removal, ion species are identified from
E/q–TOF tracks. To improve signal to noise, heavy planetary
ions are grouped together intom/q ranges. This analysis makes
use of two ion groups: O+ group (m/q= 16 – 20 amu/e,
including O+ and water-group ions) and Na+ group (m/q =
21–30 amu/e, including Na+, Mg+, and Si+). Additional
details concerning this process are given in Appendix 1.
[12] Observations analyzed here were taken on an orbit-

by-orbit basis and thus occurred at altitudes ranging from
200 km to 15,248 km over 3.1 Mercury years (565 orbits).
Because the MESSENGER orbital plane is approximately
fixed in inertial space, the periapsis of the orbit moves
around the planet during each Mercury year. A side effect
of this arrangement is that a particular local time of periapsis
is always sampled at the same part of Mercury’s orbit around
the Sun, so that local time variations in our figures may in-
volve contributions from seasonal variations of the exo-
sphere. Several sample orbits are shown in Figure 1, along
with the respective Mercury true anomaly angle (TAA),
which describes the position of Mercury in its orbit around
the Sun, and the radial distance to the Sun (R).
[13] Another complication for the interpretation of these

measurements arises from the placement of FIPS on one side
of the spacecraft: measurements around the subsolar point
are taken with FIPS pointing approximately perpendicular
to the radial direction from Mercury. For these measure-
ments, the angle between FIPS boresight vector and the
Mercury radial direction is in the range 80�–100�. In
contrast, this angle is mostly in the range 40�–60� for mea-
surements elsewhere around the planet, symmetric about
dawn and dusk. Small variations in pointing within
the above ranges should not affect conclusions drawn from
this analysis.

3. Data Analysis and Overview of Results

[14] We analyzed the detections of planetary ion species in
the Na+ group, the O+ group, and He+, for data collected
from 25 March 2011 through 31 December 2011, a span that
includes the first 3.1 Mercury years of the MESSENGER or-
bital mission. We also included He2+ as a tracer for solar
wind plasma, because these ions cannot be produced in
substantial numbers within the Mercury environment. It
is important to note that approximately 97% of the plasma
ions measured by FIPS are protons, but because the focus
of this work is planetary ions, protons are not included
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here. The average observed density for each of these
species, and the ratio of each to the averaged nobs for
Na+-group ions, is given in Table 1. These values are
computed by averaging the nobs value from each FIPS
E/q scan over all of the measurements, including all alti-
tudes and latitudes. MESSENGER spends most of its
time far from the surface, so lower nobs values are
weighted heavily in Table 1. The data from the first
(M1) and second (M2) MESSENGER flybys of Mercury
have been reanalyzed with these updated and refined
techniques. They are also presented in Table 1.

3.1. Global Distribution of Measurements

[15] To assess the global spatial distribution of measure-
ments, we co-added all measurements for all four species

over this period and binned them into two-dimensional spa-
tial maps. The map for Na+-group ions is shown in Figure 2.
The coordinate system used, Mercury solar orbital (MSO)
coordinates, is centered on the planet and defined as follows:
the XMSO axis points from Mercury toward the Sun; the
ZMSO axis points north, normal to Mercury’s ecliptic plane;
and the YMSO axis completes the right-handed triad. The
color in each cell represents average nobs, calculated from
the nobs values measured within a 100 km � 100 km grid
divided by the number of FIPS scans taken within the cell,
to normalize the inherently uneven sampling (in time) of
the various spatial cells. The color scale for these and
the other maps in this work is logarithmic to show varia-
tions on multiple scales. On these maps, black indicates
nobs = 0 cm

–3, meaning that no counts were observed.

Figure 1. Selected MESSENGER orbits during the first three Mercury years of the MESSENGER
orbital mission showing periapsis at four different local times. Mercury TAA and radial distance to the
Sun (in AU) are also given.

Table 1. Mean and Standard Deviation of Observed Density (in cm–3), by Ionic Species, Averaged Over All Altitudes
for Orbital and Flyby (M1+M2) Measurements. The Ratio of the Mean to that of Na+-group Ions Is Also Given for
Both Data Setsa

Species

Orbital M1+M2

hnobsi (cm–3) Ratio hnobsi (cm–3) Ratio

He2+ (3.9� 0.0012) � 10–2 7.7 (1.0� 0.012) � 10–3 0.31
He+ (3.4� 0.0035) � 10–4 0.067 (2.2� 0.23) � 10–3 0.68
O+ group (8.0� 0.010) � 10–4 0.16 (1.0� 0.18) � 10–3 0.31
Na+ group (5.1� 0.0043) � 10–3 1 (3.3� 0.047) � 10–3 1

aObserved densities near the surface are at least one order of magnitude higher than given in this table. Standard deviation is divided
by the square root of the number of measurements to estimate the error in the mean. Flyby data are from the magnetosphere only.
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White indicates that the spacecraft did not pass through
that cell.
[16] The noon-midnight projection in Figure 2a shows that

planetary ions are much more abundant close to the planet,
within ~5000 km, than they are farther away. Three areas
of major enhancement Na+-group ions are clearly visible;
these will be discussed below.
[17] The equatorial projection for Na+-group ions (Figure 2b)

shows enhancements as well. In particular, enhancements
centered on (XMSO, YMSO, ZMSO)= (2500, –2000, 0) km on
the dayside and (–3500, 4500, 0) km on the nightside are very
prominent. These observations may come from groups of
orbits with an overall higher average observed density, a tem-
poral effect. Alternatively, the dayside and nightside enhance-
ments may be independent of one another and depend on
the spatial region being sampled. If the enhancements are from
groups of orbits, they would be those with MESSENGER peri-
apsis at local times in the range 6�11.5 h (dawn-to-subsolar
sector). Orbits grouped together such as these are not likely to
be entirely due to solar wind conditions, for three reasons: (1)
Solar wind density and speed vary on much smaller timescales
than the accumulated durations of these ~10 orbits [Gershman
et al., 2012; Baker et al., 2013]. (2) Periods marked by a neg-
ative Z component of the IMF, BZ,IMF , required for enhanced
dayside reconnection and solar wind precipitation [Massetti
et al., 2003; Sarantos et al., 2007] at the northern cusp, also
vary on much smaller timescales [Baker et al., 2013]. (3)
Finally, the He2+ distribution (not shown) does not show
obviously higher nobs in these same orbits, as would be
expected for this to be a solar wind effect. An examination

of the dependence of total observed density on Mercury TAA
(below) sheds more light on these enhancements.
[18] These projections are a clear reminder that these mea-

surements are made up of individual orbits and are actually
quite sparse on the scale of Mercury’s space environment.
This fact dictates many of the possible avenues for global
analysis.

3.2. Variation With Mercury TAA

[19] The average observed density for each of the three
planetary ions is plotted as a function of Mercury TAA
in Figure 2c. Because the TAA changes by ~5� per day,
measurements were collected into bins of 10� width to
smooth the data. To facilitate comparison, the average
observed densities for O+-group ions and He+ were multi-
plied by a factor of 5.
[20] There are three prominent peaks for Na+-group ions,

centered at TAA~ 110�, 150�, and 330�. These peaks show
some qualitative similarities to peaks in neutral Na predicted
by exospheric models [Leblanc and Johnson, 2010; Wang
and Ip, 2011] and observed from Earth [Potter et al.,
2007]; this comparison is examined in detail in section 4.2.
O+-group ions follow the same trends, at a nearly constant
20% fraction of the observed density of the Na+ group
through much of the Mercury year. The exception is for
TAA 110�–180�, for which O+-group ions are not strongly
enhanced, unlike Na+-group ions. He+ ions behave quite dif-
ferently. Except for some very small enhancements, the clear
peaks seen in Na+-group ions are absent. He+ ions show a

Figure 2. Average observed ion density (cm–3) projected onto (a) noon-midnight and (b) equatorial
planes. Binning within each plane shown is 100 km by 100 km. The Sun is to the right in these figures.
Red circles show the approximate size of the planet in the projection planes. The approximate Mercury
TAA at four MESSENGER periapsis local times (in the equatorial plane) is indicated in the legend at
the bottom left, along with Mercury’s heliocentric distance in AU. The enhancements outlined in a red
trapezoid are discussed in the text. (c) Average observed ion density (cm–3) plotted versus Mercury
TAA, collected into 10� bins for each of the three planetary species. Note that FIPS provides a local rather
than a global measurement.
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nearly constant average observed density throughout the
Mercury year.
[21] When interpreting these results, one must remember

that the local time of MESSENGER periapsis is locked to
Mercury season and TAA. Therefore, each of the peaks in
Figure 2c are from measurements taken at a particular local
time of periapsis and Mercury–Sun distance. FIPS does not

provide an instantaneous global measurement. The space-
craft was at periapsis for local times in the 19�20.5 h range
for the peaks at TAA~ 110� and 150�, when Mercury was
approaching its aphelion of 0.47AU from the Sun. For the
TAA~ 330� peak, MESSENGER periapsis was at local
times in the range 6.5–11 h (Figure 2b) and moving away
from its perihelion of 0.31AU. The predicted peak in

Figure 3. Average observed ion density (cm–3) for all species as a function of altitude (km) and local
time (h). Measurements are separated into three latitude ranges (inclusive). All ions are plotted on the
same color scale, with the color bar for each panel showing the range present in that panel. Mercury
TAA and heliocentric distance (R, in AU) are shown under Figure 3k and apply to all panels.
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exosphere content at aphelion, at TAA=180� [Leblanc and
Johnson, 2010], coincided with a time when MESSENGER
was above the dusk terminator. In principle, then, it is impos-
sible to attribute conclusively the enhancements in Figure 2c
to seasonal variations. We will return to this question below.

3.3. Variation With Altitude and Local Time

[22] A major source of ions measured by FIPS is
expected to be photoionization of exospheric neutral
atoms. This process takes place at all altitudes and without
regard for magnetic boundaries, depending mainly on the
neutral atom generation and convection processes. There-
fore, in sunlight the observed density of ions is expected
to show a strong dependence on altitude. Once formed,
ions are also subject to the magnetic and electric field
forces in the environment, which complicates analysis of
altitude profiles. In eclipses, of course, no photoionization
takes place, making electromagnetic forces the primary
sources of influence.
[23] An overview of the dependence of average observed

density on local time and altitude for the four ion species
considered in this study is shown in Figure 3. These maps
were created by binning the observations by altitude
(100 km bin width) and local time (0.5 h bin width) and fur-
ther separated into 60� latitude ranges, with the same nor-
malization and color scheme as for Figures 2a and 2b. These
maps show a variety of enhancements and a general altitude
profile that is different for each ion species. Altitude profiles
will be discussed in more detail in section 3.2.1.
[24] The Na+-group ions show an enhancement at high

latitudes (Figure 3a, feature 1), centered at local time
~10.5 h, which corresponds, at least in part, to the northern
magnetospheric cusp. An additional enhancement is cen-
tered at local time ~19 h (Figure 3a, feature 2). Around
the equator (Figure 3b), an enhancement is evident around
the dawn terminator (local time 6, feature 3), consistent with
some neutral and ion transport models (see section 4.2 be-
low). Another enhancement is located in the premidnight
sector (local time ~20 h), at altitudes above ~2000 km, simi-
lar to the one evident in Figure 3a, feature 2. This latter en-
hancement extends to low latitudes (Figure 3c, feature 5) to
an altitude of ~6000 km. Slices through the Cartesian bin-
ning of the data (similar to Figures 2a and 2b, not shown)
confirm that these three enhancements (features 2, 4, and 5

in Figure 3) appear to be part of a single feature that creates
a large asymmetry between dawn and dusk.
[25] The O+-group ions (Figures 3d, 3e, and 3f) show

the same major features (features 1–5), at lower average
observed density, as the Na+-group ions (Figures 3a, 3b,
and 3c). Close comparison between the two groups reveals
that in some cases even the small-scale structure is repro-
duced (features 2, 3, and 4). In other cases, only the large-
scale structure is similar, with cells of particular high or
low nobs arranged a little differently (features 1 and 5).
These differences may arise from the limited statistics for
the low-abundance O+-group ions and need not represent
a global difference in the behavior of the two ion groups.
[26] The most obvious feature of the He2+ map is the

magnetosheath, visible as thick, nearly solid red bands
(Figures 3j, 3k, and 3l, feature 6). Orbits with overall
higher nobs measurements are also evident, as narrow,
right-turning trails (Figure 3l, feature 7). With these observa-
tions to guide the eye, it is possible to see some enhance-
ments in the other ions at the same locations as those for
He2+. Features 4 and 5 from Figure 3 are also identified in
Figures 4k and 3l, showing that these enhancements only
partially overlap the magnetosheath. This enhancement
may be related to the magnetopause-associated heavy ions
that are commonly seen in individual passes through the
magnetosphere [Zurbuchen et al., 2011].
[27] He+ ion maps do not show the same clear enhance-

ments as the Na+-group ions, but instead they are much
more evenly distributed around the planet. The average
observed density spans only two orders of magnitude,
10–4 to 10–2 cm–3, rather than the five orders of magnitude
spanned by Na+-group ions. Low-altitude enhancements are
present, but they are much less pronounced than for the
Na+-group and O+-group ions. These patterns likely indicate
a different source for He+ than for Na+-group and O+-group
ions. One possible source is charge exchange between solar
wind He2+ and exospheric neutrals, gravitationally bound
and/or escaping. If this mechanism were a dominant
source, then charge exchange would be most prevalent
where He2+ density is the highest—in the magnetosheath
region. Comparison of Figures 3h to 3k and Figures 3i
to 3l suggests that unlike other planetary ions, slight
enhancements in the He+ distribution may be present in
the magnetosheath (bright red bands in Figures 3k and 3l).

Figure 4. Altitude profiles of Na+-group ions obtained from summed orbits. Observed density is binned
by latitude (0.5� bin widths) and altitude (100 km bin widths) and averaged, analogous to Figure 2. See
text for further details. These figures show the interconnection of latitude and altitude resulting from
MESSENGER’s highly eccentric orbit.
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[28] Because of differences between measurements in sun-
light and eclipse, we consider the two sets of measurements
separately in the quantitative analyses in the next two sec-
tions. The eclipsed region is defined as measurements taken
when the spacecraft was in the shadow within 1 RM perpen-
dicular distance of the –XMSO axis. Everywhere else is con-
sidered sunlit.
3.3.1. Ion e-Folding Heights
[29] In sunlight, we can quantify the altitude dependence

of Na+-group, O+-group, and He+ ions by estimating an
e-folding height. We intentionally avoid the use of the
term “scale height” to emphasize that this quantification
is only mathematical in nature and is independent of any
physical interpretation. Because these altitude profiles are
fit reasonably well by an exponential function, e-folding
height provides a useful metric for comparison.
[30] We subdivided the observed density for each of these

three species into 3 h regions of local time, centered on the
dawn terminator (local time 6� 1.5 h), subsolar point (local
time 12� 1.5 h), and dusk terminator (local time 18� 1.5 h).
The orbits in each of these ranges, summed and plotted ver-
sus latitude in Figure 4, show the close coupling of altitude

and latitude due to MESSENGER’s highly eccentric orbit.
Observed density was then summed over latitude, to pro-
duce profiles of observed density versus altitude alone
(Figure 5). These altitude profiles show clear differences
among species and local time regions.
[31] We fit the dependence on altitude (h) of the observed

density (nobs) to a function of the form:

n obs ¼ A exp½� h� h0ð Þ=B� þ C (1)

where A, B, and C are determined by a least-squares fit to the
data. The peak altitude (h0) denotes the portion of the data we
chose to fit; it is the altitude at which the observed density
starts to fall off clearly with altitude. The B parameter repre-
sents the e-folding height of the ions, the height at which the
observed density has decreased by 1/e of the value at h0.
(The C parameter, which is very small, has negligible influ-
ence on the e-folding height.) To estimate the uncertainty in
these fits, we used a bootstrap method [Hesterberg et al.,
2010; Hesterberg, 2011] as follows: We produced 1000
bootstrap samples of the altitude profile by randomly

Figure 5. Altitude dependence of observed density in sunlight, over all latitudes, for three species in
three regions of local time. The vertical dotted line denotes h0 from Table 2. The exponential curve gen-
erated from the corresponding B value (Table 2) is also shown (dashed curve).
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sampling with replacement from the measurements within
each 100 km wide bin. The distribution with altitude of
the binned means in each bootstrapped sample was fit with
the exponential function (Figure 6a) to produce a distribution
of e-folding distances that reflect the expected sampling
variability (Figure 6b). The h0 and average B values are
the most physically relevant and are tabulated in Table 2.
To facilitate comparison across local times, the B values
at dawn and dusk are divided by B at the subsolar point
for a given ion species. These values are shown in paren-
theses in Table 2.
[32] For the Na+ group, the e-folding height shows a clear

dependence on local time, with a much smaller B in the sub-
solar region than at the terminators. This pattern is consistent
with the expected behavior of neutral Na, as the result of in-
creased radiation pressure at the subsolar point [Mura et al.,
2007]. O+-group and He+-ions show the same smaller
e-folding height at the subsolar point than the terminator
regions. He+ ions are much more extended than the other
two groups, and their measured distribution is substantially
more extended at the dawn terminator. The implications of
these differences are discussed in section 4.

[33] The quantity h0 denotes the altitude above which an
e-folding scale height can be well defined. The h0 values
for Na+-group and O+-group ions gradually increase from
dawn to subsolar to dusk, whereas He+ ions do not show this
trend. This behavior for the heavy ions does not appear to be
an effect of the FIPS pointing and its limited FOV. The an-
gle between FIPS boresight vector and the nadir direction
can be used to generally assess pointing as a function of al-
titude and local time. Although there are differences in this
angle between the dawn and dusk regions, it stays within
75�, so that the planet is within the FOV most of the time
in both regions. Seasonal variations may play a role: The
dusk-side observations are taken when Mercury’s helio-
centric distance is near maximum (0.47AU), whereas it
is near minimum (0.31AU) for the dawn and subsolar
measurements.
3.3.2. Composition Dependence on Local Time
[34] To extend quantitatively the comparison of composi-

tion in the dusk terminator, subsolar, and dawn terminator
regions, the average observed density in each was calculated
and plotted (Figure 7). In Figure 7a, data only from �30�N
latitude were used. In Figure 3b, these averages were

Figure 6. Estimation of e-folding distance error for Na+ over the subsolar region. (a) Comparison of
1000 curves constructed from chosen bootstrapped samples of data in 100 km altitude bins (blue) with
the average curve (red). (b) Distribution of e-folding distances derived from exponential fits to each of
the curves in (a), from which the average e-folding distance was computed. The curve produced from that
average e-folding distance is shown in green in Figure 6a.

Table 2. Peak Altitude (h0, km) and e-Folding Distance (B, km) From Fits of Average Observed Density Versus
Altitude at Three Local Timesa

Local Time Na+ Group O+ Group He+

Dawn B 670� 40 (1.5) 1330� 250 (1.8) 4040� 300 (3.6)
h0 800 800 500

Subsolar B 460� 30 (1) 760� 70 (1) 1140� 90 (1)
h0 1100 1100 1300

Dusk B 580� 40 (1.3) 1400� 300 (1.8) 2790� 350 (2.6)
h0 2500 2100 700

aValues in parentheses are ratios to the e-folding distance at the subsolar point for a given ion. h0 is the altitude above which
these e-folding distances were obtained.
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obtained from data at all latitudes. All altitudes were in-
cluded in both panels. The average observed densities from
the cusp region, defined broadly here as 6–18 h and 45�–
90� latitude, was added to both panels for comparison. The
statistical errors in these averages are<1%.
[35] The most interesting feature of the cusp composition

is that the average observed density of Na+-group ions in
the cusp exceeds that of He2+ by a factor of ~ 2. (Even
though observed density for Na+-group ions exceeds that
of the solar wind tracer, He2+, protons are still the dominant
plasma in the cusp during most, if not all, orbits.) It may be
possible to use this very high ratio of Na+-group to He2+ ions
as a compositional marker for cusp plasma. If so, then track-
ing of plasma convection from the cusp to other regions of
the magnetosphere might be enabled. Of course, this large
ratio would need to be verified by examining a large number
of individual orbits.
[36] Around the equator (�30� latitude, Figure 7a), the av-

erage observed density for all ion groups is depressed at the
subsolar point, the same trend observed in B values above.
For Na+-group ions, the subsolar nobs is 49% of the average
of the dawn and dusk values. O+-group and He+ nobs values
are depressed less, with subsolar averages that are 69% and
81% of their respective dawn-dusk averages. This effect is
inverted for Na+ and O+ groups when all latitudes are
included: The nobs values at subsolar local times, which
include the large plasma source of the cusp, are enhanced
relative to the dawn and dusk regions.
[37] For observations during eclipse, a fairly small frac-

tion, we focus on measurements in and around the central
plasma sheet, within 750 km of the geographic equator. This
volume includes the magnetic equator, which is shifted north
of the geographic equator by ~500 km [Anderson et al.,
2011]. These plasma sheet observations were further subdi-
vided into premidnight, occurring between local times of
~21 and 0 h (midnight), and postmidnight, occurring between
local times of 0 and ~3 h. (The precise local time bounds are
determined by the eclipse condition, described above.)
Because of MESSENGER’s orbit, these restrictions produce
observations that lie entirely within two narrow altitude
bands, each about 1000 km thick, and centered at altitudes

Figure 7. Ion composition on Mercury’s dayside for two latitude ranges. Shown are nobs averaged over
all measurements, including all altitudes and the indicated range of latitudes and local times. The cusp
observations are the same in both panels. Statistical errors in these averages are<1%.

Figure 8. (a) Equatorial cross-section of average observed
density, from observations within 750 km of the geographic
equator. Measurements are normalized by the number of
FIPS scans within each 100 km� 100 km bin, as in Figure 2.
Statistical errors are<1%. A red circle shows the approxi-
mate size of Mercury in the equatorial plane. The Sun is to
the right. (b) Average observed density on the nightside,
including only measurements from Figure 8a that were col-
lected while MESSENGER was in the shadow of Mercury,
delineated by dashed red lines. A dotted red line separates
the (top) premidnight sector from the (bottom) postmidnight
sector within the shadow.
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of ~600 km and ~3600 km (Figure 8a). These bands are too
restricted to be used to analyze the functional dependence
of observed density on altitude. The average nobs values for
Na+-group ions, O+-group ions, He+, and He2+ were each
summed for all measurements within these two regions.
The results are displayed in Figure 8b.
[38] The main result is a persistent enhancement in Na+-

group ions by a factor of 1.6 in the premidnight sector
compared with the postmidnight sector. This enhancement
is visible in both the inner and outer ring in Figure 8a.
The enhancement around the dawn terminator, seen in
Figure 3, is also apparent. On the contrary, none of the
other ion species show this enhancement. We will return
to these results in section 4.6.

4. Discussion and Implications

[39] The observations presented in this paper provide a
fresh perspective on previous studies of ions and neutral
atoms in Mercury’s environment. There are inherent similar-
ities and differences expected between these two popula-
tions. The neutral exosphere is likely the major source of
ions at Mercury, so if measured soon after ionization the
ions may retain some characteristics of the neutral atom pop-
ulation, such as spatial distribution. Yet because ions and
neutrals are controlled by different forces, ions measured
long after ionization will show a much less direct relation-
ship to the population of neutrals. In making these compari-
sons, our aim is to begin to differentiate between these two
situations.

4.1. Overall Composition

[40] It is clear that the Na+ group dominates the plane-
tary ions (Table 1), consistent with expectations from
ground observations and photoionization rates [Killen et al.,
2007] and previously reported measurements at Mercury
[Zurbuchen et al., 2008, 2011]. As discussed in the Appen-
dix, the average density measured in this group likely comes
from a combination of Na+ and Mg+ ions, produced both by
photoionization of exospheric neutrals and sputtering of the
surface. Production rates of Mg+ from the exosphere should
be much less than that of Na+ if neutral Mg densities inferred
from the second flyby data are representative [Sarantos et al.,
2011], but the relative effect of surface-generated ions on our
measurements is difficult to estimate at present. Average
observed densities for Na+-group and O+-group ions
obtained during the flybys are quite comparable to orbital
values, within the larger statistical uncertainty resulting from
poorer counting statistics. He+ and He2+ measured during the
flybys, in contrast, are much different from their orbital
averages. Flyby averages were taken from magnetospheric
data only, which likely accounts for a substantial drop in
He2+. However, He+ actually had a larger average observed
density during the flybys than found in the orbital data. The
flyby trajectories were much different from MESSENGER’s
orbit, because the spacecraft passed from deep in the magne-
totail in premidnight, past the dawn terminator close to the
planet, to the dayside. The deep tail observations obtained
during M1 and M2 are not matched in the orbital data, and
it is possible that this different sampling contributed to the
observed differences in He+.

4.2. Variation With TAA

[41] We return to the variation of observed ions with TAA
in Na+-group ions (Figure 2). Leblanc and Johnson [2010]
modeled the total Na content of the Mercury exosphere
through a full Mercury year, adjusting the contributions of
the various production processes to explore their effects.
They then calculated Na brightness and compared that pre-
diction with trends versus TAA from ground-based observa-
tions. They predicted a factor of 3 variation in exospheric Na
content as a function of Mercury true anomaly, with minima
of 1.5 � 1028 Na atoms at TAA=140� and 70� and maxima
of 4.5 � 1028 Na atoms at TAA= 180� and 0� (their Fig-
ure 12). Their Figure 11 shows that that the peak at TAA=
180� is due to the dominance of photon-stimulated desorp-
tion and solar wind sputtering, whereas thermal desorption
is the dominant process producing the peak at TAA= 0�.
[42] If we consider the two Na+-group ion peaks (which

are very close to one another) as representing one peak at
~130�, then FIPS ion measurements show two peaks sep-
arated by ~200�. This separation is within 10% of that
predicted by Leblanc and Johnson [2010]. Clearly, their
modeling results do not fully explain observed differences
in Na+-group distribution reported here. For example, in
sunlight, a large enhancement is seen only on the dawn
side, for TAA= 0�, whereas the modeling predicts enhance-
ments on the dusk side (TAA= 180�) as well. In general,
their results show peaks centered at TAA= 40� and TAA=
300�, although results from different specific models showed
substantial variations.
[43] Variation of Na D2 emission with TAA was reported

from ground observations by Potter et al. [2007]. Their
Figure 1 shows a two-peak structure, in which the first
peak is split, a pattern qualitatively similar to FIPS obser-
vations (Figure 2c), except that the TAA values for the
peaks are shifted. As shown by Potter et al. [2007], these
peaks are centered at TAA~ 70� and TAA~ 300�, whereas
the peaks in the FIPS measurements are at TAA~ 130�
and TAA~ 330�. Potter et al. [2007] offered that radiation
acceleration has a varying effect on this emission over a
Mercury year, and so emission does not relate directly to
column abundance of Na. They normalized their emission
data to one set of conditions. Their Figure 2 shows Na
emissions that should be directly related to column abun-
dance. These normalized emissions do not compare well
with FIPS observations (Figure 2c), however. Wang and
Ip [2011] modeled these Na D2 emissions and found total
Na emission peaks at TAA= 90� and 310�. Their study
did not involve calculation of Na content, which differs
from emission by a TAA-dependent radiation acceleration
term. Nonetheless, it is interesting to note that their results
show two peaks separated by ~220�, which is also within
10% of the 200� separation of the peaks in FIPS Na+-
group ions.

4.3. Dayside Planetary Ion distribution

[44] Delcourt et al. [2003] modeled Na+ in Mercury’s
magnetosphere with a simplified version of the exosphere
model of Leblanc et al. [2003] and analytic expressions for
the magnetic and electric fields. Na+ particles were launched
from a variety of locations and with a variety of energies,
then flown through the model magnetosphere by integrating
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the full equations of motion. Their results show that the
dayside magnetosphere, local time ~8–16 h, is populated
with very low energy ions having energies< 100 eV. During
the orbital observations reported in this study, FIPS was
operated with two minimum energies: 100 eV in burst mode
(8 s time resolution) and 46 eV in normal mode (64 s time
resolution). Typically, FIPS was in burst mode on the
dayside, within a few RM of the surface. It is possible that
this 100 eV energy threshold near the planet could
partially account for the generally lower average nobs values
at the subsolar point. If ions were present, they may have
been below the FIPS energy threshold and thus unable to
be measured. In February 2012, the FIPS burst-mode
energy threshold was lowered to 46 eV. Analysis of these
data, outside the range considered in this study, should
provide fresh information on this point.
[45] Other features of the FIPS-derived ion spatial distri-

butions correlate with previously published results or predic-
tions for Na neutrals. Some exospheric simulations predict a
dawn enhancement of neutral sodium [Leblanc et al., 2003;
Misawa et al., 2008; Leblanc and Johnson, 2010]. Yagi
et al. [2010] carried out simulations in which Na+ test par-
ticles were tracked through electric and magnetic fields de-
rived from a magnetohydrodynamic model, using the same
exospheric model as that of Delcourt et al. [2003]. They
studied Na+ behavior under four distinct sets of solar wind
conditions. In all cases, their simulations showed en-
hancement of Na+ density in the morning sector, over
the local time range 6–12 h. As seen in Figure 2c, FIPS
results show a peak in Na+-group and O+-group ions
when MESSENGER periapsis was in this local time
range. (The local time ranges in Figure 7 are not condu-
cive to observing this enhancement.). The fact that aver-
age observed density for Na+ group ions in the cusp
exceeds that of He2+ is consistent with the cusp serving
as a major source of planetary ions due to increased sur-
face exposure to solar wind sputtering [e.g., Massetti et al.,
2003; Sarantos et al., 2007; Benna et al., 2010]. The
cusp is a strong source of planetary ions, as evident in
these measurements, and may also serve to trap plane-
tary ions that are created from escaping neutrals in the
magnetosheath.

4.4. Altitude Dependence

[46] The functional fits of observed dependence on alti-
tude yield many differences and reflect a combination of
competing effects. First, escape of neutrals from Mercury’s
gravity under the influence of radiation pressure yields a
neutral density that peaks at the surface and then generally
drops off as the inverse of altitude. Because Mercury’s
exosphere is considered optically thin above ~50 km alti-
tude, the number of photons is constant with altitude.
Therefore, the production of ions by photoionization is
simply proportional to neutral density. If these ions are
measured close to the time that they are created by photo-
ionization, they could serve as a tracer for the neutral atom
density. However, as the time between photoionization
and measurement increases, the influence of plasma pro-
cesses increases as well. One way to separate these two
regimes would be to limit the altitude consideration to
low altitudes (<2000 km) at which the effects of convection

should be minimal. However, the observed flux typically
peaks near this altitude and begins to fall off at higher altitudes.
[47] One option for the interpretation of the e-folding dis-

tance is as a scale height, as is done for gravitationally bound
exospheric neutral atoms. For neutral species, scale height
reflects the ratio of particle mean energy to the potential in
which the particles find themselves, which includes only
gravity in the simplest scenario:

H ¼ kT

mg
(2)

where k is Boltzmann’s constant, m is particle mass, and g is
gravitational acceleration. The scale heights of various exo-
spheric components at the same “temperature” T (i.e., mean
ejection velocity from the surface) are therefore different by
the ratio of their masses. Thus, comparing Hm gives infor-
mation about the temperature of the neutral populations.
Interpreting the ion e-folding distances calculated in this
work as scale heights raises several issues. Even at
1000 km, the altitude at which observed density typically
peaks, a Na+ ion has the gravitational potential energy of
~2.4 eV. When compared with the high average energy mea-
sured for the ions (~2–4 keV), gravity is negligible. Further-
more, measured He+ exhibits very large e-folding heights,
whereas the He neutral atoms are expected to be accommo-
dated to Mercury’s surface temperature, ~700K. The varia-
tion of e-folding heights among species is more likely
related to variation in the ratio of ion gyroradius to neutral
scale height [Hartle et al., 2011].
[48] These results can also be interpreted in the context of

average magnetospheric boundary locations. From a statisti-
cal analysis of MESSENGER Magnetometer observations,
Winslow et al. [2013] showed that the average altitude of
the subsolar magnetopause is 1100 km, and the maximum
altitude is 1340 km. Those authors also found that the aver-
age altitude for the subsolar bow shock is 2340 km, and
the maximum altitude is 2660 km. In the subsolar region,
FIPS measurements show peaks in nobs in the range of the
Winslow et al. [2013] magnetopause locations. This agree-
ment is consistent with expectations, in that planetary ions
formed from neutrals upstream will tend to collect at the
subsolar magnetopause where plasma flow velocity is low
[Spreiter et al., 1966]. Moreover, planetary ions that form in
the dayside magnetosphere or flow into that region will tend
to gyrate across the magnetopause and out of the magneto-
sphere because of their large gyroradii. This effect should be
most pronounced in the subsolar region, where the distance
from the surface to the magnetopause is at a minimum.
[49] Interpretation of these differences is further compli-

cated by the possibility that different species are present with
substantially different distribution functions. In the simplest
case, consider He+ ions that are much hotter than Na+-group
ions. Such a scenario might follow from the much larger
e-folding distance for He+. In such a case, He+ would be
more easily measured by FIPS with its limited FOV, espe-
cially at larger convection speeds that might be present at
larger altitudes.

4.5. Source of He+

[50] The measurements reported here show that He+ is dis-
tributed differently from the other two planetary ion groups
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observed in abundance at Mercury, the O+-group and Na+-
group ions. He+ at Mercury may be created by charge ex-
change between He2+ and any neutral atom or by ionization
of exospheric He from the surface. He+ created by charge
exchange should show enhancements where He2+ density
is the highest—in the magnetosheath. Although some
enhancements in He+ are visible in this area (Figures 3h
and 3i), there is only partial correlation with magnetosheath
enhancements in He2+ (Figures 3j, 3k, and 3l). The even dis-
tribution of He+ is consistent with the distribution of a He
exosphere given by several models [e.g., Hartle and
Thomas, 1974; Hartle et al., 1975; Leblanc and Chaufray,
2011]. Thus, the distribution of He+ in the FIPS measure-
ments presented here qualitatively supports ionization of
exospheric neutral He as the more important source for
He+ than charge exchange. However, the ultimate source
of He in those models is from surface implantation by the so-
lar wind. In that light, the fact that He+ is depleted in the
cusp measurements, contrary to the other two planetary ion
groups, requires further explanation.

4.6. Nightside Distribution of Na+-group Ions

[51] As described above, the nightside (eclipse) measure-
ments show the interesting result that the Na+-group flux is
higher on the premidnight side than on the postmidnight side
(Figure 8). MESSENGER periapsis was in the premidnight
sector for Mercury TAA=100� to 140� (Figure 2c). The pre-
midnight sector is where we expect to find Na+ ions
moving under the influence of gradient-curvature drift,
the velocity imparted clockwise around the planet (when
looking down from north) by the combined effects of
magnetic field gradient and curvature. However, high
magnetic field gradients make pure drift motion unlikely
around the magnetic equator and in the central plasma
sheet [Lukyanov et al., 2001], where the premidnight en-
hancement is most prominent.
[52] As discussed above, Yagi et al. [2010] simulated

Na+ behavior within Mercury’s magnetosphere under four
distinct sets of solar wind conditions. In all cases, Na+ was
found to be enhanced from local time ~1 to 11 h. Direct
comparison of their results with FIPS observations is com-
plicated by the fact that solar wind and IMF conditions
encountered by MESSENGER varied over a wide range
[Baker et al., 2013]. However, it is safe to conclude that,
because the model results never showed an enhancement
on the premidnight side, the model results do not show
the same behavior as the observations in this regard. One
reason may be the fact that the bulk of Na+ energies were
below 5 keV in the model, whereas FIPS observed sub-
stantial fractions of the Na+-group population with ener-
gies up to 10 keV.
[53] Delcourt et al. [2003] found that Na+ ions launched

from the region of the northern cusp were substantially ener-
gized (up to 10 keV) and precipitated on the premidnight
side of the planet, unless their gyromotion took them out
of the magnetosphere first. These authors credited this be-
havior to nonadiabatic motion, driven largely by the small
size of Mercury’s magnetosphere and the large Na+ gyrora-
dius. These results qualitatively match the observations
described in this work, particularly the enhancement in
observed density of Na+ -group ions on the premidnight side
in eclipse. These FIPS measurements may constitute the first

observational evidence of large-scale nonadiabatic motion of
heavy ion particles in Mercury’s magnetosphere.
[54] We recall here that only Na+-group ions show the

premidnight enhancement in eclipse; the other ion species
do not (Figure 8a). Nonadiabatic motion depends on
gyroradius, which increases with m/q. The gyroradius of
Na+-group ions is nearly 50% larger than that of O+-
group ions (and much larger than He+ and He2+). This
difference may be enough to account for the difference
in behavior.

5. Summary and Conclusions

[55] In this work, we have presented an overview of ion
measurements made by the FIPS sensor during the first three
Mercury years of MESSENGER orbital observations, from
25 March 2011 through 31 December 2011. We used two-
dimensional spatial maps, functional fits, and regional aver-
aging of observed densities as the main tools in this analysis.
We have provided the first comprehensive overview of the
heavy ion composition at Mercury and, where possible,
drawn connections to previously published observations,
models, and physical explanations.
[56] We find the following:
[57] (1) He2+ ions are the second most abundant ion (after

protons), with an average observed density of 3.9 �
10–2 cm–3. Na+-group ions are the next most abundant, with
an average observed density of 5.1 � 10–3 cm–3, followed
by O+-group ions (8.0� 10–4 cm–3) and He+ (3.4� 10–4 cm–3).
[58] (2) The average observed density of Na+-group ions

exceeds that of He2+ in the northern magnetospheric cusp
by a factor of ~2. This ratio may be a compositional marker
of the cusp.
[59] (3) Within 30� of the equator and in sunlight, all plan-

etary ions show minimum observed densities at the subsolar
point. Near the equator, the average observed density of
Na+-group ions is reduced to 49% of the terminator value.
Reductions are less for other species.
[60] (4) All three planetary ion species considered

show a different dependence on altitude and some differ-
ences with local time. Na+-group ions fall off most
strongly with altitude, followed by O+-group ions and
then He+.
[61] (5) In eclipse, Na+-group ions are enhanced in the

premidnight sector. Such an enhancement is consistent with
modeling of Na+ energization and transport by Delcourt et
al. [2003]. This pattern may be observational evidence that
nonadiabatic effects are important in Mercury’s magneto-
sphere on a large scale.
[62] These results provide the first quantitative assess-

ment of plasma composition at Mercury, its spatial
variations, and temporal variations over an entire Mer-
cury year. They give important clues to understanding
exospheric and magnetospheric processes on the inner-
most planet.

Appendix A: Ion Identification From E/q and TOF

[63] After background removal, the next step in the
detailed analysis of FIPS data is the assignment of indi-
vidual counts to a particular ionic species. Because FIPS
measures time of flight rather than m/q directly, this step is
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accomplished with a simple TOF forward model that is cali-
brated with flight data. The TOF forward model is comprised
of the following:

Etot ¼ q
E

q

� �
ESA

� VPAV

� �
� Eloss (A1)

v ¼ 439

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Etot

m

� �s
(A2)

TOF ¼ 104
d

v
� te � tMCP (A3)

[64] Equation (A1) relates the total energy (Etot, in keV) to
the E/q (in keV/e) measured by the electrostatic analyzer
(ESA), the additional energy supplied by postacceleration
(VPAV, a negative voltage, in kV), and the energy lost from
passage through the carbon foil (Eloss, in keV). With Etot in
hand, the velocity (v, in km/s) of the ion in the TOF chamber
can be calculated via equation (A2). Finally, the expected
TOF (in ns) is calculated via equation (A3) from the known
flight distance (d, in cm) and with corrections for the flight
time of electrons from the carbon foil to the start microchan-
nel plate (MCP) (te, in ns) and detection times within the
MCP (tMCP, in ns).
[65] The energy lost from passage through the carbon foil

(Eloss) depends on the incident energy and mass of a partic-
ular ion, but not on the charge. This quantity was measured
in laboratory calibrations for FIPS, but not for all possible
ion species and energies. In this work, Eloss was derived
from the modeled carbon foil interactions using the Trans-
port of Ions in Matter (TRIM) software [Ziegler, 2004;
Ziegler et al., 2010]. For each element and total energy to
be used in the analysis, 105 atoms were run through TRIM,
producing a statistical distribution of energy loss values for
that particular element and total energy combination. The
peak energies for all of these runs were determined and
used to make a polynomial fit of energy loss versus total
energy for each element, shown in Figure A1.

[66] The forward model was implemented in a computer
code that produced tracks in E/q–TOF space for each ion
analyzed. These tracks were overlaid onto long accumula-
tions of orbital data, from which specific ion tracks are
clearly evident (Figure A2). This procedure allowed for cali-
bration of the model by comparison of the alignment of
model tracks and measured tracks. The ability to see clearly
the alignment of the modeled tracks with observed data from
long accumulations allowed the use of the same model under
much lower signal-to-noise ratios typically present when
analyzing individual FIPS scans.
[67] There are several limitations of this technique. Without

being able to distinguish individual ion tracks, it is impossible

Figure A1. Energy loss in foil as a function of total ion energy from TRIM simulations. (a) Loss over an
energy range appropriate for singly charged ions. (b) Loss over a larger energy range reflecting additional
energy gained in postacceleration by multiply charged ions, up to O6+.

Figure A2. Accumulated raw FIPS event data from
25 March 2011 through 22 November 2011 together with
lines showing the lower (dotted) and upper (dashed) bounds
on modeled TOF as a function of E/q for each species. The
modeled TOF center as a function of E/q (solid) is also
shown in green for He2+ and He+. Counts are normalized
to the maximum value. Background removal has not yet
been completed for the data shown in this figure. The darker
region below 0.1 keV/e is due to less time spent observing in
this energy range.
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to specify uniquely the set of ions identified in the analysis.
Ions were selected that best fit the observations among those
expected from studies of the neutral exosphere. Furthermore,
where ion tracks overlap, due to TOF uncertainties (track
width), no attempt was made to distribute statistically the
counts to individual species. Rather, a composite track
was constructed that includes the full range of TOF values
for the corresponding group of ions. The consequences of
this procedure are expected to be minor. Among the set of
ions and groups chosen, no overlap was present.
[68] Some estimation of the error in the reported abun-

dances can be made. Systematic errors, partly due to TOF
overlap described above, are estimated at ~20%. Additional
errors come from uncertainties due to counting (Poisson)
statistics. Thus, the total error (e) is calculated from

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:20ð Þ2 þ

ffiffiffiffi
N

p
=N

� �2
r

(A4)

where N is the number of counts.
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