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Abstract. During solar energetic particle (SEP) events, the inner heliosphere is bathed in 

MeV electrons. Through magnetic reconnection, these relativistic electrons can enter the 

magnetosphere of Mercury, nearly instantaneously filling the regions of open field lines 

with precipitating particles. With energies sufficient to penetrate solid aluminum 

shielding more than 1 mm thick, these electrons were observable by a number of sensors 

on the MErcury Surface, Space ENvironment, GEochemistry, and Ranging 

(MESSENGER) spacecraft. Because of its thin shielding, frequent sampling, and 

continuous temporal coverage, the Fast Imaging Plasma Spectrometer provided by far the 

most sensitive measurements of MeV electrons of all MESSENGER sensors. Sharp 

changes in energetic electron flux coincided with topological boundaries in the 

magnetosphere, including the magnetopause, polar cap, and central plasma sheet. 

Precipitating electrons with fluxes equal to ~40% of their corresponding upstream levels 

were measured over the entire polar cap, demonstrating that electron space weathering of 

Mercury’s surface is not limited to the cusp region.  We use these distinct precipitation 

signatures acquired over 33 orbits during 11 SEP events to map the full extent of 

Mercury’s northern polar cap. We confirm a highly asymmetric polar cap, for which the 

dayside and nightside boundary latitudes range over ~50−70°N and ~30−60°N, 

respectively. These latitudinal ranges are consistent with average models of Mercury’s 

magnetic field but exhibit a large variability indicative of active dayside and nightside 

magnetic reconnection processes. Finally, we observed enhanced electron fluxes within 

This article is protected by copyright. All rights reserved.



 4 

the central plasma sheet. Although these particles cannot form a stable ring current 

around the planet, their motion results in an apparent trapped electron population at low 

latitudes in the magnetotail.   
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1. Introduction 

During maxima in solar activity, large quantities of energy and mass are frequently 

released from the Sun in the form of solar flares and coronal mass ejections (CMEs). 

Both the site of the initial flare at the surface of the Sun and the CME-driven shocks in 

the interplanetary medium serve as charged particle accelerators [Reames et al., 1995; 

Cliver and Cane, 2002]. Fluxes in excess of 103 particles cm-2 sr-1 s-1 MeV-1 of solar 

energetic particles (SEPs), both ions and electrons, are observed in situ by spacecraft in 

the heliosphere and can persist on timescales ranging from several hours to several days 

[Cane et al., 1988]. The most intense SEP events have been observed close to the Sun 

(within ~0.3−0.5 AU), first by the Helios spacecraft [Cane, 1990; Lario, 2006], and more 

recently by the MErcury Surface, Space ENvironment, GEochemistry, and Ranging 

(MESSENGER) spacecraft [Solomon et al., 2001] while in orbit around Mercury [Lario 

et al., 2013]. Here we examine the interaction of MeV electrons from SEP events with 

Mercury’s magnetosphere, an environment that hosts the most intense space weathering 

processes in the solar system.  

Because they travel at a significant fraction of the speed of light, energetic electrons 

can be used to map magnetospheric topology. Electron distributions are typically 

subsonic in space plasmas [Pilipp et al., 1987], so that a substantial fraction of the 

distribution streams along the magnetic field in the opposite direction to that of the bulk 

plasma flow. In addition, in the nominal solar wind, there is a ~5% “strahl” of 

suprathermal (~100 eV) electrons that flows within ~15° of the magnetic field direction 
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away from the Sun [Marsch, 2006]. Through magnetic reconnection at a planetary 

magnetopause, the solar wind field can become connected to that of the planet. The 

electron strahl is then free to stream backwards along the magnetic field into the 

magnetosphere and toward the planet, independent of the bulk plasma flow. This kinetic-

scale phenomenon is known as “polar rain” at Earth, where precipitation of ~100 eV 

electrons occurs over the entire polar cap [Winningham and Heikkila, 1974; Gussenhoven 

et al., 1984; Fairfield and Scudder, 1985; Baker et al., 1986]. At Earth, this lower-energy 

electron precipitation is rarely sufficient to generate auroral emissions [Zhang et al., 

2007], so it is not typically observable with remote sensing techniques.  

Because the electron strahl flow direction is almost always anti-sunward, electron 

precipitation may favor either the southern (Figure 1a) or northern (Figure 1b) 

hemisphere, depending on the sector (e.g., outward or inward) of the draped 

interplanetary magnetic field. For bi-directional streaming events, polar rain can occur 

over both the northern and southern hemispheres (Figure 1c) [Gosling et al., 1985]. 

Similar physics holds for more energetic electrons. Energetic electrons at the onset of 

SEP events are initially measured to be highly anisotropic, field-aligned populations, but 

quickly (within ~1 day) evolve to near isotropy, with MeV electrons flowing both 

sunward and anti-sunward in the frame of the planetary magnetosphere [Bieber et al., 

1980; Kahler, 2007]. These reservoirs of MeV electrons fill both the northern and 

southern open-field regions at nearly the speed of light (Figure 1c). Energetic electrons 

can therefore be used as key signatures for the boundary of polar cap, which is important 
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for the evaluation of both the magnetospheric open flux budget [Slavin et al., 2010; Milan 

et al., 2011; Johnson et al., 2012] and space weathering of Mercury’s surface [Madey et 

al., 1998; Domingue et al., 2014].  This boundary has been mapped in an average sense 

from magnetic field and thermal plasma measurements [Korth et al., 2014].   However, 

Mercury’s offset dipole field creates a “plasma void” in which closed-field particles are 

preferentially lost onto the southern hemisphere.   This void is equatorward of the 

boundary between open and closed field lines, and the true nightside polar cap boundary 

has not yet been identified with in situ observations.  

There are a number of physical quantities that describe the degree of adiabatic 

character (i.e., “adiabaticity”) of particle motions in a magnetosphere. These parameters 

typically compare the size of a particle gyro-radius to the local field-line curvature 

[Speiser et al., 1965, Büchner and Zelenyi, 1989]. Parameters estimated for Mercury 

reveal that energetic particles should undergo substantial non-adiabatic motion, 

particularly in the neutral sheet in Mercury’s magnetotail [Delcourt et al., 2003, 2005; 

Korth et al., 2012]. Trajectories of electrons in Mercury’s magnetosphere have been 

estimated from test particle simulations [Ip et al., 1987; LeBlanc et al., 2003; Delcourt et 

al., 2005; Schriver et al., 2011a] and show substantial alteration of magnetic moments 

both in pitch angle and in energy during transits of electrons through the neutral sheet. 

Furthermore, it has been shown that Mercury’s magnetosphere is so small that it cannot 

sustain an energetic particle ring current, although quasi-trapped populations that persist 

for tens of seconds may be possible given the right combinations of injection locations 
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and energies [Schriver et al., 2011b; Walsh et al., 2013]. Kinetic-hybrid simulations 

reveal similar non-adiabatic behavior for ions [Trávníček et al., 2009] but treat electrons 

as a neutralizing fluid such that electron non-adiabaticity is not dynamically considered. 

Finally, in addition to creating sharp gradients in the magnetic field, the magnetotail is 

home to plasma waves and instabilities. Magnetic turbulence at all observable scales 

(~10-3−101 Hz) has been observed to maximize in the low-latitude plasma sheet [Uritsky 

et al., 2011; Boardsen et al., 2012]. Wave-particle interactions in this region may play a 

strong role in electron dynamics but are not easily evaluated with static-field test-particle 

simulation techniques.  

Bursts of locally generated ~30−300 keV electrons have been observed in Mercury’s 

magnetosphere by both the Mariner 10 [Simpson et al., 1974; Ogilvie et al., 1977; Baker, 

1986; Christon et al., 1987] and the MESSENGER [Ho et al., 2011a, 2011b] spacecraft. 

Bow shock processes and magnetic reconnection have been invoked as possible 

acceleration mechanisms of these electrons, but the temporal and spatial locations of 

these bursts [Ho et al., 2012; Lawrence et al., 2015] do not provide a clear correlation 

with known magnetospheric activity or invariant latitude that might diagnose the relevant 

energization processes.  Understanding the behavior of electrons at all energies, in 

particular those that are highly non-adiabatic, may elucidate the origin of accelerated 

planetary electrons.  

Here we use data from the Fast Imaging Plasma Spectrometer (FIPS) [Andrews et al., 

2007] on MESSENGER to investigate the dynamics of electrons from SEP events in 
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Mercury’s magnetosphere. We demonstrate that FIPS, because of its thin aluminum 

shielding and ~1.5π sr field of view, served as a highly sensitive detector of MeV 

electrons. Sharp gradients in measured electron flux provide a basis for identifying the 

boundaries of Mercury’s polar cap and investigating electron dynamics in Mercury’s 

magnetotail. These observations provide new insight into both magnetospheric dynamics 

and space weathering processes at Mercury.  

 

2. Energetic Particle Detection with FIPS 

The Energetic Particle and Plasma Spectrometer on the MESSENGER spacecraft 

consisted of two sensors, the Energetic Particle Spectrometer (EPS) and FIPS, intended to 

measure energetic and thermal plasma populations, respectively [Andrews et al., 2007].   

FIPS implemented an electrostatic system combined with a position-sensitive time-of-

flight (TOF) telescope to measure the composition and dynamic properties of solar wind 

and magnetospheric ions in the energy range 10 eV to 13.7 keV.  EPS had sets of solid-

state detectors (SSDs) designed to measure ions and electrons with energies greater than 

5 keV/nucleon and 35 keV, respectively.  

Because of the limited shielding of the EPS sensor unit, MeV ions and electrons in 

SEP events had sufficient energies to generate measureable signals on all EPS SSDs [Ho 

et al., 2011]. Consequently, the relative contribution of each SEP species to the measured 

count rates cannot readily be determined.  FIPS used micro-channel plates (MCPs) that 

were sensitive not only to low-energy ions and electrons, but also to ultraviolet and X-ray 
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photons and energetic particles [Wiza, 1979]. Solar energetic protons and electrons with 

energies greater than ~10 MeV and ~0.5 MeV, respectively, should have sufficient 

energies to penetrate both the ~0.5-mm-thick aluminum TOF shell and high-voltage 

housing plates [Daly et al., 1996]. Once inside the ~1-mm-thick radiation shield, particles 

could either trigger the MCPs directly or, for electrons, generate bremsstrahlung X-rays 

through interactions with the sensor walls [Stassinopoulos and Raymond, 1988].  

Particles also underwent angular scattering as they penetrated the material [Carron, 

2007].    

To estimate SEP penetration through the FIPS housing, we used the MULti-LAyered 

Shielding SImulation Software (MULASSIS) tool [Lei, et al., 2002], which employs a 

one-dimensional Monte Carlo model of particle passage through matter.   A solar 

energetic electron flux spectral shape of E-3 from Dröge [1995], where E is the electron 

energy, was imposed on a 1-mm-thick layer of aluminum.   Approximately ~1% of 

energetic electrons with energies in excess of ~1 MeV penetrated the FIPS shielding.   

Only ~0.3% of the incident electrons flux were converted into bremsstrahlung X-rays.    

Similarly, a ~E-4 spectral shape for protons was used following the “worst day” shock 

event at Earth from the Cosmic Ray Effects on Micro-Electronics Code (CREME96) 

[Tylka et al., 1997]. We find ~30% transmission of energetic protons with energies in 

excess of ~10 MeV through the FIPS instrument housing.     

Nominally, the FIPS field of view (FOV) was ~1.4π sr with cutouts below 15° and 

above 75° from its boresight direction because of ion optic constraints. With spacecraft 
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obstructions, this FOV was further reduced to ~1.15π sr. To first order, we model the 

FIPS FOV of penetrating SEP particles as a hemisphere about its boresight vector with 

only spacecraft obstructions, providing a field of view of ~1.5π sr (Figure 2).  The 

MESSENGER spacecraft was three-axis stabilized and had a protective sunshade that 

always pointed sunward. Consequently, spacecraft maneuvers were largely limited to 

rolls about Sun–Mercury line.   We use the Mercury solar magnetospheric (MSM) 

coordinate system in which the X-Y plane is offset ~484 km northward of the planetary 

center along Mercury’s spin axis (along which the Z-axis points northward) axis, the X-

axis points sunward along the Sun–Mercury line, and the Y-axis points duskward and 

completes the right-handed coordinate system [Anderson et al., 2011].  As shown in 

Figure 2 for two example MESSENGER orientations, the FIPS boresight direction 

pointed out of the side of the spacecraft. For each example, the solid angle sampled by 

FIPS has been projected onto the Y-Z plane to enable a visualization of the FIPS SEP 

FOV as a function of time. Similar visualizations were used by Gershman et al. [2013, 

2014] to model the FIPS FOV of interstellar He+ pickup ion distribution functions. Here, 

directions not visible to FIPS are shown in white. For Figure 2a, the FIPS boresight 

vector was pointed toward dawn (−Y). With its wide FOV FIPS could view particles 

traveling duskward, northward, and southward. For Figure 2b, the FIPS boresight vector 

pointed between dusk (+Y) and southward (−Z), measuring particles traveling dawnward 

and northward.  
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In the nominal mode of operation for FIPS as a time-of-flight mass spectrometer, 

secondary electrons liberated from a carbon foil by incident ions were directed onto a 

“start” MCP detector (MCP1), where they opened a ~650 ns timing window. The 

incident particle then traversed the distance of the FIPS TOF chamber and generated a 

signal on an orthogonally mounted “stop” MCP detector (MCP2). If a stop signal was 

detected within that timing window a TOF was calculated. This TOF, together with a 

known energy per charge, E/q, of the ion set by the electrostatic analyzer (ESA), enabled 

an estimate of the mass per charge. Because a penetrating particle was both unfiltered by 

the ESA and traveling at high speeds, it was unlikely to generate a valid start–stop pair.  

Coincidence measurements, therefore, provided a filter for energetic particles and served 

to increase the signal-to-noise ratio of space plasma instrumentation during SEP events 

[Gilbert et al., 2014].  However, because we use FIPS here as an energetic particle 

detector rather than a low-energy mass spectrometer, we consider the individual MCP1 

and MCP2 detector rates and neglect the typically used start–stop coincidence rate.    

A FIPS E/q scan occurred over a period of ~10 s or ~60 s in the sensor’s burst and 

survey modes of operation, respectively, with corresponding integration times of either 

0.05 or 0.95 s in 60 E/q channels. Energetic particles unfiltered by electrostatic analysis 

were present in all E/q channels. However, it was rare that thermal plasma 

simultaneously occupied the entire FIPS energy range. Therefore, to calculate 

background (BG) rates, we compare the average number of events in the lowest five (E/q 

< 150 eV/e) and highest five (E/q >10 keV/e) channels. The lower of the two is taken as 
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a reference count rate, N. We then take the average value over all E/q channels that have 

rates below the standard error associated with finite particle counting (i.e., N+1.96√N) 

and normalize by the appropriate accumulation time. We first calculate BG rates for 

MCP1 and MCP2 individually and then again using their averaged E/q spectra. 

Energetic electrons, bremsstrahlung X-rays, and energetic protons are expected to have 

detection efficiencies of ~30%, 1%, and 1% on the FIPS MCPs, respectively [Wiza, 

1979; Harres et al., 2008].   After scaling these efficiencies by their relative particle 

transmissions, we conclude that the background signals on the FIPS MCPs in SEP events 

were due to direct incidence of penetrating particles.  Given an MCP area of ~10 cm2  

with a ~0.75π sr effective FOV, cumulative fluxes of ~10 cm-2 s-1 of >1 MeV electrons 

and >10 MeV protons each correspond to a FIPS BG rate of ~1 count/s.   

Consider an example SEP event from 18−26 September 2012. Energetic particle count 

rates from both EPS and FIPS for this time period are compared in Figure 3. The EPS 

data are taken from its SSD 219 keV ion channel, which provided the largest dynamic 

range in count rate, defined as ratio of the maximum number of counts measured during 

the event to the EPS BG rate of ~102. The FIPS BG rate is in excellent agreement with 

the EPS data, but with a higher dynamic range of ~104. This increase in sensitivity 

provides visibility during the entire energetic particle event, not accessible previously. 

Indeed, the FIPS record nearly doubles the observed duration of the event relative to the 

EPS record, for which rates over the noise floor persisted for ~6 and ~3 days, 

respectively. Finally, there were apparent dips in electron fluxes from 21 to 23 September 
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2012 in both datasets that correspond to transits of Mercury’s magnetosphere. These 

signatures are addressed in detail in section 3.   

MESSENGER’s Gamma-Ray and Neutron Spectrometer [Goldsten et al., 2007] has 

also been used to detect and characterize keV electron bursts at Mercury [Lawrence et al., 

2015]. The Neutron Spectrometer and the anticoincidence shield on the Gamma-Ray 

Spectrometer also exhibited increased background signatures during SEP events but were 

configured to preferentially downlink high-time-resolution data when large variances 

(i.e., transient bursts) in electron fluxes were observed. Furthermore, data at the highest 

time resolution of ~10 ms were not acquired until 2013. Consequently, we do not 

consider data from these sensors in our analysis here. The full capabilities of these 

instruments with respect to electron observations have been described in detail by 

Lawrence et al. [2015].    FIPS was not sensitive to these lower-energy (i.e., < 1 MeV) 

electron bursts. 

Energetic (>MeV) protons have gyro-radii that are large (>1000 km) compared with 

the typical length scales of Mercury’s magnetospheric system, so it is unlikely that they 

follow adiabatic charged-particle drift motion [Laurenza et al., 2011]. Electrons, 

however, even with near-relativistic energies, should have gyro-radii on the order of 100 

km, a small fraction of a Mercury radius (RM) of ~2440 km. We therefore attribute 

changes in BG rates that match magnetospheric boundaries to changes in MeV electron 

flux. In locations where the energetic particle flux was highly directional, large changes 

in spacecraft orientation may have also resulted in changes in FIPS BG rates.  
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3. Results  

Consider three successive magnetospheric transits during the 18−26 September 2012 

SEP event shown in Figure 4. For these orbits, MESSENGER ascended from the dayside 

magnetosheath (MSH) across the magnetopause (MP) (solid line) over the northern polar 

cap (dashed lines), and then descended through the central plasma sheet (dotted lines) and 

southern magnetic lobe. The top row of panels in Figure 4 are FIPS E/q spectra summed 

from the MCP1 and MCP2 detectors.  Calculated FIPS BG rates are shown for MCP1, 

MCP2, and their average in the second row of panels in Figure 4.   For each orbit, the BG 

rates are normalized relative to their near-MP values. Only after the signal from 

penetrating radiation has dropped down below ~500 counts/s do the signals from 

magnetospheric plasmas become visible.  The calculated BG rates exclude the 

contribution from these thermal plasmas.   

The third row of panels in Figure 4 visualizes the FIPS SEP FOV as a function of 

time. Transitions are due to changes in spacecraft attitude with time. The energetic 

particle fluxes do not appear to be a strong function of MESSENGER orientation, 

consistent with approximately isotropic upstream distributions. Instead, changes in flux 

are more coincident with magnetic boundaries as identified by the MESSENGER 

Magnetometer [Anderson et al., 2007] (MAG) in the fourth and fifth rows of panels in 

Figure 4. The spectrograms in the bottom row of panels of Figure 4 are calculated with a 

time-centered sliding window of 1 min duration, following Gershman et al. [2014].   
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MAG samples the ambient magnetic field with a maximum rate of 20 samples per second 

and a digitization resolution of ~0.05 nT [Anderson et al., 2007]. 

Strong isotropic SEP fluxes are observed in the MSH as expected. On crossing the 

MP, however, there was a factor of ~2 reduction in measured BG rates.  The relative 

changes in MCP1 and MCP2 across this boundary were not identical, an effect most 

pronounced in Figure 4a.  BG rates rose sharply near the lower boundary of the magnetic 

cusp, as evidenced by a diamagnetic decrease in total magnetic field intensity, increased 

magnetic field inclination relative to the lobe field, and enhanced fluctuations in the 

magnetic field due to low-frequency waves observed in the magnetic spectrogram. The 

energetic electron fluxes here were likely highly anisotropic because of easier access of 

field-aligned entry particles to the surface.  However, the attitude of the spacecraft was 

such that precipitating particles were well within the FIPS SEP FOV during these transits.   

A weak but measurable dependence on the MESSENGER orientation on the FIPS BG 

rate can be observed at 0740 LT when a BG rate increase from ~550 to ~700 counts/s 

corresponded to a northward turning of the spacecraft. 

On the nightside, the BG rate dropped to its dayside closed-field levels with no 

corresponding signature in the magnetic field or spacecraft attitude. We interpret this 

drop as the nightside boundary of the polar cap where the planetary field was no longer 

directly connected to the solar wind. Because the MESSENGER transit of the polar cap 

was close to the planet, we use a simple dipole mapping of MESSENGER’s location to 

invariant latitude, where the surface here is a sphere of radius RM centered on the origin 
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of the MSM coordinate system [Korth et al., 2011]. The dayside (local time ~1000 h) and 

nightside (local time ~2100 h) latitudes for the examples in Figure 4 are (69°, 45°), (61°, 

40°), and (64°, 35°), respectively. 

The low nightside BG rate persisted until the spacecraft reached the central plasma 

sheet as identified by strong fluctuation power associated with diamagnetic depressions. 

The latitudinal range of these plasma-sheet fluctuations can vary substantially, with the 

fluctuations in Figure 4a, 4b, and 4c poleward of ~5°, ~10°, and ~60° northern MSM 

latitudes, respectively. For the largest region of reduced fluxes in Figure 4a, transverse 

fluctuations were observed near the H+ and He2+ gyro-frequencies, indicative of 

anisotropic thermal plasma. Once MESSENGER passed through this turbulent region, the 

BG rate remained high as the spacecraft passed through the southern magnetic lobe that 

was also directly connected to the interplanetary magnetic field.  

We identified 33 orbits with 11 SEP events from March 2011 to October 2014 during 

which the boundaries of the polar cap were apparent on the basis of visible discontinuities 

in FIPS BG rates. The full list of these orbits and corresponding estimates of polar cap 

latitudes are given in Table A1 in Appendix A. These boundaries are shown as a function 

of local time in Figure 5 along with the average polar cap boundary estimated from the 

Alexeev et al. [2010] magnetic field model. Both the model and data show a strong day–

night asymmetry, with dayside and nightside polar cap boundaries mapping to ~50°–70° 

and ~30°–60°, respectively. The data show increased variability over the average model, 

as expected for a dynamic magnetosphere. Shaded regions in Figure 5 illustrate the 

This article is protected by copyright. All rights reserved.



 18 

average regions where solar wind plasma had direct access to Mercury’s surface. Direct 

ion and thermal electron precipitation is limited to the magnetic cusp regions [Zurbuchen 

et al., 2011; Winslow et al., 2014; Raines et al., 2014]. However, energetic electrons are 

observed to precipitate over the entire area of the polar cap.  

 

4. Discussion 

Differences in the count rates of MCP1 and MCP2 are attributed to either an 

anisotropic response of each detector to incident particle flux or a difference in detection 

efficiency.   In the closed-field region, the primary contribution of energetic particles to 

the FIPS BG rates should be MeV protons.  The overall reduction of the FIPS BG rates in 

these regions implies that MeV electrons account for ~20–50% of the nominal BG signal, 

several times higher than might be expected from typical SEP events [Dröge, 1995; 

LeBlanc et al., 2003].  However, a modest reduction in the MeV proton flux in the 

closed-field regions may account for this discrepancy.  Finally, because the relative rates 

of MCP1 and MCP2 were similar in the upstream MSH (i.e., isotropic flux) and over the 

polar cap (i.e., anisotropic flux), we conclude that angular scattering of penetrating 

radiation obscured their initial incident directions so that each FIPS MCP acted as a near-

omnidirectional sensor.  Differences in MCP1 and MCP2 count rates are therefore 

attributed to differences in particle detection efficiencies.  

Magnetic reconnection at the dayside magnetopause and at the near-Mercury neutral 

line (NMNL) controls the amount of magnetic flux that is simultaneously connected to 
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both the solar wind and Mercury’s planetary field. Any imbalance between dayside and 

nightside reconnection rates results in the expansion and contraction of the polar cap area, 

where the open field lines in the magnetic lobes converge at the planet [Burch et al., 

1973; Milan et al., 2004]. From recent MESSENGER observations in the magnetic lobes, 

the typical range of estimated tail flux is 2.6 ± 0.6 MWb [Johnson et al., 2012].   

However, high rates of reconnection at the dayside magnetopause [Slavin et al., 2009; 

DiBraccio et al., 2013], >50% tail-loading events observed during the third 

MESSENGER flyby [Slavin et al., 2010, 2012], and the extreme dayside magnetospheric 

erosion events observed during coronal mass ejections [Slavin et al., 2014] suggest that 

large variations in the area of the polar cap must occur on occasion.  As the solar wind 

magnetic field is convected anti-sunward, reconnected flux is transported from day to 

night and stretched out and loaded into Mercury’s magnetotail.  A pronounced day–night 

asymmetry in the polar cap latitude forms because of the small volume of the dayside 

magnetosphere. Our observations confirm this effect, though the polar cap size for these 

events is larger and more variable than those predicted by average models of Mercury’s 

magnetosphere [Alexeev et al., 2010; Korth et al., 2014]. 

In the solar wind and magnetosheath, SEP fluxes were approximately isotropic in the 

frame of Mercury’s magnetosphere, with particles traveling both sunward and anti-

sunward. In these regions, with its ~1.5π effective FOV, FIPS observed approximately 

~40% of the upstream distribution.  Over the polar cap and in the magnetospheric lobes, 

the fluxes were more anisotropic, but favorable orientation of MESSENGER resulted in 
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FIPS observing nearly the entire distribution. For this reason, because the FIPS BG rates 

in the magnetosheath and over the polar cap were nearly identical, we conclude that 

~40% of the upstream particles precipitate over the full area of Mercury’s polar caps.   

The high energies of these particles may have resulted in increased electron-sputtering 

rates, where electrons have sufficient momentum to displace surface particles [LeBlanc et 

al., 2003].   

Although not directly observable with our measurement technique, as at Earth we 

expect that the precipitation pattern of energetic electrons from the solar wind should 

apply to suprathermal strahl electrons. These ~100 eV polar-rain electrons lack sufficient 

energy for momentum-induced electronic sputtering. However, precipitating electrons at 

energies >10 eV can liberate both ion and neutral particles from Mercury’s regolith 

through electron-stimulated desorption (ESD) [McClain et al., 2011]. Desorption rates 

calculated from simulated electron precipitation suggest that ESD is an important source 

mechanism for exospheric production [Milillo et al., 2005; Schriver et al., 2011a], on par 

with ion sputtering. Solar wind precipitation is typically considered only in the cusp 

(Figure 5), where the thermal plasmas have direct access to the surface [Schriver et al., 

2011a; Domingue et al., 2014]. A kinetic description of electrons is needed to produce 

polar rain effects near Mercury, and such simulations do not exist as yet.   

Our observations suggest that there may be a systematic underestimation of the total 

rate and spatial scale of ESD in current exospheric models of Mercury. For example, such 

a near-global source of space weathering may be responsible for the recent observed 
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inhibition of thermal desorption of surface sodium into Mercury’s exosphere [Cassidy et 

al., 2014].  At Earth, ~100eV polar-rain electrons have fluxes of ~106–108 cm-2 s-1 

[Winningham and Heikkila, 1974].   From observations by the Helios spacecraft, the solar 

wind electron strahl population has been observed to be a constant fraction of the solar 

wind density between ~0.3 AU and 1 AU [Štverák et al., 2009].  Therefore, we expect 

that Mercury’s entire polar cap is regularly bombarded with ~107–109 cm-2 s-1 fluxes of 

~100 eV electrons, an order of magnitude less than the strong precipitation signatures 

predicted by Schriver et al. [2011a], but spread over a substantially larger area.  

The lowest SEP electron fluxes are observed in the dayside closed-field region, 

consistent with minimal cross-field diffusive transport of electrons across the dayside 

MP. Magnetic reconnection on the dayside provides a pathway for energetic particles to 

permeate the magnetospheric lobes and precipitate onto Mercury’s polar cap. Energetic 

electrons likely enter the closed field lines on the nightside via reconnection at the 

NMNL or diffusive transport/gradient drift entry [Hones et al., 1972; Olson and Pfitzer, 

1985] across the equatorial duskside magnetopause in the low-latitude-boundary layer 

(LLBL).  For relativistic electrons, the equatorward E×B drift of ~50 km/s [Slavin et al., 

2012], where E and B are the electric and magnetic field vectors, respectively, is 

extremely small compared with their planetward speed, i.e., nearly the speed of light. 

Therefore, it is unlikely that a substantial fraction of lobe electrons can diffuse onto 

closed field lines before precipitating along open field lines. Increased electron fluxes on 

Mercury’s nightside coincide directly with increased magnetic fluctuation power in the 
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plasma sheet. Such a correlation suggests that on the timescale of a tail pass (~15 min), 

the variations in flux are due to spatial effects rather than temporal effects, which would 

show both increases and decreases in flux during a single transit.  

Consider the adiabatic limit at Mercury. The gyro-period, bounce period, and gradient-

curvature drift time across the magnetotail for a 1 MeV electron in a ~100 nT magnetic 

field are ~1 ms, ~10 ms, and ~2 s, respectively. For injection dominated by lobe 

reconnection, electrons would first enter the closed field lines that map to the highest 

invariant latitudes. The apex of these newly closed field lines will convect from the 

NMNL at ~(2−3) RM downtail to the planet within ~3 s [Slavin et al., 2012]. Because the 

particles’ duskward drift speed is on the same order as this field-line convection speed, it 

is unlikely that energetic electrons could populate field lines corresponding to the lowest 

invariant latitudes. Similarly, for particles entering in the duskside LLBL, test particle 

simulations show a bifurcation of electron drift paths near the terminator [Walsh et al., 

2013]. Only particles entering tailward of this bifurcation region (L ~1.5 RM, where L is a 

parameter that describes the set of Mercury’s magnetic field lines that cross the magnetic 

equator at a specified radius) can successfully drift across the tail at low-latitudes. 

Because of MESSENGER’s limited observational geometry, we cannot readily quantify 

the relative contribution of magnetic reconnection-based and LLBL-based entry 

mechanisms to the measured electron fluxes.  However, neither process should produce 

energetic electron flux on closed field lines at low invariant latitudes in the magnetotail.   
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The MESSENGER trajectory through the magnetotail threaded the outermost closed 

field lines on both sides of the neutral sheet. For adiabatic and isotropic plasmas, the 

particle phase space density must be constant along a magnetic field line [Korth et al., 

2012, 2014]. However, reduced electron fluxes are observed in the near-planet (<1.5 RM) 

northern hemisphere but not in the far-tail (>2 RM) southern hemisphere, even though the 

magnetic field in each location maps to the same invariant latitude. The density of 

adiabatic plasma measured along a field line can exhibit a maximum at the equator if the 

distribution has a large ratio between the temperature perpendicular to the local magnetic 

field and the temperature parallel to the local field [Olsen et al., 1994]. Therefore, 

increased energetic electron flux at low latitudes could result from adiabatic particle 

motion only if there is a preferential injection of electrons with pitch angles near 90° into 

the equatorial closed-field region.  

However, near Mercury’s neutral sheet it is unlikely that energetic electrons can 

satisfy this anisotropy requirement. Interaction with the turbulent fluctuations in the 

plasma sheet will result in pitch-angle scattering, making it difficult to maintain a strong 

perpendicular anisotropy. Moreover, even in the absence of strong scattering, energetic 

electrons can execute meandering Speiser- or cucumber-type orbits about the neutral 

current sheet [Büchner and Zelenyi, 1989] due to their large gyro-radii. The enhanced 

fluxes observed at low latitudes are most likely a result of MeV electrons spending 

disproportionate amounts of time near the neutral sheet, becoming quasi-trapped near the 

magnetic equator.    
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As evidenced in Figure 4a by the fluctuations near the H+ and He2+ gyro-frequencies 

and low FIPS BG rates at high latitudes, closed-field thermal ions are present in locations 

where energetic electrons are not. An illustration of this trajectory is shown in Figure 6, 

where relative FIPS BG rates are painted onto a MESSENGER orbit that has been 

projected onto the X–Z plane. Analysis of wave activity near Mercury’s plasma sheet 

[Boardsen et al., 2012, 2014] has revealed that the fluctuations are ordered by magnetic 

latitude rather than invariant latitude. Ray tracing of the ion-Bernstein wave mode along a 

single field line shows a transition from compressive to transverse fluctuation power 

within ~10° of the magnetic equator along the same field line [Boardsen et al., 2015]. 

Likewise, our observations are consistent with an energetic electron flux in the closed-

field region that depends on MSM latitude (i.e., non-adiabatic trapping) rather than on 

invariant latitude (i.e., adiabatic bounce motion). Such dependence is specific to energetic 

electrons, whereas thermal ions are present at higher latitudes (Figure 4a). A number of 

the keV electron bursts reported by Ho et al. [2012] and Lawrence et al. [2015] occurred 

in similar geographic locations, suggesting that a fraction of their events could be 

attributed to quasi-trapped particles in the neutral sheet.  However, the origin of these 

locally generated energetic particles at Mercury is still an open question. 

 

5. Conclusions 

We have used MESSENGER/FIPS background rates as a sensitive proxy for MeV 

electrons. Sharp changes in electron flux in these data correspond to magnetospheric 
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boundaries such as the magnetopause, polar cap, and central plasma sheet. From 

observations acquired on 33 orbits during 11 SEP events at Mercury, we have mapped 

the extent of Mercury’s northern polar cap as a function of local time, confirming the 

predicted day–night asymmetry. Unlike solar wind protons for which direct access to the 

surface is limited to the magnetic cusp region, suprathermal strahl and energetic solar 

electrons should have sufficient energies to precipitate over the full area of the polar cap, 

effects that are not currently captured in models of surface sputtering and its effect on 

neutral and charged particle production at Mercury. Finally, enhanced fluxes of energetic 

electrons in the nightside closed field region are shown to correspond with strong 

magnetic turbulence in the plasma sheet. Such a confinement suggests that energetic 

electrons exhibit highly non-adiabatic behavior in Mercury’s magnetotail.  
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Appendix A. Polar Cap Boundaries 

A list of 33 polar cap boundaries inferred from FIPS observations of MeV electrons 

during 11 SEP events is provided in Table A1. The time in UTC, Mercury local time 

(LT) in hours, and invariant latitude are provided for each orbit. 

 

Table A1. Mercury’s polar cap boundaries inferred from FIPS observations of MeV 
electrons during SEP events. 

 Dayside Boundaries Nightside Boundaries 

Date Time 
(HH:MM) 

LT 
(h) 

Invariant 
Latitude 

(o) 

Time 
(HH:MM) 

LT 
(h) 

Invariant 
Latitude 

(o) 
4 Aug 2011 08:56 6.2 66 09:07 16.1 58 
7 Sep 2011 20:52 6.0 55 21:04 19.8 60 
27 Jan 2012 22:53 15.7 62 23:03 5.8 64 
28 Jan 2012 10:37 15.6 63 10:50 5.3 54 
31 Jan 2012 09:22 15.0 64 09:33 4.9 60 
1 Feb 2012 08:55 13.5 76 09:05 4.6 56 
1 Feb 2012 20:40 14.8 61 20:55 4.3 51 
5 Mar 2012 05:51 4.6 51 06:03 18.2 60 
10 Mar 2012 01:53 16.1 55 02:11 3.0 33 
10 Mar 2012 13:30 16.0 57 13:45 2.7 41 
12 Mar 2012 00:20 15.5 60 00:37 2.3 33 
27 May 2012 15:02 6.1 63 15:17 19.7 49 
21 Sep 2012 15:32 10.5 62 15:47 21.1 49 
21 Sep 2012 23:34 10.9 69 23:46 21.0 52 
22 Sep 2012 07:34 10.8 69 07:48 21.0 45 
22 Sep 2012 15:32 10.3 61 15:50 21.1 41 
22 Sep 2012 23:33 10.4 64 23:54 21.1 35 
23 Sep 2012 07:32 10.1 61 07:52 21.0 37 
23 Sep 2012 23:33 10.1 64 23:45 20.4 57 
28 Oct 2013 09:12 9.5 63 09:29 22.8 39 
28 Oct 2013 17:17 9.3 63 17:29 23.0 56 
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8 Jan 2014 17:37 14.0 56 17:55 3.1 39 
9 Jan 2014 01:35 13.7 63 01:53 2.9 34 
9 Jan 2014 09:38 13.7 60 09:54 3.0 41 
9 Jan 2014 17:37 13.4 64 17:53 2.8 38 
1 Sep 2014 18:50 9.1 62 19:00 19.1 57 
3 Sep 2014 02:59 9.1 67 03:10 19.0 51 
3 Sep 2014 11:01 9.0 66 11:12 19.0 52 
3 Sep 2014 19:03 9.0 67 19:18 19.1 44 
4 Sep 2014 11:07 8.8 66 11:17 18.6 55 
5 Sep 2014 03:12 9.1 72 03:20 18.4 59 
5 Sep 2014 11:13 8.5 65 11:26 18.7 48 
6 Sep 2014 03:18 8.8 70 03:25 18.0 63 
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Figure Captions 
 
 
 
Figure 1. North-south cross sections of magnetic field topology in Mercury’s 
magnetosphere. The interplanetary magnetic field maps to Mercury’s polar cap via the 
magnetic lobes in the tail. Both ends of closed magnetic field lines (blue) are connected 
to the planet. Electrons in the solar wind from the suprathermal strahl or SEP events 
stream along the field lines; gold arrows indicate particle flow directions (rather than 
magnetic field directions).  (a, b) Anti-sunward-streaming electrons flow into either the 
(a) southern or (b) northern hemisphere depending on the sector of the IMF (e.g., outward 
or inward, respectively). (c) For bidirectional streaming or isotropic distributions, 
energetic electrons flow into both hemispheres.   
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Figure 2. FIPS FOV for orientations of the MESSENGER spacecraft on (a) 22 
September 2012, 07:20 UTC, and (b) 22 September 2012, 08:20 UTC. The FIPS FOV is 
shown in the MSM coordinates θMSM and ΦMSM, the polar and azimuthal angles, 
respectively. (θMSM, ΦMSM) = (90°, 180°) corresponds to the solar direction. The nominal 
FIPS FOV is indicated in black and includes cutouts due to spacecraft obstructions and a 
~15° circle centered around the FIPS boresight vector, which is confined to near the Y−Z 
plane. During SEP events, the additional blue FOV becomes visible because particles are 
not constrained by the FIPS electrostatic system. White areas are not sampled by FIPS in 
either case.    On the right, the solid angle visible to FIPS during SEP events for two 
MESSENGER orientations has been projected onto the Y−Z plane (see the color bar on 
the far right).  For the orientations in (a) and (b), FIPS pointed duskward and dawnward, 
respectively.   The total visible solid angle was ~1.5π sr. Similar visualizations have been 
described in more detail by Gershman et al. [2013, 2014]. 
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Figure 3. Energetic particle count rates for the FIPS MCPs (blue for MCP1, red for 
MCP2, and black for their average) and the EPS SSD 219 keV ion channel (purple) for a 
large SEP event at Mercury during the period 20−27 September 2012. The noise floors 
for each dataset are shown as dashed lines. The onset of the event (counts measured 
above the noise floor) was observed on 23 September and 24 September for FIPS and 
EPS, respectively.  The event had two maxima simultaneously observed between 24 
September and 25 September by both sensors.   The FIPS data provide an excellent proxy 
for energetic particle flux, with a factor of ~100 increased dynamic range over EPS for 
MeV electrons.   Because both EPS and FIPS are sensitive to MeV protons and electrons, 
neither BG rate can be scaled directly to provide an absolute flux measurement.   Shaded 
regions indicate time periods when MESSENGER was inside Mercury’s magnetosphere.  
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Figure 4. (a, b, c) Records of an SEP event during three successive MESSENGER orbits 
on 22 September 2012. (Top row)  Summed MCP1 and MCP2 detector rates.  (Second 
row) Individual MCP detector rates normalized by their respective near-MP values. 
(Third row) The FIPS FOV projected onto the Y−Z plane (as described in Figure 2). 
(Fourth row) The magnetic field vector. (Fifth row) Power spectral density (PSD) of 
magnetic fluctuations perpendicular to the mean field direction. The gyro-frequencies of 
H+ and He2+ are shown as solid white lines.  For each orbit, the magnetopause, polar cap, 
and low-latitude plasma sheet regions are indicated as solid, dashed, and dotted lines, 
respectively. The FIPS BG rate dropped in the dayside closed-field region and increased 
both over the polar cap and in the low-latitude plasma sheet. 
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Figure 5. Map of Mercury’s northern polar cap in invariant latitude as a function of local 
time. The average modeled boundary from Alexeev et al. [2010] is shown as a black 
dashed line. Regions where solar wind ions (blue) and electrons (gold), on average, have 
direct access to Mercury’s surface under averaged conditions are shaded. Ions are 
confined to the cusp region whereas energetic and polar rain electrons have access to the 
entire polar cap. Crossings of Mercury’s polar cap identified by FIPS observations of 
energetic electrons are shown as red squares. These observations exhibit the strong day–
night asymmetry predicted by the model but with increased variability.   
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Figure 6. Relative FIPS BG rate from the 22 September 2012 event in Figure 4a along a 
projection of MESSENGER’s orbit onto the MSM X−Z plane. The energetic electron 
flux dropped when MESSENGER crossed the magnetopause into the closed-field dayside 
region and when it crossed the nightside polar cap into the high-latitude closed-field 
region. Fluxes increased in the low-latitude plasma sheet coincident with turbulence 
fluctuations in the magnetic field (enclosed by red dashed lines). The lack of an observed 
reduction in flux in the closed-field region in the southern hemisphere may be due to the 
spacecraft trajectory. Although all magnetic latitudes were sampled, all invariant-MSM 
latitudes were not. Confinement of energetic electrons to only the low-MSM latitude for a 
given closed field-line suggests highly non-adiabatic behavior.  
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