
Helium in Mercury's Extended Exosphere Determined by
Pick‐Up Generated Ion Cyclotron Waves
F. Weichbold1 , H. Lammer1, D. Schmid1 , M. Volwerk1 , J. Hener2 , A. Varsani1 ,
A. Vorburger2 , P. Wurz2 , and C. Simon‐Wedlund1

1Space Research Institute, Austrian Academy of Sciences, Graz, Austria, 2Space Research and Planetology, Physics
Institute, University of Bern, Bern, Switzerland

Abstract Helium (He) was first detected by remote spectroscopic observations of the Ultraviolet Visible
Spectrometers (UVVS) instrument in Mercury's exosphere during the threeMariner 10 flybys in 1974 and 1975.
Here, we derive the first in situ radial density profile of He in Mercury's extended exosphere by analyzing
magnetic field and plasma measurements from 2011 to 2015 obtained by the MErcury Surface, Space
ENvironment, Geophysics, and Ranging (MESSENGER) spacecraft. Our results indicate that most of the
exospheric He follows a thermal trend. Interestingly, some events show density enhancements compared to the
thermal profile which might be caused by sporadic (micro‐)meteorite impact events. These energetic He
population events yield average He surface densities of ≈150 cm− 3. The thermal He population on Mercury's
day side can be reproduced with a surface density of ≈1,100 cm− 3. The main exospheric He source can be
identified as thermal release and thermal recycling of solar wind implanted He particles that agree well with the
observations made by the Probing Of Hermean Exosphere By Ultraviolet Spectrometer (PHEBUS) instrument
on board BepiColombo during its first Mercury fly by and exospheric simulations.

Plain Language Summary Mariner 10 first identified the presence of a Helium (He) exosphere
around Mercury through remote spectrometric observations during its flybys in 1974–1975. These observations
were recently confirmed by the PHEBUS instrument onboard the BepiColombo spacecraft, which also detected
exospheric He, albeit with a lower number density than that reported byMariner 10. In this study, we present the
first in situ density profile of He, derived from magnetic field and plasma measurements taken by the MErcury
Surface, Space ENvironment, Geochemistry, and Ranging (MESSENGER) spacecraft. These data were
analyzed to identify ion cyclotron waves (ICWs) generated by exospheric He+ pick‐up ions. Our findings
indicate the existence of two distinct Helium populations around Mercury: one thermally released from the
surface and another, more energetic and sporadic population likely caused by meteorite impacts that vapourize
material on Mercury's surface. Based on our ICW analysis, the Helium abundance in Mercury's extended
exosphere is expected to vary depending on the parameters of impacting (micro‐)meteorites, such as their
frequency and intensity.

1. Introduction
In 1974, the Mariner 10 spacecraft provided the first evidence that Mercury, the innermost planet of our Solar
System, possesses a thin, collisionless gaseous envelope representing an exosphere where the exobase level
corresponds to the surface. Further analysis of the Mariner 10 data unveiled the presence of various gaseous
constituents within this exosphere, originating from sources such as the planetary surface, the solar wind, and
even (micro‐) meteorites. Notably, Mariner 10's UV spectrograph detected for the first time an abundance of
Helium (He) at the 58.4 nm resonance line (Broadfoot et al., 1974, 1976; Hartle et al., 1975). The radiance of
photons emitted at the wavelength of the resonance line along a line‐of‐sight (LOS) was measured. Based on the
measured radiance's the column density of the photon‐emitting He content within this LOS could be estimated.
Collecting radiance measurements from multiple LOSs makes it possible to construct a density profile of He
(Broadfoot et al., 1974). After analyzing the Mariner 10 data the determined He surface number density was
estimated to be ∼4,500 cm− 3 to 6,000 cm− 3 based on the observations of the 1st and 3rd Mercury encounter
(Broadfoot et al., 1976; Hunten et al., 1989).

Nearly four decades later, the MESSENGER spacecraft confirmed the presence of planetary Helium ions, He+, at
different radial distances to the planet by measurements of the energy, angular, and compositional profiles of the
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low‐energy components of the ion distributions with the Fast Imaging Plasma Spectrometer (FIPS) (Andrews
et al., 2007; Raines et al., 2013). Using the FIPS instrument Raines et al. (2013) determined a He+ density profile
depending on the local time. A more recent study conducted by Wurz et al. (2019) reproduced the FIPS He+ data
by using the modeled He neutral density profile of Wurz and Lammer (2003), which is based on the thermal
release of He from Mercury's surface with a surface number density in agreement with the estimates from the
Mariner 10 data. Previous studies show that the solar wind is the main contributor to Mercury's exospheric He
content (Goldstein et al., 1981; Grava et al., 2016; Hartle et al., 1975; Hunten et al., 1989; Hurley et al., 2016). The
He ions from the solar wind can reach the planet's surface by penetrating directly through the cusp regions when
the interplanetary magnetic field (IMF) is in a favorable orientation (Goldstein et al., 1981; Kallio & Janhu-
nen, 2003; Killen et al., 2001). Surface particles are released into Mercury's exosphere through various particle
release mechanisms (Wurz et al., 2022). Thermal release is the primary mechanism governing the content of very
light and volatile materials such as solar wind‐implanted He (Killen et al., 2007; Wurz et al., 2022; Wurz &
Lammer, 2003).

Schmid et al. (2022) analyzed for the first time H+ Ion Cyclotron Waves (ICWs) in the magnetic field data of the
MESSENGER spacecraft, which were specifically generated by freshly ionized pick‐up ions and determined the
local number density of neutral hydrogen atoms. Here we apply the method presented by Schmid et al. (2022) to
study He in Mercury's exosphere.

Section 2 describes the method that is used to identify ICWs generated specifically by the pick‐up of freshly
ionized planetary He atoms in Mercury's extended exosphere. Utilizing the observed wave power of these
identified ICWs, we deduce the local exospheric He neutral density that was necessary for producing the He+

pick‐up ions during the detection period. This enables us to reconstruct an in situ altitude‐dependent density
profile of He atoms around Mercury from the surface up to distances of several Mercury radii. In Section 3 and 4
we discuss the observation results, characterize our findings, and compare them with previous UVVS observa-
tions of Mariner 10 and BepiColombo.

2. Materials and Methods
2.1. ICW Generation Mechanism

Ion cyclotron waves (ICWs) are generated in a plasma by a temperature anisotropy, where the temperature
perpendicular to the background magnetic field is higher than the parallel temperature (Gary, 1991). Solar
photons ionize exospheric particles like He, producing free electrons and He+, which are subsequently picked‐up
by the solar wind and begin to gyrate around the local magnetic field. Due to the difference in velocity between the
newly created ions, which are initially at rest relative to Mercury, and the IMF, moving at the solar wind speed,
this pick‐up process forms a ring‐beam distribution in velocity space, which is unstable for different plasma
instabilities. Depending on the plasma‐β this can either produce mirror modes (zero‐frequency “waves” char-
acterized by magnetic and plasma density variations in anti‐phase, see (S. P. Gary et al., 1993; Hasegawa, 1969;
Southwood & Kivelson, 1993)) for high‐β, or produce ICWs (transverse waves) for low‐β plasmas. Here “high”
and “low” is relative, as for both instabilities β > 1. Waves created by ion pick‐up around a planet or moon are
characterized, in the spacecraft frame, by their frequency and polarization. An ion of mass mi and charge qi in a
background magnetic field strength B0 will have a gyro frequency of Ωi = qiB0/mi. The magnetic field B⃗ is
assumed to pass by the celestial object with a certain velocity v⃗, and will, most likely, not be perpendicular to the
velocity. This means that pick‐up ions will have a drift velocity v⃗‖ along the field. A resonance with the ambient

wave‐spectrum in the plasma can occur with waves of frequency ω and wave vector k⃗, with a frequency of
ωʹ = ω − k⃗ ⋅ v⃗‖ in the pick‐up particle's frame (Brinca, 1991), when

ω − k⃗ ⋅ v⃗‖ = ±Ωi. (1)

Resonance will mainly occur with the right‐handed mode in the plasma frame, described by the − sign. Assuming
that the velocities of the spacecraft and the ionizing neutrals are negligible with respect to the pick‐up velocity,
then in the spacecraft frame the waves will be observed Doppler‐shifted as:

ωSC = ω + k⃗ ⋅ v⃗‖, (2)
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which finally results in observations at:

ωSC ≈ Ωi, (3)

with left‐hand polarization. This specific process is known as the anomalous Doppler effect, see Mazelle and
Neubauer (1993) and Delva et al. (2008). Numerical studies have shown that the observedwave power is usually at
a frequency slightly below the local gyro frequency, with the amount depending on the composition of the
background plasma (Rönnmark, 1982). Spectral analysis of magnetometer data can show evidence of the presence
of multiple pick‐up ions (Volwerk et al., 2001, 2010), however, considering that ICWs do not distinguish between
ionswith the samemass‐to‐charge ratio. Pick‐up ICWs have been observed at various locations in the solar system:
at Venus (Delva et al., 2008, 2009, 2011, 2015); atMercury (Schmid et al., 2021, 2022); atMars (Brain et al., 2002;
C. T. Russell et al., 1990) and at Jupiter's Galilean satellites (Huddleston et al., 1998; C. Russell et al., 1998;
Volwerk et al., 2001). Data from the magnetometer onboard Galileo showed the presence of SO2 and SO coming
from Io and a slew of sputtered ions around Europa (e.g., Na, O2 and both positively and negatively charged Cl, C.
Russell (2005)). In the context of cometary plasma physics, Huddleston and Johnstone (1992) discussed how the
pick‐up ions at comet Halley represent a “free energy” that can be converted intowave energy through scattering of
the ring‐distribution ions into a bi‐spherical shell distribution. The free energy can be expressed as:

Efree =
1
4
ΦmiNpuVAVinj [(1 + cos(α))2 + (1 − cos(α))2], (4)

where α = ∠(vinj,B). Assuming complete scattering of the ring distribution, Φ = 1, the energy in the waves
should be equal to the free energy. In order to obtain the energy in the waves, the peaks in the power spectra of the
magnetometer data are integrated over an appropriate frequency range around the gyro frequency (Delva
et al., 2008). This energy, Ewave, can then be equated to the free energy of the ring distribution Efree. However,
numerical simulations have shown that the efficiency of converting particle to wave power is around Φ ≈ 0.3
(Cowee et al., 2007). Equation 4, with Φ = 1 and Efree = Ewave, can be inverted to obtain a lower limit for the
pick‐up densityNpu. With a model for the neutral “outgassing” of Io and an ionization rate of the neutrals, a source
rate for the neutral gas can then be determined.

2.2. Identification and Criteria of ICWs Generated by He+ Pick‐Up Ions

The methodology employed within this study to identify He+ pick‐up generated ICWs is derived from the concept
developed by Huddleston et al. (1991) and later by Delva et al. (2008, 2009). This approach was applied and
further developed by Schmid et al. (2022) for the analysis of Mercury's hydrogen exosphere. For the study of
ICWs generated by He+, a wave analysis of the 20Hz magnetic field data, which were obtained from the
MESSENGER spacecraft (Anderson et al., 2007; Solomon et al., 2007) during its mission from March 2011 to
April 2015, were used. A sliding window with a length of ≈ 100 s is applied to the data over which the field is
averaged to obtain a background field from which the Mean Field Aligned (MFA) coordinate system is produced.
The parallel component is defined as:

ê‖ =
B0
|B0|

, (5)

along to the mean magnetic field. The other two axes ê⊥1 and ê⊥2 are perpendicular to ê‖ and defined as:

ê⊥1 = ê‖ × ez (6)

ê⊥2 = ê⊥1 × ê‖ (7)

where ez = [0,0,1] is the unit vector along the z‐axis in the MSO‐frame.

Based on the method by Welch (1967), the sliding window interval is divided into three sub‐intervals with an
overlap of 50%. By Fourier transforming the data, the power spectral density (PSD) matrix can be obtained for
each sub‐interval. The diagonal elements of the PSD‐Matrix give the power densities in the corresponding
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directions (P‖; P⊥ = 1
2 (P⊥1 + P⊥2)). Out of the off‐diagonal elements of the PSD‐Matrix the handedness, the

ellipticity ϵ, and the wave propagation vector k of the wave can be obtained (Means, 1972; Narita, 2017; Samson
& Olson, 1980).

Since the velocity of the planetary ions is negligible in comparison with the velocity of the spacecraft, the
generated ICWs are observed around the local ion gyro‐frequency (Delva et al., 2008):

fgyro =
qB0
2πmi

(8)

where mi represents the ion mass, q is the charge, and B0 is the average magnetic field (Delva et al., 2008;
Huddleston, 1990). Additionally, an error range for the ion gyro‐frequency, Δfgyro, is computed as:

Δfgyro =
qσB
2πmi

, (9)

where σB denotes the standard deviation of the magnetic field within the 100 s interval. To reliably identify the
ICWs, the arithmetic means of the power densities and the ellipticity of the wave, and the median of the wave‐
propagation vector within the sliding window are computed and checked if they match the following criteria
within the frequency range ΔF = [0.8 ⋅ ( fgyro − Δfgyro); fgyro + Δfgyro] :

• The power densities (P‖ and P⊥) are integrated over the frequency range ΔF. To assure that the obtained wave
is mainly transverse the integrated power in the perpendicular component (E⊥ = ∫df P⊥df ) must exceed the
power of the parallel component (E‖ = ∫df P‖df ) by a factor of 5.

• To assure that the obtained wave is left‐handed and circular polarized the ellipticity ϵ< − 0.55.
• To confirm that the wave propagates along the mean magnetic field, the wave vector k is calculated for each
frequency within the frequency range ΔF and the angle ϕ between k and B0 in the frequency range is
computed. Since ICWs propagate quasi‐parallel to the magnetic field we require ϕ< 35°.

Additionally, the solar zenith angle (SZA) is determined for each ICW event, ensuring that the ICW observations
occur on the dayside of the planet (SZA <90°). Furthermore, only events located outside the bow shock of
Mercury are considered for this study. To determine this, the boundary data set from Philpott et al. (2020) is
employed. These two criteria are applied to the selected events to ensure that the ICWs are freshly generated and
to exclude waves that may be diminishing, meaning waves that have propagated and begun to lose energy or
amplitude as they travel away from their source, as discussed by Delva et al. (2009).

In Figure 1 an example of an identified ICW is shown in the MFA‐coordinate system. The fluctuations transverse
to the background magnetic field direction (yellow and red) dominate over the fluctuations along the magnetic
field direction (blue), which indicates an in‐compressible wave. This behavior can also be seen in Figure 2
because the power of the perpendicular component (red) is larger then that in the parallel component (blue) by a
factor of∼10, also indicating a mainly transverse wave that peaks at local gyro‐frequency of He (marked with the
black solid line). The gray box between the two dashed lines indicates the integration frequency range ΔF in
which the wave properties are evaluated.

2.3. Determination of the Exospheric He Density

To estimate the He particle density in the exosphere of Mercury, we first determine the density of the He+ pick‐up
ions, necessary to excite the observed waves (Delva et al., 2009; Huddleston & Johnstone, 1992; Schmid
et al., 2022; Volwerk et al., 2010). The pick‐up ion density nion can be calculated with (Huddleston et al., 1991):

nion =
4Efree

mi vinj vA [(1 + cos(α))2 + (1 − cos(α))2]
, (10)

where mi is the ion mass, v⃗inj is the injection velocity, the angle between vinj and the mean magnetic field B0 is
denoted as α, Efree represents the free energy and vA is the local Alfvén velocity, vA = B0/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅nSW mp μ0
√ , where μ0

is the permeability of free space, nsw represents the density of the solar wind and mp is the mass of a proton,
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assuming that the solar wind is composed only of protons. The total free energy (Efree) is the energy that is
available to excite a cyclotron wave from the pick‐up ion ring‐beam distribution (Huddleston, 1990; Huddleston
& Johnstone, 1992), and can be derived from the observed wave power and following relation (Delva et al., 2009;
Schmid et al., 2022):

Efree = η
1
2μ0

∫
ΔF
P⊥df . (11)

here η is the so‐called efficiency parameter that describes how much energy from the particles in the ring dis-
tribution is transferred to the wave. Previous studies have assumed that the entire energy from the particle is used
to excite the wave, that is, η = 1 (Delva et al., 2009; Huddleston & Johnstone, 1992; Schmid et al., 2022).

Figure 2. Power Spectrum of the identified event shown in Figure 1. The blue line represents the power density in the
component parallel to the magnetic field (P‖) , while the orange line indicates the Power density in the perpendicular
component (P⊥). The gray box indicates the integration frequency range.

Figure 1. The magnetic field observations in Mean‐Field‐Aligned coordinates of an identified ICW‐event generated by He+
pick‐up ions. Here B‖ is in the direction parallel to the mean magnetic field within the sliding window. B⊥1 and B⊥2 are
perpendicular to each other and the B‖ direction.
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However, simulations showed that η = 1
3 is more realistic (Cowee

et al., 2012), because the energy from ions is distributed between wave
growth and ion heating. Within our analysis we thus the latter value of η = 1

3.

Since the new born planetary ions have a negligible velocity compared to the
solar wind, the injection velocity vinj corresponds to the solar wind velocity.
However, due to the nadir‐pointing configuration of the MESSENGER
spacecraft, the plasma instrument is potentially shielded by the Sun shield
causing a limited field of view (FOV), which means that the MESSENGER
plasma observations are limited to determine vinj. To overcome this problem,
the solar wind propagation model from Tao et al. (2005) is utilized. This
model provides estimations for the solar wind velocity v⃗sw and plasma density
nsw during the ICW observations at Mercury. The injection velocity v⃗inj is
calculated by v⃗inj = − v⃗sw + v⃗mer, where v⃗mer represents the orbital velocity to
account the aberration of the solar wind, due to the orbital motion of Mercury
around the Sun (Acton, 1996).

Following Schmid et al. (2022), the neutral gas density n can then be esti-
mated by

n =
2π fgyro nion
100 ν

, (12)

where fgyro is the local gyro‐frequency of the pick‐up ion and nion is the ob-
tained ion density from Equation 10. Based on simulation results we employ a

characteristic time (ΩHe t) equivalent to 100 gyro‐periods until the ICWs reach their full development and attain a
quasi‐steady state. The choice of 100 gyro‐periods, although conservative, is based on computer simulations
indicating that complete energy transfer from ions to waves occurs over approximately 60–100 ion gyrations
(Cowee et al., 2012). Finally, ν, the ionization rate of helium (He) into He+, is influenced by two main processes:
photo‐ionization and charge exchange between fast solar wind protons and background He atoms. Photo‐
ionization, on the other hand, depends on both solar activity and Mercury's orbital distance from the Sun. The
ionization rate for this process is derived from Huebner and Mukherjee (2015) and adjusted using the Flare
Irradiance Spectral Model‐Planetary (FISM‐P; Chamberlin et al. (2008)). FISM‐P extrapolates the solar irradi-
ance at Earth to the orbits of planets within the solar system. To standardize the solar irradiance, a normalized
index is used, where 0 corresponds to the minimum solar irradiance and 1 corresponds to the maximum flux at
58.4 nm during solar cycle 24, as observed during the MESSENGER mission. Using this normalized irradiance,
the photo‐ionization rate is determined to range from 2.63 × 10− 7 s− 1 to 1.66 × 10− 6 s− 1. On the other hand,
charge exchange plays only a minor role in the ionization of He+ near Mercury. To support this, we note that the
typical solar wind proton number flux near Mercury is approximately 1 × 109 cm− 2 s− 1 at 400 km/s (Sun
et al., 2021). The cross‐section for He+ + He charge exchange is less than 1 × 10− 18 cm2 around 1 keV proton
energy (Gruntman, 1997), resulting in an ionization rate of only 1 × 10− 9 s− 1. This rate is orders of magnitude
lower than the photo‐ionization rate and is therefore negligible. As a result, only photo‐ionization is considered
for the calculation of the neutral gas density.

To confirm that the determined ICW events are freshly generated the observations are transferred into the so‐
called MBE‐coordinate system (Mercury‐Magnetic‐Electric coordinate system). In this coordinate system the
x⃗MBE axis points toward the Sun, in the direction of the injection velocity V⃗inj. This means that it aligns with the
solar wind flow. The y⃗MBE axis is positive in the direction of the component of the mean magnetic field B0. Lastly,
the z⃗MBE axis is positive in the direction of the convection electric field E⃗, which is given by the vector cross
product of V⃗inj and B0. In Figure 3 the identified events are uniformly distributed around ±z⃗MBE. Because there is
no known mechanism to transport ions across the magnetic field against the electric field and into the negative
electric field region, the generation of ICWs needs to occur locally (Delva et al., 2011). Hence, we infer that the
observed ICWs are indeed locally generated, satisfying the underlying assumptions necessary for an on‐site

Figure 3. Observational evidence that the ion cyclotron waves are generated
locally by freshly ionized ions.
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density estimation. Another indication that the ICWs were freshly generated is that all events have a positive x⃗MBE
coordinate.

3. He Density Profile and Sources
So far only remote spectroscopic observations from Mariner 10 and BepiColombo as well as exospheric simu-
lations were used to determine the neutral gas density of He around Mercury. In Figure 4 the first number density
profile of He in Mercury's extended exosphere derived from in situ magnetic field measurements. Within this
study, 85 He‐ICWs were identified, and based on Equation 10 and Equation 12 the neutral gas density of each
event was estimated.

In the next step, possible sources of the observed He are investigated. A previous study by Goldstein et al. (1981)
investigated the possible surface interaction mechanisms and release processes of He into Mercury's exosphere.
After He ions are implanted in several atomic depths into Mercury's surface He can leave the surface via (a)
thermal diffusion, (b) surface sputtering, (c) sputter‐diffusion, (d) erosion caused by (micro‐) meteoroid impact
vapourization (MIV), and (e) chemical reactions in the surface layers that are followed by one of the above‐
mentioned mechanisms. While all of these processes may be acting, Goldstein et al. (1981) conclude that
diffusion‐related processes are likely the most relevant for the release of the highly volatile Helium. Since the
characteristic lifetime of Helium in Mercury's exosphere is long (<10 days or longer, e.g., Hener et al., 2024;
Quémerais et al., 2023) and at any time the vast majority of the exospheric content has been “recycled” after
returning to the surface, it is in any case not the release process, but the mechanics of the surface recycling
interaction, which drives the characteristics of the exosphere (Hartle et al., 1975; Leblanc & Chaufray, 2011).

Figure 4. Altitude dependent density profile of neutral He in Mercury's exosphere. The dots indicate the He ion cyclotron
wave observations. The violet line shows the result from a Monte Carlo simulation for thermal He. Therefore, all gray dots
represent He‐observation released in thermal processes, while the red dots show non‐thermal He‐observations. A least square
fit of the red dots yielded the green Chamberlain profile.
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To evaluate the contribution of thermal helium density in Mercury's exosphere, we used an ab‐initio semi‐
analytical model based on the assumption that the surface regolith is saturated with helium. This model as-
sumes a steady‐sate, solar wind‐driven helium exosphere and follows the specific distribution law from Hodges
and Johnson (1968) (i.e., n × T5/2surf = const), without relying on ICW measurements. Furthermore, we assume a
solar wind implantation at an average rate of 2.5 × 1023 s− 1 and determine the global loss fraction for both
escaping and ionized particles (Winslow et al., 2012). This fully defines the flux distribution over Mercury's
surface. Using a 1DMonte Carlo simulation (Wurz & Lammer, 2003), we can compute the local radial exospheric
density profiles according to the parameters defined by our surface distribution model. A more detailed
description of this model is given in Hener et al. (2024). The model yields a representative dayside radial profile
with a surface temperature of Tsurf = 615K and a surface number density of nsurf = 1,100 cm− 3 (see purple
profile in Figure 4). This profile aligns well with prior observations of thermal He around the planet: Quémerais
et al. (2023) derived nsurf = 600 cm− 3 to 1,000 cm− 3 with a derived Tsurf = 450K to 550K frommeasurements of
the BepiColombo PHEBUS instrument over the terminator region and Mariner 10 UVS measurements lead to the
somewhat larger dayside density nsurf values between 1,500 cm− 3 (Hartle et al., 1975), 4,500 cm− 3 (Broadfoot
et al., 1976) and 6,000 cm− 3 (Hunten et al., 1989) with a considered surface temperature of 575K (Broadfoot
et al., 1976).

The thermal steady‐state model curve is given with a confidence interval of factor ±2 (Hener et al., 2024).
Certainly, short‐term variations in the solar wind implantation rates or heightened photo‐ionization rates, both of
which can be a function of solar activity and extreme events, can temporarily amplify He release and loss rates
beyond factor ±2. Taking into account, however, the characteristic scale time of Mercury's He exosphere, which
is quoted as 10 days (Quémerais et al., 2023) or some tens of days (Hener et al., 2024), these extreme events will
have to be sustained on comparable time scales, which is typically not the case for for example, coronal mass
ejections (Thatcher & Müller, 2011). Additionally, a Monte Carlo error propagation through the measurement
technique (Equations 10 and 12) gave 3‐σ confidence bounds of ±25% on the abundance measurements.

The population of red dots within Figure 4 are incompatible with the model of the steady‐state thermal exosphere
and its confidence intervals, suggesting that this population might have its origin in a different release process. A
possible source were Solar wind alpha particles (He2+) that are backscattered from the planetary surface a as
energetic neutral atoms (ENAs), which may become photo‐ionized again. Nevertheless, it is unlikely that these
ENAs are the source of the observed non‐thermal helium ions. This is because the backscattered helium neutrals
have velocity very different from the S/C frame of reference. Therefore, He ENAs originating from the solar
wind, which are later ionized, will excite pick‐up ICWs at frequencies significantly different from the local ion
gyrofrequency due to a Doppler‐shift (Mazelle & Neubauer, 1993). To further investigate its source, a
Chamberlain‐profile was fitted to the incompatible population in Figure 4, indicating a non‐thermal helium
release process with a best‐fit temperature of Tsurf = 2700K and a surface number density of approximately
nsurf = 150 cm− 3 ± 10%. This temperature aligns with ranges reported for particles released by meteorite impact
evaporation (Berezhnoy & Klumov, 2008; Eichhorn, 1978).

While Mercury is exposed to a constant influx of micro‐meteoroids (Cintala, 1992), which impact the surface and
facilitate this non‐thermal vapourization release, it is typically not a dominant source process for exospheric
species (see e.g., Killen et al. (2007) and Morgan et al. (1988) for Na and Wurz et al. (2010) for Na, K, and O).
This also applies to the helium exosphere: the fit to the non‐thermal population in Figure 4 indicates a surface
density of 150 cm− 3 ± 10% He population, which, if to be part of the global steady‐state of the system, requires a
MIV surface erosion flux of ≈7.5 × 107 He cm− 2 s− 1. Note that, besides being incompatible with the expected
impactor flux at Mercury (Marchi et al., 2005), it is also two orders of magnitude greater than the primary He
supply through the solar wind (≈3.3 × 105 He cm− 2 s− 1), which would result in a rapid depletion of He in the
system. However, as demonstrated by Mangano et al. (2007), individual medium to large impactors can produce
transient abundance enhancements of refractory species in the exosphere around the impact site. Hener
et al. (2024) demonstrate that the same is true for helium: their simulations show that impactors between 0.5m and
1m in radius could produce significant helium enhancements over an angular range of ±30 ° to ±60 ° for several
thousand seconds, suggesting that meteorite impacts are a possible origin of non‐thermal heliummeasurements. A
detailed analysis of meteorite sizes, impact yield and in situ detection probability of such events is presented in
(Hener et al., 2024).
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4. Discussion
To compare the He particle densities obtained in Figure 4 with previous observations, we transform the He
densities into radiances. To determine the brightness B of a spectral line based on the neutral gas density, the
approach shown in Chamberlain and Hunten (1987), as well as Hunten et al. (1989) is followed and yields to

B =
1

4π 106
p(θ) g N, (13)

where p(θ) represents the scattering phase function, which is set to one in our analysis to assume isotropic
scattering, g expresses the excitation factor and N is the column density along a line‐of‐sight (LOS). The inte-
grated column density can be expressed as (Chamberlain & Hunten, 1987)

N = 2n(r)re
r
HK (

r
H
) ≈ N(r)

̅̅̅̅̅̅̅̅̅̅̅
2πrH

√
(1 +

3
8
H
r
+… ). (14)

here, n represents the local density, H is the scale height, which is determined by e‐folding of the determined
density profile, at a specific r, which is the radial distance from the center of the planet and K is the modified
Bessel function of third kind.

The yellow line in Figure 5 represents data collected by the PHEBUS instrument during the first Mercury fly by of
BepiColombo (Quémerais et al., 2023). Notably, they recorded radiances of approximately 4 R at an altitude of
roughly 470 km, which then declined to around 0.25R as the altitude reached about 2000 km. Note that the ICW
observations (blue line) were conducted at higher altitudes and so the radiance values derived from the determined
He number density start at an altitude of approximately 3500 km with a value of roughly 0.1R. To estimate the
Rayleigh scattering around Mercury, boxplots were calculated in 1 RM bins, with the median and the upper and
lower quartiles taken as the representative values, which are then shown in Figure 5. Figure 5 clearly illustrates
that the radiance values obtained from Quémerais et al. (2023) and the He number density derived in this study
align very well.

Remarkably, radiance values of Quémerais et al. (2023) and this study are more than one order of magnitude
lower than those given in (Broadfoot et al., 1974, 1976; Hunten et al., 1989). Consequently, a reevaluation of the

Figure 5. Airglow of He radiances in Mercury's exosphere.
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values presented in Hunten et al. (1989) was conducted, resulting in the following findings. The g‐value for He
used by Hunten et al. (1989) which is 5.1 × 10− 5 photons atoms− 1 s− 1 is consistent with similar studies such as
Broadfoot et al. (1976), Killen et al. (2022). Additionally, a recalculation of the g‐factor, based on the equation
presented in Yoneda et al. (2021) yielded results consistent with those in Killen et al. (2022). However, if one
applies these g‐factors and the parameters given in Table 1 of Broadfoot et al. (1976) and Hunten et al. (1989) one
cannot reproduce the brightness values of 70R but the obtained values are about an order of magnitude smaller
which, surprisingly, also corresponds well with the values obtained from the PHEBUS instrument Quémerais
et al. (2023). These inconsistencies, however, raise questions about the accuracy of the He radiances shown in
Broadfoot et al. (1976), Hunten et al. (1989). In the study of Quémerais et al. (2023), discussions evolved around
the possibilities of potential causes or calibration errors of the PHEBUS instrument, given the significant dis-
crepancies in measurement results compared to Mariner 10. As Figure 5 shows, the results conducted within this
study align very well with the results from PHEBUS, which means that there might be an error within the Mariner
10 data.

It is worth noting that Jian et al. (2010) demonstrated the existence of He+ generated ICWs in the solar wind.
However, waves within the solar wind frame exhibit significantly higher velocities than the spacecraft, causing a
frequency shift toward higher frequencies. This means that with our used methodology the He+‐ICWs within the
solar wind are not detected and so it can be said that all observed ICWs are all generated by planetary ions.
Additionally, a study from Yoneda et al. (2021) showed that the density of He may change with the orbital phase.
Such a dependence was not observed in this study.

5. Conclusions
Here we present the first detection of neutral He in Mercury's extended exosphere at distances ≥1.5 Mercury radii
derived from in situ magnetic field measurements. We measure exospheric He number densities from
n = 50 cm− 3 to n = 0.3 cm− 3 between 1RM to 6RM, which we show to be consistent with a day‐side thermal
Helium population with nsurf = 1,100 cm− 3 at Tsurf = 615K. By comparison with an independently derived
Helium model, the density measurements were shown to be consistent with a dayside thermal Helium population
with nsurf = 1,100 cm− 3 at Tsurf = 615K. The measurement points indicative of more energetic Helium were fit
using a Chamberlain profile with nsurf = 150 cm− 3 and Trel = 2700K, which can be interpreted as Helium release
through sporadic meteorite events. The number density profile of He, determined in this study lies within the
ranges of the measurements conducted recently by BepiColombo's PHEBUS instrument Quémerais et al. (2023).
The estimated He surface density lies between that of Hunten et al. (1989) and Quémerais et al. (2023), never-
theless more detailed studies about the energetic He population and its possible origin in sporadic surface erosion
through mid‐sized meteoroid impact are necessary (see Hener et al. (2024)). This can be accomplished with the
arrival of the two spacecraft mission BepiColombo at Mercury in 2026. New observations will then provide
opportunities to further refine the particle analysis method applied in this study. As the magnetic field data from
theMercuryMagnetometer (MERMAG) (Baumjohann et al., 2020) can be used to identify ICWs and estimate ion
densities from these waves, as described in the methods section. This data will allow a direct comparison of ion
densities derived from ICW analysis with measurements from the ion sensors on BepiColombo (SERENA‐
PICAM and MPPE‐MSA), which will detect ions in Mercury's environment. Such a comparative analysis will
enable a statistical determination of the energy transfer efficiency parameter and, for the first time, measure it in
situ. Additionally, the neutral gas density estimated using our method can be cross‐validated with data from
SERENA (Orsini et al., 2010, 2021) and MPPE (Saito et al., 2021). These in situ measurements will help assess
whether the assumed 100 gyrations for ICW development is realistic or if this parameter needs to be revised. The
combined data sets from MERMAG, MPPE and SERENA will provide a robust foundation for improving our
understanding of Mercury's plasma and exospheric environment.

Data Availability Statement
The magnetic field (MAG) data from the MESSENGER spacecraft are available to the public through the NASA
Planetary Data System (PDS) and can be accessed on their website (Korth, 2021): https://pds‐ppi.igpp.ucla.edu/
search/view/?f=yes&id=pds://PPI/mess‐mag‐calibrated/data/mso. The solar wind density and velocity data were
sourced from the Automated Multi‐Dataset Analysis (Génot, 2021) database. These open‐access data can be
downloaded from their website via the Workspace Explorer under Solar Wind Propagation Models/Mercury/Tao
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Model/SW/Input OMNI: http://amda.cdpp.eu/. Information on Mercury's orbital motion was obtained from the
Navigation and Ancillary Information Facility (Acton, 1996) and is publicly accessible on the NASA Jet Pro-
pulsion Laboratory (JPL) webpage: https://naif.jpl.nasa.gov/pub/naif/pds/data/mess‐e_v_h‐spice‐6‐v1.0/messsp_
1000/data/spk/. The solar spectral irradiance at Mercury's orbit, used to determine solar activity during the event
observations, was acquired from the Flare Irradiance Spectral Model for Mercury (FISM‐P), provided by the
LASP Interactive Solar Irradiance Datacenter (Chamberlin et al., 2008), accessible at: https://lasp.colorado.edu/
lisird/data/fism_p_ssi_mercury/.
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