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ABSTRACT

The Solar Orbiter flyby of Venus on 27 December 2020 allowed for an opportunity to measure the suprathermal to energetic ions in the Venusian
system over a large range of radial distances to better understand the acceleration processes within the system and provide a characterization
of galactic cosmic rays near the planet. Bursty suprathermal ion enhancements (up to ∼10 keV) were observed as far as ∼50RV downtail. These
enhancements are likely related to a combination of acceleration mechanisms in regions of strong turbulence, current sheet crossings, and boundary
layer crossings, with a possible instance of ion heating due to ion cyclotron waves within the Venusian tail. Upstream of the planet, suprathermal
ions are observed that might be related to pick-up acceleration of photoionized exospheric populations as far as 5RV upstream in the solar wind as
has been observed before by missions such as Pioneer Venus Orbiter and Venus Express. Near the closest approach of Solar Orbiter, the Galactic
cosmic ray (GCR) count rate was observed to decrease by approximately 5 percent, which is consistent with the amount of sky obscured by the
planet, suggesting a negligible abundance of GCR albedo particles at over 2 RV . Along with modulation of the GCR population very close to Venus,
the Solar Orbiter observations show that the Venusian system, even far from the planet, can be an effective accelerator of ions up to ∼30 keV. This
paper is part of a series of the first papers from the Solar Orbiter Venus flyby.
Key words. acceleration of particles – planets and satellites: terrestrial planets – planet-star interactions – planetary systems – turbulence – waves

1. Introduction
The interactions between planets and stellar winds from their
host star are a fundamental aspect in space physics. Venus and
Mars, as opposed to the other planets in our Solar System, do
not have intrinsic magnetic fields. Unlike Mars, Venus does have
a substantial ionosphere, formed by the photoionization of its
thick atmosphere, that supports current systems generated by
the variable solar wind. This induced magnetic field, in turn,
acts to establish the near-Venus plasma environment (see reviews
by Luhmann 1986; Phillips & McComas 1991; Bertucci et al.
2011; Dubinin et al. 2011; Futaana et al. 2017).
The interaction between the solar wind and Venus establishes several distinct regions. The deflection of the supersonic
and super-Alfvénic solar wind from the induced magnetosphere
creates a bow shock that is about a tenth of the size of Earth’s
bow shock (Slavin et al. 1979) and is far weaker than at Earth
(Russell et al. 1979; Lu et al. 2013). The shocked solar wind
then forms the magnetosheath, comprised of both solar windoriginating ions as well as picked-up ions from the Venusian atmosphere (Gröller et al. 2010). The magnetosheath is
characterized by hot dense plasma (Phillips & McComas 1991)
and a highly turbulent fluctuating magnetic field consisting of

mirror-mode waves (Volwerk et al. 2008) with different spectral
and scaling properties (Vörös et al. 2008).
As the interplanetary magnetic field (IMF) is carried towards
the planet by the magnetosheath plasma, a pile-up region is
created along the dayside of Venus forming a magnetic barrier
(Zhang et al. 2008; Bertucci et al. 2003) before draping around
the planet and being carried downtail, creating an induced magnetotail consisting of two lobes (Luhmann & Cravens 1991).
Unlike at intrinsically magnetized planets, the plane of the plasmasheet separating the two lobes is oriented perpendicular to
the IMF direction, and so varies in its orientation as the IMF
changes, rather than being fixed in a planet-based frame. Observations from Pioneer Venus, Venera 4, 9, and 10, and Mariner 5
were used by Saunders & Russell (1986) to study the location of
the tail boundary out to 12 Venus radii (RV ) downtail. The more
distant magnetotail region of the Venus system is not understood
as well, as previous mission orbits remained relatively close to
the planet.
The ionopause, or the upper boundary of the ionosphere,
is located closer to Venus at an altitude of ∼300 km at the
subsolar point and ∼1000 km at the dawn-dusk terminator
(Phillips & McComas 1991). The boundary between the magnetosheath and the induced magnetosphere is called the upper
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mantle boundary, and is sometimes referred to as the induced
magnetospheric boundary. The boundary between the mantle
and the ionosphere is called the lower mantle boundary (see
Phillips & McComas 1991, and references therein) and is also
sometimes referred to as the ionopause or the ion composition boundary. This mantle region consists of plasma originating from both the solar wind and Venus, but it typically has a
higher magnetic field and lower plasma density than the magnetosheath, while plasma within the lower mantle boundary is
predominantly of planetary origin (Spenner et al. 1980).
Atmospheric outflow and loss lead to the presence of lowenergy (<1 keV) H+ , He+ , and O+ ions within the Venusian system. As with other planetary systems, energetic particles are
observed within the Venusian system (see Dubinin et al. 2011,
and references therein), requiring acceleration mechanisms to be
present to energize or heat plasma originating from the Venusian atmosphere. However, the dominant processes accelerating
the thermal Venusian plasma populations up to the suprathermal
range (∼10’s keV) are not fully understood, especially in the distant magnetotail and magnetosheath regions.
While there have been several missions dedicated to the study
of Venus and its near-space environment, such as Vega, Pioneer
Venus Orbiter, and Venus Express (see Russell & Vaisberg 1983;
Futaana et al. 2017), the system has also been visited by spacecraft executing gravity assist maneuvers (GAMs) while in route
to their final destination. Despite not being outfitted with instruments geared towards the Venusian system as a prime science target, these flybys have provided additional insight into the plasma
populations and dynamics at Venus such as the following: observations of the Venusian foreshock by Galileo (Williams et al.
1991); detection of submicron radiation from the surface of
Venus (Baines et al. 2000) and extreme ultra violet spectral
investigations of the Venus dayglow (Gérard et al. 2011) by
Cassini; detection of hot flow anomalies ahead of the Venusian bow shock by MESSENGER (Slavin et al. 2009); and, more
recently, investigations of electric field double layers near the
bow shock (Malaspina et al. 2020), subproton scale magnetic
holes (Goodrich et al. 2021), and kinetic-scale turbulence in the
magnetosheath (Bowen et al. 2021) by Parker Solar Probe. As
such, with the successful first and future Venus GAMs of Solar
Orbiter, there is a new opportunity to take measurements within
this planetary system.
In this paper, we investigate the energetic particles observed
within and around the Venusian system during the first Solar
Orbiter Venus flyby. The following section (Sect. 2) discusses
the datasets used in this study, and is followed by an overview of
the Venus flyby (Sect. 3.1). A detailed investigation of various
possible particle acceleration mechanisms in the Venusian tail
is provided in Sect. 3.2, descriptions of the upstream suprathermal ion enhancement is given in Sect. 3.3, and an examination of
galactic cosmic rays (GCRs) near Venus is discussed in sect. 3.4.
Finally, a summary of these energetic particle observations and
conclusions are given in Sect. 4.

2. Datasets
The Solar Orbiter mission (Müller et al. 2013, 2020) was
launched in February 2020 to investigate the fundamental processes occurring on the Sun and in interplanetary space. To reach
its final orbit, the spacecraft will execute seven Venus flybys to
lower its perihelion and raise its inclination (Müller et al. 2020).
Solar Orbiter consists of a wide array of in situ and remote sensing instrumentation, but only a subset of the in situ instruments
were operational during the first Venus GAM, which occurred
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on 27 December 2020. Central to the study of the energetic
particle environment encountered by the mission, Solar Orbiter
is equipped with the Energetic Particle Detector (EPD) suite
of sensors (Rodríguez-Pacheco et al. 2020), consisting of the
Suprathermal Ion Spectrograph (SIS), the SupraThermal Electrons and Protons sensor (STEP), the Electron Proton Telescope
(EPT), and the High-Energy Telescope (HET). This study uses
EPD observations from only STEP and the HET C detector, as
SIS was powered down for instrument safety during the GAM
(see Wimmer-Schweingruber et al. 2021) and EPT and the other
detectors of HET did not measure an appreciable signal. Magnetic field observations are also a key part of the in situ suite
available during the Venus flyby (discussed in more detail later
in this section), as these observations provide insight into possible acceleration mechanisms and contextual information of the
Solar Orbiter location within the Venusian system. More information about the magnetic field observations during this Venus
flyby is provided in Volwerk et al. (2021).
STEP measures both electron and the total ion populations (i.e., no species discrimination) in the suprathermal energy
range and is mounted facing the sunward direction on the
spacecraft. The STEP observations used in this study are from
the “magnet channel” of the sensor, in which electrons are
rejected through the use of a permanent magnet to allow for
observations of all ions within the energy range 4–80 keV
(Rodríguez-Pacheco et al. 2020). The energies associated with
the total ion flux observed by STEP are calculated under the
assumption that the measured ions are all protons and have been
adjusted to correspond to their primary energy (i.e., the energy
before the ions lose energy in the dead layer of the STEP detector). Heavier ions can contribute to this measurement in a disproportionate manner, depending on their flux and energy spectrum
(see Wimmer-Schweingruber et al. 2021, for an in-depth discussion of these instrumental effects). A constant background signal
at ∼10 keV in this study is a result of known instrumental background from an X-ray line at 8 keV, which is mapped to ∼10 keV
by this procedure (see Rodríguez-Pacheco et al. 2020).
The HET C detector high-gain channel count-rate product detects energetic particles (e.g., &4 MeV for protons),
that are generally interpreted to be from GCRs during
solar quiet periods, with a roughly isotropic response (see
Freiherr von Forstner et al. 2021). For this study, the high-gain
channels “C1H” and “C2H” count-rates are added for both HET
sensors (see Freiherr von Forstner et al. 2021) for a lengthier discussion on HET and the HET C detector count rates). Due to
the possibility of a single particle being able to trigger a count
on both HET C photodiodes, estimates of the error associated
with the count rates are not straightforward, and as such are not
included in this study. Comparisons between both HET detectors
and the high-gain and low-gain channels were all performed (not
shown) without a significant change to the qualitative variations
throughout the Venus flyby.
This study also uses magnetic field data from the Solar
Orbiter fluxgate vector magnetometer (MAG, Horbury et al.
2020) at a sample cadence of 8 vectors s−1 and an electron density estimate from the Radio and Plasma Waves instrument
(RPW, Maksimovic et al. 2020), since direct bulk ion measurements were not available during the first Venus GAM. The
magnetic field is reported in the Venus Solar Orbital (VSO) coordinate system, in which the x-axis is pointed along the VenusSun line with positive being toward the Sun, the z-axis is parallel
to the normal of the Venus orbital plane with positive being
northward, and the y-axis completes the right-hand set (i.e.,
positive points toward dusk). Electron density estimates were
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Fig. 1. Trajectory of Solar Orbiter through the Venusian system on 27 December 2020 in VSO coordinates. Empirically derived estimates of the
bow shock location (Shan et al. 2015), as well as estimates of the upper mantle and lower mantle boundary locations (Martinecz et al. 2009) are
provided for reference.

created by calibrating changes in the spacecraft potential (sampled at a high time resolution, up to 256 samples s−1 ) to the
plasma frequency observed in RPW measurements (sampled
at a lower time resolution which varies depending on signal
strength). For more information on the derivation of the electron density estimate, see Khotyaintsev et al. (2021). This study
uses a 10 s resolution electron density estimate.

3. Observations of the Venusian system
3.1. Venus flyby overview

The trajectory of Solar Orbiter through the Venusian system on
27 December 2020 is illustrated in Fig. 1. As seen in Figs. 1a
and b, Solar Orbiter approaches Venus from the dawn side, and
traverses from beneath the orbital plane of Venus before crossing the orbital plane and passing over the northern pole of the
planet in the VSO
q system. As viewed in cylindrical coordinates

2
2
(with ρVSO =
YVSO
+ ZVSO
) and based on empirical models of the Venus upper mantle boundary (Martinecz et al. 2009)
and bow shock (Shan et al. 2015), Solar Orbiter is expected
to have skimmed the upper mantle boundary from ∼8:00 UT
until ∼12:00 UT before crossing the bow shock on ∼12:40
UT (Fig. 1c). Just like with magnetotails in systems formed
from global intrinsic magnetic fields, the Venusian magnetotail undergoes various motions due to variations in the solar
wind (Zhang et al. 2009; Edberg et al. 2011; Rong et al. 2015).
As such, empirically derived boundary locations in the magnetotail can only be used as an estimate of the average boundary
location.

Figure 2 provides an overview of the Solar Orbiter observations during this flyby. While this study focuses on the STEP
and HET C detector measurements, detailed overviews of the
RPW and MAG observations are reported by Hadid et al. (2021)
and Volwerk et al. (2021), respectively. As seen in the magnetic
field observations (Figs. 2a and b), Solar Orbiter’s approach to
Venus is largely characterized by turbulent magnetosheath-like
signatures before crossing the quasi-perpendicular bow shock at
∼12:40 UT (see Dimmock et al. 2021). The observed turbulence
signatures and bow shock crossing are studied in more detail by
Carbone et al. (2021) and Dimmock et al. (2021), respectively.
The electron density estimate from RPW (Fig. 2c) shows a clear
peak in density at the bow shock and a gradual rise in density with increasing radial distance from Venus downtail. The
relatively high electron density throughout the flyby is consistent with Solar Orbiter largely traversing the magnetosheath.
A more in-depth comparison of the estimated electron density
with simulations of the solar wind-Venus interaction is presented in Stergiopoulou et al. (in prep.). Through the magnetotail region, the STEP sensor observes several bursty enhancements (Fig. 2d). The data gap from ∼11:45–∼13:00 UT is due to
instrument operations (see Wimmer-Schweingruber et al. 2021).
After being switched off for the closest approach of Venus, STEP
became operational again shortly after 13:00 UT to observe a
period of decreasing flux until ∼13:30 UT when the flux reached
the background of the instrument (Fig. 2d). Meanwhile, the GCR
count rate is observed to be steady throughout most of the flyby
with a notable decrease of ∼5% near the planet.
Summing the STEP observed flux across all energy channels, Fig. 3a illustrates the flux projected along the trajectory of Solar Orbiter in cylindrical coordinates. The STEP
A7, page 3 of 11
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Fig. 2. Overview of observations from the Venus flyby showing the magnetic field magnitude from MAG (panel a), MAG magnetic field vector
in VSO coordinates (panel b), electron density estimate derived from RPW (panel c), STEP Magnet channel total ion flux spectrogram (panel d),
and HET detector C high-gain channel GCR count rate (panel e). The bow shock is denoted by the vertical red line. The persistently high STEP
count rate around 0.01 MeV is due to a well-understood instrumental background (Rodríguez-Pacheco et al. 2020).

enhancements are seen to correspond both to times when Solar
Orbiter was near the empirical upper mantle boundary, as well
as a small enhancement upstream of the bow shock. Meanwhile, the GCR count rate decrease is centered around the closest approach to Venus (Fig. 3b). These observations will be
discussed further in three sections: STEP observations in the
magnetotail (Sect. 3.2) and upstream regions (Sect. 3.3), and the
GCR obstructions from Venus measured by HET (Sect. 3.4).

and (7) acceleration at the bow shock. To understand the dominant acceleration processes at play in the Venusian system that
may have led to the STEP particle enhancements, each of these
potential mechanisms are further explored in the following subsections.

3.2. Suprathermal ion enhancements in the Venusian
magnetotail region

Observations from Venus Express have found that outflowing
ions from Venus can escape the system through the plasma sheet
of the induced magnetotail. Due to the absence of an intrinsic planetary magnetic field, the topology of the tail region of
Venus is oriented along the plane containing the solar wind
convective electric field (ESW = −VSW × B), unlike at magnetized planets where the plane of the plasmasheet is governed by topology of the stretched nightside magnetic field.
As the ions escape through the tail region, the ions fluxes are
larger within the plasma sheet and become spatially separated
by energy; higher energy ions (∼keV range) are found only
in the +ESW hemisphere, while lower energy ions are found
in the −ESW hemisphere, possibly related to preferential ion
escape on the side of the planet with ESW pointed away from the
planet (e.g., Phillips et al. 1987; Slavin et al. 1989; Intriligator
1989; Luhmann et al. 2006; Barabash et al. 2007; Jarvinen et al.
2013). Despite most of the observations being within the magnetosheath region of Venus, ion populations are known to be

Figure 4 focuses on Solar Orbiter’s observations during its
traversal of the Venusian magnetotail from 05:00–12:00 UT. As
also shown in Figs. 2d and 3a, multiple periods of bursty particle enhancements are observed during this time, with energies
reaching slightly above 30 keV. While ions reaching the 1’s keV
energy range have been observed previously in the downtail
region closer to the planet, the properties and potential acceleration mechanisms of these particles in the magnetotail region
are not fully understood. Various processes have been proposed
to accelerate ions up to, or explain variations in the observations
of ions in, the keV range including: (1) spatial asymmetries of
energetic outflow in the plasmasheet related to the solar wind
convective electric field, (2) pick-up ion acceleration, (3) acceleration from strong turbulence, (4) ion cyclotron waves, (5) tail
boundary layer dynamics, (6) current sheet-related acceleration,
A7, page 4 of 11

3.2.1. Asymmetries in ion outflow related to the solar wind
convective electric field
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Fig. 3. Panel a: STEP magnet channel ion flux summed over all energy channels and panel b: HET C detector high-gain channel count rates
overplotted on the trajectory of Solar Orbiter in cylindrical VSO coordinates. Empirically derived estimates of the bow shock location (Shan et al.
2015), as well as upper mantle and lower mantle boundaries (Martinecz et al. 2009) are overplotted for reference.

Fig. 4. Overview of the tailward pass of Venus by Solar Orbiter showing magnetic field magnitude (panel a), magnetic field vector in VSO
coordinates (panel b), difference between the clock angles of the spacecraft and the solar wind convective electric field (panel c), sin2 (θ) of the
magnetic field and assumed radial bulk flow (panel d), |δB|/|B| (panel e), STEP Magnet channel total ion flux spectrogram (panel f), power spectral
density of magnetic field perturbations (panel g), and ellipticity of the magnetic field (panel h). The local proton gyrofrequency is overplotted on
panels g and h. Vertical lines denote current sheet crossings, and the purple bars in panel a mark traversals into the magnetotail (see text for
criteria).
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able to both enter into, and leak out of, magnetospheres (e.g.,
Allen et al. 2017, 2018, 2019). In fact, Grünwaldt et al. (1995)
reported possible evidence of planetary ions from Venus being
detected near Earth on one occasion. As such, one potential
explanation for the bursty signatures observed in the STEP
magnetotail observations is that the spacecraft is skirting, or
ions are leaking out of, the +ESW hemisphere plasma sheet
boundary. To test this, the clock angle of the spacecraft (φsc =
tan−1 (YVSO /ZVSO )) and solar wind electric field clock angle
(φEsw = tan−1 (BY,VSO /BZ,VSO ) − 90◦ ) is computed and the difference is shown in Fig. 4c. Times when the spacecraft trajectory is
directed nearly along +ESW (and so a difference in clock angles
near 0◦ ) correspond to times when the spacecraft would be in
regions of higher energy outflow.
The difference in clock angles is large (∼ − 100◦ ) for most
of the tail pass prior to ∼9:00 UT, after which the spacecraft and
ESW become co-aligned (after ∼10:30 UT). Comparing this systematic variation in ESW to the suprathermal ion enhancements
observed by STEP, there is little agreement between the relative
location of Solar Orbiter with the ESW . In fact, times when Solar
Orbiter becomes co-aligned with ESW correspond to times with
few to no enhancements, whereas the main STEP ion increases
are seen at times when Solar Orbiter is ∼100◦ away from the
direction of ESW . As such, while the preferential location along
the plasmasheet of suprathermal ions reported by Barabash et al.
(2007) is likely still occurring within the tail region, this mechanism is likely not responsible for the STEP observations.
3.2.2. Pick-up ion acceleration

It has been well established that newly ionized ions can be
“picked-up” by the bulk flow of plasma with an embedded magnetic field. In a fixed inertial frame, the energy gain from this
“pick-up” processes can vary from zero to four times the bulk
plasma speed. The maximum energy gained by this process is
then
Emax = 2mv2bulk sin2 θ

(1)

where θ is the angle between the magnetic field and the bulk
flow. The limiting cases of pick-up ion acceleration would be
when the magnetic field is perpendicular to the bulk flow (maximum energy gain) and when the magnetic field and bulk flow
are parallel to one another (zero energy gain). During the Solar
Orbiter Venus flyby, ion composition and bulk speed information
is not available, and as such the value of Emax cannot be quantitatively determined. However, previous investigations at Venus
have shown that the bulk flow in the magnetotail (>few RV ) is
roughly along the negative x-direction in VSO coordinates (e.g.,
Fedorov et al. 2011; Phillips & McComas 1991, and references
therein), and as such the sin2 θ term can be computed and compared with the STEP enhancements. It should be noted that this
proxy for pick-up ion acceleration is only able to investigate the
possibility of local acceleration, and as such no conclusions are
being made with respect to pick-up ion processes and acceleration occurring remotely from Solar Orbiter (e.g., Jarvinen et al.
2020).
Comparing the value of sin2 θ (Fig. 4d) with the enhancements in STEP (Fig. 4f) does not produce good agreement.
While most of the magnetic field measurements during the magnetotail pass result in sin2 θ ≈ 0.8, many of the STEP enhancements are observed during times of lower sin2 θ, that is, the
enhancements are often observed in times of more radial magnetic field orientations (relative to the rough assumption of bulk
flow direction) when energy gain from the pick-up acceleration
A7, page 6 of 11

process would be small. As such, variations in the pick-up ion
acceleration due to variations in θ do not explain the bursty
enhancements in the suprathermal ions. It should be noted that
variations in composition, thereby changing m, or changes in
the bulk speed could still change the maximum energy gain.
The velocity in the downtail magnetosheath have not been
observed to vary greatly (Phillips & McComas 1991, and references therein), particularly within the relatively short timescales
relevant to the suprathermal ion enhancements observed by Solar
Orbiter. Therefore, variations in the bulk speed may not be playing a large role in providing the time-dependent energization
from pick-up acceleration for this interval. From the observations available, it is not possible to determine if the composition
is different between the times of suprathermal flux enhancement
and lower enhancement. As such, it is not possible to determine
if compositional variations could be playing a role in the STEP
observations.
3.2.3. Acceleration from strong turbulence

Strong turbulence (i.e., |δB|/|B| ∼ 1) can result in nonthermal
acceleration (e.g., Ergun et al. 2020a,b). Magnetosheaths are turbulent regions, and as such parts of the magnetosheath region
may have strong enough turbulence to accelerate ions into the
energy range of STEP. To investigate this, |δB| was computed
by subtracting the magnetic field magnitude from the 30-second
box-car averaged background field (|B|), with the resulting ratio
shown in Fig. 4e. A more detailed investigation of the turbulence and intermittency across the Venus flyby is presented in
Carbone et al. (2021), however this calculation reveals varying
levels of turbulence throughout the tail approach.
Some of the periods with enhanced |δB|/|B| coincide with
times of enhanced suprathermal ion enhancements. Particularly the enhancement spanning from ∼9:30 – 10:30 UT, which
occurs during the most intense magnetic fluctuations, shows
good agreement with enhancements in the suprathermal ion flux.
While times of large |δB|/|B| correspond with times of elevated
suprathermal ion flux, not all of the suprathermal ion enhancements are concurrent with large |δB|/|B|, suggesting that while
strong turbulence is likely accelerating ions into the energy range
of STEP, other processes are also contributing to the suprathermal ion abundance in the Venusian tail region. While the present
analysis considers the overall turbulence intensity, further analysis could help explore the possible role of intermittency and
small-scale magnetic structures (see Carbone et al. 2021).
3.2.4. Ion cyclotron waves

Ion cyclotron waves (ICWs) are known to occur and heat or
accelerate ions in many environments (e.g., Zhang et al. 2010,
2011; Wei et al. 2011). To investigate if the enhancements in
STEP are concurrent to ICWs, the magnetic field power spectral density (PSD) was generated from the Fast Fourier Transform of the magnetic field over a frequency range of 0.01 to 4
Hz (the Nyquist frequency of the normal magnetic field data
product of Solar Orbiter). The ellipticity was computed from
the ellipse transcribed by the field oscillations transverse to the
background magnetic field (see Samson & Olson 1980; Means
1972) with −1 (+1) signifying a left-hand (right-hand) circularly
polarized wave and 0 representing a linearly polarized wave. The
PSD and ellipticity are shown in Figs. 4g and h, respectively. The
local proton cyclotron frequency is overplotted in black. While
there is generally broadband emission present throughout the
magnetotail pass, left-hand circularly polarized waves are

R. C. Allen et al.: Energetic ions in the Venusian system: Insights from the first Solar Orbiter flyby

observed at times with a high degree of polarization (not shown)
above the local proton cyclotron frequency. As discussed in
Volwerk et al. (2021), these waves are likely ICWs that are
Doppler shifted to appear above the local proton gyrofrequency
in the observations. More in-depth analysis of the wave properties and discussion on their generation is given in Volwerk et al.
(2021).
Investigating the timing of the ICW observations and the
suprathermal ion enhancements do not generally show agreement. The main exception is the ICW observed from ∼08:30
to ∼08:50 UT, which is concurrent to a broad enhancement
of suprathermal ions. The other ICW observations do not well
align with ion enhancements, and the other ion enhancements
occur during times without ICW signatures. As such, with the
exception of the ∼08:30 to ∼08:50 suprathermal ion enhancement, which may be related to heating from ICW waves, the
particle enhancements are likely due to other processes. Additional flybys of Venus may be able to better constrain where
(i.e., within the induced magnetotail versus the magnetosheath)
ICWs may be heating the local plasma population. Beyond ICW
waves, high frequency electrostatic waves could also play a role
in accelerating particles (e.g., Szegö et al. 1991), and will be the
focus of future investigations.
3.2.5. Magnetotail boundary layer processes

Previous observations from Venera 10 of the boundary layer
between the magnetosheath region and the magnetotail plasma
wake revealed bursty signatures in the ion temperatures
(Romanov et al. 1978). Additionally, different processes such
as differential streaming of electrons and ions, along with ions
from the solar wind versus the ionosphere, can setup differential electric fields as well as instabilities including ion-ion instabilities and modified two-stream instabilities (see Dubinin et al.
2011, and references therein). As most of the STEP enhancements are observed in close proximity to the empirically derived
upper mantle boundary (Fig. 3a), it is possible that the enhancements are related to these temperature fluctuations in the boundary layer between the magnetosheath and the upper mantle of
the tail. While Solar Orbiter did not have bulk plasma velocity measurements during the Venus flyby, as was used to identify the boundary layer in Romanov et al. (1978), the magnetic
field can still be used to differentiate regions. As discussed
in Bertucci et al. (2011), the magnetosheath is characterized as
being significantly more turbulent than the magnetotail region
and the tail region tends to have a higher magnetic field strength
(by a factor of ~2). Investigating the magnetic field fluctuations
(Figs. 4b and e) as well as the magnetic field magnitude (Fig. 4a),
this criterion identifies 3 likely excursions into the magnetotail
region (denoted by the purple bars at the top of Fig. 4a). Boundary layers should exist at the transitions into/out of these tail
regions. However, there is not sufficient information to robustly
assess how Solar Orbiter is traversing this boundary, the distance
from the boundary crossing, or the thickness of a boundary layer
for these crossings.
Comparing the suprathermal ion enhancements (Fig. 4f) to
the locations of the possible boundary layers at the transitions
between the magnetotail and magnetosheath regions reveals that
the boundary layers are typically associated with enhancements
in the energetic particles, at least on one side of the crossing.
From the observations available, it is unclear which potential
processes occurring within the boundary layer may be playing
a role in accelerating ions into the energy range of STEP during
these crossings, however the transitions from the sheath region

into the boundary layer is found to always coincide with current
sheet crossings (discussed in more detail in Sect. 3.2.6). Future
flybys, when more measurements may be available, such as thermal plasma observations, may provide additional insights into
the acceleration mechanisms occurring in the boundary layers of
the Venusian magnetotail.
3.2.6. Current sheet-related acceleration

Current sheets are known to be able to accelerate ions. This
acceleration can result from several factors including: acceleration due to magnetic field tangential stresses (e.g., Dubinin et al.
1993, 2013), acceleration from actively reconnecting current
sheets (e.g., Drake et al. 2009a,b; Vines et al. 2017), and gyroorbit effects (e.g., Speiser 1965; Chen & Palmadesso 1986;
Cowley 1978). To investigate possible correlations between the
suprathermal ion enhancements and current sheet-related acceleration mechanisms, the magnetotail interval was inspected for
signatures of current sheet crossings (denoted by the vertical
lines in Fig. 4). These crossings were identified as an abrupt
and sustained change in the magnetic field direction (i.e., not
including spikes or oscillations in the data). Notably, the current
sheet identified at ∼09:32 UT shows signs of possible magnetic
reconnection (see Volwerk et al. 2021, for more details of this
event).
Often, but not always, the suprathermal ions are found to be
enhanced near the current sheet crossings (Fig. 4). This includes
some of the relatively small, short-lived enhancements early in
the approach (i.e., before 08:00 UT) when Solar Orbiter was further from the empirical upper mantle boundary. We note that,
as mentioned before (Sect. 3.2.3), turbulence-generated smallscale current sheets may also contribute to particle acceleration
(see, e.g., Tessein et al. 2013). The role of such structures will
be investigated in a future study based on conditional statistical
analysis. The fairly good correspondence between current sheet
crossings and suprathermal ion enhancements suggests that current sheet-related acceleration in the Venus system is capable of
accelerating ions into the energy range of STEP.
3.3. Suprathermal ion enhancement in the upstream dayside
region

Solar Orbiter crossed the quasi-perpendicular bow shock of
Venus at ∼12:40 UT on 27 December 2020 (see Dimmock et al.
2021, for a detailed analysis of the bow shock observations).
During the bow shock crossing, STEP was turned off due to
risks to the instrument related to reflected light from Venus.
The STEP sensor became operable again shortly after 13:00 UT
when it was ∼2RV upstream of the bow shock and observed an
enhancement in lower energy (<10 keV) ions until about 13:30
UT (∼5RV from the bow shock; Fig. 5c). The flux of this lower
energy ion enhancement decreases over time to background levels as Solar Orbiter travels further upstream of the planet. Previous observations have measured suprathermal ions upstream
of the bow shock at Venus and interpreted this as being from
one of two sources: (1) newly picked up ions from the neutral
exosphere extending into the solar wind (e.g., Brace et al. 1988;
Frank et al. 1991) or (2) foreshock particles scattered off of the
Venusian bow shock (e.g., Williams et al. 1991).
During the interval upstream of Venus, Solar Orbiter
observed suprathermal ions ahead of the Venusian bow shock
while the IMF was directed mostly in the +YVSO direction
(Fig. 5b). The direction of the IMF would mean that the spacecraft would not be magnetically connected to any point along the
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Fig. 5. Panel a: magnetic field magnitude, panel b: magnetic field vector in VSO coordinates, panel c: STEP Magnet channel ion flux spectrogram,
panel d: HET C detector high-gain channel GCR count rate, and panel e: percent of sky blocked by Venus (solid blue), percent decrease of GCR
rate (black), and 10-min smoothed percent decrease of the GCR rate (red). The vertical solid red and dotted orange lines indicate the times of the
bow shock crossing and Solar Orbiter closest approach (CA), respectively.

empirically derived bow shock from Shan et al. (2015) within
reasonable uncertainty. Additionally, STEP is mounted facing
the sunward direction, thereby observing ions moving toward
the bow shock, rather than ion beams or reflected ions moving away from the bow shock. While foreshock ions have
been observed at Venus before (e.g., Williams et al. 1991), this
enhancement is not consistent with beaming or reflected ions
from the Venusian bow shock, and as such must be of some other
source.
Another potential explanation would be newly ionized particles, from the extended hot neutral exosphere, being picked
up by the solar wind. Observations from Pioneer Venus
Orbiter found ions upstream of the subsolar bow shock, which
were interpreted as newly picked up ions from the exosphere (e.g., Brace et al. 1988; Moore et al. 1990; Mihalov et al.
1995; Luhmann et al. 2006). Additionally, observations from the
Galileo flyby found evidence of pick-up ions in the solar wind
upstream of the bow shock (Frank et al. 1991). During the time
period of this enhancement, the IMF direction (assuming radial
solar wind velocity) would give a value of sin2 θ ≥ 0.9. Assuming a nominal 400 km s−1 solar wind speed with sin2 θ = 0.9,
the maximum expected energy for O+ (a major constituent of
the extended Venusian exosphere) being picked up would be
∼48 keV. As composition information is not available during
this time period, the predominant species being observed is not
known, but it is possible that these ions could be from fresh
Venusian-originating pick-up ions. We cannot rule out, however,
that these suprathermal ion enhancements are not of solar wind
origin, as is often observed during the Solar Orbiter mission.
Future flybys of the upstream region by Solar Orbiter and Parker
Solar Probe may allow for a better understanding of this potential upstream population.
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3.4. Obstruction of galactic cosmic rays by Venus

On either end of the Venus encounter, the CGR count rate
from the high-gain HET C detector photodiodes was steady at
∼258 counts s−1 (Fig. 2e). This background rate was computed
using the average rate before 10:00 UT and after 14:00 UT on
27 December 2020. The GCR count rate near closest approach is
shown in Fig. 5d in black, with a 10 min box-car averaged count
rate shown in red. The steady background count rate from the
pre- and post-Venus observations is shown by the dashed line.
As seen by comparing the profile of the GCR decrease to the
time of closest approach (vertical dotted orange line in Fig. 5),
the smoothed GCR decrease is roughly symmetric about closest
approach.
Figure 5e shows the percent GCR decrease of both the raw
1-min count rate (black) and 10-min smoothed GCR count rate
(red). The percent of the sky that is obscured by Venus is shown
by the blue curve in Fig. 5e. As the GCR count rate is taken
from a data product with a roughly isotropic response, the fieldof-view of the C detector counters generally covers the full sky.
Comparing the high-gain channels of the C detector count rates
from HET1 and HET2 (not shown), both sensors show virtually
the same percentage decrease during closest approach, further
supporting the assumption that the spacecraft is not significantly
affecting the look direction of the GCR count rate. Notably, the
smoothed fractional GCR decrease is only slightly lower than
that of the fraction of sky obscured by Venus (Fig. 5e), although
the percent decrease using the 1-min count rate often reaches up
to values predicted from Venus occultation.
While any difference between the fraction of sky obscured
by Venus and the fractional decrease in GCR count rate is small
enough to potentially be a result of instrumental uncertainty,
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Fig. 6. Summary of acceleration processes in the Venusian system as inferred by Solar Orbiter measurements and previous observations. We note
that the IMF in this diagram is 90∼ from the axis of the plasmasheet (purple region), as the plasmasheet orientation is largely dictated by the IMF
direction. Image credit: Ben C. Smith, JHUAPL.

it is possible that some of the discrepancy could be due to
primary GCRs interacting with the atmosphere and surface
of Venus, leading to the production of secondary particles
(i.e., albedo particles) which are then detected by HET. Such
albedo particles have been measured at Mars with the RAD
instrument on Mars Science Laboratory (Appel et al. 2018) and
at the Moon with the CRaTER (Schwadron et al. 2016) and
LND (Wimmer-Schweingruber et al. 2020) instruments. Measured fluxes are on the order of 10% of the downward flux in
the case of Mars in the energy range that can be measured by the
RAD instrument (Appel et al. 2018). If these albedo particles are
being produced at Venus, it would seem that their flux at ∼2RV
is small. Additional Venus flybys by Solar Orbiter may help in
gaining insight into the possibility of GCR albedo production at
Venus.

4. Summary and conclusions
The first flyby of Venus by Solar Orbiter permitted a survey
of the energetic particles within and around the Venusian system. In this study, one of a series of overview papers from the
first Venus GAM flyby (Hadid et al. 2021; Volwerk et al. 2021;
Dimmock et al. 2021), we focused on the sources and modulation of energetic particles observed by STEP and the HET C
detector high-gain channel counters. The main conclusions are:
1. Bursty suprathermal ion enhancements, with energies reaching ∼30 keV, were observed throughout the traversal of the
Venusian magnetotail and downtail magnetosheath regions
at distances beyond those sampled by previous missions.
2. Asymmetries in energetic outflowing populations due to
the solar wind convective electric field compared to the
spacecraft location do not explain the Solar Orbiter STEP
observations. As such, the suprathermal ion enhancements

3.

4.
5.

6.

7.

8.

are likely not an effect of the spacecraft moving into/out
of regions that are more aligned with the +ESW hemisphere
plasmasheet.
Variations in local pick-up ion acceleration from changes in
the magnetic field direction do not explain the suprathermal
ion enhancements observed during the Venus flyby, and so
significant energy gain via the local pick-up process is not
likely contributing to the observations.
Strong turbulence (i.e., |δB|/|B| ∼ 1) in the magnetosheath is
likely accelerating ions into the energy range of STEP.
Ion cyclotron waves in the magnetosheath are not seen to be
likely contributors of heating ions into the range of STEP,
however, there is an instance of an ICW wave within the
magnetotail region of Venus that may be associated with a
suprathermal ion enhancement. This may suggest ICWs play
a more important role in the mantle than in the sheath region.
Magnetotail boundary layer dynamics may be associated
with some of the suprathermal ion enhancements. The
boundaries between the magnetotail and magnetosheath
regions of the Venus system are often associated with
suprathermal flux enhancements, and also found to coincide
with current sheet crossings.
Current sheet crossings are observed to often have an associated increase in suprathermal ion flux. As such, current sheet processes, such as reconnection and gyroradius
effects, are likely accelerating ions in the Venusian system.
This is observed both in the magnetosheath away from the
upper mantle boundary, as well as near and at the boundary
between the sheath and upper mantle.
Suprathermal ion enhancements are observed as far as ∼5RV
upstream of the quasi-perpendicular bow shock crossing.
Due to the orientation of the IMF (mostly in the +YVSO
direction), it is unlikely that Solar Orbiter would have been
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magnetically connected to the bow shock. Additionally, as
STEP was observing particles traveling toward Venus, rather
than beaming away, it is unlikely that this population was
related to a foreshock. Previous studies (e.g., Brace et al.
1988; Frank et al. 1991; Jarvinen et al. 2020) have suggested
that exospheric neutrals may be photoionized upstream
of the bow shock before being picked up into the solar
wind flow, and so may be contributing to the suprathermal
enhancement measured by STEP. However, without composition or lower energy measurements we are unable to determine if this possibility fully explains the observations.
9. The GCR count rate decreases near the planet, associated
with blockage of energetic particles by Venus. While GCR
albedo particles have been observed at both Mars and the
Moon, there does not seem to be a significant effect of these
ions on the HET GCR count rate near Venus.
The main processes leading to particle acceleration in the Venusian system inferred by observations in this study, as well as
other previous works (e.g., Phillips & McComas 1991, and references therein), are illustrated in Fig. 6. These different processes,
list them, have been observed to exist throughout the system,
and are all likely to be contributing to the presence of suprathermal particles throughout the Venusian system. The prevalence,
effectiveness, and interplay between these different mechanisms
warrant future investigations to better characterize the dominant
processes for, and impacts of, energetic populations within the
system. Future Venus flybys by Solar Orbiter will allow for continued investigation into the suprathermal and energetic populations within the system. Different trajectories, along with potentially additional datasets during the future Venus GAMs, will
not only allow insight into how consistent these observations are
from one encounter to the next, but also allow for deeper investigations into the various processes accelerating ions within the
Venusian system.
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