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The operation of powerful satellite- and rocket-born sounding radars is often

accompanied by a heating/acceleration of the local electrons and ions. Intense fluxes of

sounder accelerated particles were detected in Earth’s ionosphere when the frequency of

the radar transmitter was close to one of the fundamental plasma resonances: harmonic

of the electron-cyclotron frequency, plasma, or upper-hybrid frequencies. Recently it was

found that running a sounder in the ionosphere of the non-magnetized Mars results in

similar effects. Ion and electron sensors of the ASPERA-3 experiment (Analyzer of Space

Plasma and Energetic neutral Atoms) onboard the Mars Express spacecraft discovered

acceleration of the local ionospheric ions and electrons from thermal threshold energies

to 100’s of eV during the active sounding phase of the onboard sounder. ESA and

NASA missions being studied or under development to Jupiter (JUICE- JUpiter ICy

moon Explorer) in 2022, Europa Clipper in 2023 and to Venus (EnVision) in 2032 and

ISRO Venus obiter in 2023 will also carry powerful sounding radars. The purpose of

this study is to investigate what mechanisms can cause acceleration of the plasma

particles during operations of the proposed sounding radars in the Jovian system and

Venusian ionosphere. Using the results of the previous studies and characteristics of

the proposed sounding radars onboard JUICE, Europa Clipper, EnVision, and ISRO

Venus Obiter, we define the optimal conditions for observations of sounder accelerated

particles, depending on the local conditions, such as plasma density, composition, and

intensity of the magnetic field. The EnVision and ISRO Venus Obiter radar operations are

expected to result in the most pronounced acceleration of ions and electrons, an effect

that can be used to improve the local plasma diagnostics.

Keywords: active experiments in space, particle acceleration, ionospheric sounding, Moons of Jupiter, Mars,

Venus

1. INTRODUCTION

Ionospheric sounding has been a standard tool for probing the ionosphere for many years.
Principles of the sounding are based on the reflection of the radio waves from the ionized
component of Earth’s upper atmosphere (Appleton, 1927). Ionospheric sounders operate by
transmitting a short pulse at a fixed frequency, and then detecting any echoes that are reflected.
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These echoes relate to the altitude where the plasma frequency
is equal to the wave frequency. By measuring the time delay
between the transmission of the pulse and the time that the echo
is received, the range to the reflection point can be computed.
By sequentially stepping the transmitter frequency after each
transmit-receive cycle, the time delay, and hence the range
to the reflection point, can be determined as a function of
frequency. However, since radio waves return to the ground-
based radar from only the portion of the ionosphere below the
level of maximum electron density, no information about the
ionosphere above this level can be retrieved. To perform topside
sounding, ionosondes were fist mounted on rockets (Knecht
et al., 1961) and later on satellites [Alouette (Lockwood, 1963),
ISIS 1, 2 (McAfee, 1969)].

The situation with topside sounding (satellite- and rocket-
borne sounders) turned out to be less analogous to bottom-
side sounding (ground-based radars) than was expected. Long-
term echoes were observed at frequencies of the fundamental
plasma resonances: the electron Langmuir frequency fpe, the
upper hybrid resonance fUH , the electron-cyclotron fce and its
harmonics nfce (n = 2, 3, ...) (Calvert and Goe, 1963; Lockwood,
1963). The life-time of these resonances was one or two orders of
magnitude longer than the duration of the sounding radio pulse
itself. The long durations of the echoes were attributed to the low
group velocity of the electrostatic waves that can be generated
during the pulse (seeMuldrew, 1972 as a review).Moreover, these
waves can be reflected by the natural density (for fpe and fUH ,
McAfee, 1968) or magnetic field (for nHce) gradients (Fejer and
Calvert, 1964). As a result of both these factors, the waves travel
a relatively short distance (102 − 104 m) form the sounder with
group velocities of 103 − 105 m/s and return back, causing long
standing echoes.

As it was first pointed out by Oya (1971), it is often
the case that the voltage applied to the sounding antenna is
comparable to the thermal energy of the electrons. This enables
development of a turbulent layer in the vicinity of the sounder,
and thus, different non-linear processes should be considered.
The first consideration of the stimulated plasma instability and
nonlinear phenomena in a framework of the weak turbulence
approximation was done by Oya (1971) and further developed
by Kiwamoto and Benson (1979) and Benson (1982). Initially,
the goal of these studies was to explain the sequence of diffuse
plasma resonances, intense echoes observed between harmonics
of the electron-cyclotron frequency. The suggested explanation
involved cyclotron heating of the plasma surrounding the
satellite by the high-power transmitter pulse with subsequent
development of the Haris instability (Oya, 1971) or non-linear
Landau damping (Kiwamoto and Benson, 1979) that produces
observed diffuse echoes.

The first observations that confirmed energization of the
plasma by a top-side sounder were made by the Soviet
Interkosmos 19 satellite. Galperin et al. (1981) reported observing
bursts of superthermal electrons with a mean energy of about
100 eV detected when the onboard high-power radio transmitter
was transmitting signals with the tune frequency close to the
local plasma frequency. Similar bursts of accelerated electrons
and ions were observed also by soft-particle spectrometers (SPS,

Heikkila et al., 1970) onboard the Canadian satellites ISIS 1 and
2 (James, 1983, 1987). These observations began an intense study
of the sounder accelerated particles (SAP) due to the importance
of the subject in order to (1) understand the non-linear plasma
processes near an active antenna and (2) develop new types of
active experiments in space. Different models were proposed
to explain SAP observations (see Shuiskaya et al., 1990 for a
review). Despite great interest to the physics of SAP, current
understanding of the matter is far from being complete, mainly
due to the lack of observations.

With greater surprise, a similar phenomenon was recently
found in the data collected by particle instruments onboard
the Mars Express spacecraft (MEX, Voshchepynets et al., 2018).
MEX is the first-ever extraterrestrial planetary mission equipped
with both a powerful sounder (for subsurface and ionosphere
sounding) and ion and electron sensors (of the ASPERA-
3 package, Barabash et al., 2006). The ASPERA- 3 plasma
measurements cover a period of more than 14 years (more
than one solar cycle) and contain multiple observations of SAP.
This large set of observations makes it possible to establish
statistically reliable dependencies of distribution functions of
the accelerated particles on the sounder pulse characteristics
(frequency, timing) and the local environmental conditions
(plasma density, temperature, composition, magnetic field). The
acceleration of electrons and ions by sounders results in the
particle beams with known characteristics that can be used for
diagnostic purposes. For instance, injection of artificially created
beams of energetic electrons is a well-known technique for
remote diagnostics of space plasma (Paschmann et al., 2001).

Studying SAP phenomenon is of critical importance to future
active experiments in space, a field at the start of the rebirth. The
ESA mission to Jupiter – JUICE (JUpiter ICy moon Explorer)–
to be launched in 2022 is equipped with both a powerful sounder
for subsurface sounding and a comprehensive particle package
measuring electrons and ions over a broad energy range. The
purpose of this study is to investigate if the sounder onboard
JUICE can cause acceleration of the plasma particles in the
ionospheres of the large moons Ganymede and Callisto as well
as in the Jovian magnetosphere. Other future missions equipped
with powerful radars currently known to the authors are Europa
Clipper and EnVision.

This paper is organized as follows: The results of observations
of the SAP in the ionospheres of Earth and Mars are presented
in section 2. Section 3 provides a brief description of the existing
theories of the SAP generation. In section 4 we discuss the SAP
phenomenon in the context of future space missions.

2. OBSERVATIONS OF SOUNDER
ACCELERATED PARTICLES

Overall there were four satellite missions that studied
SAP phenomenon in the Earth’s ionosphere: International
Satellites for Ionospheric Studies (ISIS 1,2, James, 1983, 1987),
Interkosmos 19 (Ik-19, Galperin et al., 1981), and Cosmos 1809
(Shuiskaya et al., 1990). The satellites were operational on orbits
between 500 and 3,000 km altitudes for different periods from
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TABLE 1 | Particle detectors used in SAP studies.

Mission Instrument Measured particles Energy range Energy resolution Field of view Sampling time

EARTH IONOSPHERE

ISIS 1,2 SPS Electrons 5.5 eV–13.15 keV 24.7%. 13◦ × 25◦ 11 ms

Ions 5 eV–14.68 keV 35.5%. 13◦ × 25◦ 11 ms

IK 19 SF-3 Electrons 10 eV–15 keV 19%. 10◦ × 30◦ 20 ms

Cosmos 1809 SF-3M Electrons 10 eV–10 keV 21%. 20◦ × 190◦ 10 ms

Ions 10 eV–10 keV 28%. 20◦ × 190◦ 40 ms

MARS IONOSPHERE

MEX ELS Electrons 1 eV–20 keV 8%. 4◦ × 360◦ 28 ms

IMA Ions 1 eV–30 keV 7%. 90◦ × 360◦ 120 ms

TABLE 2 | Sounders used in SAP studies.

Mission Length Frequency range Pulse duration Pulse repetition frequency Power supply

EARTH IONOSPHERE

ISIS 1 73 m 0.1–20 MHz 86 µs 45 Hz 400 W

ISIS 2 73 m 0.1–20 MHz 86 µs 30 Hz 400 W

IK 19 50 m 0.3–15.95 MHz 133 µs 58.6 Hz 140–300 W

Cosmos 1809 50 m 0.3–15.95 MHz 133 µs 58.6 Hz 140–300 W

MARS IONOSPHERE

MEX (MARSIS) 40 m 0.1–5.5 MHz 91.4 µs 127 Hz 60 W

1969 to 1990. These unique missions were equipped with both
powerful radars used for ionospheric sounding and particle
detectors that enabled the discovery and studies of the SAP
phenomenon. Characteristic of the onboard sounders and
particle detectors can be found in Tables 1, 2. SAP electrons
and ions have typical energy ranges up to 300–500 eV and
100–200 eV, respectively. Electrons show very narrow angular
distributions within a restricted pitch angle range around 90◦.
Ions showed weak pitch angle dependence. SAP are observed
in bursts, a burst has a duration of 0.3–3 ms (Galperin et al.,
1981). The most intensive electron fluxes were registered
when the transmitter frequencies corresponded to one of the
resonance frequencies of the surrounding plasma. Accelerated
ions are typically detected when the transmitter frequency is
near the local plasma frequency. James (1983), based on the
measurements of the ISIS 1,2 satellites, showed that accelerated
electrons are detected also when the sounding frequency is
close to the electron gyro-frequency or its harmonics. Later,
Shuiskaya et al. (1990) reported that the SAP electrons can be
detected when the sounder operates in the range of the diffuse
resonances (a broad area between nfce when harmonics are below
fUH), and between the second and third harmonics of the local
plasma frequency.

Very interesting results were obtained from the data collected
by the sounding rocket OEDIPUS-C (James et al., 1999; Huang
et al., 2001). In this experiment, two suits of instruments
were accommodated in two separate platforms connected by
an electrically conducting tether that was closely aligned with
the Earth’s magnetic field during the flight. The forward
payload included a high-frequency radio transmitter HEX, which

operated in a frequency range 25 kHz–8 MHz. A synchronized
wave receiver called REX was located on the aft payload platform
to monitor the characteristics of waves emitted from HEX. Both
platforms were equipped with electron detectors that provided
measurements of the electron fluxes within the range 10 eV
to 20 keV. On the forward platform, the transmission at the
electron fce (and sometimes its harmonics), HEX caused electron
acceleration throughout the duration of the rocket flight. The
maximal energy of the electrons detected during the OEDIPUS-
C experiments was above 10 keV, that is much higher than the
SAP energy recorded by any previous mission. The aft payload
also detected accelerated electrons in the similar energy range.
Simultaneously with the electron receiver on aft payload, strong
emissions in a whistler-mode frequency range (200–700 kHz for
this experiment) were detected. Unlike the forward payload, the
aft payload observed the accelerated electrons with a short delay
(∼300 µs) following the start of transmission and persisted for a
short period after the transmitter was turned off.

There are two types of space borne radio sounders. Radars of
the first type are used for ionospheric and sub-surface sounding.
They are designed to produce distant radio echoes in order to
study ionospheric density profiles below the spacecraft or to
acquire data about sub-surface structure. Sounders onboard ISIS,
Ik-19, and MEX belong to this type of sounders. The second
type, known as a relaxation sounder, is a low-power sounder
designed to stimulate local plasma resonances. Sounders of this
type were flown on numerous magnetospheric satellites such as
ISEE 1 (Harvey et al., 1979), GEOS 1 and 2 (Etcheto and Bloch,
1978), CLUSTER (Décréau et al., 2001), and extraterrestrial
missions, such as Ulysses (Stone et al., 1992) and Cassini
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FIGURE 1 | Differential flux of O+ ions measured by the ASPERA-3 IMA sensors on 22-03-2012 from 13:15 to 14:09 UTC.

(Gurnett et al., 2004). This type of sounders is optimized for
measuring densities of very tenuous plasmas (down to 1 cm3).
The working frequency of the relaxation sounders is thus much
lower (typically below 100 kHz) than that of the ionospheric
and sub-surface sounders. We found no publications on the SAP
being detected on the missions equipped with the relaxation
sounders. Some of the radars, for instance Radio Plasma Imager
(Reinisch et al., 2000) onboard IMAGE satellite, can combine
both types of sounding techniques, but IMAGE did not have any
electron or ion sensors.

MEX is the first extraterrestrial mission equipped with
both a powerful radar (MARSIS - Mars Advanced Radar for
Subsurface and Ionosphere Sounding) (Jordan et al., 2009) and
comprehensive particle instruments (ASPERA-3, Barabash et al.,
2006). This combination of instrumentation enabled studies
of the SAP phenomena under plasma conditions other than
those in Earth’s ionosphere. Characteristics of MARSIS and the
ASPERA-3 ion (IMA - Ion Mass Analyzer) and electron (ELS -
ELectron Spectrometer) sensors are summarized in Tables 1, 2.
Figure 1 shows an example of the sounder accelerated O+ ions
detected by IMA. The shown data were collected during 1 h
around pericenter on orbit 10477. MARSIS started operating
in ionospheric sounding mode at 13:20:13 UTC and stopped
at 14:03:58 UTC. In this mode, the MARSIS operates in the
frequency range 100 kHz 5.5 MHz sending 160 91.7 µs pulses
within 1.257 s and then remains idle for 6.285 s. As one can see, a
few minutes before crossing the terminator (around 13:39), IMA
started detecting intense bursts of energetic ions with energies
40 700 eV on top of low energy 3–5 eV ionospheric plasma
background. The bursts were detected throughout the entire
MARSIS operation period when the spacecraft was at altitudes
below 800 km. The time between two consecutive observations of
the accelerated ions is found to be 15, 23, 38, 60 s that coincides
with 2, 3, 5, 8 MARSIS repetition times (7.54 s).

The SAP ions are routinely observed when MARSIS operated
near pericenter (altitude 250 km) on the day side of Mars.

Preliminary study of the data collected by MEX from 2007
to 2016 showed that 2,528 orbits (of 2,768 available) exhibit
signatures of SAP ions. Observations of the accelerated electrons
in the Martian ionosphere are much less frequent. Only several
hundreds of orbits were found to exhibit signatures of SAP
electrons. Figure 2 shows an example of sounder accelerated
electrons detected by ELS together with SAP ions detected by
IMA. In the Earth ionosphere, maximum energy of the SAP
electrons is several times higher than that of ions, at Mars the
situation is different. As one can see in Figure 2, the SAP ions
are detected with energies higher than 400 eV, while energies
of SAP electrons are below 200eV. Analysis of a large number
of observations gives similar results, the maximum energy of
SAP ions is twice as high as the energy of SAP electrons
(800 and 400 eV, respectively). Ions are detected when the
frequency of the MARSIS pulse lies within the frequency range
between local plasma frequency and its first harmonic. Electrons
are typically detected when the MARSIS operating frequency
matches the plasma frequency or one of the harmonics of the
plasma frequency (between 2fpe and 5fpe). The sampling times
of IMA and ELS are 120 and 32 ms respectively. The sensors
cannot resolve individual bursts of the SAPs lasting for 0.1ms to a
few milliseconds. The observed flux increases result from several
bursts of SAPs that occur within one sampling period. AMARSIS
pulse is 91.4 µs followed by the 7.9 ms sampling time. Therefore,
during one IMA sampling time, there will be maximum 120/7.9
= 15 SAP bursts per a IMA sampling time and 32/7.9 = 4 per ELS
sampling time.

3. THEORIES OF PARTICLE
ACCELERATION BY A SOUNDER

A number of explanations of particle acceleration by an active
antenna in plasma have been proposed over the last 40 years (see
Shuiskaya et al., 1990 and James et al., 1999 for a review). Due
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FIGURE 2 | The ASPERA-3 ions (Top) and electron (Bottom) measurements during MARSIS operations. White boxes indicate the 1.257 s time periods when

MARSIS was scanning over frequencies. The fluxes of both accelerated ions and electrons correlate well with the periods when MARSIS was transmitting.

FIGURE 3 | Presentation of the SAP observations by Cosmos 1809 on the p− q diagrams (p = f/fce and fpe/fce). The selected areas show the locations of

maximum electron (Left) and ion (Right) intensities together with the indication of the proposed acceleration mechanism. Electron acceleration models:

cyclotron-resonance (CR) model (James, 1983), diffuse resonances (DR) model (Benson, 1982), plasma resonance (PR) model (Pulinets and Selegei, 1986), and

parametric (PrR) resonance model (Serov et al., 1985). Ion acceleration models: plasma resonance (PR) model (Shuiskaya et al., 1990), wide-band acceleration (B)

model (James, 1987). Local electron densities and magnetic fields are summarized in Table 3. Adapted from Shuiskaya et al. (1990).

to the fact that SAP are typically detected when the frequency
of the transmitter is close to that of the fundamental plasma
resonances, several models based on resonance wave-particle and
wave-wave interaction have been suggested. Considering only
acceleration of electrons, these are: cyclotron-resonance (CR)
model (James, 1983), diffuse resonances (DR) model (Benson,
1982), plasma resonance (PR) model (Pulinets and Selegei, 1986),
and parametric (PrR) resonance model (Serov et al., 1985).
Cyclotron-resonance takes place when f = fce, where f is
the frequency of a transmitted pulse. In this model, electron

heating occurs due to Landau damping of electromagnetic
oscillations near the transmitting antenna. For the frequencies
between fce and fpe, RF emission can generate electron-cyclotron
waves near the antenna. These secondary waves are subject
to strong non-linear Landau damping that also results in
electron heating (DR model). The PR and PrR models consider
electron acceleration in the framework of strong turbulence. In
both models, the acceleration occurs as a result of a two-step
process. The first stage involves development of the turbulent
state near the antenna while the radar is transmitting and
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subsequent formation of the cavitons. This can be achieved by
the modulation (at f = fpe, PR model) or parametric (at 2fpe <

f < 3fpe, PrR model) instability. The collapse of the cavitons
after the end of the transmission leads to a burst of Langmuir and
ion-sound waves that can effectively accelerate electrons and ions
due to the Landau damping. To classify SAP observations in a
frequency domain, it is convenient to introduce the parameters
p = f /fce and q = fpe/fce. In this case, each of the proposed
mechanisms will occupy a certain area on the p − q diagram, as
can be seen in Figure 3.

Another effect that is not included in the previously
mentionedmodels is spacecraft charging resulting from the radar
operations (James, 1983, 1987). A sinusoidal potential of the
radar antenna with respect to the spacecraft during a pulse
results in the currents to the spacecraft carrying by either ions or
electrons, depending on the potential polarity. If the frequency
of the transmitted pulse is lower than fpe, the mobility of the
ion and electrons is sufficient to restore the spacecraft potential
to an equilibrium value after each half-wave of the pulse. If
the frequency of the transmitted pulse is much higher than
fpe, neither electrons nor ions are sufficiently mobile to provide
currents to change the spacecraft potential. If the frequency of
the transmitted pulse is close to fpe, the mobility of electrons
is sufficient to charge the spacecraft but the plasma cannot
support the sufficient ion current to restore the potential and the
spacecraft becomes negatively charged to the amplitude of the
pulse. The negatively charged spacecraft attracts and accelerates
ions. This mechanism is often referred as wide-band acceleration
and it is marked as B in the p− q diagram.

Observations of SAP by MEX on the p− q diagram are shown
in Figure 4. For the present study, 30 orbits were selected that are
characterized by the similar ionospheric environment conditions.
Observations of SAP ions correspond to the region of PR and B

mechanisms. Detection of the accelerated ions by IMA is often
accompanied by a small decrease in low energy [10–100 eV]
electron fluxes as one expects for a negatively charged spacecraft.
The induced spacecraft charging model also explains the upper
energy limit of SAP ions detected in the Martian ionosphere. As
explained earlier, the model suggests that a steady negative DC
potential on the order of the voltage applied to the antenna (400
V for MARSIS) is built up on the spacecraft when the transmitter
is on. This implies that the instantaneous potential of the antenna
with respect to the plasma/spacecraft oscillates from 0 to -800V
resulting in the ion acceleration up to 800 eV in agreement with
observations. Observations of SAP electrons correspond to the
PR and PrR regions on the p − q diagram. It would indicate that
the acceleration mechanism could be the resonant wave-particle
interaction, but the issue is still under debate. Radar onboard
MEX is much less powerful than the radars onboard Interkosmos
19 and ISIS-1,2 spacecrafts (60W onMEX and 400W on ISIS-1,2
and 300 W on Interkosmos 19). The case may be that the energy
density of the radio waves transmitted by MARSIS is not high
enough for the strong turbulence to develop.

4. APPLICATION FOR THE FUTURE
MISSIONS

The JUpiter ICy Moons Explorer (JUICE) is an European Space
Agency mission that will fly by and observe the Galilean satellites
Europa, Ganymede, and Callisto, characterize the Jovian system
in a lengthy Jupiter-orbit phase, and ultimately orbit Ganymede
for in-depth studies of habitability, evolution, and the local
environment (Grasset et al., 2013). It will be equipped with
a powerful radar RIME (Radar for Icy Moons Exploration)
(Bruzzone et al., 2013). RIME is optimized for the penetration

FIGURE 4 | Presentation of SAP observations by MEX on the p− q diagram. The gray area shows the range of the p− q parameters obtained for typical conditions of

the Martian ionosphere (summarized in Table 3) and MARSIS sounding characteristics (summarized in Table 2). The areas encircled by blue and red lines indicate

regions where SAP ions and electrons were detected.
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TABLE 3 | Local plasma characteristics (density and magnetic field) typical for SAP observations in the ionospheres of Earth and Mars.

Target Altitudes Magnetic field Electron density References

IK-19

Earth 500–1000 km 10–40 µT 104 − 105 cm3 Shuiskaya et al., 1990

MEX

Mars 300–1000 km 10–30 nT 400− 3000 cm3 Fränz et al., 2006

JUICE

Ganymede 200–1000 km 100–500 nT 20− 400 cm3 Kivelson et al., 1997; Eviatar et al., 2001

Europa 400–5000 km 100–200 nT 100− 3500 cm3 Kliore et al., 1997; Russell, 2005

Callisto 400–5000 km 1–10 nT 10− 400 cm3 Gurnett et al., 2000; Russell, 2005

EUROPA CLIPPER

Europa 25–5000 km 100-200 nT 102 − 104 cm3 Kliore et al., 1997; Russell, 2005

Europa (plume) 25–5000 km 600–800 nT 500− 5000 cm3 Jia et al., 2018

ENVISION

Venus 259 km 10 nT 104 − 5× 105 cm3 Cravens et al., 1997; Donahue and Russell, 1997

ISRO VENUS ORBITER

Venus Periapsis at 500 km 10 nT 103 − 105 cm3 Cravens et al., 1997; Donahue and Russell, 1997

Anticipated range of plasma characteristic near Ganymede, Europa, Callisto and Venus for the JUICE, Europa Clipper, EnVision, and ISRO Venus Orbiter missions.

FIGURE 5 | Expectations of the SAP at the Galilean moons. The gray area shows the range of the p− q parameters expected near Europa (Left), Callisto (Middle),

and Ganymede (Right), and RIME sounding characteristics.

of the Ganymede, Europa and Callisto surfaces up to a depth of
9 km in order to allow the study of the subsurface geology and
geophysics of the icy moons (in the search for possible subsurface
water). In comparison to ionospheric sounders, radars used for
subsurface studies transmit in a higher frequency range. For the
RIME, the operating frequency will be set to 9 MHz. Analysis
of the plasma conditions near Ganymede, Europa, and Callisto
(Table 3) showed that RIME will operate far from any of the
plasma resonances. Representation of the RIME characteristics
with respect to the local plasma on the q − p diagram is shown
in Figure 5. It is highly unlikely that any mechanisms discussed

in the previous section can produce SAP under the conditions
expected at the Galilean moons – the RIME frequency is simply
too high.

The similar situation is expected for the NASA reconnaissance
mission Europa Clipper (Phillips and Pappalardo, 2014). The
radar REASON (Radar for Europa Assessment and Sounding:
Ocean to Near-surface, ) onboard Europa Clipper will have
similar characteristics to the RIME and will operate at 9 MHz
(Schroeder et al., 2016). Despite the fact that the spacecraft
will fly by Europe at much lower altitudes (25 km), the local
plasma frequency will still be far below 9 MHz (Figure 6).
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This can also be said about the plasma region affected by
the water plume rising ∼ 200 km above Europa’s surface
(Roth et al., 2014). The local electron density should be as
high as 105 cm−3 in order to make it possible for SAP
to occur.

The most promising missions for SAP studies beyond
Earth orbit are EnVision, an orbital mission to Venus
proposed to ESA (ESA proposal, Ghail et al., 2018) and
ISRO Venus Orbiter proposed by the Indian Space Research
Organization (Haider et al., 2018). EnVision will be placed
on a circular low altitude orbit (259 km) and will carry a
radar designed for subsurface studies (SRS). The radar will
work with a central frequency in the range 9–30 MHz for
optimal ground penetration capability. Unlike Mars, Venus
has a much denser atmosphere. Electron density in the

FIGURE 6 | Expectations of the SAP near Europa for the REASON radar.

lower layers of the ionosphere of Venus can reach 104 −

105 cm−3 (Donahue and Russell, 1997). SRS onboard EnVision
will thus operate in a range of p − q parameters that
corresponds to the range where MEX detected electrons and
ions accelerated by MARSIS (Figure 7). ISRO Venus Orbiter
will carry a sounding radar that should have characteristics
similar to those of MARSIS on Mars Express. In the ionospheric
sounding mode, the radar will be operating in a frequency
range between 0.1 and 10 Mhz. This frequency range is
well suited for SAP generation (Figure 8) near the periapsis
(500 km) of the expected ISRO Venus Orbiter orbit. In
addition to ion and electron sensors, ISRO Venus Orbiter will
carry a plasma wave experiment, Venus Ionospheric Plasma
wave detectoR (VIPER), that will provide measurements of
electric and magnetic fields in the vicinity of the spacecraft.
The combination of the sounder and particle instruments
onboard ISRO Venus Orbiter will enable comprehensive
study of the particle acceleration in the vicinity of the
active antenna.

5. CONCLUSION

Particle acceleration by sounders in the planetary ionospheres is
a type of active experiments of great interest. These phenomena
are a result of routine operation of satellite-borne sounders and
do not require any additional spacecraft or mission resources, an
important factor for planetary missions with scarce resources.
On the other hand, it provides additional opportunities for
plasma diagnostics (see Voshchepynets et al., 2018). Nominal
operations of the radars on the coming missions to Jupiter,
JUICE and Europa Clipper, may not result in any notable
SAP for typical plasma conditions due to too high radar
frequency. However, the comprehensive plasma instrument

FIGURE 7 | Expectations of the SAP in the ionosphere of Venus. The gray area shows the range of the p− q parameters for the expected Venus environment and

SRS sounding characteristics. The areas encircled by red and blue indicate the possibility of the SAP detection.
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FIGURE 8 | Expectations of the SAP in the ionosphere of Venus. The gray area shows the range of the p− q parameters for the expected Venus environment and

SRS sounding characteristics of the radar onboard ISRO Venus Orbiter. The areas encircled by red and blue indicate the possibility of the SAP detection.

PEP (Particle Environment Package, Barabash et al., 2013)
onboard JUICE could study plasma modification by an active
antenna in the frequency domain far from the main plasma
resonances (f ≫ fpe, fce).

The sounders on the EnVision and ISRO Venus Orbiter
missions to Venus are expected to produce strong SAP fluxes.
Currently, EnVision is not equipped with a plasma instrument,
but if an conventional ion and/or electron sensor will be added to
the payload, they can fully utilize the plasma diagnostic technique
made possible by SAP.

Another important aspect of the SAP phenomena is the
conclusion on the high negative potential of the spacecraft
body. While it occurs for a relatively short time of the order
of few ms, it may have effect on the spacecraft platform or
operations.
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