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Abstract Plasma diagnostic instruments are carried into space by satellites to measure in situ the properties
of space plasmas. However, due to spacecraft charging, satellites perturb the surrounding plasma, that reacts by
enveloping the platform and its instruments with a short scale, strongly inhomogeneous plasma region called
plasma sheath. Such plasma sheath perturbs particles and electric field measurements performed onboard the
satellite. Mutual Impedance (MI) experiments are a type of in situ diagnostic technique used in several space
missions for the identification of the plasma density and the electron temperature. The technique is based on
the electric coupling between emitting and receiving electric sensors embedded in the plasma to diagnose. Such
sensors are surrounded by the plasma sheath, which is expected to affect the plasma response to MI emissions.
In this context, we quantify for the first time the impact of the plasma sheath on the diagnostic performance

of MI experiments. For this purpose, we use a full kinetic Vlasov-Poisson model to simulate numerically MI
experiments in an inhomogeneous medium. For the first time, we explain the locality of MI measurements. We
find that MI plasma density diagnostic are not affected by the plasma sheath (dn/n < 10%). The experiment
retrieves the density of the plasma unperturbed by the satellite's presence. The electron temperature diagnostic,
instead, presents significant perturbations if the plasma sheath is ignored. To mitigate such electron temperature
errors, the plasma sheath needs to be included in the analysis of MI measurements.

1. Introduction

In the context of space exploration, satellites carry scientific instruments to observe both in situ and remotely
the properties of various parts of our solar system. Such observations rely on the assumption that the monitored
properties are not perturbed by the presence of the satellites on which the monitoring instruments are installed.
However, as a consequence of spacecraft-plasma interaction processes, satellites in space acquire an electric DC
potential which is of the order of the plasma (DC) potential (Grard et al., 1983; Lai, 2012). The satellite's poten-
tial perturbs in multiple ways the characteristics of the local environment and, therefore, it can affect different
types of in situ observations (Johansson et al., 2021). First, the electric potential gradient surrounding the satellite
generates an electric field that affects both wave and particles measurements. In particular, electric field lines
(Marchand et al., 2010) and particles trajectories (Bergman et al., 2020) are modified by the DC electric field
of the satellite, resulting in perturbations of both electric field, particle and velocity distribution measurements
performed onboard (Miyake & Usui, 2016). Second, the DC electric charge of the satellite is Debye shielded (i.e.,
neutralized) by the plasma, which forms strong small-scale (of the order of the Debye length) inhomogeneous
plasma regions around the satellite platform. Such inhomogeneous regions are called plasma sheath (Allen, 2008;
Laframboise, 1966; Riemann, 2008; Tonks & Langmuir, 1929). The plasma sheath is expected to modify the
properties of plasma waves propagating from the satellite platform and, consequently, it is expected to impact
plasma wave instruments. In this study, we focus on a particular type of electric experiment, called Mutual
Impedance (MI) experiment. The objective of this study is to quantify the impact that plasma inhomogeneities
have on MI diagnostic performance.

MI experiments are plasma diagnostic techniques used for the identification of the in situ plasma density and
electron temperature. In the past, different versions of MI instruments were included in the scientific payload of
space exploration missions targeting both near (e.g., the Earth and its ionosphere) (Bahnsen et al., 1988; Béghin
& Debrie, 1972; Décréau et al., 1978; Grard, 1997; Pottelette & Storey, 1981; Pottelette et al., 1975; Storey
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et al., 1969) and far (e.g., comet 67P/CG investigated by the ESA Rosetta mission (Taylor et al., 2017) carrying
the RPC-MIP instrument) (Trotignon et al., 2007) objects of our solar system. Recently, new versions of MI
instruments have been included in ongoing and future exploration missions, such as the ESA/JAXA mission
BepiColombo (Benkhoff et al., 2021) (PWI-AM2P experiment) (Kasaba et al., 2020; Trotignon et al., 2006) that
will investigate Mercury, the ESA mission JUICE (RPWI-MIME experiment) that will explore Jovian moons
and the ESA mission Comet Interceptor (DFP-COMPLIMENT instrument) that will perform a multi-point fly by
observation of a pristine comet entering the solar system for the first time (Snodgrass & Jones, 2019).

MI instruments consist of a set of emitting and receiving electric antennas. The emitting antennas excite the
plasma with electric sinusoidal signals. Simultaneously to the emission, the receiving antennas measure the
plasma fluctuations generated by the emitting sensors at the emission frequency. Such fluctuations are used for
building MI spectra, which show resonant signatures in correspondence to characteristic frequencies of the probed
plasma. The plasma density and electron temperature are identified from the position and shape of such resonant
signatures, respectively (Décréau et al., 1978; Gilet et al., 2017; Storey et al., 1969; Wattieaux et al., 2020). MI
spectra present one or multiple resonances, depending on the specific characteristics of the probed plasma. In
the simplest case, corresponding to MI measurements obtained in an unmagnetized plasma with a single electron
population and a fixed ion background, MI spectra present only one resonance. This resonance is located at the
plasma frequency of the probed medium (w)). It follows that the frequencies associated to the position of the
resonance are used to identify the plasma frequency and, therefore, the plasma density of the medium. In all,
the plasma density is identified from collective oscillations of the electrons, triggered by the MI emitted signals
exciting a sufficiently wide frequency band. The electron temperature, instead, is obtained from the analysis of
the shape of the resonance detected on the MI spectra. Indeed, the shape of the resonance is strictly related to
the Landau damping of the waves emitted by the MI instrument. As the plasma waves propagate from the MI
emitting sensors to the receiving sensors, they get damped with a rate proportional to the derivative of the electron
distribution function, calculated at the phase velocity of the emitted wave. Smaller phase velocities, associated
to larger ratios of emitted frequency () to plasma frequency w/w,, are associated to stronger damping effects. In
all, the MI electron temperature diagnostic is significantly dependent on the local damping of the emitted waves
in the vicinity of MI sensors. Therefore, it strongly depends on the local characteristics of the plasma surrounding
the MI sensors. As discussed in the following sections, this is believed to be the reason for the significant impact
that the plasma sheath has on the MI electron temperature diagnostic.

In the case of typical space applications, different spurious electric signals generated in the surroundings of MI
antennas are expected to affect MI measurements. The most significant sources of perturbation are: (i) electronic
components (e.g., active electric instruments) installed onboard the satellite, (ii) the spacecraft platform, and (iii)
the MI instrument itself.

(i) Electronic components onboard the satellite emit electric signals which might affect MI measurements both
directly, by being detected by MI receiving antennas, and indirectly, by modifying the plasma probed by the
MI experiment. The effects of such perturbations on the measurements depend on how close the perturba-
tion source is to the MI electric sensors. Thus, their impact is typically minimized by placing the sensors
of the instrument far from the satellite platform by means of long deployable booms. Note that this type of
perturbation is typically handled when ensuring the ElectroMagnetic Compatibility between the different
sub-systems composing the satellite (Youssef, 1996).

(ii) The spacecraft platform interacts with the plasma and triggers the formation of a plasma sheath that embeds
the satellite. MI electric sensors installed near the satellite platform can be surrounded by such plasma
sheath. If that is the case, the inhomogeneous plasma region embedding the sensors might modify the
characteristics of MI emitted signals and, as a consequence, might affect the MI diagnostic performance. To
mitigate such perturbations, MI sensors are typically installed on long booms. However, long booms cannot
always be used. For instance, in the case of missions probing plasmas with large Debye lengths with respect
to the size of the satellite (e.g., 4, ~ 10 m in the solar wind at 1 AU), sufficiently long booms might not be
emabarked on the spacecraft. This is also the case for nanosatellites, for which volume and mass are very
constrained and long booms cannot be carried by the platform (West et al., 2015). Hence, the impact of the
plasma sheath on MI measurements is not always negligible and, in some cases, cannot be ignored.

(iii) Similarly to satellite platforms, also MI instruments interact with the surrounding plasma and get charged to
a given electric potential. In response to such potential, a plasma sheath forms around MI antennas. As this
plasma sheath surrounds the instrument, its impact on the measurements cannot be reduced by changing
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the instrument's location. Hence, to better understand MI measurements, the instrument's self impact on the
measurements needs to be accounted for. We note that the plasma sheath is expected to induce significant
perturbations of the temperature diagnostic of MI measurements due to their dependency on the local char-
acteristics of the plasma enveloping the MI sensors.

In the case of the RPC-MIP instrument onboard the Rosetta mission, the minimization of spurious electric pertur-
bations was accomplished by installing the MI instrument on a boom of approximately 1.5 m (Carr et al., 2007)
attached to the spacecraft body (4, ~ 0.1 m inside the coma of 67P/CG) (Gilet et al., 2017). This mitigation
strategy reduced the perturbations generated by (i) electronic components onboard the satellite and by (ii) the
satellite plasma sheath. But, due to their nature, perturbations caused by (iii) the instrument's plasma sheath
could not be prevented and had to be taken into account. Past models of the MI instrumental response assumed a
linear plasma response to MI excitation signal, a homogeneous plasma and negligible transient effects (Geiswiller
etal., 2001; Gilet et al., 2017). Hence, they could not be used for investigating the impact of the plasma sheath on
RPC-MIP measurements. This issue was investigated by Wattieaux et al. (2019, 2020), that obtained the instru-
mental response of RPC-MIP by modeling the plasma sheath embedding the instrument as a step-like vacuum
sheath surrounding the sensors.

Similar investigations will be required for future MI space applications, where significant perturbations of MI
measurements related to the presence of the plasma sheath are expected. This is the case for the PWI-AM2P
instrument onboard the Mio spacecraft of the BepiColombo mission. PWI-AM2P uses two emitting and two
receiving electric antennas installed on four 15 m wires (Karlsson et al., 2020) and the local Debye length is
expected to range between 1 and 10 m in Mercury's magnetosphere (Kasaba et al., 2010). Hence, Debye length
encountered by PWI-AM?2P is not always expected to be negligible with respect to the distance between MI elec-
tric sensors. It results that the PWI-AM2P deployable wires cannot always ensure negligible (ii) perturbations of
PWI-AM2P measurements caused to the satellite plasma sheath. Therefore, the impact of the plasma sheath on
the measurements will need to be accounted for. We note that the effect of the plasma sheath is not expected to be
negligible also for the RPWI-MIME MI experiment onboard the JUICE ESA mission, which launch is scheduled
for April 2023. RPWI-MIME will investigate the ionospheric environment of Jupiter's moons, among which
Ganymede, where the Debye length is expected to range from about 1 m to about 10 m between 200 and 500 km
of altitude. Such Debye lengths are not negligible with respect to the distance between the sensor and the satellite
platform (i.e., 3 m) or to the emitting-receiving electric sensors distance of the instrument (i.e., about 5-10 m).
As a consequence, the impact of the plasma sheath on the measurements of RPWI-MIME onboard JUICE needs
to be taken into account.

In all, the procedure used by Wattieaux et al. (2020) in the case of RPC-MIP provides an accurate instrumental
response for specific plasma inhomogeneities surrounding the antennas. Indeed, such an approach is extremely
efficient and can be used to improve our understanding of MI measurements for any specific space application
(e.g., PWI-AM2P onboard BepiColombo). However, due to its dependence on the measurements, it provides an
understanding of the plasma sheath's effects that is specific to certain MI space applications. To support future MI
instruments, in this study we focus on the general impact that local space charge inhomogeneities compatible with
the (ii) satellite's and (iii) instrument's plasma sheath have on MI experiments, independently of the particular
geometric configuration of the MI antennas or of the satellite platform.

While the effect of small-scale (i.e., of the order of the Debye length) plasma inhomogeneities on MI measure-
ments is unknown, wave propagation over large-scale inhomogeneities (i.e., wavelength small with respect to the
inhomogeneity's size) is a topic extensively investigated by different authors (e.g., Krasnoselskikh et al., 2019;
Tkachenko et al., 2021). The equations describing the evolution of electric waves along large-scale inhomo-
geneities are referred to as Wentzel-Kramers-Brillouin (WKB) solutions (Brillouin, 1926; Kramers, 1926;
Wentzel, 1926), in honor of those that devised the method. WKB solutions show that propagating electromag-
netic waves crossing large-scale plasma inhomogeneities characterized by a slowly varying refraction index (i.e.
dala < dz/z with a the refraction index and z the direction along which the plasma is inhomogeneous) react with
a variation of their wavelength along the inhomogeneity as 4 = A /a with 4, the wavelength of the wave when
propagating in the vacuum. Do the satellite's and instrument's plasma sheath have the same impact on the propa-
gation of plasma waves such as MI emission signals?

In this context, with this investigation we aim to answer a fundamental question regarding MI experiments,
which is to understand the locality of in situ MI plasma diagnostic. In particular, we want to quantify the impact
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that small-scale plasma inhomogeneities with a typical size of the spacecraft plasma sheath have on MI plasma
density and electron temperature diagnostic performances. For this purpose, we use a full kinetic 1D-1V cartesian
Vlasov-Poisson numerical model to simulate the plasma response to MI emissions under different plasma density
gradients. Note that we only consider MI experiments perturbing unmagnetized plasmas (i.e. 0., < w,).

This document is organized as follows. In Section 2, we describe the numerical model and the plasma density
profiles used to numerically simulate plasma inhomogeneities at different positions with respect to MI emitting
antennas. In Section 3, we show the results of our numerical simulations. In Section 4, we compare the impact on
MI measurements of small-scale plasma inhomogeneities to that of large-scale inhomogeneities. In Section 5, we
finalize our investigation by discussing our conclusions.

2. Full Kinetic Electrostatic 1D-1V Cartesian Vlasov-Poisson Model With Plasma
Inhomogeneities

We perform numerical simulations to investigate the impact of local space charge inhomogeneities on MI meas-
urements. We use a 1D-1V cartesian full kinetic Vlasov-Poisson model to evolve in time a box of unmagnetized,
collisionless plasma perturbed by MI emission signals. The model solves the Vlasov-Poisson system of equations
following the eulerian algorithm of Mangeney et al. (2002). Such numerical model has been adapted and vali-
dated in Bucciantini et al. (2022) for the investigation of the impact of large emission amplitudes on MI plasma
diagnostic performance.

MI measurements are performed over time scales much shorter than ion scales. Hence, small electric field ampli-
tudes ensure a negligible contribution of the ion dynamics to MI measurements. This allows one to simplify the
model by assuming the ions as a fixed background of positive charges (i.e. df /ot = 0) with a given density profile.
Note that such assumption enables one to significantly reduce the computing resources required for performing
this analysis. Thus, we only evolve in time the Vlasov equation for electrons and we neglect the ion motion by
discarding the Vlasov equation for ions:

dfe(x,t,0.)
ot

e

d J
+Ue$fe(x7tyve)_ Ea_vefc‘(x7tvvé’)_0 (1)

where f, is the electron distribution function, x is the position, v, is the electron velocity, ¢ is the time, e is the
electron charge, m, is the electron mass and E is the electric field. The electric field influencing the motion of
electrons is computed self-consistently, using the Poisson equation:

aE n,-(x) - ne(xs t) pexf(xs Z)
-— =e +

ox €0 €0

@

where n(x) is the ion density profile is considered fixed in time, n,(x, ) is the electron density and p, (x, ¢) is a
source term used for the simulation of MI emitting antennas. The oscillating electric charge p,, reads:

Pext(X,1) = 606(x) sin(2x ft) 3)

where ¢, is the emission amplitude and f the emission frequency. The emission amplitude is chosen to ensure the
excitation of small amplitude signals in the plasma, which are associated to a linear plasma response (i.e., (E*,)/
(nyk,T,) < 0.1) (Bucciantini et al., 2022).

The boundary conditions of the model are periodic in physical space while, in velocity space, the distribution
functions are imposed equal to zero for velocities outside a given range (i.e., f.(X, |Ue| > Umax o, 1) = 0, where
Viax e = 10 v,,,). We note that the choice of a periodic boundary condition imposes a limit on the duration of the
numerical simulation so that re-entrance of plasma waves in the periodic boundary is avoided.

A periodic physical space requires the antennas to be arranged in such a way that the electric field and electric
potentials are also periodic in the box. Practically, this means that for each antenna polarized with a specific elec-
tric charge we put in the box a second antenna polarized with opposite charge. This second antenna generates an
electric field which is opposite to that of the first antenna. As a result, the far-field electric field (Podesta, 2005)
of the two antennas is neutralized and the fields in the plasma box are periodic.

We chose to use the same geometric configuration used for a past study by Bucciantini et al. (2022) (Model B
configuration). Hence, we perturb the plasma box using a succession of four emitting antennas charged with
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Table 1

opposite electric charge by pairs. Practically, the configuration of the anten-

Parameters Defining the Simulated Inhomogeneities in Our Numerical Runs nas corresponds to that of the electrodes of two capacitors in series. The

Simulation XolAp

12 AV distance between two neighbor electrodes is always the same and it corre-
0

S_00 0
S_01 1
S_02 2
S_04 4
S_08 8
S_16 16
L_50 50

sponds to one fourth of the spatial size of the numerical box.
1.95 +0.5

1.95 +0.5
1.95 +0.5
1.95 +0.5
1.95 +0.5

1.95 +0.5 ne(_x’t = 0) = ex V(X,t = 0)
4,000 +0.5 P Vo

Plasma inhomogeneities are simulated by initializing the numerical model
with given electron and ion density profiles. Such profiles are obtained as
follows.

First, electrons are modeled as Maxwellian:

“)

where n,(x, f) is the electron density, n, the normalization density of the

numerical model corresponding to the density far from the plasma inhomo-
geneity, V(x, ) the electric potential in the plasma, V|, = kT /e the normalization electric potential of the model,
with e the electron charge, kj the Boltzmann constant and 7, the normalization electron temperature.

Second, we impose in the numerical plasma box an initial Gaussian profile for the electric potential:

2
V(X,t = O) =A exp |i_<xL—AxO> :| (5)
D

where A is the amplitude of the electric potential at the center of the inhomogeneity, x, is the position of the

plasma inhomogeneity with respect to the MI emitting antenna, L the scale of the inhomogeneity and 1, the
Debye length. We note that a positive (resp. negative) value of A corresponds to a plasma inhomogeneity with
excess (resp. depletion) of electrons.

Third, we compute self-consistently the ion density profile (,) using the Poisson equation.

np(x,t = 0) — ne(x,t = 0)

€0

V2V (x,t =0)=—e (6)

We note that the numerical box is perturbed by MI signals emitted from multiple electric antennas, according
to the Model B configuration discussed above. For the sake of symmetric perturbations of the plasma box, we
choose to simulate plasma inhomogeneities localized at distance x,, from each emitting antenna. It follows that a
small-scale inhomogeneity at x, = 0 corresponds to a plasma inhomogeneity centered at the MI emitting antennas.

In Table 1 we list the parameters defining the plasma sheath used for initializing our numerical runs. For the
numerical runs S_00 to S_16 the size of the plasma inhomogeneity is assumed small, of the order of the Debye
length. For the numerical run L_50 the inhomogeneity is a localized space charge of size significantly larger
than the Debye length. The density profiles used for our analysis differ from the actual solution of the 1D plasma
sheath (Riemann, 1991). Such solution was discarded because it presented non-smooth density profiles at the
position of the antennas, that resulted in unstable numerical runs due to the spatial periodicity of the numerical
box. Hence, to ensure stable numerical runs, we use simplified inhomogeneity profiles over the same spatial
scales as the plasma sheath, both in the case of positive and negative electric potential profiles (Equation 5).
Figure 1 shows the electron density profile (blue line), the positive ion density profile (red line) and the electric
potential profile (green line) associated to the plasma inhomogeneity S_16 (Table 1), with MI emitting antenna
(E) at x = 0 and MI receiving antennas at d, and d, (R, and R,, respectively).

All numerical runs simulate a plasma box of length X = 4,000 4,, with n_ = 8,192 spatial grid points. The
electron distribution function is assumed non-zero for the electron velocity v, in the range (—=10 v, , 10 v, ),

discretized with n, = 101 velocity grid points. The time-step of the numerical runs is set to dt = 10~ w;". The

ax

amplitude of the emitted signals is ¢ = 10736 with 6 = engAp the normalized amplitude of the charges at the
emitting antennas. MI spectra are obtained for the frequency range (0.5 @, 3.2 @ ) with a relative discretization
of the MI spectra of Aw/w, = 0.05. Such frequency resolution corresponds to a plasma density resolution of 10%,
which is used as reference in the following section.
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Figure 1. Example of small scale plasma inhomogeneity in correspondence of the Mutual Impedance (MI) antennas. Red
and blue lines represent the positive ion and electron density profiles, respectively. The green line represents the electric
potential profile associated to the density gradients. The label E at x = O represents the MI emitting antenna. The label R,
(resp. R,) represents the receiving antenna placed at x = d (resp. x = 2d), in this case, d = 84, and the inhomogeneity is
placed at x, = 164,

3. Diagnostic Performance of Mutual Impedance Experiments in the Presence of
Inhomogeneous Plasma Regions

In this section, we use the 1D-1V Vlasov-Poisson model (Section 2) to investigate the diagnostic performance of
MI experiments in the presence of small-scale plasma inhomogeneities (density profiles from Section 2). First,
we describe MI experiments and show how MI spectra are obtained from our numerical simulations (Section 3.1).
Second, we assess the impact of localized plasma inhomogeneities on both MI plasma density (Section 3.2) and
electron temperature (Section 3.3) diagnostic performance.

3.1. Description and Modeling of Mutual Impedance Measurements

MI instruments consist of a set of emitting and a set of receiving electric antennas. The measurement is performed
as follows. (i) The emitting antennas excite the plasma with given electric signals. Simultaneously, (ii) the receiv-
ing antennas measure the plasma electric potential fluctuations triggered by the emission. (iii) MI spectra are
built from the retrieved fluctuations. Then, (iv—v) the plasma density and electron temperature are derived from
the position and the shape of the resonant signatures of MI spectra, respectively. These different steps of MI
measurements are modeled as follows.

(i) MI emission signals are composed of a succession of j elementary sinusoidal signals, each oscillating at a
given frequency. The i — th elementary signal (with i =0, ..., j — 1) is injected in the plasma by polarizing
the emitting antennas with the electric charge o, that reads:

oi(w;, t) = o sinw;t @)

where w; = @min(1 + A)'is the i — th emitted frequency, o the amplitude, @__the lowest investigated frequency

min
and A the frequency resolution. The signal ¢, is emitted for the duration T; = 2zN/w,, with N the amount of
repetitions of the period of frequency w,.
In order to mimic typical MI experimental space applications such as the DFP-COMPLIMENT instrument
onboard the Comet Interceptor mission, we choose both NV and A to be the same for all emitted frequencies. In
our case, we fix N = 20 and A = 0.05. To such resolution corresponds a relative plasma density uncertainty
of An,l/n, = 10% that we use as a reference for the plasma density detection errors in the following sections.
The range of investigated frequencies is (Wmin, @max) = (0.5 @),3.2 w,) that embeds the plasma frequency .
(ii) While the emitting antennas perturb the plasma, the receiving antennas measure its electric potential fluc-
tuations. Such fluctuations are measured using a dipolar receiving antennas configuration. It consists of
measuring the electric potential difference between two receiving antennas placed at distance d and 2d from
the emitting antennas. Mimicking typical experimental space applications, we focus on emitting-receiving
antennas distances going from d = 0 to d = 304,,.
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Figure 2. Mutual impedance spectra in the presence of a local space charge with negative (left panels) or positive (right
panels) electric potential, in function of the emitting-receiving antennas distance d. The plasma sheath is centered at distance
X, (Table 1) with respect to the emitting antennas. The black dashed line represents the local plasma frequency, obtained from
the conversion of the electron density profile of the inhomogeneity.

(iii) MI spectra are built by computing, from the received signal, the spectral energy components corresponding
to the emitted frequencies. In particular, for each emitted frequency, we compute a Discrete Fourier Trans-
form (DFT) on the electric fluctuations measured while that frequency was being emitted. This is called a
synchronous DFT analysis. Then, to highlight the response of the plasma to the emission, we mimic typical
MI space applications (e.g., RPC-MIP onboard Rosetta (Trotignon et al., 2007)) and normalize each spec-
trum to the corresponding vacuum response (i.e., MI spectrum obtained in vacuum). Such MI spectra have
resonant signatures in correspondence to the characteristic frequencies of the probed plasma (Béghin &
Debrie, 1972; Gilet et al., 2017; Grard, 1997; Storey et al., 1969). In the case of a negligible magnetic field,
as in our investigation, the spectra have only one resonance at the plasma frequency w, = \/(e%n.)/(eom.),
where n, is the plasma density.

In Figure 2, we show the MI spectra in decibel (dB) scale where the reference are the corresponding measure-
ments obtained in vacuum. Such spectra are obtained for the small-scale inhomogeneous plasmas located at
different positions, as listed in Table 1 in function of the distance d between emitting and receiving antennas.
Left (resp. Right) panels show the spectra obtained for the inhomogeneities associated to negative (resp. posi-
tive) electric potential profiles. The black dashed lines show the local plasma frequencies, computed using
the plasma density profiles that describe the inhomogeneities (see Section 2). We observe that the resonant
signature of the spectra (red colored region) does not follow the local plasma frequency variations related to
the local space charge, both in the case of negative and positive electric potential profiles. Instead, it remains
near @, which is the resonant frequency of the homogeneous plasma unperturbed by the inhomogeneity. For
instance, in the left bottom panel (x, = 164,,), the resonant signature of the MI spectra does not follow the local
resonant frequency variations imposed at position d = x,.. As discussed in Section 4, this trend is fundamen-
tally different from what is found for MI spectra obtained for large-scale plasma inhomogeneities.

To better understand the effects that the plasma sheath has on MI measurements, we compare in Figure 3 the MI
spectra obtained at specific distances from the emitting antennas (d from 54, to 204,,) and for different local space
charges (x, = 0, 24, 44,,, 84, 164, represented with colored lines). Practically, the spectra shown in Figure 3
correspond to vertical cuts of the dynamic spectra represented in Figure 2. The reference spectra obtained for a
homogeneous plasma are represented as blue lines.

Perturbations of MI measurements due to plasma inhomogeneities are essentially observed at frequencies close
to the plasma frequency. However, such perturbations are significant only for spectra obtained near the position
of the inhomogeneity (i.e., d ~ x,). In particular, we find negligible (resp. significant) differences between the
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Figure 3. Examples of mutual impedance spectra obtained in the presence of the sensor/satellite plasma sheath. Left
(resp. right) panels correspond to the plasma sheath of a satellite with negative (resp. positive) electric potential, placed at
distance x,, from the emitting antenna (Table 1).

perturbed spectra and the reference spectra when the receiving antennas are far from (resp. near) the inhomoge-
neity itself, as shown at frequency of about 1.04 @, (resp. 0.94 w,) in the top left (resp. right) panel of Figure 3.
We also find that the extent of the perturbation depends on the sign of the electric potential profile inducing the
inhomogeneity. In the case of a negative (resp. positive) electric potential profile, we find that the inhomogeneity
generates perturbations of the MI spectra up to 5 dB (resp. 7 dB) with respect to the reference spectra derived in
the case of an homogeneous plasma. Such discrepancies are considered significant since they exceed 1 dB, which
is the typical MI instrumental noise for space experimental applications (Bucciantini et al., 2022).

In the following Sections 3.2 and 3.3, we investigate the impact that the perturbations of the spectra have on the
(iv) plasma density and (v) electron temperature diagnostic performance, respectively. Although they are used in
a different context, we note that the procedures used in the following sections to quantify the electron density and
temperature diagnostics are identical to those developed and validated in Bucciantini et al. (2022).

3.2. Plasma Density Diagnostic Performance

In this section, we quantify the MI plasma density diagnostic performance in the presence of local space charges
near MI electrodes. This is performed in three successive steps.

First, we perform a quadratic interpolation of MI spectra. Past studies showed that it improves the plasma density
diagnostic performance (Bucciantini et al., 2022). Second, we estimate the apparent plasma frequency (@, ,,,)
for each spectrum shown in Figure 2. We identify it as the frequency corresponding to the position of the (inter-
polated) resonant peak of the spectra, according to typical MI data analysis techniques (Bahnsen et al., 1988;
Décréau et al., 1978; Gilet et al., 2017; Pottelette & Storey, 1981; Pottelette et al., 1975; Rooy et al., 1972; Storey
et al., 1969). In particular, we compute D, o
derived from the spectra might differ from the known actual plasma frequency

as the position of the maximum of the resonance. We note that the
apparent plasma frequency , .,
,, of our numerical simulations. Third, we compare the apparent and actual plasma frequencies and compute the
plasma frequency relative error:
Awp  Opapp — Wp
— = ®)
o8 o8
where w, is the plasma frequency of the homogeneous plasma, which is equivalent to the plasma frequency far
from the plasma inhomogeneity.
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Figure 4. Plasma density (top panels) and electron temperature (bottom panels) relative errors derived from Mutual
Impedance (MI) spectra in function of the distance d from the emitting antennas. Both top and bottom panels indicate

the errors that one would make if the presence of local space charges near MI electrodes is neglected in the analysis. Left
(resp. Right) panel: local space charge associated to negative (resp. positive) electric potential profiles. x,, is the central
position of the plasma sheath. Top panel: the gray shaded area represents the reference density uncertainty of 10%. The solid
blue lines represent the relative error obtained for a homogeneous plasma. In matching colors, the solid and dashed lines
represent the obtained plasma density relative error and the corresponding discrepancy between inhomogeneous density
profile and reference homogeneous profile. Bottom panel: the colored lines represent the electron temperature uncertainties.

The plasma density diagnostic performance of MI experiments is, then, obtained by converting the plasma
frequency relative error to plasma density relative error:

Aw,p,
An, -2 Wp.app ©)

ne W)

where n, is the density of the homogeneous plasma.

In the top panels of Figure 4, we show the plasma density relative errors obtained for local space charges induced
by a negative (left panel) or positive (right panel) electric potential profiles, in function of the emitting-receiving
antennas distance d. The gray shaded area represents the reference density uncertainty An/n, = 10%. The
dashed colored lines represent the discrepancy between the density profiles of the inhomogeneous and homo-
geneous plasmas. Practically, the dashed lines are computed as the difference between the electron density
profile and the density of the homogeneous plasma found far from the inhomogeneity. Therefore, the dashed
lines show the error that would be made if the MI instrument detected the local density of the inhomogeneity.
We find that plasma density relative errors (solid colored lines) are negligible, as they are always of the same
order of magnitude as the reference 10% density uncertainty (gray shaded area) of the measurements. On top
of that, we find that the density relative errors are negligible with respect to the difference between the inho-
mogeneous and homogeneous plasma density profiles (dashed lines). For instance, in the case of a local space
charge due to a negative electric potential profile at x, = 164, (top left panel), the obtained uncertainty (green
line) remains within the reference density uncertainty (gray area). The discrepancy between the reference homo-
geneous plasma and the inhomogeneous density profile (green dashed line), instead, significantly exceeds the
error of 10%.

All in all, our results indicate that small-scale density inhomogeneities (i.e., of the order of the Debye length)
compatible with plasma sheath plasma inhomogeneities have negligible impact on performance of the plasma
density diagnostic provided by MI experiments.
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3.3. Electron Temperature Diagnostic Performance

In this section, we quantify the impact of local space charges on the electron temperature diagnostic performance.
This technique is composed of two successive steps.

First, we use the apparent plasma density n, ,,, identified from the analysis of the spectra (Section 3.2) to derive,
for each MI spectrum, the ratio of the apparent Debye length Ap 4, = \/ (€0k BT e.app) [ (€*Ne app) to the actual Debye
length Ap = \/m . Following the same technique used by Wattieaux et al. (2020) for the analysis of
RPC-MIP measurements in the case of the Rosetta mission, we compute the ratio between apparent and actual

Debye lengths from the comparison between the modeled MI spectra and reference spectra obtained for a homo-
geneous plasma. Each reference spectrum is associated to the emitting-receiving antennas distance d,, at which

it is obtained. The comparison consists of computing the root-mean-squared error y = 1/ (x; — y:)?/.S, where
S is the amount of Fourier components of each MI spectrum (i.e., number of emitted frequencies), x; and y, are
the i — th Fourier components of the observed and reference MI spectra, respectively. To mimic similar space
applications of this method, the error y is computed only after imposing the equivalence between the plasma
density of the reference spectra and the apparent plasma density.

The reference spectrum associated to the minimum root-mean-squared error is called the matching spectrum. The
matching spectrum is assumed to be the (homogeneous) equivalent of the observed (inhomogeneous) spectrum.
Hence, we assume that the observed and matching spectrum are obtained for the same distance d,,,,, which is the
distance for which the matching spectrum is computed. We note that such distance might differ from the actual
distance d at which the observed spectrum is obtained. The relation between the apparent distance d,,,, and the
actual distance d of the observed spectrum reads:

dph = dapp’lD,app =dip (10)

where d, is the (non-normalized) physical distance between emitting and receiving MI antennas, which is fixed
by design of the instrument. The ratio between apparent and actual distances corresponds to the ratio between
the actual and apparent Debye lengths. Second, we compare the apparent and actual electron temperatures and
compute the electron temperature relative error:

15

|ATe,app| — |Te - Te,app| . Te,app
T, T, '

Such error represents the perturbation of the MI electron temperature diagnostic due to the presence of the satel-
lite's plasma sheath near MI electric sensors. Taking into account the ratio between apparent and actual Debye
lengths, the electron temperature relative error is computed as:

2
1- (i) :

dapp
Past studies found that the typical electron temperature uncertainty required for standard science objectives is of
the order of 10%-30% (Décréau et al., 1978).

|ATeam|

T 12)

In the bottom panels of Figure 4, we show the electron temperature relative errors obtained for small-scale
inhomogeneities with negative (left panel) and positive (right panel) electric potential profiles, in function of
the distance from the antennas. In the case of the plasma sheath of a satellite with negative electric potential, we
find electron temperature relative errors up to a factor 2. In the case of the plasma inhomogeneities associated to
positive electric potential profiles, the error can be as large as a factor 9 depending on the position of the inho-
mogeneity and on the position at which the spectra are obtained. In both cases, the errors significantly exceed
the reference errors of 10%—30%. This means that the spectra obtained in the presence of local space charges of
the same scale as the plasma sheath of a satellite are not sufficiently similar to the spectra expected in the case of
a homogeneous plasma. In those extreme cases, the shape of the MI spectra obtained in the presence of a local
plasma inhomogeneity are so different from the MI spectra expected in the absence of such inhomogeneity, that
the confidence level of the fit drops significantly. This means that the identified electron temperatures poorly
represent the actual electron temperature in the plasma. It follows that one should not focus on the patterns of the
apparent electron temperature errors shown in the bottom panels of Figure 4. Let us put ourselves in the position
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Figure 5. Mutual impedance spectra in the presence of large-scale plasma inhomogeneities, in function of the distance d.
Left (resp. Right) panel obtained in the presence of inhomogeneous plasma with depletion (resp. excess) of electrons. The
black dotted line represents the local plasma frequency profile associated to the local plasma inhomogeneity. The light blue
line represents the apparent plasma frequency identified from the measurements.

of an observer, confronted with such data, but who ignores the presence (and the effect) of the local plasma
inhomogeneity on the MI measurements. A careful observer, confronted with such discrepancies, would have
certainly not concluded by providing an electron temperature that would be unacceptably false. Instead, he would
have concluded that the instrument model is not compatible with the measurement: he would therefore have not
provided any temperature estimations from the MI spectra. All in all, we conclude that it is not satisfactory to
ignore the presence of the plasma sheath surrounding a charged spacecraft when performing electron temperature
measurements using MI experiments. Instead, it is necessary to account for such local plasma inhomogeneity.

4. Mutual Impedance Spectra Obtained in the Presence of Large-Scale Plasma
Inhomogeneities

We have shown that MI measurements provide the density of the plasma unperturbed by the presence of localized
space charges. In particular, MI plasma density measurements are not affected by small-scale plasma density
variations (e.g., satellite's plasma sheath). But, if the instruments carried by the satellite cross regions with
large-scale plasma density variations, are in situ MI experiments able to retrieve the slowly varying plasma
density? Large-scale plasma inhomogeneities are known to modify the properties of propagating plasma waves.
In this section, we investigate for the first time what is their repercussion on MI measurements.

For this purpose, we derive MI spectra for the plasma inhomogeneity identified as L_50 in Table 1. In particular,
MI measurements are obtained both for inhomogeneities with depletion (left panel) and excess (right panel) of
electrons. Figure 5 shows the MI spectra we obtained in function of the distance d. The spectra are compared to
the profile of the local plasma frequency (black dashed line), which is derived from the density profile of the inho-
mogeneity. We remind the reader that the MI spectra investigated in this study are built using a dipolar antenna
configuration. In particular, spectra at position d are obtained using the electric potential difference measured
between a first antenna at d, = d and a second antenna at d, = 2d. According to the density profile of the inhomo-
geneity, the local plasma density at the positions of the two antennas might differ (i.e., n,(x = d,) # n,(x = d,)).
Hence, for sake of simplicity, we choose to use as reference local density the quadratic mean of the densities
seen by the two antennas. The corresponding local plasma frequency is obtained from the conversion of the local
plasma density (black dotted line). The apparent plasma frequency, identified as the frequency associated to the
maximum of the resonant peak of the spectra, is represented as a light-blue line.

We find that both the resonant signature (red colored region) of the spectra and the apparent plasma frequency
(light blue line) follow the local plasma frequency profile of the inhomogeneity (black dotted line). The discrep-
ancy between the apparent and local plasma frequency is found up to 7%, which is of the order of the frequency

BUCCIANTINI ET AL.

11 of 15

B5UBDI7 SUOWILLIOD) BAIERID) 3|qedl|dde au Ag peusenob ke L. YO ‘SN J0 Sa|nJ 10} ARIg1TaUIUO A3]IM UO (SUOIHIPUOD-PUe-SWRILOD A8 | 1M AReIq 1 BUTIUO//SARY) SUORIPUOD PUe SWB L 38U} 88S *[£202/TT/60] U0 A%iqiT aulluo Ao|1m ‘@oueld aUeIyp0D AQ ESTEOVIEZ0Z/620T OT/I0p/W00 Ao 1M Azl 1feuluosgndnfe;/sdny wiouy pepeojumoq ‘8 ‘€20¢ ‘20v669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031534

resolution of the measurement (A = 5% corresponding to a density resolution of 10%). Since such apparent and
local frequencies are associated to the apparent and local plasma density, our investigation indicates that MI
experiments are indeed able to measure the large-scale density variations of the plasma surrounding MI electric
Sensors.

This result agrees with the (WKB) theory of plasma waves propagating through large-scale plasma inhomo-
geneities. Such theory was first devised by Wentzel, Kramers and Brillouin (Brillouin, 1926; Kramers, 1926;
Wentzel, 1926). They showed that electromagnetic waves (e.g., MI emitted signals in the limit of an electrostatic
plasma) propagating through stationary (i.e., over a time Az > 2a/w with w the frequency of the wave) plasma
inhomogeneities of large-scale (i.e., Az > 1 with 4 the wavelength of the wave) are perturbed as predicted by the
WKB solutions:

E= Aa"/Qexp<iiko/dz a) (13)

where E is the amplitude of the electric field of the wave, A is a constant, @ = kc/w the refractive index,
ky = w/c the wavenumber of the wave when propagating in vacuum and z the direction over which the plasma is
inhomogeneous.

Electrostatic waves propagating through large-scale inhomogeneities with increasing (resp. decreasing) plasma
density, corresponding to an increasing (resp. a decreasing) local plasma frequency, encounter a decreasing
(resp. an increasing) refraction index. Thus, as the ratio between the wave's frequency and the local plasma
frequency decreases (resp. increases), Landau damping on the wave decreases (resp. increases) and the wave
resonates (resp. vanishes). For strong increase in plasma density, the ratio between the frequency of the wave and
the local plasma frequency becomes lower than 1 and the wave is reflected. As an example, this process is similar
to the reflection of radio waves in the Earth ionosphere (Westcott, 1962).

In the case of MI experiments, a succession of signals oscillating at different frequencies is injected in the
plasma. Such emission perturbs the plasma and triggers oscillations at the emitted frequencies. Depending on
the position of the emitted waves along the inhomogeneity, different oscillations resonate depending on the local
plasma frequency. MI instruments retrieve the frequency of the resonant oscillations of the plasma. Therefore, by
construction, they retrieve the local plasma frequency variations of the large-scale inhomogeneity.

Before concluding this section, it is noteworthy to remember that the WKB solutions are valid in the limit of
slowly varying plasma inhomogeneities:

602

<« —. (14)

c2

i(i@)z_Ldz_a
4\a2dz 203 dz?

Therefore, the WKB solutions cannot be applied in the case of small-scale inhomogeneities (discussed in
Section 3).

5. Summary and Conclusions

Spacecraft charging effects are known to impact the performances of different in situ plasma diagnostic tech-
niques. In particular, small-scale plasma inhomogeneities (plasma sheath) triggered by the electric potential of
the satellite affect both particle and wave instruments. In this context, we have investigated what is the impact
of localized space charges on the performances of MI experiments, a plasma diagnostic technique used for the
identification of the in situ plasma density and electron temperature. For this purpose, we have performed 1D-1V
Vlasov-Poisson simulations to model MI instrumental response in the presence of plasma inhomogeneities. This
study represents a first step toward understanding how local the plasma diagnostic of MI experiments is.

We find that the MI plasma density diagnostic performance is not perturbed by small-scale plasma inhomoge-
neities (of the order of few Debye Lengths) such as those generated in the plasma sheath of a charged spacecraft.
Quantitatively, we find that the plasma density relative error does not exceed the plasma density uncertainty of
10%, which corresponds to the resolution of our measurements. This relative error decreases with the size of the
emitter-receiver distance with respect to the size of the inhomogeneity. This means that MI experiments actually
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retrieve the density of the unperturbed plasma away from the spacecraft sheath in which the MI sensor might be
embedded. On top of that, while being unaffected by small-scale (up to few Debye lengths) inhomogeneities like
the plasma sheath, we find that the plasma density diagnostic of MI experiments is able to retrieve large-scale
density variations (from few tens of Debye lengths) encountered by the MI sensors (Section 4). This means that
the experiment is able to measure the density gradients naturally generated in space plasmas by, for example,
plasma instabilities or turbulence, down to scales of few tens of Debye lengths.

Instead, for the electron temperature diagnostic performance, we find significant discrepancies between the
instrumental response obtained in the presence of the plasma sheath with respect to that expected in its absence,
resulting in errors that could be up to a factor 2 (resp. 9) for measurements performed in the vicinity of a space-
craft sheath associated to a negative (resp. positive) electric charge. In both cases, the error exceeds a desired
electron temperature uncertainty of 10%—30%. To mitigate the impact of the spacecraft sheath on the tempera-
ture diagnostic, one has to model the small-scale plasma inhomogeneity surrounding the instrument and/or the
spacecraft when computing the reference spectra used for the derivation of the temperatures. Our results are in
agreement with the work of Wattieaux et al. (2020), that has shown the necessity to account for the plasma sheath
surrounding the Rosetta spacecraft and/or instrument to satisfactorily derived the electron temperatures from
RPC-MIP measurements. In that study, a step-like function was used to model the plasma sheath of the negatively
charged Rosetta satellite platform in the model used for computing the reference MI spectra.

From a science of measurement point of view, our study indicates that the plasma diagnostic provided by MI
experiments is not strictly local. Instead, it is the result of the excitation of the plasma over a range of tens of
Debye lengths surrounding the electric sensors. Consequently, MI plasma density measurements are found to be
immune to the local perturbations of the plasma generated by the floating electric potential of the satellite on
which MI sensors are accommodated. Moreover, our study also illustrates that MI experiments plasma density
measurements, unaffected by local perturbations associated to spacecraft charging, present a crucial advantage
compared to other complementary, in situ, plasma diagnostic techniques.

This result can be understood and interpreted as follows. The MI technique is essentially based on the measure-
ment of the plasma dielectric, from which plasma diagnostics such as the electron density and temperature are
retrieved. The plasma dielectric itself is based on the notion of collective behavior of charged particle in a plasma.
Such collective plasma behavior only exists on scales larger than the Debye length. Practically, in an unmagnet-
ized plasma, the features observed in MI spectra at frequencies close to the plasma frequency are associated with
the generation and the propagation of Langmuir waves. Those waves carry information on scales much larger than
the Debye length: therefore the MI emitter is actually exciting the plasma over a spatial range much larger than the
Debye length. Those collective oscillations are actually blind to small-scale fluctuations of the order of the Debye
length itself, such as the spacecraft sheath, over which they propagate undisturbed, and oscillate at the eigenfre-
quency of the unperturbed plasma (the plasma frequency) away from such small-scale inhomogeneity. This is
why the retrieved plasma frequency is that of the unpertubed plasma away from the spacecraft sheath, and so
is the plasma density diagnostic. However, for a hot plasma (i.e., for a plasma such that the Debye length is not
short compared to the emitter-receiver distance of the MI experiment), the temperature diagnostic is based on
the Landau damping of the generated waves. Such damping depends on the amount of charged particles, along
the wave path, that can exchange energy with the generated electric signal (essentially absorb it). It can therefore
directly be impacted by a local plasma inhomogeneity, especially for strongly damped Langmuir waves. This is
why the temperature diagnostic depends on the local characteristics of the plasma surrounding the MI sensors.

From a practical point of view, our results will be directly useful for the PWI-AM2P experiment onboard the
Mio spacecraft of the ESA-JAXA BepiColombo mission that will investigate the surroundings of Mercury. At
Mercury, photoelectric effects are expected to charge positively the Mio spacecraft when in sunlight. This means
that we expect, at least for a significant part of the mission, a plasma sheath characterized by a local excess of
electrons. The size of such plasma sheath shall be of the order of the Debye length 4, that is expected to be in
the range 1-10 m in the plasma environment of Mercury, while the electric sensors (the MEFISTO antennas
(Karlsson et al., 2020)) are 15 m long. Our investigation indicates that one has to include the plasma sheath of
the Mio spacecraft in the modeling and the analysis of PWI-AM?2P spectra to retrieve satisfactorily the electron
temperature.

We note also that this study will be useful for all future space applications of MI experiments, among which we
recall the RPWI-MIME onboard the JUICE mission (resp. the CDFP-OMPLIMENT instrument onboard Comet
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Interceptor), where the local Debye length of the plasma encountered by the satellite is expected to be of the same
order as the distance between RPWI-MIME (resp. DFP-COMPLIMENT) electric sensors.

Data Availability Statement

Datasets for this research are available at (Bucciantini, 2023), together with a detailed explanation on how to use
them. The model used to produce such data set is described in Section 2. It is based on the model implemented by
Mangeney et al. (2002). The 1D-1V Vlasov-Poisson version of the model, which corresponds to the one we use
in our investigation, is described in Henri et al. (2010).
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