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ABSTRACT

Context. Impacts of dust grains on spacecraft are known to produce typical impulsive signals in the voltage waveform recorded at the
terminals of electric antennas. Such signals (as may be expected) are routinely detected by the Time Domain Sampler (TDS) system
of the Radio and Plasma Waves (RPW) instrument on board Solar Orbiter.

Aims. We investigate the capabilities of RPW in terms of interplanetary dust studies and present the first analysis of dust impacts
recorded by this instrument. Our purpose is to characterize the dust population observed in terms of size, flux, and velocity.
Methods. We briefly discuss previously developed models of voltage pulse generation after a dust impact onto a spacecraft and present
the relevant technical parameters for Solar Orbiter RPW as a dust detector. Then we present the statistical analysis of the dust impacts
recorded by RPW/TDS from April 20, 2020 to February 27, 2021 between 0.5 AU and 1 AU.

Results. The study of the dust impact rate along Solar Orbiter’s orbit shows that the dust population studied presents a radial velocity
component directed outward from the Sun. Its order of magnitude can be roughly estimated as v, 4,5 =~ 50 km s~!, which is consistent
with the flux of impactors being dominated by S-meteoroids. We estimate the cumulative flux of these grains at 1 AU to be roughly
Fg ~ 8 x 10> m™2s™! for particles of a radius r > 100 nm. The power law index & of the cumulative mass flux of the impactors is
evaluated by two differents methods, namely: direct observations of voltage pulses and indirect effect on the impact rate dependency
on the impact speed. Both methods give the following result: ¢ =~ 0.3-0.4.

Conclusions. Solar Orbiter RPW proves to be a suitable instrument for interplanetary dust studies, and the dust detection algorithm
implemented in the TDS subsystem an efficient tool for fluxes estimation. These first results are promising for the continuation of the
mission, in particular, for the in situ study of the inner Solar System dust cloud outside of the ecliptic plane, which Solar Orbiter will
be the first spacecraft to explore.

Key words. instrumentation: detectors — methods: data analysis — meteorites, meteors, meteoroids — interplanetary medium

1. Introduction and planetary radio astronomy experiment (Aubier et al. 1983)

both observed broadband signals that were interpreted as hav-
In recent decades, radio and plasma wave instruments have ing been produced by dust impacts during the crossing of
demonstrated the ability to probe dust in different space environ- ~ Saturn’s E ring by Voyager 1 and G ring by Voyager 2. The
ments. Voyager’s plasma wave instrument (Gurnett et al. 1983) plasma wave instrument, operating in dipole mode with a roughly
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symmetrical configuration, observed smaller amplitude signals
that the radio experiment, operated in monopole mode. The tech-
nique was used again along Voyager 2 orbit, with dust measure-
ments at Uranus (Meyer-Vernet et al. 1986; Gurnett et al. 1987)
and Neptune (Gurnett et al. 1991; Pedersen et al. 1991). Voyager
measurements at the outer planets of the Solar System were fol-
lowed up by others in space environments with an expected high
dust flux, such as cometary trails with, for instance, VEGA 2’s
plasma wave instrument at Halley’s comet (Oberc 1990).

From around the start of the year 2000, radio analyz-
ers on board missions such as Wind (Bougeret et al. 1995),
Cassini (Gurnett et al. 2004), or STEREO (Bougeret et al. 2008)
recorded a large number of electric waveforms characteristic of
dust impacts. The improvement in the technical performance
of these radio detectors compared to the previous generation
(the higher sampling frequency of the waveform analyzers in
particular), along with the large number of examples avail-
able for study, has led to a better understanding of the mech-
anisms involved in the voltage pulse generation after a dust
impact. Several recent studies have detailed the work of model-
ing and made comparisons to available data, such as works by
Zaslavsky (2015) on STEREO, Meyer-Vernet et al. (2017), or
Ye et al. (2019) on Cassini and Vaverka et al. (2019) on MMS.
The paper by Mann et al. (2019) provides a complete summary
of the works performed on various spacecraft, along with a
prospect for the Parker Solar Probe and Solar Orbiter missions as
well as a review of the voltage pulse mechanism in our present
state of understanding. The paper by Lhotka et al. (2020) also
presents a detailed analysis of spacecraft charging processes in
various plasma environments and an application to dust impacts
on MMS.

To summarize these models, voltage pulses result from the
production of free electric charges by impact ionization after a
grain of solid matter hits the spacecraft. These charges modify
the spacecraft potential (and, depending on the impact location,
the antennas) by way of two main effects: one being the pertur-
bation of the electric current equilibrium between the spacecraft
and the surrounding plasma due to the collection by the space-
craft of some of these free electric charges; the second being the
perturbation of the spacecraft or the antenna potential by elec-
trostatic influence from these free charges, that occurs when the
impact plasma cloud is not neutral overall (which happens after
some of the charges have been collected or have escaped from
the vicinity of the spacecraft).

Over the years and thanks to these refinements in pulse
modeling, radio analyzers have thus proven capable of pro-
viding robust estimates of dust fluxes in various mass ranges,
varying from the nanometer to the micron. Examples of
the successful use of this technique to derive dust fluxes
include the detection of nanometer-sized dust with STEREO/
WAVES (Meyer-Vernet et al. 2009b) and Cassini/RPWS
(Meyer-Vernet et al. 2009a), measurements of the interstel-
lar dust flux and direction at 1 AU by STEREO/WAVES
(Zaslavsky et al. 2012) and Wind/WAVES (Malaspina et al.
2014), or measurements of the micron to ten microns sized dust
density in the vicinity of Saturn by Cassini/RPWS (Ye et al.
2014, 2018).

The present paper, continuing on from these works, is
devoted to the study of the dust impact data recorded by the
Radio and Plasma Waves instrument and to the derivation of the
interplanetary dust fluxes along Solar Orbiter’s orbit. This is of
particular importance since in situ measurements of interplane-
tary dust in the inner heliosphere, which are necessary to con-
strain and validate dust production models, are limited. Notably
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there are only few data on the dust collision fragments that form
in the inner solar system and then are ejected outward. Flux esti-
mates for these dust grains, denoted as S-meteoroids, were made
based on Helios observations (Zook & Berg 1975) and based on
Ulysses observations (Wehry & Mann 1999). The dust collision
evolution inside 1 AU were studied with model calculations hav-
ing only few observational constrains (Mann et al. 2004).

Recently, the Parker Solar Probe (PSP) has been operat-
ing the FIELDS instrument (Bale et al. 2016), which provides
observations of dust impacts. The PSP dust observations have
been presented in a number of recent works (Page et al. 2020;
Szalay et al. 2020; Malaspina et al. 2020). These observations
provide a number of interesting results on dust fluxes in the close
vicinity of the Sun. In the context of this paper, recent works
on the second orbit of PSP with dust measurements between
ca. 0.16 and 0.6 AU are of interest. Szalay et al. (2020) showed
that the observations during the second solar encounter could
be explained through particles that form as collision fragments
near the Sun and then are ejected by the radiation pressure force.
Mann & Czechowski (2021) showed that the same fluxes could
be explained with a model that combines the collisional produc-
tion of dust particles and their dynamics influenced by gravity,
radiation pressure, and Lorentz force; the latter was found to
have only a small effect on the particles that were observed with
PSP during the second orbit.

In this paper, we first present and discuss the waveform data
recorded by the instrument and the specificities of Solar Orbiter
as a dust detector in Sect. 2. Then, in Sect. 3, we focus on the
statistical study of the time repartition and of the voltage ampli-
tudes of the hits recorded. Finally, in a last section, we build on
this statistical study to determine the flux of the dust population
observed we and compare our results to those obtained by other
missions as well as to the theoretical predictions in the field.

2. Dust measurements with RPW

The RPW instrument on board Solar Orbiter (see a complete
description in Maksimovic et al. (2020) is designed to mea-
sure and analyze the electric field fluctuations from near-DC to
16 MHz and magnetic fluctuations from several Hz to 0.5 MHz.
In this article we are mainly interested by the electric wave-
forms provided by the time domain sampler (TDS) subsystem
of RPW. In particular, TDS provides digitized snapshots of the
voltage measured between the terminals of two of the spacecraft
electric antennas (dipole mode) or between one the spacecraft
electric antennas and the spacecraft ground (monopole mode).
The waveforms used in this article were sampled at a rate of
262.1kHz, after being processed by an analog high-pass filter
with a cutoff around 100 Hz.

Figure 1 shows examples of impulsive signals recorded by
TDS that we interpret as having been due to dust impacts. The
examples shown here were selected from the so-called triggered
snapshots that were flagged by the on-board detection algorithm
as probable dust impacts (see Sect. 3.1 for the description of the
algorithm).

The left column shows events recorded in SE1 mode (for
which TDS samples three monopoles: V1, V2, and V3), whereas
the right column shows events recorded in XLD1 mode (two
channels measure dipole voltages V1-V3 and V2-V1, and the
third channel is linked to the monopole V2). Each channel (CH1,
CH2, and CH3) represents voltage difference measured between
individual antennas (V1, V2, and V3) for dipoles or between
one antenna and the spacecraft body (SC) for monopoles. It
should be noted that presented data are not corrected for transfer
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Fig. 1. Six examples of TDS snapshots showing impulsive signals interpreted as due to dust impacts onto the spacecraft. Signals recorded on the
three different channels are represented in different colors. The left column shows signals recorded in monopole mode (SE1 mode), whereas the
right column shows signals recorded in dipole in the two first channels and monopole in the third one (XLD1 mode).

function (the existence of “overshoots” in these data is probably
artificial). Examples shown on the lower panels of left column
are typical of signals detected at the terminal of a monopole
antenna by electron collection, similar to the one detected by
STEREO/WAVES, for instance.

2.1. Voltage pulses and their link to mass and velocity of
impacting dust grains

Before discussing these images, we recall the mechanism
through which voltage pulses are thought to be produced. First,
a dust grain impacts the spacecraft body and expels from it some
material, part of which is ionized. The amount of free electric
charge QO > 0 in the (overall neutral) cloud of expelled mate-
rial is a function of the mass m of the impacting grain and of

the relative velocity, v, of the impactor with respect to the tar-
get. The measurement of Q after an impact in a dedicated col-
lector, together with an independent measurement of v in order
to deduce the mass, m, of the impactor, is the general operat-
ing principle of dust impact ionization detectors (Auer 2001).
Experiments show that the function Q(m, v) follows the general
scaling:

O(m,v) ~ Am*?, (D

where m is expressed in kg and v in kms™'. Since the param-
eters A and « quite strongly depends on the impacted material
(Collette et al. 2014), it is of course preferable for the charge
yield of the collector material as a function of m and v to be
measured on ground. In the absence, for the moment, of such
measurements for Solar Orbiter’s surface material, we have to

1
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use approximate values for A and «. Dietzel et al. (1973) as well
as McBride & McDonnell (1999) suggest the use of A ~ 1 and
a ~ 3.5, which is a rather high charge yield (we discuss this point
when evaluating the size of the impactors in the last section of
this article).

In the absence of a dedicated and well calibrated collector,
but in the presence of electric antennas operated in monopole
mode, we can still quite reliably deduce the amount of charge, Q,
released during an impact thanks to the different dynamics of the
electrons and the heavier positive charges in the expelled cloud
of ionized matter. The dynamics of the light electrons quickly
decouple from the one of the heavier positively charged matter
(Pantellini et al. 2012). The electrons are quickly collected by
(or repelled away from) the spacecraft, letting positive charges
remain unscreened in the vicinity of the spacecraft. For a posi-
tively charged spacecraft, it can be shown that the combination
of the effect of quick electron collection and ions getting repelled
away from the spacecraft will produce a maximal change in the
spacecraft ground potential equal, to a good approximation, to
0pse = —Q/Cy (here Cy. is the spacecraft’s body capacitance).

In monopole mode, the signal recorded is V(r) =
I (@ant(?) — s (2)), where @, is the monopole antenna poten-
tial and I" a transfer function accounting for the (mostly capaci-
tive) coupling between the antenna and the spacecraft body: I' =
Cant/(Cant + Cray); in this formula, Cyy is the antenna’s capaci-
tance and Cyay accounts for the capacitive coupling through the
preamplifier, the mechanical base of antenna, and various wires.
If we assumes that ¢, is roughly constant during the process,
then the charge, Q, produced by impact ionization is quite sim-
ply linked to the peak of the voltage pulse measured in monopole
mode by:

Q0m, v) = % )

Therefore, the use of formulas (1) and (2) makes it possible to
link the properties of the impacting grain to those of the mea-
sured voltage signal.

We can see, in light of these explanations, why monopole
measurements are favorable to dust detection. The main change
induced by the impact occurs in the spacecraft ground potential,
while antennas potentials stay roughly constant. Dipole mea-
surements, which measure the variation of an antenna’s poten-
tial relative to another antenna, are therefore quite insensitive to
this process. Still, signals are quite frequently observed in dipole
mode, as can be seen on the right panels of Fig. 1.

For a signal to be observed in dipole mode, it must produce
a pulse of substantially larger amplitude on a particular antenna
than on the two others. An example of such a signal recorded
on monopole mode can be seen on the top left panel of Fig. 1,
with a peak amplitude on monopole V3 that is much larger than
on V1 and V2. One interpretation for these signals is that the
impact location may be close to a particular antenna, the poten-
tial of which would in turn undergo a much stronger variation
under electrostatic influence from the positively charged cloud
than the other monopoles. The derivation of the charge Q from
dipole measurements is therefore more complicated, since the
amplitude of the voltage pulse not only depends on Q but also
on the position of the impact with respect to the monopoles. An
order of magnitude of such a signal is (Meyer-Vernet et al. 2014)
Vpeak ~ I'Q/(4m€gLay,), assuming only one arm of the dipole sees
the whole unscreened charge Q, so that the charge in the cloud
can be linked to the peak voltage in dipole mode by:

4mep Lane Vpeak.dipole

Q(m’ V) ~ T s

(©))
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where L,y is the length of an antenna. Importantly, it should be
noted that unlike the signal observed in monopole mode (for the
at least two monopoles showing similar peak voltages), which is
quite accurately linked to the released charge Q by Eq. (2) — in
Eq. (3), only a rough order of magnitude is provided, since the
voltage produced will, in fact, be very dependent on the loca-
tion of the impact. An impact occurring at equidistance from
two arms of the dipole, for instance, would produce a very small
signal in dipole mode, even for an important release of charge;
whereas an impact cloud expanding in the close vicinity of a par-
ticular dipole arm could produce a signal quite stronger than the
estimation above.

On the right column of Fig. 1 (XLD1 mode), we show a few
examples of events where the signal is mainly registered by a
single antenna — hence, not mainly produced by the variation
of the spacecraft potential, but rather by electrostatic influence
on a particular antenna. The impact must be close to antenna
V2 on cases shown on top and bottom right panels (which show
identical pulses in channels CH2 and CH3) and to antenna V1
in the middle right panel (inverted pulses in channels CHI and
CH2).

2.2. Parameters for Solar Orbiter as a dust detector

Now that the main principles through which we interpret voltage
pulses after a dust impact have been established, we describe in
this part their application to the specific case of Solar Orbiter.

Solar Orbiter orbits the Sun along a series of roughly ellipti-
cal orbits, with a minimum perihelion of 0.28 AU and a max-
imum inclination with respect to the ecliptic above 30°. A
description of the mission and its science objectives can be found
in Miiller et al. (2020).

The electric sensors of RPW are three stacer monopoles of
a length, L = 6.5m, and radius, a = 0.015m, mounted on 1
m rigid booms to separate them from the spacecraft body, elec-
trically biased in order to reduce variations of their potential
with respect to the plasma at low frequencies (Maksimovic et al.
2020). They are in the same plane and make angles of roughly
120° with each other. The disposition of the antennas with
respect to the spacecraft body is shown on Fig. 2. We note, in
relation to the previous discussion on the generation of electric
pulses after a dust impact, that the three monopoles are mounted
on opposite sides of the spacecraft quite far away from each
other (similarly to the case of spacecraft like WIND, MMS or
Parker Solar Probe, but unlike the cases of Voyager, Cassini or
STEREO), which implies that the effect of electrostatic influence
can be very different from an antenna to the others and explains
why signals are frequently observed in dipole mode.

The capacitance associated with each monopole base has
been measured on ground, with the values found as follows:
Cp = 76.3 + 4 pF for the monopole V1, C,, = 78.9 + 3pF for
V2, and C, = 76.2 + 2.7pF for V3. The stray capacitance is
to a good approximation the sum of this base capacitance and
of the preamplifier capacitance C,mp, which, when both pream-
plifiers are ON, is Cymp = 29 pF. Since the base capacitances
are equal within measurement uncertainties, we shall use for
the three monopoles the same value of the stray capacitance,
Citray = 77 +29 =~ 108 pF.

Assuming the monopoles are in a vacuum and considering
the spacecraft as an infinite ground plane, we find the capaci-
tance of a monopole Cyy = 2neL/(InL/a — 1) =~ 71 pF. The
presence of solar wind’s plasma, however, at the frequencies we
are interested in (i.e., smaller than the local plasma frequency),
decrease the capacitance to values Cyy ~ 2meL/(InLp/a),
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ANT 1

ZEN

Fig. 2. Geometrical configuration of RPW’s electric sensors (labelled
ANT]1, 2, and 3), heat shield and deployed solar panels with respect to
the spacecraft body.

where Lp is the local Debye length (Meyer-Vernet & Perche
1989). With the Debye length varying in a range ~3—10 m along
the spacecraft’s orbit, we obtain C,, ~ 55-70pF (the capaci-
tance increasing when going closer to the Sun). Using these val-
ues, the attenuation factor can be evaluated as I' = Cyy/(Cant +
Citray) = 0.34-0.39.

The isopotential surface of the spacecraft’s body has been
evaluated from the Solar Orbiter numerical model. This value
can be estimated from 25.11 m?, taking into account only the sur-
face of the five satellite walls plus the heat shield, up to 31.43 m?
when we consider the envelope including the overall spacecraft.
The backside of the solar panels (6 panels of 2.1 m X 1.2 m) are
isopotential to the spacecraft body (unlike their frontside). The
additional surface is then S pyeis = 15.12m? (taking only one
side into account). Therefore, we can evaluate the area of the
interface between the plasma and the isopotential parts of the
spacecraft to be Sc = Spody + S panets = 43.4+£3.2 m?. The capac-
itance of a conductor of such a complex shape is difficult to
estimate. An analytical order of magnitude estimation is given
by the vacuum capacitance of the sphere of equivalent surface
Cse ~ € V4nSs ~ 210pF. A more refined modeling can be
obtained through numerical simulations of the spacecraft charg-
ing. Such simulations have been recently performed for Solar
Orbiter at ESA, and provided us with a value of the free space
capacitance equal to Cy. ~ 355pF (G. Déprez, priv. comm.).
This is the value we adopt in this paper, although it is probably
a bit of an underestimation since it does not take into account
plasma sheath effects.

The surface, S s, discussed above would approximately cor-
respond to the dust collecting area if the dust population veloc-
ity distribution was isotropic in the frame of the spacecraft.
As we see in the following, it is probably not the case for the
majority of the dust observed by Solar Orbiter, the velocity of
which is mostly directed toward the heat shield. Therefore, the

dust-collecting area to consider is strongly reduced compared
to S, and it is rather of the order of the heat shield’s surface
Scol = 2.5m x 3.1m =~ 8 m?. We do not include the solar pan-
els in the collecting surfaces, since their front side is electrically
isolated from the rest of the spacecraft. Of course, an impact to a
solar panel can produce a charge that could be collected by other
conductive parts of the spacecraft. We neglect this effect in this
study and recognize that our estimate of S is a low estimate of
the actual collecting area.

Finally, we briefly discuss the relaxation time of perturba-
tions of Solar Orbiter’s floating potential as follows. Linear the-
ory gives Toe = CoTpn/le, where I = encveS /4 is the electron
current onto the spacecraft isopotential surface (e is the electron
charge, n. the local electron density and v, = +8kT./(mm,) is
the average electron velocity, with 7, the local electron temper-
ature, and m, the electron mass). Tp, ~ 3 V is the temperature of
the photoelectrons ejected from the spacecraft body expressed
in electric potential unit. The assumption underlying this
formula is that photoelectron current from the spacecraft is dom-
inating over solar wind’s electron current, the spacecraft poten-
tial being as a consequence positive (assumption justified pretty
much all along Solar Orbiter’s trajectory, setting apart short peri-
ods in the shadow of Venus). Assuming a typical variation of
electron parameters in the solar wind (see e.g., Issautier et al.
1998; Stverak et al. 2015) one obtains for the relaxation time
T ~ 60us at 1 AU and ~15 ps at 0.5 AU. These numbers are
significant in that the estimation of the peak amplitude of the
pulses observed in monopole mode Vpeax ~ —Q/Cy is strictly
valid only in the case were the rise time of the pulse 7y (con-
trolled by the positive charges dynamics in the vicinity of the
spacecraft) is not large compared to the relaxation time 7y, of
spacecraft electric potential perturbations. In the opposite case,
where 7 is small compared to 7y, the amplitude of the signal
is reduced by a factor of the order of 7 /7Tiise < 1 (Zaslavsky
2015). This effect will not be taken into account in this article.
A more precise study of the waveforms — which requires a very
careful calibration — will be the subject of forthcoming studies
and, among other things, will make it possible to quantify this
effect.

3. Statistical analysis of dust impacts

3.1. Impact rate and estimation of the impactors radial
velocity

In this section, we present the results of the analysis of the
impacts voltage pulses recorded along Solar Orbiter’s orbit from
April 20, 2020 to February 27, 2021. For this purpose, we mainly
use the data provided by the on-board analysis of TDS samples
through an algorithm that flags a snapshot as being produced by
a dust impact if it contains a signal that is sufficiently impulsive.
This dust detection algorithm has been working with constant
settings from April 20, 2020, hence the date at which we start
our analysis.

The detection algorithm, described in detail by Soucek et al.
(2021), works as follows: the instrument takes one waveform
snapshot of 16384 samples every second. Each snapshot exceed-
ing a minimum amplitude threshold is processed by the TDS on-
board software to calculate the maximum and median amplitude
and calculate the Fourier spectrum from the snapshot. From this
spectrum, the software determines the frequency corresponding
to the largest spectral peak and the FWHM (full width at half
maximum) bandwidth of this peak. The algorithm then classifies
the observed snapshots based on comparing the ratio R between
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the maximum and median absolute value in the snapshot and the
spectral bandwidth to predefined thresholds. Specifically, snap-
shots with large R and large spectral bandwidth are identified
as dust impacts. In this way, the algorithm allows us to identify
even relatively small amplitude dust spikes.

The outcome of this detection is then used to select the “best”
wave and dust snapshots to be transmitted to the ground and also
to build statistical data products. The key data product used here
is the number of detected dust impacts in a 16 second interval
which is transmitted in short statistical data packet every 16 sec-
onds. Due to the fact that the detection algorithm only examines
one snapshot of 62 ms every second, the reported dust counts
are much lower than the actual number of dust impacts, but the
number of detected dust impacts can be considered directly pro-
portional to the actual number of dust impacts.

Since some impulsive signals may be erroneously taken
for dust (e.g., solitary waves, Vaverka et al. 2018, and various
spacecraft generated effects), the dataset has been cleaned by
removing all periods of fast sampling at 524 kHz, all measure-
ments influenced by active sweeps performed by the BIAS sub-
system of RPW and several days (in particular during com-
missioning), where TDS was configured to non-standard oper-
ation modes. We also removed the Venus flyby interval on
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been computed. Lower panel: distance from the
spacecraft to the Sun in astronomical units, as a
function of time since April 1, 2020.

300

December 27, 2020 when TDS detected numerous solitary
waves and counted them as dust impacts.

We considered this TDS dust data product on a timescale of
1h, and computed the impact rate for each hour by dividing the
number of snapshots flagged as dust by the total number of snap-
shots recorded during this hour multiplied by the duration of one
snapshot (At = 62 ms): impact rate R = Nimpact/ (Nsnapshots AF).

Figure 3 shows the evolution of the impact rates with time.
The upper panel shows the raw (i.e., not corrected for the duty
cycle) cumulative impact number, showing that the total number
of impacts detected by the algorithm during the period of our
study is 2758. We can also notice several small data gaps cor-
responding to periods during which the instrument is switched
off.

The middle panel shows the impact rate as a function of time,
showing an increase in the flux with decreasing distance to the
Sun, which is a general behavior that is in agreement with remote
and in situ measurements from Helios (Leinert et al. 1981) or
Parker Solar Probe (Szalay et al. 2020; Page et al. 2020).

Figure 4 illustrates the evolution of the impact rate with dis-
tance from the Sun. On the left panel of this figure, the impact
rates measured when the spacecraft is going toward the Sun
(spacecraft radial velocity v, < 0) are separated from the ones



A. Zaslavsky et al.: First dust measurements with the Solar Orbiter Radio and Plasma Wave instrument

600 200
175
500 )
— 150
n
a0 Inward £
>, 2 125 A
he] z '
(¥}
'B.E 300 { 4 { g 100 4
g H» { s |
o = 7B
E 200 i { F £ [P
a '
j m { i,
100 + ﬂ{ *i } {
25
Qutward .ﬁ + & }
0 ; 0

10 4

Number of counts

mﬂ L

05 06 07 08 09 10 05 06
Distance to the Sun [AU]

Distance to the Sun [AU]

08 09 10 RS 75 100 135 150 175 200

Dust radial velocity [km.s~%]

Fig. 4. Estimation of the impactors radial velocity from the impact rates. Left panel: impact rate as a function of radial distance. The black points
show fluxes recorded when the spacecraft is moving toward the Sun, the red points when moving outward from the Sun. Each point is computed
by averaging the impact rate data on 50 distance intervals linearly spaced between 0.5 and 1 AU. Error bars show one standard deviation error
on the computation of the mean. Middle panel: radial component of the dust velocity, V,4us, computed from Eq. (4). Error bars are computed by
propagating errors on the impact rates shown on the left panel. Right panel: histogram of the obtained values of V, gyq.

measured when the spacecraft is going outward (v, s > 0). It can
be seen that the impact rate is in average slightly larger when
Vrse < 0 than when v, > 0. This is consistent with the dust
population measured having a mean velocity directed outward
from the Sun.

One can use this difference in the impact rates to obtain a
first estimation of the radial velocity v, 4,5 Of the dust population:
assuming that the velocity and fluxes are function of the distance
to the Sun only (neglecting all time variability) and neglecting —
for an order of magnitude estimation — the effect of tangential
velocities, it can easily be shown that

Rin + Row |v |
B |Vrsc|o»
Rin - Rout

where v, is the radial velocity of the spacecraft, R;, the impact
rate when the spacecraft is going toward the Sun, and R, when
going outward. The middle panel of Fig. 4 shows the result of
applying formula (4) with the impact rates R;, and Ry, shown on
the left panel. The error bars are very large but the mean value
obtained is reasonably constant with radial distance. The right
panel shows a histogram of the values of v, g4y Obtained, with a
peak value at v, gyt = 30km s~! and an averaged value around
50kms~!. The large error bars, the variations of the measured
fluxes, and the use of a simple model let us only hope for an
order of magnitude estimation of course, but this value is con-
sistent with expectations for small particles on hyperbolic orbits
and with the results from the numerical simulations of particles
dynamics discussed in the last section of this paper.

Let us note that this estimate of a S0km s~ radial velocity
of the impactor — a velocity comparable to the spacecraft orbital
speed — implies that the impacts do not actually occur only on
the heat shield (as was assumed in the previous section), but also
on the sides of the spacecraft. The effective collecting area must
then vary along the spacecraft trajectory. This effect, that may
produce errors of the order of 10-20% on the fluxes estimations,
will not be accounted for in the present paper. We will, as dis-
cussed in the previous section, keep in mind that the value of
the collecting area S.,; = 8 m? used in this work is somehow
underestimated. It should still provide a quite robust order of
magnitude.

Figure 5 shows the distribution of the number of impacts
recorded during time intervals of 6 hours, for three different

“

Vrdust ™~

values of the impact rate. The three intervals on which these
number of occurrence distributions have been computed are
highlighted in yellow on Fig. 3. They correspond to distances
to the Sun ~0.7 AU (left panel, mean impact rate ~140 day™'),
~1AU (middle panel, mean impact rate ~50day~!), and
~0.5 AU (right panel, mean impact rate ~350 day~!). The com-
parison with Poisson distribution, over-plotted in red, shows a
very good agreement consistent with the data being due to inde-
pendent events at roughly constant rates, as expected for inter-
planetary dust impacts.

3.2. Peak voltages distribution and power-law index of the
impactor’s cumulative mass flux

In order to further characterize the population of dust grains
impacting Solar Orbiter, we look at the distribution of voltages
measured in monopole mode. To this purpose we look at the
snapshots dataset, which does not include all of the dust impacts
detected by the onboard algorithm on which the results of the
previous section are based. We assume that the subset of trig-
gered snapshots is a random sample from the ensemble of all
the recorded dust impact signals and, therefore, that both share
the same statistical properties — or since this can’t be exactly
true, we assume that selection bias are small and do not impact
importantly the voltage amplitude statistics.

Measurements in monopole mode, as discussed in Sect. 2,
are required in order to properly (as unambiguously as possi-
ble) link the peak amplitude of the pulse to the charge generated
by impact ionization. Unfortunately, they are, for monopoles
V1 and V3, only active during a small fraction of the mis-
sion time, that is, mainly during two periods: from May 30
to June 8 (185 dust snapshots telemetered) and from July 27
to August 13 (103 dust snapshots). Matters are different for
monopole V2, which is quite routinely operated with 934 dust
snapshots telemetered from April 1 to November 1 of 2020.
Therefore, the particular focus is set on monopole V2 in the
following.

Figure 6 shows the normalized distributions of peak volt-
age associated with dust impacts for different monopoles and
different time periods. We can see that the peak voltage distri-
bution has a power-law behavior. The left panel shows distribu-
tions computed on the whole period between April 1 - Nov. 31,
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with different colors corresponding to peak voltages at the termi-
nals of different monopoles. We can see that voltage distributions
are similar on all monopoles — which is to be expected since in
average all monopoles should react in the same manner to dust
impacts. The results of least-square fitting these histograms with
power laws is presented in Table 1, where it can be seen that
power-law exponents are, within the uncertainties, equal from a
monopole to another, around —4/3.

The middle panel of Fig. 6 compares the peak amplitude
recorded on monopole V2 at different distances from the Sun.
The limited number of impacts on which such a comparison can
be made imply quite important uncertainties on the slopes of the
distribution. The two last lines of Table 1 show the results of
linear fitting for these distributions, showing a slope that is a
bit steeper at the perihelion than at the aphelion. This difference
being within the uncertainties, it is hard to draw a conclusion
based on this result and it is sensible to wait for more statistics
to see whether this trend is confirmed.

The right panel of Fig. 6 shows the distributions of all
impacts recorded on monopole V2 on the whole time of our volt-
age amplitude analysis, namely, from April 1 to November 31,
2020, along with the corresponding power-law least-square fit,
with index —1.34 + 0.07.

From these observations it seems reasonable to approximate
the rate of observation of signals having peak voltages between
Vpeak and Vpeak + deeak bydR =g (Vpeak)dvpeak’ with

Vpeak -
Vo ’

8(Vpeak) = g(Vo)( &)
where a =~ 1.34 and V; an arbitrary voltage in the range where
the power-law behavior applies.

An interesting result, of course, would be to deduce from
these data information about the mass distribution of the impact-
ing dust particles. We have seen in Sect. 2.1 that the released
charge, Q, and, hence, the peak voltage, Vea, is linked to the
mass, but also to the velocity of the impacting particle, and we
do not have an independent measurement of the latter for each of
the impacts. Therefore, we can only make inferences on the mass
distribution by assuming the existence of a relationship, v(m),
between the mass of the particle and its velocity with respect
to the spacecraft. If such a relationship exists, then the func-
tion Vpeak(m, v) becomes a function of m only and — under the
assumption that two different values of m cannot produce a peak
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voltage of the same amplitude; that is, the function Viea(m) is
bijective on the observed mass interval — the mass distribution of
the impactors f(m) can be directly linked to the measured distri-
bution g(Vpeak) by:

fim) = g(Vpeak)

deeak
. 6
5 ©)

For a first-order estimation, one could assume that the impact
velocity is independent of the mass on the given mass range.
Then, according to Egs. (1) and (2):

r
—Am* @)

sC

Vpeak =

is a linear function of m, and the mass distribution trivially has
the same power-law shape than the distribution of voltage peaks.
The cumulative mass flux of particles of mass larger than m onto

the spacecraft (defined as F(m) = fm e f(m’)dm’) would then be
given by:

)
F(m) = F(mo) (mﬁo) , ®)

where 6 = a — 1 ~ 0.34 and F(my) is the cumulative flux of par-
ticles of mass larger than m, (which may depend on the distance
to the Sun).

Let us note that this estimation of the power-law index ¢
of the cumulative mass flux in the observed mass range must
likely be an underestimation, since (if the velocity is an increas-
ing function of m, which is probably the case in the observed
mass range, see next section), f(m) will decrease with a steeper
slope than g(Vpear). This can easily be seen from Eqg. (6), taking,
for instance, Vpeak o m'*2 with £ > 0. We would then obtain for
f(m) a power law index a + (a — 1)&, which is always larger than
a (if a > 1 which is the case here). Therefore, even without any
precise knowledge of the function v(m), but under the assump-
tion that this is an increasing function of m in the observed mass
interval, it is possible to derive from these observations of peak
voltages a lower bound for the power law index of the cumula-
tive mass flux ¢ > 0.34.

To conclude this section, we note that a more detailed deriva-
tion of the mass distribution of the particles could be obtained
from these measurements by computing the function v(m) from
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Table 1. Power law indices of the peak voltage distributions.

Monopole Time interval Number of events Power-law index
V1 (SE1 mode) Apr. 1-Nov. 31 328 -1.34+0.14
V2 (SE1 mode) Apr. 1-Nov. 31 328 -1.34+0.14
V2 (XLDI1 mode) Apr. 1-Nov. 31 934 -1.37+0.10
V3 (SE1 mode) Apr. 1-Nov. 31 328 -1.36 £ 0.11
V2 (SE1 mode) May 30-Jun. 8 (Perihelion) 185 -1.37+0.19
V2 (XLD1 mode) Sep. 17-Nov. 2 (Aphelion) 161 -1.20+0.17
V2 (SE1 and XLD1 modes) Apr. 1-Nov. 31 1262 —-1.34 £ 0.07

Notes. The uncertainties show 95% confidence interval on the linear regression coefficient.

numerical simulations, with proper assumptions for the initial
conditions and dust 5 parameter. Since this function may depend
on the distance from the Sun (which may explain the possible
change of the power law index of the voltage distributions from
perihelion to aphelion), this study may also require some time to
accumulate more statistics and be able to construct not too noisy
distributions of voltages at different distances from the Sun. Such
a work is beyond the scope of these first results, but it offers an
interesting perspective for a future study.

4. Estimation of the S-meteoroids flux and
comparison to models and results from other
missions

We now compare the observed impact rates to a dust flux model
that bases on a number of assumptions. The existence of dust
in the inner Solar System can be inferred from the brightness of
the Zodiacal light and the F-corona which show that dust in the
approximate 1-100 micrometer size range forms a cloud with
overall cylindrical symmetry about an axis through the center of
the Sun, perpendicular to the ecliptic (cf. Mann et al. 2014). The
size distribution at 1 AU is estimated from a number of different
in situ observations and described in the interplanetary dust flux
model (Gruen et al. 1985). The majority of dust grains form by
fragmentation from comets, asteroids and their fragment grains.

The larger grains are in bound orbit about the sun; as a result
of the Poynting-Robertson effect, they lose orbital energy and
angular momentum and fall into the Sun after time scales of the
order of 10° years. However, the majority of the Zodiacal dust
is within shorter time fragmented by collision with other dust
grains, the smaller fragments leave the inner Solar System and
collision production from larger grains is needed to replenish
the dust cloud (Mann et al. 2004). The dust with sizes that are
smaller than roughly a micrometer experiences a larger radiation
pressure force which is directed outward. If the radiation pres-
sure to gravity ratio, often denoted as § is sufficiently high, the
dust can be ejected outward. Those grains in hyperbolic orbits
are often denoted as S-meteoroids, while those in in bound orbits
are given as a-meteoroids (Zook & Berg 1975). Assuming that
the larger dust grain that is fragmented moves in a circular orbit,
its fragment attains a hyperbolic orbit if the radiation pressure to
gravity ratio 8 exceeds 0.5. Based on light scattering models for
different assumed dust compositions (Wilck & Mann 1996), this
is the case for dust with sizes less than few 100 nm.

4.1. Mass of the impactors

The mass of the impactors can be estimated from the voltage
observed, using Eq. (7) and spacecraft parameters from Sect. 2.2.
For this, it is necessary to have an estimation of the velocity of
the impactors and of the charge yield of the impacted material.
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Fig. 7. Model for velocity and voltage peaks as a function of the impactor’s mass or size. Left panel: relative velocity with respect to Solar Orbiter
as a function of particle mass. The solid line shows the average along the spacecraft trajectory, the upper dashed line shows the impact velocity
at the perihelion and the lower dashed line the impact velocity at the aphelion. Right panel: expected peak voltage as a function of the mass of
the impactor, calculated using values of impact velocities shown on the left panel. The solid line shows the peak voltage for the averaged velocity
(solid line from left panel) and dashed lines for the perihelion and aphelion impact velocities. The black curves assume a high charge yield and the
red curves a lower charge yield. The points show the values of the velocity/peak voltage obtained from four numerical simulations, corresponding
to size ranges 40—75 nm, 75—100 nm, 100—140 nm, and 140-200 nm. The points are placed at the middle of the mass interval for each of the four
simulated size ranges. The horizontal green line shows the detection threshold ~5 mV.

For the particle velocity, we could have used the order of mag-
nitude obtained from the observations of impact rates in direc-
tion forward and backward with respect to the Sun. However,
as pointed out in Sect. 3.1 this is only a rough estimation
and is associated with large uncertainties. Therefore, we chose
to rely in this section on estimations of dust particles veloci-
ties from numerical simulations of dust dynamics in the inter-
planetary medium. The simulation we use takes into account
gravitational and radiation pressure forces, but not the electro-
magnetic force (which should not be dominant for particles of
sizes 240nm). We chose the values of 5 based on the assump-
tion that the majority of Zodiacal dust originate from comets and
asteroids and remain in the interplanetary medium for long time.
We used the B value for the asteroidal dust; those for the old
cometary dust in the interplanetary medium are almost identical
(see Wilck & Mann 1996) and assuming them would not change
the results of our calculations.

The charge yield of the impacted material is another
unknown of our study, which certainly plays an important role
in determining the mass of the impactors. Figure 7 shows
the impact velocities from the numerical simulations and the
expected peak voltage for two examples of charge yield. The
dark area on the right panel shows the region of expected volt-
age peaks as a function of the mass of the impactor for param-
eters A = 0.7 and @ = 3.5 from McBride & McDonnell (1999).
The red area is obtained for parameters A = 2.5 x 107> and
a = 4.5, a quite lower charge yield, corresponding to materials
like germanium-coated Kapton or solar cells and MLI (multi-
layer thermal insulation) from STEREQO’s spacecraft, the charge
yield of which were measured on the ground and displayed in
Table 1 of Collette et al. (2014).

Figure 7 shows that particles in the size range 40—75 nm,
regardless of the charge yield parameters used, are too small
and not fast enough to produce measurable signals. Grains with
sizes 75—100nm (upper end) are expected to produce signals
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above the detection threshold in the high-charge yield case, but
not in the low-charge yield one; grains with sizes >100nm,
finally, should produce measurable signals regardless of the pre-
cise charge yield. An estimation of the mass of the smallest
particles detected (we consider a threshold voltage of SmV)
from this figure gives m =~ 0.8 x 107! kg (high charge yield)
and m ~ 1.3 x 1077 kg (low charge yield), corresponding to
sizes of (assuming, as in the whole of this paper, a mass density
p = 2.5 g.cm™ and grains of spherical shapes for size-mass con-
versions) r =~ 92nm and r ~ 108 nm, respectively; we can quite
confidently affirm that the smallest grains detected have sizes
around 100 nm.

The curves for different charge yields diverge when masses
are increased, and for signals of amplitude, such as 30 mV, we
have sizes » ~ 120 nm (high yield) and » ~ 168 nm (low yield),
indicating a larger mismatch, of course, and showing the neces-
sity of ground measurement if we want to reach a better mass
calibration on the whole voltage interval. That said, the power-
law decrease in the peak voltage distribution shown in the previ-
ous section implies that the fluxes are dominated by impact from
small grains, so that the determination of the mass of impactors
producing high amplitudes peaks is less critical for our study.

This discussion of particles masses is based on the measure-
ment of the voltage pulses in monopole mode, which, as was
discussed previously, are the most reliable when it comes to esti-
mating the charge released by impact ionization, and therefore
the dust particles masses. However, the dust detection algorithm
from which fluxes are computed works on a TDS channel that
is operated in dipole mode most of the time — when the instru-
ment is on XLD1 mode. The discussion above, and the curve pre-
sented in Fig. 7, remains relevant to this case as long as the signal
produced is proportional to the charge released Q. According to
the estimation given by Eq. (3) this should be the case for dipole
measurements when considering a large enough number of hits.
Assuming Vipole = I'Q/4m€yLan, the smallest mass measured in
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dipole would be a factor 4meyLayy/Cse ~ 3 larger (and therefore
the sizes a factor ~1.4 larger). But the precise factor is compli-
cated to evaluate, and could be closer to 1, on average, since
observations of waveforms shows that differences in peak volt-
age from a monopole to another is often of the order of magni-
tude of the peak voltage itself. This provides a clear motivation
for developing a quantitative theoretical modeling of the genera-
tion of signals generation in dipole mode, at least on a statistical
basis.

4.2. Flux of B-meteoroids, comparison to predictions and
measurements from other spacecraft

Figure 8 presents the impact rates averaged over two days
(already presented on Fig. 3), together with impact rates com-
puted for three models of the beta-meteoroid flux. The green line
is the simplest model, with the impact rate given by:

r )_2 Vimpact ’ 9)

R =FiauSco (—
1AUS ol | 1725 Vs

where S, = 8 m? is the collection area (taken equal to the heat
shield surface; cf. Sect. 2.2), Vimpact = Hvﬁ - vSC” is the relative
speed between the spacecraft and the S-meteoroids, the veloc-
ity of which is taken radial and constant, vg = 50 km s7L. Also,
Fpg1au is the flux of particles in the detection range, which is to
a good approximation equal to the cumulative flux of particles
larger than ~100 nm. The 1/ scaling of the S-meteoroids flux
is a consequence of mass conservation (and of their production
rate by fragmentation of larger particles being negligible at the
distances from the Sun at which the spacecraft orbits). A fit of
the data with Eq. (9) gives the following value for the cumulative
flux: Fijay = 8 X 10_5 m~2 s7l.

This simple model provides, as can be seen on the figure, a
fairly good agreement with the data, although it seems to sys-
tematically underestimate the high impact rate values around the
perihelion. A reason for that can be seen from the left panel of
Fig. 7: the mass of an impactor producing a given peak voltage
will be smaller at the perihelion than at the aphelion (because the
spacecraft’s velocity with in the Sun’s frame is larger at the per-
ihelion that at the aphelion). Since smaller particles have higher

. of dust by collisional fragmentation. The col-
350 lecting area is assumed to be equal to the heat
shield’s surface, S .o = 8 m?.

fluxes, an increase in the rate of measurable signals is expected
close to the Sun as compared to the previous simple model.

This effect of decrease in the dust particles mass measured
when approaching the Sun can be quantified by assuming a
cumulative mass flux varying in power law with an exponent 9,
as written in the previous section, in Eq. (8). The impact rate is
then found to be:

Vimpact

_ o
r ) Vimpact ( )
1 AU VB Vimpact(] AU) ’

R=F Auscol( (10)

where Fjay is (as previously) the cumulative flux of par-
ticles above the detection threshold at 1 AU and the factor
(Vimpact/ Vimpact (1 AU))* accounts for the variation of the mass
of the detected impactors with the impact velocity.

We can fit Eq. (10) to the data in order to obtain the prod-
uct ad. The resulting curve is shown in red on Fig. 8. It shows a
better agreement with data than the previous model and fits the
high impact rates observed at the perihelion quite well. The value
obtained is @d = 1.3, which, considering values of a = 3.5-4.5,
provides an estimation of the power-law index of the cumulative
mass distribution of the impactors 6 = 0.29-0.37. This value —
obtained from a dataset with no voltage measurements but only
impact counts per unit time — is similar to the one derived in
the previous section by fitting peak voltage distributions, indi-
cating that the estimation of 6 in RPW’s detection range seems
quite robust. Finally, we note that assuming the measurement of
o from voltage distributions to be reliable enough, we could use
this estimation of @d to independently estimate the power-law
index « of the charge yield for Solar Orbiter material. We would
then obtain @ ~ 1.3/0.34 ~ 3.9.

The black curve on Fig. 8, finally, shows the prediction of
impacts onto the spacecraft from a model of production of small
dust grains by collisional fragmentation. This model assumes
that the parent bodies move in Keplerian orbits within the cir-
cumsolar dust disk. Their mass distribution is a modified ver-
sion of the interplanetary dust flux model (Gruen et al. 1985).
The size distribution of the collision fragments are described
based on models by Tielens et al. (1994) and Jones et al. (1996).
It describes the fragmentation and partial vaporization of a tar-
get and projectile composed of a certain dust material. The
vaporized and fragmented mass of the target are proportional
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to the projectile mass and to the velocity — and material-
dependent coefficients. The mass distribution of fragments is
of the form m~07%, with the largest fragment mass specified
as some (collision-velocity dependent) fraction of the target
mass. A brief description of the collision model is given in
Mann & Czechowski (2005), while the derivation of dust fluxes
is described in Mann & Czechowski (2021). They are obtained
from the dust trajectories under the influence of gravity and radi-
ation pressure (since the Lorentz force does not have a strong
influence for the considered dust sizes). The same trajectories
were used to produce Fig. 7 of this article. The black curve
shows the prediction from this model of the number of parti-
cles comprised between 100 nm and 200 nm impacting a surface
S ol = 8 m? per day. The curve obtained from the model consid-
ers a constant minimal size of detected dust at 100 nm all along
the trajectory. It does not include the effect of variation of mini-
mal mass detected discussed previously. It fits (without the need
to vary any free parameter) the high impact rates at perihelion,
but quite overestimates the low fluxes period. This would tend to
indicate that the size of the particles detected is closer to 100 nm
at the perihelion and probably a bit larger at aphelion.

Some effects that can play a role on the derivation of the
particle flux from the observed impact rates have not been taken
into account in this first study. They include a better model for
the collection surface and its possible variation with distance to
the Sun (the direction of the dust velocity in the spacecraft frame
varying along the trajectory), although given the mostly cubic
shape of the spacecraft, this effect is not expected to be very
important. A possible difference in charge yield for an impact on
the heat shield surface and one of the other five spacecraft walls
could also be of some importance.

The result that we obtained for the S-meteoroid flux is sim-
ilar to (although slightly higher than) the one derived using
STEREO/WAVES by Zaslavsky et al. (2012), of Fg ~ 1-6 X
10> m=2s~! at 1 AU; it is also similar to the measurement with
Solar Probe Plus FIELD instrument Fg ~ 3-7 X 10> m™2s™!
interpolated at 1 AU (Szalay et al. 2020) and to the theoretical
expectations, as shown in this paper.

In conclusion, we note that if the presented data can
be described well with a flux of S-meteoroids, it is found
to be lacking, in comparison to the observations from
STEREO (Zaslavsky et al. 2012; Belheouane et al. 2012) or
Wind (Malaspina et al. 2014), an observed flux of interstellar
dust. The latter studies indeed showed a noticeable component of
the impact rate modulated along the solar apex direction, which
is not observed with Solar Orbiter RPW. This lack of an appar-
ent interstellar dust component in the data is puzzling. It could
be explained by a deflection of the interstellar dust grains in the
solar magnetic field and the consequent depletion of their flux
inside 1 AU, which is expected for grains of small size (Mann
2010). This is a point which deserves further study.

5. Conclusions

The analysis of the first data from Solar Orbiter Radio and
Plasma Wave instrument shows this instrument to be a quite reli-
able dust detector for dust grains in the size range >100 nm. The
fluxes of particles derived are consistent with previous obser-
vations in this size range and with theoretical prediction from
models of dust production by collisional fragmentation.

The analysis of the difference in impact rates when the space-
craft’s velocity vector is directed sunward or anti-sunward is
shown to be capable of providing a direct measurement on the
order of magnitude of dust grains radial velocities, V.qust ~
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50km ™!, which is consistent with theoretical predictions in the
observed size range.

The analysis of voltage distribution in monopole mode,
along with the analysis of the impact rates taking into account
a variation of the mass of the smallest grains detected as a func-
tion of the impact velocity provide two independent methods for
estimating the power law index ¢ of the cumulative mass flux of
particles in our detection range. These two methods consistently
provide a result of 6 ~ 1/3.

These first results are very promising overall. Still, a great
deal of work remains to be done, in particular: a modeling of
the signal generation mechanism in monopole mode that would
include the effect of variation of the floating potential relaxation
time with the local plasma parameters, as well as models of
signal generation in dipole mode. Such works, together with a
more precise modeling of grain’s velocity and additional statis-
tics, could make it possible to derive more information on the
dust cumulative mass flux from the peak voltage distributions.

Solar Orbiter will reach perihelion close to 0.3 AU in spring
2022. The impact rate is expected to be about three times (with-
out taking the mass detection threshold effect) larger at this
point than at the perihelion studied in this article. Solar Orbiter’s
orbit will also reach increasingly higher latitudes in the years to
come and will provide the first in situ exploration of the inner
Solar System dust cloud out of the ecliptic. These perspectives
are very promising and these first results show that RPW will
have the capabilities to provide a scientific return from these
opportunities.
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