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Frequency range of dust detection in space with radio
and plasma wave receivers: Theory and application
to interplanetary nanodust impacts on Cassini

N. Meyer-Vernet''®’, M. Moncuquet''"/, K. Issautier''~’, and P. Schippers'

TLESIA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne University, UPMC, University Paris Diderot,
Sorbonne Paris Cité, Meudon, France

Abstract Wave instruments can detect dust in space via the charges released by impact ionization of
fast dust grains. Each hypervelocity dust impact produces an electrostatic pulse whose short risetime is a
major property determining the frequency range of detection. We propose a simplified analytical model
to calculate this risetime and its variation with grains’ mass and photoelectron or ambient plasma density,
for pulses in spacecraft potential due to fast interplanetary nanodust impacts. We test these calculations
by analyzing the high-frequency receiver data of the radio and plasma wave instrument during the cruise
phase of the Cassini mission between Earth and Jupiter. These data confirm the dependence of the risetime
on grains’ mass and speed and heliocentric distance predicted by our calculations. Furthermore, the data
show that the nanodust properties follow closely the fluctuations of the solar wind velocity component
perpendicular to the magnetic field, as predicted by dynamics. The calculations can be generalized to
microdust detection on other spacecraft and might explain previous observations left uninterpreted. These
calculations are also relevant for the design of wave receivers, by determining the optimal frequency range
for dust detection on future missions.

1. Introduction

In situ detection of fast-moving dust grains in space with electric antennas coupled to wave receivers (see
review by Meyer-Vernet [2001]) has three main advantages: first, the collecting area is very large since it can
be the whole spacecraft surface, second, the method does not require a specific spacecraft attitude for dust
detection, and third, the technique is relatively cheap since it is a by-product of instruments designed for mea-
suring radio and plasma waves as well as ambient electron properties via quasi-thermal noise spectroscopy
[Meyer-Vernet et al., 1998]. It is thus complementary to specifically designed dust instruments [e.g., Auer, 2001]
that yield much more complete grains’ characterization when the spacecraft is appropriately pointed.

This dust detection technique was pioneered when the radio [Warwick et al., 1977] and the plasma wave [Scarf
and Gurnett, 1977] instruments on board the spacecraft Voyager independently detected micrometer-sized
grains in the dilute rings of Saturn [Aubier et al., 1983; Gurnett et al., 1983], Uranus [Meyer-Vernet et al., 1986a;
Gurnett et al., 19871, and Neptune [Pedersen et al., 1991; Gurnett et al., 1991]. This method was then applied
to detect microdust on various spacecraft and environments: near a comet on ISEE 3/ICE [Gurnett et al.,
1986; Meyer-Vernet et al., 1986b] and Vega [e.g., Oberc, 1994, 1996], in Saturn’s E ring with Cassini/radio and
plasma wave instrument (RPWS) [e.g., Kurth et al., 2006; Ye et al., 2014a], in the solar wind near 1 AU with
STEREO/WAVES [e.g., Zaslavsky et al., 2012; Belheouane et al., 2012], and even in the outer solar system [Gurnett
etal.,, 1997].

The method has been extended to measure fast nanodust in Jovian nanodust streams with Cassini/RPWS
[Meyer-Vernet et al., 2009a] and led to the serendipitous discovery on board STEREO at 1 AU of nanodust picked
up by the solar wind [Meyer-Vernet et al., 2009b] —a new kind of interplanetary dust that had been predicted
by Mann et al. [2007]. The pickup of these particles by the solar wind is akin to that of freshly produced ions
[Luhmann, 2003] and produces their ejection from the inner heliosphere over large distances [Hamilton et al.,
1996; Czechowski and Mann, 2010].

These interplanetary nanoparticles have been later analyzed in detail using several years of STEREO/WAVES
data [Zaslavsky et al., 2012; Le Chat et al., 2013, 2015] but cannot be detected by Wind/WAVES because of
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the antenna properties and operating mode [Meyer-Vernet et al., 2014]. Unfortunately, STEREO measurements
are limited to about 1 AU heliocentric distance. In contrast, Cassini/RPWS has been able to detect fast inter-
planetary nanodust during its cruise trajectory between 1 and 5 AU, with a flux compatible with particles
originating in the inner solar system and picked up by the solar wind [Schippers et al., 2014,2015], in agreement
with models of dynamics [Czechowski and Mann, 2012; Mann et al., 2014]. For example, for particles of mass
5x 107" kg (about 8 nm radius), the average flux at 1 AU measured by Cassini/RPWS was of the order of mag-
nitude of 10~" m=2 s~ [Schippers et al., 2014; 2015], similar to the average value measured by STEREO/WAVES
[Meyer-Vernet et al., 2009b; Zaslavsky et al., 2012; Le Chat et al., 2013; 2015], with large fluctuations detected on
both spacecraft as predicted by models [see, e.g., Czechowski and Mann, 2012; Juhdsz and Hordnyi, 2013].

The mechanism of nanodust detection with Cassini/RPWS in the solar wind is simpler than that responsible
for nanodust detection on STEREO, which relies on the variation in electric potential of only one antenna
boom whose photoelectron sheath is affected by the impact plasma cloud [Pantellini et al., 2012b, 2013;
Zaslavsky et al., 2012]. This STEREO mechanism requires thick antennas with an adequate implantation geom-
etry [Meyer-Vernet et al., 2014, 2015] so that a part of one antenna is exposed to solar radiation and close to
the impacted region of the spacecraft—as is the case for the X (Z) antenna on STEREO A (B) [see Meyer-Vernet
et al., 2009b, Figure 2]. In contrast, on Cassini the geometry is very different, with electric antennas extend-
ing nearly symmetrically far from the spacecraft of rough cylindrical shape and a large high-gain antenna.
Hence, on Cassini, nanodust impacts are simply detected via nearly identical voltages measured simultane-
ously by the three monopole antennas [Meyer-Vernet et al., 2009a; Schippers et al., 2015], revealing pulses in
spacecraft potential. This mechanism is similar to that responsible for microdust detection on various space-
craft equipped with electric antennas having a monopole configuration [Meyer-Vernet, 2001]. Most impacts
take place on the spacecraft surface far from the antennas (of much smaller surface area), and impact ion-
ization produces plasma cloudlets made of dust and spacecraft covers material ejected from the impacted
surface. In the absence of dust impacts, a spacecraft in the solar wind is charged positively by photoelectron
emission which largely dominates the collection of ambient electrons; therefore, the spacecraft attracts the
electrons of the impact-produced cloudlet while repelling the positive ions. The recollection of particles of
total charge Q by the spacecraft surface of capacitance Cy produces a potential pulse 6Vs- ~ Q/Cqc. This pro-
duces similar pulses §V ~ —§V,. detected on each antenna arm connected in monopole mode (so that the
wave receiver measures the difference between the antenna’s potential and that of the spacecraft), whereas
antennas in dipole mode (measuring the difference in potential between two antenna arms) detect a much
smaller signal [Meyer-Vernet et al., 1996, 2009a, 2014].

Therefore, upon each dust impact, the monopole antennas detect a potential pulse, whose risetime is deter-
mined by the cloudlet’s behavior in the spacecraft environment and whose decay time (generally much
longer) is determined by the discharge constant of the spacecraft [Meyer-Vernet, 1985]. This decay time
depends on well-studied spacecraft charging concepts [Whipple, 1981; Garrett, 1981] and has been discussed
in detail for the particular case of microdust impacts on the STEREO spacecraft [Zaslavsky, 2015].

In contrast, the pulses’ risetime is much more difficult to modelize since it depends on both the impact and
ambient plasmas. Contrary to the generally longer decay time, this risetime has not been analyzed previously
because it is not large compared to the time resolution of the Cassini/RPWS waveform analyzer [Gurnett et al.,
20041, whereas Wind/WAVES [Bougeret and et al., 1995] cannot detect pulses in spacecraft potential, and, as
we noted above, STEREO/WAVES [Bougeret et al., 2008] detects nanodust impacts via a different mechanism
[see, e.g., Meyer-Vernet et al., 2015].

To the best of our knowledge, the results presented below are the first calculations (section 2) and mea-
surements (section 3) of this essential parameter as a function of grains’ mass and heliocentric distance. In
section 4, we further show that this time scale closely follows changes in solar wind properties; indeed, our
results confirm that the detected interplanetary dust smaller than about 10 nm is moving roughly at the solar
wind drift speed (the solar wind velocity component normal to the magnetic field), as predicted by dynamics
[Czechowski and Mann, 2010, 2012; Mann et al., 2014] for particles of sufficiently small gyroradius to follow
the guiding center approximation. We then generalize our calculations of the pulses’ risetime to microdust
detection on other spacecraft, thereby explaining previous observations left uninterpreted. Finally, we derive
some consequences of our results for future wave instruments, in particular Plasma Wave Investigation (PWI)
on Bepi-Colombo, RPW on Solar Orbiter, and FIELDS on Solar Probe Plus [Bale et al., 2016], since the pulses’
risetime determines the optimal frequency range for dust detection. Unless otherwise stated, units are Sl.
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2. Risetime of Pulses in Spacecraft Potential for Nanodust Impacts

2.1. The Impact Plasma Cloud

Let us consider a plasma cloudlet produced by impact ionization and assume for simplicity that it contains
Q/e positive charges and the same number of negative charges at temperature T, is uniform, of half-spherical
shape of radius R, and expanding at constant speed v, from the impact region. Impact ionization yields
of materials relevant for the STEREO and Cassini spacecraft have been measured recently for microdust
impacting at speeds below 40 km/s [Collette et al., 2014], but no useful data from laboratory calibrations or sim-
ulations are available for high-speed nanodust. We therefore use an approximation of the empirical relation
relating the postimpact free charge Q to the grain’s mass m and speed v

3.5
Q/m ~ 0.7v(km/s) (1)
based on measurements over a much wider range of speeds [McBride and McDonnell, 1999; Lai et al., 2002]
than the more recent calibrations and whose extrapolation for fast nanodust is consistent with independent
results [Meyer-Vernet et al., 2015]. Beware that in (1), Q/m is in Sl units (C/kg), whereas v is in km/s.

Interplanetary nanodust grains of mass m < 1072 kg (radius <10 nm assuming a mass density of 2.5 X
103 kg m~3) produced in the inner solar system have a gyroradius small enough to be moving at roughly
the local solar wind drift speed [Czechowski and Mann, 2010, 2012] outward of 1 AU. Under typical solar
wind conditions, this yields an average impact speed v ~ 300 km/s at 1 AU [Czechowski and Mann, 2010,
2012] (neglecting the much smaller spacecraft speed), which yields from (1) Q/m =~ 3.3 x 108 C/kg, i.e,
Q ~ 1.6 X 107'2C for a typical mass of m = 5 x 102" kg (corresponding to a radius of roughly 8 nm). This
has major consequences for nanodust detection since from (1), such a nanograin produces a similar impact
charge as a grain 103-fold more massive moving 5-10 times slower, as is the case for submicron interplane-
tary and interstellar dust. Since the flux of these larger grains is smaller by many orders of magnitude than the
nanodust flux in the interplanetary medium, frequency receivers essentially detect nanodust.

There is much uncertainty on the cloud’s temperature and expansion speed. Laboratory measurements and
theory yield various and conflicting results, including calculated temperatures of about 1 eV atimpact speeds
70-80 km/s [Hornung and Kissel, 1994], observed temperatures of a few eV at an impact speed of about
70 km/s [Krueger and Kissel, 1984], and in contrast temperatures of 10-60 eV with a weak dependence on
impact speed in the range 5-100 km/s [Ratcliffet al., 1997]. Subsequent observations yield 0.9-3 eV forimpact
speeds varying from 10 to 40 km/s [Miyachi et al., 2008] and recently below 5 eV for electrons at impact speeds
below 20 km/s [Collette et al., 2015]. Expansion speeds have been suggested to be of the order of magnitude of
the ion thermal speed and to increase with the grain’s impact speed, whereas in contrast, Lee et al. [2012] mea-
sured v ~ 15-30 km/s for masses m > 10~"7 kg impacting at 3-10 km/s, with no evidence of any variation
with impact speed.

One can alleviate this lack of robust evidence by deriving an upper limit for the temperature and the expansion
speed by using conservation of energy. The kinetic energy of the plasma electrons and ions produced by
the impact cannot exceed the kinetic energy mv? /2 of the impacting grain minus the total ionization energy
(W, per ion), whence

mv?/2 > (Q/e) [3ksT, + mvz /2 + W] )
where T, is the ion and electron temperature (assumed equal), e is the modulus of the electron charge, and
m; is the typical ion (assumed singly and positively charged) mass. The symbol “>>" comes from the fact
that the energy conservation equation neglects various losses as the latent heat of phase transformations
and the unknown kinetic energy contribution of the impact-produced neutral particles, which is expected
to exceed that of the ionized part since the mass involved in the nanodust impact crater is much greater
than that of the ionized particles [McBride and McDonnell, 1999]. With an average ion mass m; ~ 10m),
W; < 10 eV, and assuming that the expansion speed is of the order of magnitude of the ion thermal speed at
the beginning of the collisionless regime, i.e., vy > (ZkBTC/m,-)‘/z, equations (1) and (2) yield T, <« 30 eV and
Ve < 5% 10* m/s for v =~ 300 km/s. From these inequalities and the numerical values listed above, we will
assume T, ~ several eV (whose value does not affect significantly our results) and v; ~ 10* m/s as order-of-
magnitude values.
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2.2. Voltage Produced by the Impact Charges

As the cloud’s radius R, increases with time, its average electron number density decreases as n, ~ 3Q/
(27eR?). The maximum radius R, and lifetime t,., of the cloud are reached when its electron density has
decreased to the ambient value n, i.e.,

Ry ~ (3Q/27en)'/3 3)

toa ~ (3Q/27en)'3 Jv, 4

With m = 5 x 1072" kg, (3) yields R,, ~ 1 m, whence t,,, ~ 102 ps (< d*/3) for v; ~ 10* m/s and a typical

max —

solar wind density n = 5x 105 m=3 atd ~ 1 AU.

As a result of expansion, the charged particles become quickly collisionless, and the electrons detach from
the (more massive) ions, forming an electron precursor at the edge of the cloud, subjected to an electric field
intensity and potential [Pantellini et al., 2012a, 2012b]

E. S Q/ (4me,R?) (5)
ch s Q/ (47[€ORC) (6)

the maximum value corresponding to complete charge separation. The presence of the spacecraft plays a
major role via its plasma environment and electric field. The environment depends on the location with
respect to the spacecraft-illuminated region—which has a photoelectron sheath—and to the rear side of the
spacecraft—which faces a wake partially depleted of protons. However, because of the spacecraft conduc-
tive cover, its electric potential @, is uniform, and it is equal to a few times the photoelectron temperature
Ton = 3 eV in order to recollect a large part of them so that the nonrecollected photoelectrons balance the
incoming plasma electron current. This yields ®;- ~ 5-10 V at 1 AU. This value remains roughly constant
between 1 and 5 AU because it depends weakly (logarithmically) on the ratio of the photoelectron flux to
the solar wind electron random flux—a quantity which itself varies weakly since the ambient electron den-
sity and the photoelectron flux both scale as the inverse-squared heliocentric distance, whereas the ambient
electron temperature decreases weakly with distance [Issautier et al., 1999].

The electric field near the spacecraft depends on the relevant length scales, which are mainly determined by
the spacecraft size Ry (a few meters) and the Debye lengths of the plasma L, and of the photoelectrons Ly,
At 1 AU we have L, ~ 10 m and Lp,;, ~ 1 m for a typical photoelectron current saturation level of 30 pA m~2
yielding a photoelectron number density n,;, ~ 108 m~3 in the photoelectron sheath (both Debye lengths
increasing roughly in proportion of the heliocentric distance d). This yields a typical electric field of about
Esc ~ 10 V/m close to the spacecraft. This field pulls the electrons toward the spacecraft as soon as it exceeds
the cloud’s field E, given by (5), i.e., when the cloud’s radius and the time exceed

R < [Q/ (4megEsc)] )
tc1 pS Rc1/VE (8)

which yields R, $0.02mandt, S 2pusforQ ~ 1.6 x 107'2Catd = 1 AU, with t,; o R, o Q'/2d"/2. Since
the cloud’s electron thermal speed largely exceeds the expansion speed v; because m; <« m,, approximately
half of them are moving toward the spacecraft and recollected in a fraction of ps. The other half is moving
outward, and its fraction returning toward the spacecraft depends on its voltage ®;- compared to the cloud’s
electron temperature. An important consequence is that the cloud’s electron temperature does not affect the

number of electrons recollected by more than a factor of 2, which is much smaller than the uncertainty on Q.

One therefore expects a short voltage precursor of time scale smaller than a few ps produced by the motion of
the electrons. In planetary environments of temperature smaller than that of the cloud’s electrons, a large part
of them move faster than the ambient electrons, which may produce a beam-plasma instability and associated
wave emission near the ambient plasma frequency, as suggested by Meyer-Vernet et al. [2014] and observed
in the cold Enceladus plume [Ye et al., 2014b].

2.3. Calculation of the Pulses’ Risetime for Positive Spacecraft Potential
The voltage peak is produced by recollection of electrons by the spacecraft, yielding a voltage amplitude
6Vsc =~ —Q/Cyc (neglecting the factor between 0.5 and 1 discussed above). However, the corresponding

MEYER-VERNET ET AL.
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risetime of this signal is not the very short time scale of electron recollection, because of the electric potential
produced by the cloud’s ions. This is because when the electrons are being recollected, the cloud’s ions (of
typical time scale greater than the electron one by a factor ~ (m;/m,)'/?) are still very close to the spacecraft
and therefore produce on it a signal of similar amplitude and of opposite sign. Indeed, a charge Q at a small
distance ¢ < Ry from the surface of a sphere of radius Ry and capacitance Csc induces on it a variation in
potential Q/Csc(1 — €/Rsc) =~ Q/Csc [Jackson, 1962]. The risetime of the signal is thus roughly the time scale
for the voltage produced on the spacecraft by the cloud’s positive ions (minus the smaller voltage produced
on a monopole antenna [Meyer-Vernet et al., 2014]) to become much smaller than Q/C.

This happens when either the cloud envelops the spacecraft or the antennas (of length L), i.e.,, R, > min(Ry, L),
or when the ambient electrons or photoelectrons can cancel the voltage produced on the spacecraft by
the cloud’s positive charge Q. Because of the large value of Q, this screening is nonlinear so that it is not
determined by the Debye length and the plasma frequency but requires a more thorough estimate [e.g.,
Meyer-Vernet, 1993]. Indeed, within the photoelectron Debye sheath, the voltage produced on the spacecraft
by the impact cloud’s positive ions can be canceled by the ambient photoelectrons when enough of them can
reach the cloud to shield its charge. Photoelectrons of density n,, and temperature T, reaching the vicinity
of the cloud of radius R, = vt yield a random electron current [Whipple, 1981]

Iop = =27 (vEt)2 enyhVpn 9)
where

172
Von = (€Tohcevy/27m,) (10)

and we have neglected the effect of the attracting potential because ®. < Ty, Which holds from (6) for
Q< 47reOT;h(ev)/ESC ~ 1071°C (x d) at d = 1 AU. The photoelectron charge reaching the cloud thus satisfies
lon = dg/dt ~ —At?, with A = 2zvZen,,v,,. Hence, the time required for the cloud to collect a charge —Qis
Toh & (SQ/A)1/3, i.e.,

13

- tmax X (n/nph)v3

Ton = [3Q/ (27engyVive )| (VE/Vph)1/3 ()

One therefore expects a pulse’s risetime = ~ 7, given by (11) if three conditions hold. First, 7, > t.; (given
by (8)), otherwise the time scale should be calculated by taking into account the cloud’s electron collection
by the spacecraft simultaneously with the effect of the shielding of the cloud’s ion charge by photoelectrons,
which requires a detailed simulation outside the scope of this paper.

Second, 7y, < te, With
too = Loph/Ve (12)

for the cloud to be within the photoelectron sheath; otherwise, the cloud’s ions are shielded by the ambi-
ent electrons rather than by the photoelectrons, as for impacts on spacecraft parts without a photoelectron
sheath.

Third, 7,, < 74 where 7, is the pulses’ decay time due to the discharge of the spacecraft, given by 7, ~ RCc
[Meyer-Vernet, 1985], where 1/R =~ di s /d®yc, the derivative of the spacecraft photoelectron current, which
is the fastest charging process in the solar wind. This time scale has been estimated by Henri et al. [2011]
(equation (11) of that paper) as

7 = Coc Toncev)/ (N€V,S) (13)
where S is the spacecraft surface impacted by the ambient plasma,

v, = (eTE_,(e\,)/Z;rme)V2 (14)
T, being the ambient electron temperature and @ < Ty)-

With typical valuesn/n,, ~ 1/20and v, = 2.9%10° m s~ roughly independent of heliocentric distance, (11)
yields arisetime smaller than t,,,, by nearly 1 order of magnitude, equal to 7 =~ 7, ~ 12 psforQ =~ 1.6x10712C
atd = 1 AU, varying as Q'/3d?/3. The time t,, ~ 102 ps (x d) atd = 1 AU, so that 7 < t,,. The decay time
is estimated by substituting Cgc ~ 200 pF, S =~ 15m?, T, ~ 3 eV,and T, =~ 10 eV in (13)-(14), which yields
74 =~ 94 ps at 1 AU, varying as 7, « d?**/2 if the ambient electron density n o r~2 and temperature T,  d~7.

Hence, we have 7, < 7.

MEYER-VERNET ET AL.

DUST DETECTION WITH A RADIO RECEIVER 12



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023081

10711 - 5
~ ; 10:07:15 — (t2) ]
= [ 09:54:30 == ---* (t1) ]
(Y] '12 = -
2 0 o]
A [ w=2(1+w2t,2)” ]
= [ ]
AL with T = 1.6x10-5s |
n 10 13? Dust noise o
o [ ]
= [

& 107 14F 2

a ] E

g F Plasma nois€ ;
10-15

10
Frequency (kHz)

Figure 1. Examples of voltage power spectra measured in monopole mode in the RPWS/HFR lower frequency band,
with (continuous line) and without (dotted) nanodust impacts. The curve in red shows the spectrum fitted as explained
in section 3.1.

In contrast, if the impact does not take place on a surface having a photoelectron sheath, the risetime is given
by replacing in (11) n,, and v, by the corresponding values for the surrounding electrons, i.e.,

7, = [3Q/ (272env2v,)] " = tae X (ve/ve)"? (15)

With the parameters considered above, equation (15) yields z, ~ 27 ps for Q ~ 1.6 X 107'2Cat d = 1 AU, with
7, x Q3d?/3,

Therefore, in both cases (impact plasma cloud within or outside the photoelectron sheath), the risetime is
expected to be proportional to the grain’s mass raised to the power 1/3 (via Q) and to the heliocentric distance
to the power 2/3, with, however, a proportionality factor (cf. equations (11) and (15), respectively), different
from the estimate (4) often used in the literature. Since nanodust particles are coming from the inner solar sys-
tem, most of them are expected to impact on surfaces shielded by photoelectrons; furthermore, we shall see
(Figure 2) that the observed risetime is smaller than t_, estimated above (so that the impact cloud is still within
the photoelectron sheath); hence, one expects the risetime of interplanetary nanodust produced pulses in
spacecraft potential to be given by equation (11), i.e,, using (1), to vary with the grain’s mass as

(m)=bm'/3 (16)

b~ [3(Q/m)/ (271'enphv§vph)]1/3 7)

which yields b ~ 70 (in Sl units) at 1 AU, and varying roughly as d%/3.

3. Observed Risetime for Interplanetary Nanodust Impacts on Cassini

Since on Cassini/RPWS, the time resolution of the waveform receiver (WFR) is not small enough to measure
accurately the pulse risetime 7, we deduce it from the spectral shape measured by the high-frequency receiver
(HFR), which varies roughly as o2(1 + @?72)~" when the angular frequency w largely exceeds the inverse
of the pulse’s decay time [Meyer-Vernet, 1985], as is the case for our observations. Therefore, the frequency
(2z7)~" represents a transition between spectral shapes of index close to —4 (for wr > 1) and close to —2
(forwr < 1).Figure 1 shows an example of the measured voltage power spectrum (continuous line). For com-
parison, we have superimposed a spectrum acquired a few minutes before the nanodust impacts (dotted),
which shows only the f~2 shot noise produced by electron impacts and photoelectron emission [Meyer-Vernet
and Perche, 1989].

MEYER-VERNET ET AL.
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3.1. Deducing the Pulses’ Risetime as a Function of Mass
The voltage power spectrum produced by a flux mass distribution F(m) of nanodust in the range m,,;, < m <
m_.. is, as in Schippers et al. [2014],

max

Mmax 2
V2(@) = 25 [(Q/m)T/Cyc] x # / dr ’ n (18)

m — —_—
. dm| 1 + w2z(m)?

where I is the receiver gain, S the impacted spacecraft surface, and z(m,,,,) < 7,. Note that equation (18)
assumes that Q/m is independent of m (in agreement with (1) and as found by most laboratory calibrations)
in order to be put outside the integral. This is a reasonable assumption if the grains’ speed is roughly inde-
pendent of mass, which is the case if m,,, is smaller than the maximum mass of about 10-2° kg which can be
accelerated to the solar wind drift speed [Czechowski and Mann, 2010; Mann et al., 2014]. Assuming that the
grains’ mass distribution is given by

F=Fm™* (19)

in the range m;, < m < m,,,, the maximum mass of grains impacting a surface S during the integration
time At can be estimated from F(m,,,,)SAt ~ 1/ In 10 [Meyer-Vernet et al., 1986a], thus

Mo = (IN10 x SALF, )" (20)

In practice, for our data [Schippers et al., 2015], m,,,,, given by (20) is smaller than the maximum mass indicated
above, which justifies our assumption that Q «« m for the detected grains. Note that because the nanodust
flux decreases with heliocentric distance d [Schippers et al., 2015], whereas f is positive, the values of m,,,
given by (20) should decrease as d increases. We shall return to this point later.

In order to test our model (equations (16) and (17)), we now assume that the risetime varies with the grains’
mass as

(m) x m* (21)

and we will determine « and the coefficient of proportionality from the data; we will then compare the results
to the theoretical values given by (16) and (17). Substituting (19) in (18), and making the change of variables

m = XM, so that from (21) we have 7(m) = x*z(m,,.,), we deduce
2 A ! X1_ﬁ
Vi(w) = —2/ dx > (22)
w mmin/mmax 1 + O)ZT (mmax) X2a
where

A = Fopm2 x 25 [(@/mT/Csc]? (23)
For each voltage power spectrum for which m,,., is known via equation (20), we determine the risetime 7,
by fitting the function

G=go 1+’ )" (24)
to the power spectrum V?(w) observed in the HFR lowest band [Schippers et al., 2014, 2015]. Figure 1 shows

an example of such a fitting (in red) with the corresponding value of 7.

In practice, we only use the low part of this band, i.e., the frequency range 3.5 < f = w/2x < f,,,, =~ 10kHz,in
order for the pulses’ voltage spectrum to largely exceed the other signals. Comparing (18) and (24), one sees
that the fitted value 7, is an equivalent risetime averaging the actual risetime z(m) over the grains’ masses
m contributing to the power spectrum; it is smaller than z(m,,,,) by an amount that depends on the grains’
mass distribution and on the frequency range used for the fitting. The relation between 7, and 7(m,,,,)
can be estimated as follows. When wz(m,,,,) < 1, one develops the integrand of equation (22) in powers of
@?t(Mp.y)? and integrates analytically. Similarly, when wr,,, < 1, one develops the function G in powers of

w7, . Equating the zero-order terms of V2 and G yields

A=9g2-p) (25)
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Figure 2. Observed pulse’s risetime ¢ versus grain mass my,,, at 1 AU (black) and 2.9 AU (red) heliocentric distances,
and linear log-log best fits, with error bars. The blue crosses are discussed in section 4 and in the appendix.

for f < 2 and m.;,/Mpx < 1; similarly, equating the first-order terms of V2 and G yields (m,,,,) =
Tops[(2 + 2a — £)g/A]"/?, in which we substitute g/A from (25) to yield

T (m (26)

max) = Tobs

242a—-p 172
2-p

Let us substitute in (26) « = 1/3 (as predicted by equation (16) and to be verified as posteriori), and g = 5/6,
which holds for collisional fragmentation equilibrium [Dohnanyi, 1969] and lies on the extrapolation of the
submicron grain distribution [Griin et al., 1985]. In this case, equation (26) yields 7(m,,,) =~ 1.257,, holding
for wr(m,,,,) < 1,ie, 2xf,,bm3 < 1,thus m_,, < 1.175 x 102 kg which includes most of our data.
Because collisional equilibrium does not necessarily hold for nanodust, whose dynamics might affect the mass
distribution, the exponent g may be different, but the result depends relatively weakly on f since for g < 3/2,
(26) yields 1.15 < 7(Mp,)/Tops < 1.5. Note that the substitution in equation (26) of a = 1/3 (to be verified
as posteriori) only affects the absolute values of the risetime deduced from the observations, but not the
determination of the index a.

3.2. Observations

The observations studied in this paper are based on the Cassini/RPWS data analyzed by Schippers et al. [2014,
2015]. Figure 2 shows the observed risetime 7,,,, deduced from the fitting of the spectra as explained in section
3.1, versus m,,,,, at two heliocentric distances: 1 AU and 2.9 AU. As noted above, the values of m,,, (derived
from (20)) are smaller at 2.9 AU than at 1 AU because the nanodust cumulative flux decreases with both mass
and distance [Schippers et al., 2015]. Indeed, the greater the distance or the larger the mass, the smaller the
dust cumulative flux and therefore the smaller the maximum mass of grains that can be detected. In other
words, if the flux is too small, very large grains are too rare to have a chance to impact the spacecraft during
the small integration time.

In order to minimize bias on the risetime, we have used only the spectra of average power frequency index
lying between —2.7 (—2.5) and —4 at respectively 1(2.9) AU. This data selection is expected to eliminate spectra
contaminated by the ubiquitous plasma shot noise [Meyer-Vernet and Perche, 1989]. The selection has to be
more drastic at smaller heliocentric distances for two reasons: first, the plasma shot noise is greater due to
the greater plasma density and temperature and second, the value of z=! is larger (as shown in Figure 2),
making the dust spectrum less easily distinguishable from the plasma shot noise in the studied frequency
range because, as we already noted, ~' determines the frequency below which the dust impact contribution
has an approximate f~2 spectrum (see equation (24)) similar to that of the shot noise. Note that since the data
near 1 AU include a significant range of distances (1-1.25 AU), we have normalized them to 1 AU by dividing
Tops DY the factor di{f.
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Figure 3. (top) Solar wind drift speed calculated from the solar wind properties observed by ACE (small dots), with the
values at the advanced times (see appendix) corresponding to the dust observations by Cassini at 1 AU shown as black
diamonds. The horizontal line shows the average (~400 km/s). The blue dots show the values corresponding to the
data in blue in Figure 2 (discussed in section 4 and in the appendix). (bottom) Drift speed calculated from the solar
wind properties observed by Wind (small dots), with the values at the advanced times corresponding to the dust
observations by Cassini at 2.9 AU shown as black diamonds. The horizontal line shows the average (~300 km/s).

Fitting these data to a function of the form (21), with a least absolute deviation method [Press et al., 1992], we
obtain
Tops = (55 +2) m032£003 for d ~ 1 AU (27)

Tops = (109 +7) m%22£09> for d ~ 2.9 AU (28)

It is remarkable that these observed functions both vary with mass with the same power index « ~ 0.32,
compatible (within the error bars) with the value 1/3 predicted by equation (16). Consider now the values of b.
From equation (17), we have b « [(Q/m)/nph]‘/3, so that the variation of n, « d=2 between 1 and 2.9 AU
makes b increase by the factor 2.9%/3 ~ 2. Let us now consider the grains’ speed, which determines Q/m from
equation (1). Since the data were acquired in 1999-2000 near solar cycle maximum [Schippers et al., 2015],
the solar wind properties are expected to have a large variability; furthermore, the nanodust particles of mass
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shown in Figure 2 have a gyrofrequency large enough to make them follow the variable drift speed v, (the
solar wind velocity component perpendicular to the magnetic field) within a time scale on the order of 1 day
or less. Hence, we cannot approximate v, by its value in an average solar wind but must calculate it from the
actual solar wind properties, using

(VXB)XB V /., 5\
where V and B are the measured solar wind speed and magnetic field and B, and B, respectively the azimuthal
and vertical components of B.

We therefore need the available solar wind data. Since there are no such Cassini measurements available
during the nanodust detection periods, we have used data from the ACE and Wind spacecraft for respectively
the Cassini observations at 1 and 2.9 AU, taking into account the time delays due to the distance between
these spacecraft and Cassini, as explained in Appendix A. Figure 3 shows the drift speed v, calculated from
these solar wind measurements, relevant for the Cassini dust observations at 1 AU (top) and 2.9 AU (bottom).
This shows that at the time when the dust data were acquired near 1 AU (black/blue crosses in Figure 2),
the average nanodust speed v =~ v, was close to 400 km/s (Figure 3, top). On the other hand, at the later
time when the dust data were acquired near 2.9 AU (red crosses in Figure 2), the average drift speed v, at
1 AU was close to 300 km/s (Figure 3, bottom); we deduce the value of v, at 2.9 AU from the average solar
wind speed V ~ 400 km/s (for which Qd/V ~ d,,, where Q is the solar angular rotation rate), yielding v, ~
300%2'2%2.9/(1+2.9%)"/2 ~ 400 km/s, which is similar to the value for the dust data sample at 1 AU. In other
words, the temporal variation in solar wind properties measured at 1 AU was such that a similar drift speed
of 400 km/s is seen at Cassini when it was at 1 and 2.9 AU (see appendix for details). This yields a similar value
of Q/m for the dust data at 1 and 2.9 AU. Equation (17) therefore yields a ratio of intercepts only due to the
variation in ny,, i.e., = 2.9%/3 ~ 2, which is very close to the observed ratio 109/55 (equations (27) and (28)).

Consider now the absolute values of 7. From (26) (with @ = 1/3 and § = 5/6), one expects 7(m,,,,) =~
Tops X (11/7)'/2, For nanodust impacting Cassini at 1 AU (respectively 2.9 AU), we expect from equation (17)
b = z(m,,,)/m.> ~ 70 (respectively 140) in Sl units, whence 7, /m\> ~ 70 x (7/11)'/2 ~ 55 (respectively
110), which lie within the error bars of the observed values given by equations (27) and (28). This agreement
confirms our calculations and suggests that the values used for the charge yield (1) and the expansion speed
v in equation (17) are correct in order of magnitude.

4. Discussion

Even though Figure 2 shows a large dispersion of the data, the variation with mass to the power « = 1/3
is determined with a very small uncertainty. This is not surprising since the determination of the index « is
independent of the numerical values used; in particular it does not depend on the particle mass distribution
index B nor on the yield Q/m. In contrast, the large dispersion in the values of the risetime was expected
because of the variation in dust speed due to the variable solar wind properties.

This can be illustrated by considering data acquired during a brief time interval (roughly half an hour), dur-
ing which the solar wind properties are expected to remain approximately constant (black/blue crosses in
Figure 2). These data points acquired near 1 AU follow a m'/3 power law, with an intercept larger than the
average value at 1 AU by a factor of roughly 1.6. The blue dots in Figure 3 show the solar wind drift speed
vp determined from solar wind data for this period. This yields v, ~ 550 km/s, which should yield from
equations (17) and (1) an intercept larger than the average value at 1 AU by the factor (550/400)3>%/3 ~ 1.5,
rather close to the observed value (see appendix for more details).

Another part of the data dispersion is expected to stem from the large number of parameters that are badly
known or ignored in our simplified model. In particular, the nanodust mass distribution index g may vary with
time and heliocentric distance due to the dynamics of the particles in the variable solar wind [Czechowski
and Mann, 2012; Juhdsz and Hordnyi, 2013; Mann et al., 2014]; furthermore, the charge yield Q/m and the
expansion speed v; may vary because of the variation in impact geometry and in the nature of the impacted
material [Collette et al., 2014].

Let us now examine whether our calculations can apply to other kinds of dust particles and other space-
craft and environments. First, nanodust detection by STEREO/WAVES is outside the scope of this paper since,
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as we already noted, that detection does not rely on pulses in spacecraft potential, which are of much
smaller amplitude than the potential pulses of the antenna whose photoelectron sheath has been disrupted
[Meyer-Vernet et al., 2009b; Pantellini et al., 2012b; Zaslavsky et al., 2012; Meyer-Vernet and Zaslavsky, 2012],
even though the screening of the impact plasma ions estimated in section 2.3 might play a role [Pantellini
etal., 2013].

On the other hand, our calculations are expected to be applicable to the impacts of micro- or submicro-sized
dust particles producing voltages pulses in spacecraft potential when this potential is positive, provided that
the applicability conditions listed in section 2.3 hold. In this size range, the dust flux (a few particles per day on
a typical spacecraft at 1 AU) precludes detection by a frequency receiver (which would require several impacts
during the short acquisition time). Consider thus the detection of micro- or submicro-sized dust particles in
the solar wind at 1 AU with the STEREO/WAVES time domain sampler [Bougeret et al., 2008].

The analysis of the data has given the fluxes and their variation with time [Zaslavsky et al., 2012; Belheouane
etal., 2012; Malaspina et al., 2015], as well as the shape of the pulses [Zaslavsky, 2015]. However, the risetime
of the pulses, observed to have a distribution peaking around 20 ps with a mean of 31 ps, has not been inter-
preted, and its large value compared to the ps electron dynamic time scale was unexplained [Zaslavsky, 2015].
It may be noted that the statistics of the risetimes on STEREO is complicated by two facts: first, the recorded
pulses are biased by the high-amplitude selection employed in the captures [Zaslavsky et al., 2012; Malaspina
et al., 2015] and second, contrary to nanodust, these particles are coming from virtually all directions and
impact at different speeds on various regions of the spacecraft (depending on whether they are interstellar
[Mann, 2010a], beta meteoroids [Mann et al., 2010], or in Keplerian orbits), including the wake side where the
environment is expected to be very complex. These effects are expected to produce a large dispersion in rise-
times making the genuine variation with mass difficult to extract. So let us concentrate on the median and
mean observed risetimes and examine whether they can be explained by our calculations.

From the detection voltage range for these STEREO impacts (AV = 15-150 mV), the spacecraft capacitance
(Csc =~ 200 pF), and the receiver gain (I ~ 0.5), the detected impact charges lie in the range Q ~ AVCy /T ~
6 x 1072 — 6 x 10~"'C [Zaslavsky et al., 2012; Malaspina et al., 2015]. Inserting this range of Q in equation (11)
with the values of n,, v,,,, and vg given above, we find a risetime of 18-39 ps (which verifies the applicability
conditions listed in section 2.3). These theoretical values are close to the median and mean observed pulses’
risetimes for microdust and submicron dust impacts on STEREO.

5. Concluding Remarks

We have calculated the risetime of voltage pulses produced by dust particle impacts on a positively charged
spacecraftand show that the result agrees with data from the Cassini high-frequency receiver when this instru-
ment detected nanodust between 1 and 5 AU. These calculations explain quantitatively the risetime and its
variations with the nanograins’ mass and the heliocentric distance. The observations also confirm that the
nanograins are moving at the solar wind drift speed calculated from solar wind data, as expected in this grains’
size range for which the gyroradius is small enough for the particles to follow the guiding center approx-
imation. Especially noticeable is the fact that during a short time interval when the solar wind properties
governing the nanodust speed are different from average, the observed pulses’ risetime closely follows the
theoretical value calculated from these measured solar wind properties.

Our calculations also enable us to interpret the previously unexplained pulses’ risetime for the microdust par-
ticles impacting the STEREO spacecraft. An important point is that we can explain why the pulse’s risetime
largely exceeds the short time scale of electron recollection by the spacecraft. This is because when the elec-
trons are recollected, the positive ions (of much longer time scale because of their large mass) are still very
close to the spacecraft, so that they produce a voltage of opposite sign to that produced by electron recollec-
tion. For the spacecraft voltage to rise to its maximal value, this ion-produced voltage must decrease, which
yields a much longer risetime than that due to electron recollection.

Can our results be used for interplanetary dust detection on future missions in the inner heliosphere, in par-
ticular on Bepi-Colombo and Solar Orbiter near 0.3 AU and Solar Probe Plus closer to the Sun? An important
problem is that the pulses’ decay time due to the discharge of the spacecraft varies with heliocentric distance
(rg & d**7/2if T,  d™7) faster than the risetime (z,,, & d?/3). Hence, when the heliocentric distance decreases,
the decay time may become shorter than the risetime, thereby decreasing the dust signal. From (11) and (13),
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we find 7 /7, < Tatd = 0.3 AUifQ < 0.7 x 107"'C, which should enable detection of nanodust and submi-
cron dust if their flux is large enough to produce a power spectrum exceeding that of the plasma shot and
quasi-thermal noise.

Consider now the possibility of dust detection with FIELDS on Solar Probe Plus [Bale et al., 2016]. The spacecraft
potential is expected to be negative, and the presence of barriers of potential and large secondary electron
emission due to the high plasma temperature produces a complex environment [Ergun et al., 2010; Guillemant
etal., 2012,2013]. Because of the large potential barrier near the spacecraft [Guillemant et al., 2012, 2013], the
cloud’s electrons may be recollected by the spacecraft despite its negative potential. However, near perihelion
(d =~ 0.05 AU), we find 7/74> 10 if Q> 107'2C, which may preclude the detection of large grains because of
the large charge-to-mass value due to the high expected impact speeds at this distance.

Appendix A: Using ACE or Wind Solar Wind Data

The radio observations of nanodust impacts by Cassini have been acquired episodically during the beginning
of the cruise phase [Schippers et al., 2014, 2015] and gathered for the purpose of the present paper in two
epochs (epoch 1: 17 August to 14 September 1999 at ~1 AU and epoch 2: 23 February to 2 March 2000 at
2.9 AU). Unfortunately, the Cassini magnetometer data were not available for these epochs, so that we cannot
directly access the local solar wind drift speed v, for our nanodust impact observations.

For this reason we used the satellites ACE or Wind as “sentinels” at 1 AU to figure out the magnetic environment
actually experienced downstream by Cassini at our different observation epochs. Note that we used ACE data
for epoch 1 and Wind data for epoch 2, to avoid misplaced data gaps. To do so, we have to estimate the
transport time of the advected interplanetary magnetic field from ACE (or Wind) to Cassini, taking into account
the solar wind variations [Ashour-Abdalla et al., 2008; Mailyan and Haaland, 2008].

We proceed iteratively as follows. We first approximate the time delay from the distance between ACE (or Wind
for epoch 2) and Cassini, with a typical transport speed at 1 AU (~300 km/s). Note that since our calculation
converges quickly (less than 15 iterations), this initial value need not be accurate. This enables us to compute
a first advanced time at ACE (or at Wind for epoch 2). We then use the solar wind magnetic field and velocity
observed by ACE (or at Wind for epoch 2) at this advanced time to compute a new spiral, new projected
velocity on this spiral, and so on, by iteration of this process.

This algorithm is admittedly very simplified. The two epochs considered are close to the maximum of solar
cycle 23, with a succession (typically over 2 or 3 days) of slow/fast streams, each defining its own corotating
spiral of expansion and including interactions and shocks between them (Corotating Interaction Region (CIR)).
Nevertheless, the algorithm converges quickly for each of our observation times at Cassini, mainly because
the typical time scale of variation is larger than or of the same order of the estimated time delays. The error on
the time delays may be estimated from the iteration method. Typically, for epoch 1 the time delay from ACE
to Cassini is about 2 days with an error of less than 1 h, whereas for epoch 2 the delay from Wind to Cassini is
about 8 days with an error of less than 6 h, which is largely enough for the purpose of this paper. The resulting
advanced times are shown in Figure 3 (diamonds abscissa).

Finally, consider the bunch of dust impacts of high risetime which lasts over half an hour starting on 27 August
1999 14:00 (blue crosses in Figure 2) discussed in section 4. As can be seen in Figure 3, this bunch corresponds
to a maximum of the drift speed at roughly 600 km/s, starting on 25 August 1999 at about 8:00 UT and lasting
about 4 h on ACE observations. We have plotted in Figure A1 about 4 days of ACE solar wind data around
this period. The data show a stable magnetic structure bracketed with two magnetic discontinuities (M1 and
M2) and occurring at the trailing interface between a slow dense and a fast dilute plasma stream—a CIR,
where we may clearly identify the different magnetic boundaries (black vertical lines), velocity, and density
discontinuities, with a compressive layer bracketed by forward (FS) and reverse (RW) shocks in advance of
the fastest stream [e.g., Burlaga, 1995]. The delay of propagation of the magnetic structure between ACE and
Cassini is found to be about 52 h, so that this maximum drift velocity structure reaches Cassini on 27 August at
14:00. This is a clue that the net excursion (8 sigma from the fitted line) of the pulses’ risetime could be due to
the collection and acceleration of the nanodust in the high drift velocity structure in which the Lorentz force
is the more efficient.
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