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The detection of dust grains by a wire dipole antenna:
The Radio Dust Analyzer

P. Meuris?, N. Meyer-Vernet?, J. Lemaire!

!Belgian Institute for Space Aeronomy, Brussels, Belgium
2Département Recherches Spatiales, Observatoire de Paris, Meudon, France

Abstract: The possibility of a wire dipole antenna to study the characteristics of
dust grains is examined. Charged dust grains passing by the antenna induce an electric
potential change for the time of the lyby. These “waveforms” are studied as a functinn
of the characteristics of the dust grain (its charge and velocity vector) and”’the plasma
parameters. The thermal noise level due to flyby, emission, and impacts of the ambi-
ent plasma electrons is calculated and compared with the magnitude of the dust signal.
Qualitative analysis yields a minimum detectable grain size, the minimum antenna sensi-
tivity required, and the number of detectable events per time unit for cometary, planetary,
and interplanetary environments. We call this recently proposed dust-detection technique
Radio Dust Analyzer (RDA).

Samenvatting: De mogelijkheid voor het gebruik van een draadvormige dipoolanten-
ne, om de karakteristieken van stofdeeltjes te bestuderen, wordt onderzocht. Geladen deel-
tjes die een dergelijke antenne voorbijvliegen, induceren een verandering in de elektrische
potentiaal, tijdens het voorbijvliegen. Deze “golfvormen” worden bestudeerd in funktie
van de karakteristieken van het stofdeeltje (de lading en snelheidsvektor) en de parameters
van het omliggende plasma. Het thermisch ruisniveau gedurende het voorbijvliegen, en het
ruisniveau te wijten aan emissie en impakt van de plasma electronen wordt berekend, en
vergeleken met de grootte van het signaal van de stofdeeltjes. De minimale detekteerbare
stofgrootte, de minimale antenne gevoeligheid, en het aantal detekteerbare stofdeeltjes per
tijdseenheid wordt berekend voor een kometaire, planetaire, en interplanetaire omgeving.
We hebben deze techniek, die recent werd voorgesteld, the Radio Dust Analyzer (RDA).



Résumé: La possibilité d’utiliser une antenne dipolaire pour la détermination ex-
périmentale des caractéristiques orbitales des poussiéres dans ’espace extraterrestre est
discutée dans cet article. Des grains de poussiére chargés électriquement passant au
voisinage d'une antenne induit une différence de potentiel qui varie au cours du temps.
Les différentes formes d’ondes électriques sont étudiées en fonction de différentes car-
actéristiques des grains de poussiére (leur charge électrique, la grandeur et la direction de
leur vitesse) et des propriétés physiques du plasma ambiant. Le niveau de bruit thermique
résultant du passage, de I'émission, et des impacts des électrons du plasma environnant
ont été calculés et comparés avec I'amplitude du signal d’antenne. Une analyse qualitative
donne la dimension minimale des grains détectables, la sensibilité minimale de ’antenne,
et le nombre de grains détectables par unité de temps dans un environnement cométaire,
planétaire et interplanétaire. Nous appelons cette nouvelle technique de détection de
grains le Radio Dust Analyzer (RDA).

Zusammenfassung: In diesem Artikel wird die Moglichkeit untersucht, fiir die Bes-
timmung der Staubkornbanen-Merkmale im ausserirdischen Raum eine Dipolantenne zu
verwenden. Elektrisch geladene Staubkdrnchen l6sen in der Ndhe einer Antenne eine im
Zeitablauf des Vorbeifliegens variierende Potentialinderung aus. Die unterschiedlichen
Formen der Elektrowellen werden unter Beriiksichtigung verschiedener Merkmale der
Staubkornchen (elektrische Ladung, Grosse und Vektor der Geschwindigkeit) sowie der
physikalischen Eigenschaften des Umfeldplasmas studiert. Der aufgrund des Vorbeifliegens,
der Emission und der Stosse der Plasmaelektronen entstehende thermische Gerduschpegel
wurde berechnet und mit der Amplitude des Antennensignals verglichen. Eine qualita-
tive Analyse liefert die Mindestgrosse der nachweisbaren Kérnchen, die Mindestempfind-
lichkeit der Antenne und die Anzahl pro Zeiteinheit nachweisbarer Kérnchen in einem
Kometen-, Planeten- und interplanetirem Umfeld. Diese vor kurzem erschlossene Tech-
nik zum Nachweisen von Staubkérnchen nennen wir Radio Dust Analyzer (RDA)



1 Introduction

A dusty plasma consists of dust particles coupled to the ambient plasma
through existing or self-induced electromagnetic fields. .Depending upon the
concentration, one has isolated screened dust grains (dust-in-plasma) or real
dusty plasmas, when the charged dust participates in the Debye screening.
‘Comprehensive reviews have been given by Goertz [1989], Northrop [1992],
Mendis and Rosenberg [1994), and Verheest [1996]. The study of dusty plas-
mas is a relatively new area of research with respect to theoretical develop-
ment as well as specific applications. Recent interest in such plasmas has
increased because of observation of dust in the vicinity of comets and in lab-
oratory devices. But much of the characteristics of the dust in space are still
unknown. '

Remote-sensing methods like light scattering by the dust at different
angles, absorption of radiowaves, and stellar occultation measnrements have
led to most of our knowledge of planetary rings. In recent missions (Galileo
and Ulysses), direct measurements were made by a dust detector [Grin et al.,
1992a b], while in this paper we examine the use of a wire dipole antenna to
examine some dust characteristics from the antenna response on a grain flyby.
Although antennas were used before in the detection of dust grains by impact
ionization [Gurnett et al., 1987; Meyer-Vernet et al., 1986], this method
requires sufficient kinetic energy to ionize the grain and thus works only for
grain-antenna velocities larger than several kilometers per second. On the
other hand, the Radio Dust Analyzer (RDA) works best for small velocities
because the signal is not hidden by impact ionization, and the waveform
does not require a good time resolution to be detected. This paper, which
is based on previous work for a sphere dipole antenna [Lesceuz et al., 1987,
is organized as follows. In section 2 the basic theoretical framework is given
and the grain’s “signature” is examined. Sections 3 contains a discussion of
the noise level due to plasma particles flying by the antenna, while section 4 -
discusses the noise level due to direct emission and collection by the antenna.
The practical use of RDA 1is discussed in section 5 for three different types
of environments corresponding to existing or future space missions. Section
6 gives our conclusions.



2 Theory

We consider a maxwellian two-component plasma, with electron and ion
temperature T, = T; = T and plasma density N. The electron Debye length
is given by T
E0K

b= (1)
where ¢¢ is the vacuum permittivity and « is Boltzmann’s constant. A spher-
ical dust grain with radius a <« Ap and scalar velocity v embedded in the
plasma acquires an equilibrium charge @, given by the standard charging
model [Northrop, 1992]. The constant charge assumption is valid in the
regime where the charge variation timescale is larger than the dust signature
. width. In all cases of practical interest, the velocity satisfies v « vge (vsa
denotes the thermal velocity of species «), so that the electrons contribute
fully to the shielding. When vy < v < v, the ions do not contribute at.
all and the relevant Debye length is Ap (this would remain true when v is
of order of magnitude v, provided that T, <« T;). If on the other hand
v K Vg K Vge, the ions and electrons fully shield the charge and the relevant
Debye length becomes Ap/v/2. In intermediate cases, the plasma temporal
dispersion cannot be neglected and the problem is more complicated. The
well-known Debye-shielded potential around one single dust grain is then
given by

&(r) = Qoge_‘(r—a)/)‘f’, (2)
r
Q
Py = & = -
0 (e) dmega’ (3)

keeping in mind that when v <« vy, Ap must be replaced by Ap/v/2 and
that we have implicitly assumed linear shielding, i.e., ®(r) <« kT /e, which is
always satisfied in practice. ' ‘
We consider a Cartesian (z,y, z) frame and a wire dipole antenna (with
radius r,) positioned along the z axis, with the two arms (each arm with
length L) meeting each other in the origin (Figure 1). Furthermore we assume
that the response time of the receiver antenna system is much smaller than
the dust flyby time, and that the antenna is thin enough (r, <« L and
re € Ap). The dust signature width has a value intermediate between the
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Figure 1. Antenna geometry of a wire dipole antenna and the coordinates used

T

@(0,0,2,0)/(D, ) (m™)

-10 5 5 10

Figure 2. Normalized potential along thé z axis for a grain in the x-y plane at a distance of
r=1.41 m from the antenna. Here L=10m, A,=1m.



time for a grain moving parallel to the antenna (L + Ap)/v and that for a
grain moving perpendicular to the antenna (Ap/v).
The orbit of a dust grain in uniform motion is given by

z(t) = xo+v sin(8)cos(p + @) t (4)
y(t) = wo+v sin(f)sin(p + o) t (5)
z(t) = 2o+ v cos(f) ¢, (6)

where (v, 8, ¢) are the spherical coordinates of the velocity of the grain rela-
tive to the antenna as indicated in Figure 1.
The potential at a point (z,y, z) on the antenna is given by

a _ B
Qz,y,2,t] = E(I)oe D, (7)

with

B =\le(t) — of* + ly(t) — v + [2(2) - 22 - ®
The voltage measured by a wire dipole antenna is the difference between the
voltages averaged over each arm; hence the antenna response is

1 70 L
AD(t) = Z/_ch[o,o,z,t]dz - 21:/0 20,0, , t]dz. 9)

According to (9), the antenna response A®(t) is proportional to & ¢ and
hence to @. We introduce the shape function
A1)

- a@o ’

30 (10)

with dimensions in m™!. The problem depends on the six geometrical pa-

rameters v, 8, ¢, wo, To = \/z3 + y&, 2o of the grain’s orbit. Changing g will
not change the antenna response due to the cylindrical symmetry. Since v is
only present in the expression v t, changing v will only stretch the timescale
and will not change the shape of the shape function. When we take t = 0
when z = 0, there are just three parameters left to determine the shape: 6,
¢, and rq. : '

Given a response profile, it is theoretically possible to fit the parameters
v, 8, ¢, 9, and ®gd x Q. Furthermore, in most of the cases we already
know the direction of the dust-antenna velocity and even its magnitude. In

4



that case the problem becomes a fit for g, ¢, and ®pa o« Q. A complete
description of a method to compute such parameters from the waveform will
be given in a future paper. Here we are only giving some indications of
the relations between the features of the waveform and the values of those
parameters. The results might be generalized to a more complex antenna
system (triple or quadrupole), in order to refine the diagnostics.

Figure 2 shows the normalized potential distribution on the z axis for a
grain in the z —y plane. In this particular case, the resulting antenna response
is zero, because ® is symmetrical in z. When the grain moves parallel to the
antenna, the shape of the curve does not change, but the maximum is found
at the current z value of the grain. Hence a nonvanishing signal is produced.

In Figure 3a the shape function for a grain moving parallel to the an-
tenna is shown for different antenna lengths. Increasing the antenna length
increases the width of the signal, as expected, while the response reaches a
maximum for a specific antenna length.

Figure 3b shows the influence of the Debye length for a grain moving par-
allel to the antenna. It is readily understood that the regime where A\p < L
gives no response at all, because of Debye shielding of the grain charge. How-
ever, when we increase the Debye length, the maximum response increases
and eventually reaches a constant value.

Figure 3c shows the influence of the orbit’s orientation with 6 in the first
quadrant. For @ in the other quadrants, these results can be used by taking
into account the transformations § - 0+ 7 <t > —tandf§ - 7 -0 &
£(t) — —£(t). The influence of ¢ is shown in Figure 3d with values taken in
the first quadrant.

Figure 3e shows the influence of rg. When ro > Ap, the antenna response
becomes very small.

The practical use of antennae as grain detectors has several limitations:
first of all, the random voltage induced by the plasma particles passing near
the antenna, examined in section 3, and second the random voltage induced
on the antenna by particle impacts and/or emissions, examined in section 4.
Both noises have to be smaller than the dust signal for it to be detectable.
The magnitude of the signature of the grain itself is proportional to its size
and equilibrium potential of the grain (of the order of the thermal energy of
the main charging process [Northrop, 1992]) and to the shape function.
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Figure 3a. Antenna response for a grain moving parallel to Figure 3b. Antenna response for a grain moving parallel

the antenna as a function of vt for different antenna lengths. to the antenna as a function of vt for different Debye
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Figure 3c. Antenna response as a function of vt for
different 6. Here r,=1.41m, ¢=-n/4, L=10m, A =1m.
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Figure 3d. Antenna response as a function of vt for
different @. Here r,=1m, 6=n/2, L=10m, A=Im.
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Figure 3e. Antenna response as a function of vt for different r,. Here ¢=-n/4, 8=n/4, L=10m, A =1m.
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Figure 4. Plot of the function G(x) in full line. The dashed line indicates the analytic result for x>>1.



3 Noise Level Due to Plasma Particle Flyby

Together with the grain signature on the antenna we would expect a contri-
bution (®p(t)) due to the flyby of the plasma particles. Owing to the nonzero
time constant of the receiver, the antenna does not “see” individual electrons
but a mean over a large number of passages. The signal produced by a single
flyby for a plasma particle of velocity v is an odd function of v. The average
of such a signal over a Maxwellian distribution yields < ®p(t) >= 0.

So we calculate the variance < ®%(t) >, given for Maxwellian electrons
and ions, by [Meyer- Vernet and Perche, 1989]

<ob(t)>= [ <eh()>a, (12)

where ®%(f) is the noise spectral density:

< ®%(f) > = 4kT Re(2), : (12)
4 o F(k)
Z = 7r2€0w/0 éSL(k:,w)dk7 : (13)
1
F(k) = 3—27-;/|k-J(k)|2dQ (14)
Si(kL) Si(2kL) 2sin*(kL/2) 15
( kL 2kL  k2L? ) (15)

Here £ is the longitudinal permittivity, ¢ is the vacuum permittivity and
Z is the antenna impedance. Si denotes the sine integral function. In (14)
the integration is over the direction of k.

To evaluate these integrals, we assumed a linear current distribution:

I(k) = %sin2(7ch/2j[J0(krra)]ez, (16)

with k2 = k2+k2. The noise variance is then given (for r, < L and r, < Ap):

4kT [  F(k)
o2 (t) >= / dk. 17
< ®plt)>= 1o, T+ k225/2 (17)

Unlike the case of a'spherical dipole antenna, evaluating this integral analyt-
ically is not easy. We restrict this paper to a numerical evaluation of (17).
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With the help of the change of variables y = kAp/v/2, the noise variance due
to plasma particle flyby can be put in the form

4v2kT
< ®L(t) >= ;;2—;;; G(L/Ap). (18)

Increasing the Debye length decreases the noise. Indeed, when the Debye
length increases, three phenomena occur. The timescale for a single plasma
particle flyby and the number of relevant plasma particles both increase be-
cause of the bigger Debye sphere around the particle. However, the amplitude
of the mean plasma particle signal decreases. This is due to the decrease of
the average magnitude of the responses, which is proportional to the inverse
of the mean distance of the flyby’s, given by the Debye length.

The effect of the antenna length is illustrated in Figure 4, which shows
the function G(z) in full line. The response of a wire dipole antenna reaches
o maximum for wave veclurs salisfying k, &= 3/L. This results in a variance
that reaches a maximum for a specific antenna length L), given by the
maximum of the function G(z) located at Ly = 2.74 Ap. The analytical
result for the case Ap <« L,

kT
7T€0L

In(V2L/Ap), (19)

< ®L(t) >=

is shown in Figure 4 as a dashed line. Figure 5 shows the normalized noise
as a function of L and Ap.

4 Noise Level Due to Plasma Particle Im-
pacts Or Emissions

If the antenna is not meshed, it can collect or emit particles, which gives
rise to a noise (®;/(t)). In general, the problem is very complicated [Calder
and Laframboise, 1985]. The number of impacts or emissions cannot be
determined exactly, because it depends on the unknown floating potential
and surface state of the antenna. However, an order of magnitude of the
resulting noise variance can be calculated as follows.

One event, i.e, one electron impact (or emission), on one antenna arm
produces the veltage maximum amplitude given by [e/(2C)]?, where C stands

9
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" Figure 6. Normalized noise variance due to impacts and/or emissions of plasmé particles,
as a function of the antenna length and Debye length, for a fixed r,=1 mm, T being constant.



for the capacitance of the antenna given by

71'60L
ln(’\D/Ta) . )
This voltage squared has to be multiplied by the number of events per time
unit and by a typical timescale in order to obtain the variance. The number
of events per time unit is given by 2I./e, where I, stands for the electron
current to the antenna. The factor 2 takes into account the return current.

Indeed, the equilibrium potential is a result of the balance (|I,|+|;|=|I,|)
between electron and ion currents and photoelectron current I, I; and I, so
that the number of events (|I.|+]I;|+|I,|)/e can be simplified to 2|I.|/e.

A typical timescale is the decay time of the signal given by + = RC.
Since the antenna is not meshed, the resistance R is mainly due to the dc.
current. In order of magnitude, this dc resistance R4 is given by the inverse
of the derivative of the dc current on the antenna:

1 jdl| = Le
R |d®| ™ kT

For a negative antenna potential, only the direct plasma current contributes
to Ry and Tey = T, while for a positive antenna potential, the photoelectron
current contributes and the order of magnitude of the effective temperature
is then given by 1/T.y = 1/T + 1/T,, where T, is the temperature of the
photoelectrons (~ 1 eV) [Goertz, 1989].

Hence the order of magnitude of the noise variance is given by

C = (20)

(21)

e \22I, kT
< z/e( ) > 20 e c el, (22)
kT,
= = (23)
K,Tef ln(/\D/ra)
271'60L . (24)

Figure 6 shows.this noise level as a function of L and Ap.

5 The Practical Use of RDA

To be able to detect grains with RDA, the grain signal has to be larger than
the noise levels.. Also, for the response to be detectable, the signal should
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be larger than the sensitivity of the receiver. The first condition gives a
minimum detectable grain size:

o Max [\/< ®2,(t) >, /< ®h(t) >]
" (ém®o) ’

&m being the maximum value of the shape function for a typical grain flyby
at a distance ro = Ap, for § = ¢ = 7 /4.

The second condition gives the sensitivity needed to detect the smallest
detectable grains:

(25)

A@s = Aam ‘I)o EM (26)

= Max [\/< ?I)f/e(t) >\/< d%(t) >] . (27)

The nuiuber of detectable events per time unit is given by f = vN4S, where
N4 denotes the number density of detectable grains and S is the cross section
of the detector. The latter is given by

S =4 Ap [Apmcos(d) + Lsin(d)]. (28)

Results are shown in Table 1 for a selection of cases in cometary, inter-
planetary, and planetary media, which might be useful in the Rosetta, Wind,
and Cassini missions respectively.

5.1 Cometary Medium

To get estimates for a cometary medium, we use results for comet P/Hartley
2 near perihelion (~1 AU) from McDonnell et al. [1992] and extrapolate
them for comet P/Wirtaken, which will be visited by the Rosetta mission.
We take a gas production rate typically 3 times lower, assume the same dust
to gas ratio, and consider a distance from the nucleus of 100 km. The flux
of particles of mass m ~ 10710 — 10~%kg (corresponding to a,, of case 2
in Table 1) is then FF = 3m~2s~!. This corresponds to a dust density of
N4 ~ 0.03m~3. The corresponding event rate is of the order of one event per
second. :

To get an estimate for particles of mass m > 107%kg (corresponding to-
am oOf case 1), we assume a grain mass distribution such that the flux of
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Table 1. The Equivalent Cross Section of the Detector (S), the Noise Levels,
the Minimum Detectable Grain Radius (a,,), the Minimum Antenna Sensitiv-
ity Required to Detect the Smallest Detectable Grains (A®,) and the Event
Rate (f) Given for Different Types of Environments, With Typical Plasma
(Ap,T), Grain (®g, N4, v) and Antenna (L, r,) Parameters.

Case 1 Case 2 Case 3 Case 4

Ap, m 10 0.1 7.5 10
T,K 100 x 10° 100 100 x 10° 100 x 10%
&0, V 10 10 7.5 -20
Ny, in~3 10-% @ 3x107%% 15x107'4* -
v, ms™} 100 100 120 x 10° 10 x 10°
L,m 5 5 40 10
Ta,M 1.0x107% 1.0x107® 20x10"® 14x107°
S, m? 1.1 x 10° 20  14x103 1.2 x 10°
Em,m™! 0.03 0.2 0.04 0.1
/< ®2,(t) >V Tx 10°8 5x 1078 2 %1073 4 %1073

<®L(t)>V  2x107° 6x107° 4 x 1078 3 x 1078
am, (pm) 250 3 150 20
A®,, uV 70 6 40 40
f.s7! 1 6 4x1077 12 x 108V

The value of maz is given for a grain flyby at a distance 7o = Ap, for§ = ¢ =
7/4. Case 1, Cometary environment, outside the contact surface. Case 2, Cometary
environment, inside the contact surface. Case 3, Interplanetary medium at 1 AU helio-
- spheric distance. Case 4, Planetary environment, Saturn’s dilute E-ring.
aCumulative density for grains larger than am; adapted from McDonnell et al.

[1992]

[Griin et al., 1985] .



particles with mass m > myg, is proportional to mg 4% This exponent is
close to the mean value measured in situ for comet P/Halley [McDonnell et
al., 1987], and to recent measurements for large grains in two other comets
[Fulle, 1992; Fulle et al., 1992]. The flux is then F ~ 1073m~2s~! and
the corresponding dust density is Ng ~ 10~°m~>. Again, the corresponding
event rate is of the order of one event per second. Note that if the grains are
fluffy, the charge mass ratio is larger, which would significantly decrease the
minimum size of detectable grains and thus increase the event rate.

5.2 Interplanetary Medium

Table 1 of Grun et al. [1985] gives the cumulative lunar flux for different
models. This flux is close to the average interplanetary flux at 1 AU, for the
considered particle sizes. With the value of a,, given in case 3, the minimum
mass of detectable particles is of the arder of 1077 kg, for a grain density of
2.5 x 10% kg m~3. This corresponds to an event rate of f = 4 x 10~7 s~! and
a typical time between the events of about a month.

However, if the grain mass density, like often suggested for large grains,
is smaller than 2.5 x 103 kg m~3, f would increase. The same happens within
sporadic meteoroid streams.

5.3 Planetary Medium

In planetary media, we should use RDA outside the ring plane, in order to
ensure that the signal is not hidden by impact ionization. Hence to evaluate
the event rate, we need dust data outside the known rings. Because these
data are barely available, we restrict our analysis to a,, and A®,.

6 Conclusions

A new method (RDA) is given to detect the electric charge and most elements
of the velocity vector of dust grains in space plasmas. This method is com-
plementary to detection by impact ionization: the latter requires sufficient
kinetic energy to ionize the grain and thus works only for grain-spacecraft
velocities larger than several km s, whereas the RDA works best for small
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velocities. The advantage of this detector with respect to impact ioniza-
tion or to conventional dust detectors is its large cross section: of the order
of 4\pMax(Ap, L), instead of the physical surface of the detector. On the
other hand, the signal is in general very weak, so that the method requires a
sensitive receiver.

Strong indications are given for the possible use of this technique. Case
studies indicate that grains of size exceeding a,, can be detected with a
receiver with sensitivity larger than A®,. The event rate is also calculated,
giving values of the order of one event per second for cometary environments
and one event per month for a typical interplanetary environment.

A complete description of a method to compute the dust characteristics
from the antenna response is not given here but will be worked out in a
future paper. The diagnostics can become more accurate, using a more com-
plex antenna system (triple or quadrupole). But this is by no means trivial
because of the corresponding decrease in the cross section of the analyzer for
coincidence measurements.
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