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dense main rings where collisions and collective processes
play an important role, the particle concentration is soWe have reanalyzed the data acquired by the planetary radio-

astronomy (PRA) experiment during the passage of Voyager small in these faint rings that the grains behave indepen-
1 through Saturn’s E ring. Depending on the distance from the dently of each other, being mainly subjected to electromag-
ring plane, the instrument detected (i) dust grain impacts on netic forces, light pressure, and other nongravitational per-
the spacecraft and/or (ii) plasma waves or noise. The signal turbations, in addition to the usual gravitational forces
produced by the dust can be recognized by its power spectrum. (Burns et al. 1984). This makes these etheral rings goodIt is dominant in a region of P12,000 km vertical extent around

places to study the fundamental processes governing trajec-the ring plane, and has a maximum at roughly 5000 km south-
tories of individual particles under these conditions. Onward of equator (at 6.1 RS from Saturn). Assuming that the
the practical side, studying the E ring is crucial to determinegrain concentration is given by the model of Showalter et al.
a safe trajectory for the Cassini orbiter, which will spend(Showalter, M. R., J. N. Cuzzi, and S. M. Larson 1991. Icarus

94, 451–473) derived from optical observations, we infer from a long time there.
the mean PRA voltage and from the histogram of the data that Its faintness makes this ring difficult to observe, and a
the particles have a mean radius r P 1 mm and a narrow size large bulk of data is necessary in order to build a consistent
distribution of fractional dispersion between 10 and 30%. These picture. Three main kinds of measurements are available:
values agree with the above model. We have also investigated (i) optical observations, which have the interest of being
the ring thickness. The PRA signal has a full vertical width at also feasible from Earth, but can only reveal properties
half-maximum of P8000 km, which is 2.3 times less than that

integrated along the line of sight, (ii) in situ observationsgiven by the optical model. Since the signal produced by the
of dust impacts, which have the interest of being local, butdust varies strongly with the grain size (as r6), our measurements
have a limited space coverage since they can only be madecan be made compatible with the optical observations if the
along the trajectory of available space probes, and (iii)particle mean size decreases slightly with vertical distance, by
absorption signatures on spacecraft-based charged particleabout 10% over 4000 km.  1996 Academic Press, Inc.

experiments, which are rather indirect, without having any
of the above advantages.

1. INTRODUCTION Showalter et al. (1991) have produced a three-dimen-
sional model based on a large subset of the available optical

Saturn’s E ring is believed to be made of dust, like the data for the E ring, obtained both from the ground and
other etheral rings encircling the four gas giant planets. during the Voyager encounters. Although not unique ow-

ing to the line-of-sight integration and to the limited num-The satellite Enceladus might be the main source of dust
for this ring (Hamilton and Burns 1994). In contrast to the ber of viewing geometries and wavelengths, this model is
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the most complete so far. Its major findings are: a narrow
distribution of particles of radius 1.0 6 0.3 em, a density
peak at Enceladus orbit, and a general increase in vertical
thickness with distance from Saturn.

Apart from two impacts recorded by the Pioneer 11
meteoroid detector (Humes et al. 1980), the in situ observa-
tions of the E ring have been made by the radioastronomy
(PRA) and plasma wave (PWS) instruments aboard Voy-
ager 1, which crossed the ring plane near Dione orbit. This
spacecraft did not carry conventional dust detectors, but
the above instruments replaced them in some way by re-
cording the signals due to dust impacts on the spacecraft
body and its antennae. Basically, when a dust grain impacts
a solid target with a velocity larger than a few km/sec, the
available kinetic energy is sufficient to vaporize and ionize
the grain. This produces an expanding plasma cloud, and
a fraction of the released charge is recollected, and then
detected by the antennae. Both instruments detected dust
in this way near the ring planes of Saturn (Aubier et al.
1983, Gurnett et al. 1983, Tsintikidis et al. 1994, 1995),
Uranus (Meyer-Vernet et al. 1986a, Gurnett et al. 1987),
and Neptune (Gurnett et al. 1991, Pedersen et al. 1991).

The main problem with these instruments is that it was
not anticipated that they would record dust, so that they
were not designed nor calibrated for this purpose. Hence,
in order to infer the grain mass from the charge released, FIG. 1. The Voyager spacecraft. The wire antennae are used in

monopole configuration by PRA, and in dipole configuration by PWS;one has to rely on calibration of conventional dust detec-
they are made of Be–Cu tubes having 10 m length and 0.63 cm radius;tors, which work under rather different conditions. This
they are mutually orthogonal and perpendicular to the 13-m length mag-problem holds for both PRA and PWS, but the case of
netometer boom, which is tilted by 508 from the 2Z axis and containedPWS is still worse since its response to the released charge in the Y–Z plane. The diameter of the telemetry antenna is 3.6 m.

itself is unknown, so that it is dependent on PRA for
calibration (we shall return to this point in Section 5).

Within the E ring, these in situ observations were difficult
tive structure of the spacecraft and connected to a veryto interpret, since the signal recorded was not only pro-
sensitive broad-band receiver. The monopoles are cylin-duced by the dust but also by the ambient plasma. In
ders of length L 5 10 m and radius a 5 0.63 cm, implantedthis paper we reexamine the PRA data, first published by
on the spacecraft as shown in Fig. 1.Aubier et al. (1983), and we are able to separate the dust

The receiver is swept through the full frequency rangeand plasma effects by their different spectra. This allows
(1.2 kHz–40.5 MHz) every 6 sec, dwelling at each of theus to study in detail the data in the interval where they
198 frequency channels for dt 5 25 msec. We use in thisare mainly produced by the dust. In Section 2, we review
study the channels below 100 kHz of the low-frequencythe calibration of the PRA instrument and the observa-
band, whose spacing is 19.2 kHz and bandwidth is 1 kHz.tions. In Section 3, we show how the dust properties can

The calibration of the instrument is described in thebe inferred from the data. In Section 4, we infer the corre-
Appendix. We use two independent methods: (i) preflightsponding dust grain parameters and compare them with
calibrations, and (ii) common observations of solar burststhose given by the optical model. In Section 5, we comment
by PRA and the radio receiver on the spacecraft ISEE-3on the PWS results. Finally, the implications of the present
(Lecacheux et al. 1989), completed by recent rheographicwork are summarized and discussed in Section 6.
measurements of the electric length of the antennae withUnless otherwise stated, we use the international system
a scale model of the Voyager spacecraft (Lecacheux andof units. All times are spacecraft event UT time.
Manning 1995).

2. PRA OBSERVATIONS Both methods give the same instrument calibration

2.1. The PRA Instrument and Calibrations V 2
0 5 V 2 3 4/G2 5 10217 3 10x/10. (1)

The PRA instrument (Warwick et al. 1977) consists of
a pair of orthogonal monopoles, loaded against the conduc- Here, x is the telemetered and calibrated signal (in dB)
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measured at the input of the PRA receiver, V 2 the voltage decay time much larger than 1/f ). Impacts of the ambient
electrons or ions on the spacecraft body or the antennaepower spectral density on one monopole in the low-fre-

quency band, and G2 the receiver’s transfer gain. We have (or photoelectron emission) generally produce such a spec-
trum below the plasma frequency (see Meyer-Vernet 1983,written the calibration in this form because G2 P 4 for the

measurements for which the receiver was designed. This 1985). This spectral index may also be obtained with
plasma instabilities or noise with rise and decay times hav-is so because the base capacitance of the antenna mounting

structure, Cb, is roughly equal to the antenna capacitance, ing such a property. We thus attribute the signal in the
wide structure surrounding the narrow peak to the ambi-so that the voltage at the receiver ports is halved (Lang and

Peltzer 1977). In the present study, however, the receiver is ent plasma.
Close to the planetary equator, the signal has a veryused to measure voltages on the spacecraft, whose capaci-

tance is C @ Cb, so that G2 P 1, whence different spectrum. In Fig. 4 we have plotted the power
spectral density observed at the center of the peak (within
the 12 min period 4.1–4.3 hr). In order to estimate howV 2

0 5 4V 2. (2)
the plasma noise might perturbate the measured voltage,
we have superimposed to the data the mean observedNote that this calibration holds for signals much above the
spectrum due to the plasma (already plotted in Fig. 3). Thereceiver noise, which is the case in the present study.
plasma noise can be neglected at 20.4 kHz, but becomes
increasingly important at higher frequencies. To tenta-2.2. Observations
tively correct our data for this effect, we have substracted

Figure 2 shows the observed voltage spectral density V 2
0 this plasma noise from the measured average spectrum.

in the 20.4 kHz channel as a function of time, during the The result is plotted as big black dots. The spectral shape
passage of Voyager 1 through the E ring on November 13, is close to V 0

2 Y f23 for f # 100 kHz. Farther from the
1980. The other channels below 100 kHz display similar equator, the signal is highly polarized at higher frequencies,
behavior (except the lowest channel at 1.2 kHz, which is and we attribute it to Saturn radio emissions. A similar
partially saturated). spectral index is found for all the spectra within the peak

The lower panel shows the corresponding spacecraft tra- surrounding the ring plane (4.0 , t , 4.4 hr). This observed
jectory projected in a meridian plane of Saturn. Near the spectrum is less steep than the f24 voltage power spectrum
equatorial plane crossing, the spacecraft velocity in cylin- produced above several kHz by dust impact ionization
drical coordinates centered at Saturn is (Aubier et al. 1983, Meyer-Vernet 1985). This discrepancy

suggests that the plasma noise is somewhat larger near the
vr 5 16.7 km/sec, vz 5 8.1 km/sec, vf 5 9.5 km/sec. ring plane than farther out, so that the observed spectrum

is polluted at the highest frequencies. We thus attribute
the observations in the time interval 4.0 , t , 4.4 hr toThe voltage has a narrow peak at P4.2 hr (6.1 RS from

Saturn), which is centered P0.08 RS below the equatorial impacts of dust grains on the spacecraft body and on the
antennae (plus a contribution of plasma noise at high fre-plane. This narrow peak is surrounded by a much broader

structure. We have not plotted the data at earlier and later quencies).
This interpretation of the narrow and wide structurestimes because they are polluted by the Saturn kilometric

radio emissions, which are recognized by their characteris- as mainly produced by dust and plasma, respectively, is
supported by our knowledge of the Saturn environment.tic polarization properties (Kaiser et al. 1984). Note that

all data show considerable intensity scatter—a fact that The width of the narrow peak in the direction perpendicu-
lar to the ring plane is on the order of magnitude of awe will exploit in Section 4.2.

In order to identify the origin of the signal, we first study tenth of Saturn’s radius RS; this is the order of magnitude
of the E ring’s width near 6 RS from Saturn (Showalter etits spectrum. Figure 3 shows the voltage power spectrum

near 3.6 hr (within the 12 min period 3.5–3.7 hr). It varies al. 1991). On the other hand, the width of the broad struc-
ture is on the order of RS; this is the order of magnitudeas V 0

2 Y f22 below 100 kHz. At higher frequencies, the
signal is polarized and we attribute it to Saturn kilometric of the plasma disk’s width at this distance from Saturn

(Richardson and Sittler 1990). We will study these pointsradio emissions. All the spectra in the broad structure
surrounding the peak shown in Fig. 2 have roughly the more precisely in Sections 3 and 4, and we will infer grain

parameters from the data mainly produced by dust impacts,same spectral index. Such an f22 voltage power spectrum
is characteristic of shot noise; this is easily understood since using two different methods to verify the consistency

of the results. We will use the spectral amplitude to inferthe Fourier transform of a step function varies as f21, whose
square is f22. In practice, this spectral shape is produced the mean particle size, and the scatter of the data to infer

the width of the particle size distribution. Finally, theby uncorrelated pulses V(t) whose rise time is much smaller
than the inverse 1/f of the observing frequency (and the profile of the signal along the spacecraft trajectory near
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FIG. 2. Upper panel: Voltage power spectral density V 0
2 in the PRA 20.4 kHz channel as a function of time (in decimal hours). Lower panel:

Sketch of the spacecraft trajectory projected in a meridian plane of Saturn; z is the distance from the equator and r the distance from Saturn’s spin
axis (both in Saturn’s radii RS). The time is plotted on the trajectory every 0.5 hr.

the ring plane will be used to infer the grain spatial 3. THEORETICAL SPECTRUM FROM DUST AND
PLASMA IMPACTSdistribution.

Figure 5 summarizes our observations: the upper panel
3.1. Grain Impact Ionizationshows the power spectral density in the 20.4 kHz channel

as a function of time and vertical distance. The lower panel When a dust grain impacts a solid target at a velocity
larger than a few km/sec, it undergoes a strong shock com-shows the power spectrum at several spacecraft positions

as indicated. pression which vaporizes and ionizes it (as also a part of
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FIG. 3. Voltage power spectrum near 3.6 hr. We have plotted all the PRA measurements (dots) during a 12 min interval centered at this time,
the corresponding average spectrum (big circles), and the best f22 line (dashed). The continuous line shows the maximum value of the theoretical
( f22) spectrum produced by impacts of ambient plasma particles or photoelectron emission, calculated in Section 3.3.

the target material). This material then expands into the Q Y mavb
G (3)

low-pressure ambient medium, cooling and partially re-
with 2.5 , b , 4 and 0.7 # a # 1; a is expected to be smallercombinating (Drapatz and Michel 1974). The residual ion-
than one when recombination and surface phenomena playization of the expanding plasma cloudlet can be used to
an important role, which should occur for very large grainsdetect the grain: in practice, one measures the charge Q
(see Krüger and Kissel 1984).carried by the ions (or the electrons) by separating them

To infer the relation Q(m), we use extensive laboratoryand recollecting one species; the grain mass m is then
measurements carried out to calibrate the dust detectorsdeduced from laboratory calibrations of the relation Q(m).
for the missions Giotto (Göller et al. 1986), Galileo, andThis is the principle of impact ionization detectors (see
Ulysses (Göller and Grün 1989). The charge Q was foundFechtig et al. 1978).
to be proportional to the grain mass m in the rangeThe charge Q varies more strongly with the impact veloc-

ity vG than a simple proportionality to the kinetic energy 10215 , m , 10210 g, and the coefficient of proportionality
was measured in a large range of velocities.mv2

G . Instead,
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FIG. 4. Voltage power spectrum near 4.2 hr. We have plotted all the PRA measurements (dots) during a 12 min interval centered at this time.
The corresponding average spectrum minus the mean spectrum due to plasma effects (big circles, cf. Fig. 3) is plotted as big black dots. The heavy
line shows the theoretical ( f24) spectrum produced by dust grains of radius such that (kr6l)1/6 P 1.2 em and concentration 3.6 3 1023 m23, as
calculated in Sections 3 and 4.

The velocity of dust grains in circular Keplerian orbits to Saturn). With this value of vG, the laboratory measure-
ments give approximately Q/m P 0.5–2 Cb/g for carbon,at R P 6.1 RS from Saturn is (MSG/R)1/2 5 10.1 km/sec.

Since the grain orbital eccentricities are not well known, silicate, and iron particles impinging on a gold-plated target
(Göller and Grün 1989), Q/m P 2 and 10 Cb/g for impactswe consider particles on equatorial (prograde) circular or-

bits; we will discuss in Section 6 the effect of nonzero of iron particles on, respectively, aluminium and gold
(Grün 1984), and Q/m P 3–15 or 2–8 Cb/g for, respectively,eccentricities. With the spacecraft velocity given in Section

2, we deduce the grain velocity in the spacecraft frame: silicate (Göller et al. 1986) or iron (Grün et al. 1984) parti-
cles on a gold target. These values were generally found
to be weakly dependent of the impact angle.vG 5 18.5 km/sec

For impacts of E ring grains on the Voyager spacecraft
body and the antennae, the ratio Q/m is not easy to assess(mainly due to the spacecraft radial velocity with respect
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FIG. 5. Upper panel: Voltage power spectral density in the 20.4 kHz channel as a function of vertical distance and time. We have plotted
individual measurements (small circles), and their average in bins of 0.1 hr. The dashed curve is the theoretical level produced by dust grains of
mean radius 1 em (as determined in Section 4.2) with the concentration given by the model of Showalter et al. (1991), as calculated in Sections 3
and 4. The continuous curve is obtained with the same model, but assuming that the grain size decreases with vertical distance from our maximum,
by about 10% over 4000 km (cf. Fig. 7). Lower panel: Power spectrum at the locations indicated (V 0

2 in V2 Hz21, f in kHz); for comparison we have
drawn a f24 spectrum (dashed) and a f22 spectrum (dotted).

since little is known about the state and composition of (on the order of the total projected surface made of metal-
lic material).the particles, and the surface exposed to impacts is made of

different materials of unknown yields. The large telemetry Note that for icy grains of radius 1 em, the yield given
in (4) is nearly twice larger than the value taken by Meyer-antenna, which represents most of the surface, is made of

a material expected to have a very low yield to dust impacts. Vernet et al. (1986a) scaled to the proper velocity. Like-
wise, substituting (4) into (3) with a 5 1 and b P 3.5 (whichOn the other hand, the metallic part of the spacecraft and

the PRA antennae have a total projected surface of order is roughly the mean exponent in the velocity range 10–30
km/sec), we obtain Q/m P 7 3 1025 v3.5

G Cb/g, which is alsoof magnitude 1 m2, whereas the rest of the spacecraft is
expected to have a low (unknown) yield. nearly twice larger than the value taken by Pedersen et al.

(1991), who used an average over the surfaces exposed.Hence, as a conservative estimate, we will assume
This difference is within the estimated uncertainties, and

Q/m P 2 Cb/g (4) anyway, the product (Q/m)ÏS, which is the relevant quan-
tity for deducing the grain mass (see Section 3.2), is roughly

(on the order of the laboratory measurements for metallic the same as in these papers.
targets), over a total projected surface of For icy grains of radius re (in micrometers), Eq. (4) yields

Q P 0.8 3 10211 3 r3
e Cb (5)S P 1 m2
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For a micrometer-sized particle, this corresponds to 5 3 tr , (3Q/4fne)1/3/vex p 8 3 1025 3 re sec,
107 electron charges, which is about 104 times more than
the electrostatic charge normally carried by such a grain where we have substituted the expression of Q given in (5).
in this environment (see Horanyi et al. 1992). Thirdly, tr is probably larger than (or equal to a significant

fraction of) the time taken by the cloud radius (vext)
3.2. Voltage Spectrum Produced by Dust Impacts to become smaller than its proper Debye length

((«0KTC/nCe2)1/2 Y t3/2), in order to allow charge separationIn conventional dust detectors, the charge Q released
in the cloud. This yieldsby the impacts is collected by a biased plate. In the case

of PRA, it is collected by the conductive structure of the
spacecraft, producing a time variation of the voltage de- tr $

3Qe
4f«0vexKTC

p 2 3 1025 3 r3
e sec,

tected by the instrument.
The amplitude of the signal produced on a PRA mono-

pole by one grain impact is where we have substituted the expression of Q given in
(5) and assumed for the temperature of the coldest species

Vmax P Q/C, in the cloud (which determines the Debye length) TC p
1 eV (Hornung and Drapatz 1981).

C being the spacecraft capacitance, estimated from rheo- We get a final constraint from the PWS instrument. The
graphic measurements (R. Manning, personal communica- waveform observations (Gurnett et al. 1983) indicate a
tion 1994) to be roughly signal rise time roughly equal to the time resolution of the

instrument which is about 30 esec, so that tr , 3 3 1025

sec. This holds for all the other planetary encounters; forC P 300 pF.
the present one no waveform data were available, and
hence this latter constraint must be used with caution (seeWe approximate the signal V(t) produced by a particle
also Section 5).impact as increasing to Vmax with the rise time tr , and
All in all, it seems reasonable to assume for r P 1 em grainsdecaying with the time constant td @ tr . At frequencies

f @ 1/2ftr, the Fourier transform is determined by the
tr p 2 3 1025 secdiscontinuity of the derivative in the rising part (see Meyer-

Vernet 1985) and is given by
as in (Meyer-Vernet et al. 1986a) and (Pedersen et al.

uV(g)u 5 Vmax/trg2

(6)
1991). Incidentally, we note that despite the difference
in experimental setup, this is in the range of the values

5 Q/Ctrg2. measured for the dust detectors at the impact velocity vG

(Fechtig et al. 1978, Göller and Grün 1989).
The time scale tr can be evaluated as in (Meyer-Vernet We can now deduce the voltage power spectral density

et al. 1986a) from elementary physical constraints. First, produced by N (uncorrelated) particle impacts per second
the cloud may be approximated as expanding radially with
a velocity vex p vG/(1 1 ÏA), A being the grain-to-target V 2 5 2NuV(g)u2. (7)
specific density ratio (Drapatz and Michel 1974). This gives
vex p 10 km/sec. The signal rise time tr must be smaller

Substituting the expression (6) of uV(g)u with the parame-than the time taken by the cloud’s diameter (2vext) to reach
ters determined above, we getthe spacecraft typical size D p 1 m, i.e.,

V 2 p 2.3 3 103Nr6
e/f 4. (8)tr , D/2vex p 5 3 1025 sec.

The impact rate can be expressed as a function of the grainSecond, tr must be smaller than the time taken by the
number density nG asplasma density in the cloud

N 5 nGvGS p 1.8 3 104nG . (9)
nC p

Q/e
4f(vext)3/3

Substituting this value in (8) and using the calibration
(2), we deduce the theoretical levelto decrease to the ambient level n. Near the equator at

distance R P 6.1 RS, n P 25 cm23 (Richardson and Sittler
V 2

0 p 1.7 3 108nGr6/f 4 (10)1990). Hence,
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(V 0
2 in V2Hz21, nG in m23, f in Hz). To simplify the notation, where the number of plasma particle impacts per second

is roughlyfrom now on r stands for re, the grain radius in micrometers.
When the grains have a size distribution of nonzero width,
this should be written as

NP P 2n S KT
2fme

D1/2

SP (15)

V 2
0 p 1.7 3 108nGkr6l/f 4 (grain impacts) (11)

when the spacecraft floating electrostatic potential is
for f . 2 3 105 Hz, where the brackets stand for a mean smaller in modulus than KT/e, so that it does not modify the
over the size distribution. electron trajectories very much. Here, SP is the equivalent

collecting surface of the whole conductive structure of the
3.3. Plasma Contribution spacecraft and antennae. If the spacecraft potential F is

negative and not small with respect to KT/e, the plasmaLet us now calculate the noise produced by the ambient
electrons are repelled, so that the shot noise is smaller.plasma in absence of instabilities. This will give a minimum
Since F was negative near equator crossing (but not pre-level, since if the plasma is unstable the noise is expected to
cisely measured) (Richardson and Sittler 1990), we thusbe larger. This (stable) plasma noise has two components:
consider the above expression as an upper limit. With

—the thermal noise produced by the (quasi)-thermal SP p 50 m2 and the plasma parameters encountered near
motion of the ambient plasma particles, which induces the equator crossing, Eqs. (14) and (15) give
electrostatic voltage pulses on the antennae, and

—the shot noise produced by the plasma particles im- V 2
0 # 0.7 3 1024/f 2V 2H21

2 (plasma impacts). (16)
pacting the conductive structure of the spacecraft or of
the antennae.

As previously, we have used the calibration (2) since, as
Near the equator crossing, the density and temperature for grain impacts, the relevant capacitance is that of the

of the ambient electrons are n P 25 cm23 and T P 105 K spacecraft. Farther from the equator, the theoretical spec-
(Richardson and Sittler 1990); the corresponding electron trum becomes smaller since the plasma density decreases,
plasma frequency and Debye length are fp P 45 kHz and but it remains on the same order of magnitude in the region
LD P 4 m. With a PRA monopole of length L 5 10 m, analyzed in this paper, which is within one density scale
the quasi-thermal noise for f , fp is (Meyer-Vernet and height (p1 RS) from equator. Note that the value calcu-
Perche 1989) lated by (Aubier et al. 1983) was much larger because the

relevant capacitance was incorrectly estimated.
Equation (16) is drawn on Fig. 3. One sees that thisV 2

QT P 0.6 3 10214 V2Hz21 (12)
level—which is a maximum level—is about twice smaller
than the observed mean spectral density. Note also that thewith a peak at f P fp where the noise increases by roughly
number of electron impacts per individual measurement ofthe ratio Th/Tc of the hot and cold electron temperatures.
duration dt 5 0.025 sec is of order NPdt p 1013, which isWith Th/Tc P 10 (Richardson and Sittler 1990), this gives
a very large number. Thus, except in presence of large
fluctuations of the plasma parameters, the plasma shot

V 2
QT P 0.6 3 10213 V2Hz21 for f P fp P 45 kHz. (13)

noise should not exhibit large amplitude fluctuations, con-
trary to what is observed. We thus conclude that the plasma

For f . fp, the noise decreases below the level (12). shot noise can only be responsible for a part of the voltage
A comparison with the spectra plotted in Fig. 5 shows observed in the broad structure surrounding the ring plane.

that the plasma quasi-thermal noise is negligible compared We attribute the remaining part to plasma instabilities,
to the observed spectral density. Although the plasma fre- which might also explain the large dispersion of the data.
quency peak is often observed near 40 kHz, its level is These instabilities are not expected to be related to the
much larger than the value (13) and exhibits large fluctua- dust since the dust-plasma streaming instability occurs at
tions; this strongly suggests a plasma instability. very low frequencies (see, for example, Havnes, 1988).

Let us now calculate the shot noise produced by the
plasma particles impacting the spacecraft (or the anten- 4. INFERRING DUST PROPERTIES
nae), or by the photoelectrons emitted by their surfaces.
The corresponding spectral density on a PRA monopole We shall now infer the dust parameters from the data
is (Meyer-Vernet and Perche 1989) showing the narrow hump around the ring plane (within

the time period 4.0–4.4 hr), where the noise is mainly
V 2

I P 2NPe2/(Cg)2, (14) produced by grain impacts.
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4.1. Dust Parameters at the Location where the Signal E1y

2y
dz nG(R, z)

is Maximum

P nG(R, 0) 3 s(R)Ï2f (24)To infer the dust parameters at the location of the maxi-
mum of the hump near 4.2 hr (R P 6.1 RS, z P 20.08 RS), P 1.8 3 106 3 (3.94/6.1)7 for R P 6.1 RS (25)
we will first use the data plotted in Fig. 4. The best fitted
f24 spectrum is we deduce nG(6.1 RS, 0) P 4.3 3 1023 m23, which gives

V 2
0 P 2 3 106/f 4 V2Hz21. (17) nG P 3.6 3 1023 m23 at z P 20.08 RS, R P 6.1 RS . (26)

Comparing with the theoretical level (11) produced by Substituting in (18), we get
a number density nG of dust grains having radius r, we
find [kr6l]1/6 P 1.2 em. (27)

nGkr6l p 1.2 3 1022 m23 3 e6. (18) This value is close to the mean radius krl 5 (1.0 6 0.3)
em given by the optical model (Showalter et al. 1991).

This result alone is not sufficient to determine indepen- However, in order to deduce krl from the moment of order
dently the particle concentration and size. Furthermore, 6 determined above, we must know the width of the grain
the numerical value in Eq. (18) is proportional to the size distribution.
factor [Ctr/(Q/m)]2/S which is not accurately known, and
the level (17) takes into account the highest frequencies 4.2. Grain Size Distribution at the Location Where the
which may be polluted by the plasma noise. Fortunately, Signal is Maximum
since V 0

2 Y nGkr6l, our measurement is much more
To estimate this size distribution, we will use the scattersensitive to the grain size than to the other parameters.

of the data in the 20.4 kHz channel (where the levels areHence we will assume that the concentration is equal
much larger than the plasma noise).to that given by the optical model (Showalter et al.

We have plotted in Fig. 6 the histogram of the voltage1991), and then deduce the grain size. An error either
power spectral densities V 0

2 measured at 20.4 kHz duringin nG, in the above factor, or in the level (17) should
the 12 min interval surrounding our peak at 4.2 hr. Eachtranslate into a much smaller error in the radius. We
data point V 0

2 represents an individual measurement ofwill return to this point in Section 6.
duration dt 5 0.025 sec. The histogram shows the propor-This optical model gives for grains of radius r P 1 em
tion of points (in a total of 120) in each bin of sizeat Enceladus orbit (RENC 5 3.94 RS)
D [log V 0

2] 5 0.2.
The width of the histogram is produced by two main ef-E1y

2y
dz nG(R, z) fects:

—the fluctuations in the size of the impacting grain(s),P 1.8 3 106 particles/m2 for R 5 RENC (19)
due to the nonzero width of the size distribution, and

Y (RENC/R)7 for R . RENC . (20) —the fluctuations in the number of dust impacts during
an individual measurement (plus a contribution of the

In this model, the concentration varies with the distance plasma noise which is only significant for very low signals,
z from equator as i.e., in the extreme left wing of the histogram, near the

levels shown in Fig. 3 for 20.4 kHz).
nG Y e2z2/2s 2

, (21) With a grain concentration of nG P 3.6 3 1023 m23, the
mean impact rate is, from (9), N P 65 sec21, so that the

where s increases with the distance R from Saturn as mean number of impacts during an individual measure-
ment of duration dt is

s(R) Y 6.3R/5 (22)
Ndt P 65 3 dt 5 1.6.

with
Assuming Poisson statistics, the probability to have k im-

s P 0.13 RS P 7.9 3 106 m for R P 6.1 RS . (23) pacts during dt is

P(k) 5 e21.6(1.6)k/k!. (28)Hence, writing
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where nG(r) dr is the number density of grains of radius
within an interval dr around r (in micrometers), and the
fractional size dispersion

Ïk(r/krl 2 1)2l 5 sr

is assumed to be much smaller than one. To simplify the
analysis, we calculate the theoretical voltage histogram as
if Ndt grain, with given radius r obeying the distribution
(29), did impact during each individual measurement (dt).
For such an approximation to be acceptable, two condi-
tions are necessary: (i) Ndt must be about one (which is
true), and (ii) the shape of the histogram must be mainly
produced by the size distribution, i.e., the relative full width
at half-maximum (P2.35 sr) must be significantly larger
than the value 0.1 estimated above (which will be justified
a posteriori). The proportion of data points in a bin of size
D [log V 0

2] 5 0.2 is then equal to the proportion of impacting
grains of radius within an interval Dr around r, with r and
Dr deduced from Eq. (10) with f 5 20.4 3 103 Hz and
nG 5 3.6 3 1023 m23 (equivalent to Ndt P 1.6):

r 5 [2.8 3 1011 3 V 2
0]1/6

Dr/r 5 ln 10 3 (DV 2
0/V 2

0)/6 5 0.077.

This gives the theoretical histogram

FIG. 6. The upper panel shows the histogram of the data in the 20.4 H 5
0.077

srkrlÏ2f
(2.8 3 1011 3 V 2

0)1/6

(30)
kHz channel (proportion of the data in bins of D [log V 0

2] 5 0.2 as a
function of V 0

2). The dashed curve is the theoretical histogram produced
exp 2 [(2.8 3 1011 3 V 2

0)1/6/krl 2 1]2/2s 2
r .by a Gaussian grain size distribution of mean radius 0.91 em and frac-

tional dispersion 0.16, calculated in Section 4.2 with a simplified model.
The lower panel shows labelled isocontours of the standard deviation A mean-square fitting of this expression to the observed
between the model and the observations (here, s denotes the minimum histogram gives the following mean and variance of the dis-
value given by the mean-square fitting). tribution

krl P 0.91 em 60.1 (2s) (value deduced fromWe deduce that the most frequent events are one or two
the histogram) (31)impacts during an individual measurement (P(1) 5 0.32,

P(2) 5 0.26). If the particles were all of the same size, the
sr P 0.16 60.13

0.06 (2s).histogram would consist of discrete (zero-width) peaks at
multiples of the level corresponding to one impact, plus a

With sr P 0.1–0.3, the grain size distribution has a fullleft-hand side wing around 3 3 10213 V2 Hz21 produced
(relative) width at half maximum of 0.2–0.7, which satisfiesby the plasma noise. Since this is obviously not the case, we
condition (ii) above. We have drawn Eq. (30) with theseexpect the width of the grain size distribution to contribute
parameters in Fig. 6. The accuracy of this determinationsignificantly. In particular, since a grain of radius r con-
of krl and sr is indicated by the isocontours of standardtributes as V 0

2 Y r6, the smoothing out of the discretization
deviation between the model and the observations, in abetween one or two impacts suggests that the relative (full)
[krl, sr] plane (lower panel of Fig. 6).width of the size distribution is at least on the order of

The agreement between the observed and calculatedmagnitude of 21/6 2 1 p 0.1.
histograms is rather good, keeping in mind that the fittingLet us take a Gaussian distribution centered on the mean
was done with only two free parameters. Note that theradius krl:
fitting could not be expected to be better owing to the
crudeness of our model; in particular, the plateau-likenG(r) 5

nG

srkrlÏ2f
e2(r/krl21)2/2s2

r, (29)
shape observed at the top of the histogram may be attrib-
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uted to the discretization of the impacts, the most frequent
cases being one or two impacts per individual measure-
ment. As a consequence, the uncertainties in our determi-
nation of both the mean radius krl and the variance sr

might be larger than those determined from the accuracy
of the fitting.

Let us now compare the mean radius krl given by the
fitting with that obtained in Section 4.1. With sr P 0.1–0.3,
we have

[kr6l]1/6/krl P 1.0–1.2 (32)

so that the value of [kr6l]1/6 P 1.2 em found in Section 4.1
is equivalent to

krl P 1.0–1.2 em (value deduced from the
mean spectrum).

The rough agreement between this value and the one deter-
mined from the histogram is an indication of the degree
of consistency of the results. (Note in particular that the
histogram deals with the levels in the channel 20.4 kHz,
whereas in Section 4.1 we used the mean over five channels
(normalized to f24 and with plasma noise tentatively sub-
stracted).) Hence our best estimate is

FIG. 7. Voltage power spectral density V 0
2 at 20.4 kHz, as a functionkrl P 1.0 em. (33) of vertical distance. We have plotted individual measurements and their

average in bins of 0.02 hr. The dashed curve is the theoretical level
produced by dust grains of mean radius 1 em with the concentration

Let us now make a comparison with the optical model. given by the model of Showalter et al. (1991), as calculated in Sections
Showalter et al. (1991) use a distribution of the form 3 and 4. The heavy curve is obtained with the same model, but assuming

that the grain size decreases with vertical distance from our maximum,
by about 10% over 4000 km.

nG(r) Y S r
krlD1/s2

r

e2(r/krl21)/s2
r

model. The observations are plotted in Fig. 7, showing thewith krl P 1.0 em and sr P 0.3. Although this distribution
data in the 20.4 kHz channel as a function of the distanceis not Gaussian, sr has a similar meaning (provided it
from the ring plane. The profile has a maximum southwardis small) since it represents the variance, whereas the
of equator, at z 5 z0 P 20.08(60.03) RS, and its full verticalfull (relative) width at half-maximum is also given by
width at half-maximum is about 0.13 RS.2srÏ2 ln 2.

To calculate the theoretical V 0
2 profile expected fromThus, we find roughly the same mean radius and distribu-

the model of Showalter et al. (1991), we first assume, astion width as the optical model. Note, however, that our
these authors did, that the grain size distribution does notmeasurement is local, whereas the optical model is based
vary within the ring. In this case, V 0

2 should vary propor-on measurements involving a line-of-sight integration.
tional to the particle concentration nG, which is defined in
Eqs. (20)–(25). The factor of proportionality is deduced

4.3. Spatial Distribution
from Eq. (11) with the mean grain radius krl P 1 em
determined in Section 4.2 (and sr from Eq. (31)).Let us now compare the variation of the signal V 0

2 ob-
served along the spacecraft trajectory around the ring The resulting profile is drawn in Fig. 7 (dashed curve).

It has a maximum slightly southward of the equator, albeitplane, to the grain spatial distribution given by the optical
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closer to the equator than observed, and is not symmetrical. or our analysis above must use a value of the parameter
[Ctr/(Q/m)]2/S larger by the same factor. This is muchThis lack of symmetry is due to the increasing distance

from Saturn (i.e., the decreasing grain concentration at larger than our uncertainties.
However, as already noted, the PRA instrument uses aequator) during the ring plane crossing. The full width at

half-maximum in vertical distance (2sÏ2 ln 2 with s given monopole configuration; i.e., it measures the voltage be-
tween one antenna arm and the spacecraft. On the otherin (22)–(23)) is about 0.3 RS, which is 2.3 times more

than observed. As there is no reason for the grain size hand, the PWS instrument is operated as an electric dipole;
i.e., it measures the difference of potential between thedistribution to be uniform within the ring, a possible expla-

nation of this discrepancy is that the mean grain size de- two antenna arms. Hence, not only does it respond very
weakly to dust impacts on the spacecraft, but its responsecreases with vertical distance. Since V 0

2 Y kr6l, a small
decrease in grain radius yields a large decrease in V 0

2. To is unknown, since it depends on the dissymmetry of the
system.illustrate this point, we have plotted in Fig. 7 (continuous

curve) the theoretical profile calculated with the following Hence the monopole configuration is more adequate to
detect dust impacts on the spacecraft (Meyer-Vernet et al.simple assumptions:
1986b; see also Oberc 1994). Since 1986 the PWS investiga-

—nG(R, z) still given by the model of Showalter et al. tors have deduced grain parameters by calibrating their
(1991), results on the PRA levels (Gurnett et al. 1987, 1989, Tsin-

—particle mean radius decreasing with vertical distance tikidis et al. 1994, 1995). Tsintikidis et al. (1994, 1995) have
from z0, as introduced a mean calibration of the PWS instrument,

based on the observed PRA power spectra for several
krl Y 1 2 (z 2 z0)2/3s 2 (for uz 2 z0u # s P 0.13), (34) planetary encounters. However, except for the Uranus en-

counter where the PWS calibration was indeed in
where the distances are in units of Saturn’s radius RS P agreement with the published PRA levels, all the other
60,330 km. This fits rather well the measured profile. It is PWS calibrations were in fact based on incorrect PRA
important to note, however, that our data are not sufficient power spectra, offset from the true PRA spectra by factors
to determine accurately the variation of krl with z. Other ranging from 42 to 152 for V 0

2.
functions decreasing similarly with z might satisfy the ob- Another problem is that Tsintikidis et al. (1995) state
servations equally well. Another possibility is that the yield that the relative velocity between the spacecraft and the
Q/m might decrease with vertical distance, for example, dust is 29.3 km/sec for grains in prograde circular orbits,
due to a decrease in grain velocity with respect to the whereas the actual value is 18.5 km/sec. Since the power
spacecraft; we shall return to this point in the discussion spectrum varies as V 2 Y NQ2 Y v8, this should produce
in Section 6. an erroneous factor of (29.3/18.5)8 P 40. However, the

above authors nevertheless find a yield Q/m corresponding
to the correct velocity, so that the error in velocity only5. REMARKS ON THE PLASMA WAVE INSTRUMENT
changes the relation between the impact rate N and the
grain concentration.Let us now try to compare our results with the diagnos-

tics of the E ring made recently from the data of the Plasma
6. SUMMARY AND DISCUSSIONWave instrument (PWS) aboard Voyager 1 (Tsintikidis et

al. 1995). As shown in Section 3.3, we agree with these
We summarize below the results of the PRA measure-authors claiming that the voltage observed close to the

ments acquired when Voyager 1 crossed the E ring nearring plane is not produced by the plasma shot noise. The
6.1 RS from Saturn.vertical profiles derived from both instruments are difficult

to compare since they do not concern the same physical —From the data acquired when the signal was maxi-
mum, we have inferred that the grain mean radius at thisquantity. The full width at half-maximum deduced from

PWS (which is argued to concern the grain concentration location is krl P 1 em. This result has been obtained with
two different methods, both using the particle concentra-profile nG) is twice smaller than the PRA result (which

concerns the nGr6 profile and is thus highly ponderated by tion given by the model of Showalter et al. (1991). The
determination depends (at the power Ah) on the assumedthe grain radius). Likewise, PWS finds a maximum closer

to equator than PRA. grain concentration, and on the parameter [Ctr/(Q/m)]2/S
which is poorly known. This parameter might be off by aOn the other hand, PRA and PWS disagree on the grain

size. For icy particles, the background level of the observed factor that we estimate to be at most 102, but even with
such a large error, the resulting error in the mean radiusPWS spectrum is argued to correspond to grains of radius

5 em. To get the same result, PRA should have measured would only be a factor of two.
—From the data histogram at the above location, wea power spectrum 1.5 3 104 times larger than observed,
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have found that the fractional dispersion of the grain size size, the fractional dispersion of the grain size distribution
0.1–0.3 derived in this study may be an overestimate. Con-distribution is sr P 0.1–0.3. Even though our results are

local, they confirm the narrow grain size distribution ob- versely, the fractional dispersion in impact velocities is
expected to be smaller than about 6/(2b 1 1) times thetained from the optical data (Showalter et al. 1991), and

first suggested by Pang et al. (1984). above value, i.e., DvG/vG & 0.07–0.2. (Note that these infer-
ences neglect a possible systematic relation between size—The variation of the PRA signal observed along the

spacecraft trajectory through the E ring gives a thickness and velocity.)
Finally, note that a systematic change of impact velocity2.3 times less than that of the optical model, if the grain

size distribution is assumed constant within the region ex- with distance from the ring plane might change the vertical
profile observed; for this effect to be an alternative expla-plored. This discrepancy can be explained by instead as-

suming that the mean grain size decreases with vertical nation of the measured small thickness, the impact velocity
vG should systematically decrease with vertical distance,distance, by about 10% over 4000 km. Indeed, the grain

size has no reason to remain constant within the E ring by about 7% over 4000 km.
(see Horanyi et al. 1992, Hamilton 1993, Hamilton and
Burns 1994). APPENDIX

—Finally, the maximum of the PRA signal is offset with
The PRA receiver was designed to measure polarized radio emissionsrespect to the ring plane, by 0.08 6 0.03 RS southward,

in the following way: when the voltages on the two monopoles are respec-which is larger than the value expected from the increasing
tively V1 and V2, it detects the sums V 2

R 5 uVR1 6 iVR2u2 5 uV1 6
distance from Saturn during the encounter. This result is iV2u2/G 2, where G 2 is the receiver’s transfer gain and the symbol 6 corres-
not very surprising in view of the (time dependent) vertical ponds to the right or left polarization. If the signal is symmetrical (for

example a nonpolarized radio emission), the power spectrum at the re-dissymmetry predicted by theoretical models (see Horanyi
ceiver ports is thus given byet al. 1992, Hamilton and Burns 1994). Unfortunately, our

data are not sufficient to decide whether this dissymmetry
V 2

R 5 V 2 3 u1 1 iu2/G 2 P 2V 2/G 2, (35)
concerns the concentration or the size (or velocity) of the
dust grains. where V 2 is the corresponding power spectrum on each monopole.

From preflight calibrations, the output signal scale was defined in the
following way: a white noise signal of spectral density VR 5These results were obtained by assuming conservatively
1 eV kHz21/2 applied at one of the receiver ports in a given low-frequencythat the grains move on circular (prograde) orbits. In this
channel produces an output signal x 5 23 dB. This corresponds tocase, the Keplerian velocity vK 5 10.1 km/sec roughly can-

cels the spacecraft azimuthal velocity, yielding a grain im-
V 2

R 5 (1026)2/103 5 10215 V
2

Hz21.pact velocity of vG 5 18.5 km/sec (mainly due to the space-
craft radial velocity with respect to Saturn). However, the Since V 2

R Y 10x/10 (for signals much above the receiver’s noise), we deduce
E ring particles are thought to move on eccentric orbits,
with a small inclination (Horanyi et al. 1992), so that the V 2

R 5 5 3 10218 3 10
x/10

. (36)
impact velocities may be different from the above value.
We examine below how the corresponding change in the The corresponding voltage power spectral density V 2 on a monopole is

deduced by using Eq. (35), whenceyield Q/m might change our results. Since the orbital eccen-
tricity may be related to the grain size and location, the

V 2 P 10217 3 10x/10 3 G 2/4 (37)problem is in general very complicated, and we only give
some rough estimates.

(for signals much above the receiver’s noise).
Since vG is mainly radial, the change produced by an Let us now evaluate the gain G 2. In usual conditions, the signal is

eccentricity e ? 0 is mainly due to the grain radial velocity, produced by voltages on the antennae. Let Ca be the capacitance of each
monopole and Cb be the ‘‘base’’ capacitance which lumps together thewhich is at most of order of magnitude evK; this yields a
receiver input capacity and that of the antenna erecting mechanism.relative change in vG smaller than about evK/vG (positive
Ground measurements suggest that Cb P Ca (Lang and Peltzer 1977).or negative depending on the position on the orbit). With
Hence, when the potential on a monopole is V1, the corresponding value

the above values of vK and vG, the maximum relative at the receiver is reduced as VR1 5 V1/G with G 5 (Ca 1 Cb)/Ca P 2, i.e.,
change is DvG/vG p 0.5e. Since grains of radius r and impact G 2 P 4. (This assumes that the antenna and receiver impedances are

mainly capacitive, which is true for the frequencies of interest here.) Thevelocity vG contribute to the observed PRA level as V 0
2 Y

above relation holds for each monopole. In this case, (37) reduces tor6v2b11
G with b P 3.5, DvG/vG p 0.5e is equivalent to a

relative change in radius Dr/r p 0.7e.
V 2 P 10217 3 10x/10 ; V 2

0 (G 2 P 4). (38)Hence, a spread in the grain impact velocities vG at a
given location (due to a spread in orbital geometries) may Since a reliable calibration is essential in this study, we check this result
contribute to the width of the histogram of the observed by using an independent method, based on common observations of

solar bursts by Voyager PRA and the radio receiver on board ISEE-V 0
2. Since we have attributed this width to a spread in grain
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