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Abstract. The impulsive noise that the plasma wave and radio astronomy instruments 
detected during the Voyager 2 swing by Saturn was attributed to dust grains striking 
the spacecraft. This report presents a reanalysis of the dust impacts recorded by the 
plasma wave instrument using an improved model for the response of the electric 
antenna to dust impacts. The fundamental assumption used in this analysis is that the 
voltage induced on the antenna is proportional to the mass of the impacting grain. 
Using the above assumption and the antenna response constants used at Uranus and 
Neptune, the following conclusions can be reached. The primary dust distribution 
consists of a "disk" of particles that coincides with the equator plane and has a north- 
south thickness of 2Az = 962 km. A less dense "halo" with a north-south thickness of 
2/Xz = 3376 km surrounds the primary distribution. The dust particle sizes are of the 
order of 10/am, assuming a mass density of 1 g/cm3. The corresponding particle 
masses are of the order of 10 -9 g, and maximum number densities are of the order of 
10 -2 m -3 . Most likely, the G ring is the dominate source since the particles were 
observed very close to that ring, namely at 2.86 Rs. Other sources, like nearby moons, 
are not ruled out especially when perturbations due to electromagnetic forces are 
included. The calculated optical depth differs by about a factor of 2 from photometric 
studies. The current particle masses, radii, and the effective north-south thickness of 
the particle distribution are larger than what Gurnett et al. (1983) reported by about 2, 
1, and 1 orders of magnitude, respectively. This is attributed to the fact that the 
collection coefficient used in this study is smaller than what was used in Gurnett et 
al.'s earlier publication. . 

1. Introduction 

On August 26, 1981, the Voyager 2 spacecraft made a 
close pass by the planet Saturn. The spacecraft crossed the 
ring plane at a radial distance of 2.86 R s, very close to the G 
ring. Both the plasma wave and the planetary radio astron- 
omy instruments detected a region of very intense and 
impulsive noise near the ring plane crossing [Scarf et al., 
1982; Warwick et al., 1982]. This noise is similar to noise 
later detected during the ring plane crossing at Uranus and 
Neptune [Gurnett et al., 1987, 1991; Meyer-Vernet et al., 
1986; Pedersen et al., 1991]. The spectrum of this noise 
extended upward to frequencies certainly above the local 
electron plasma frequency. Warwick et al. [1982] reported 
that the planetary radio astronomy (PRA) instrument on 
Voyager 2 also detected an intense event at or near the time 
of the ring plane crossing. At its peak the event extended 
from frequencies of 10 Hz or less to approximately 1 MHz. 
Thus it was concluded that this noise could not be attributed 

to plasma waves. Since the noise was of an impulsive nature 
and the spacecraft was close to the ring plane, the conclusion 
was drawn that the noise was produced by impacts of 
particles hitting the spacecraft. The signal is caused by an 
impact ionization effect that occurs when very small dust 
grains strike the spacecraft at high velocities. When the dust 
grain strikes the spacecraft at a relative velocity greater than 
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a few kilometers per second, the grain is instantly vaporized 
and is heated to a temperature in excess of 10 5 øK. A small, 
partially ionized cloud of gas is produced that expands 
outwardly from the point of impact. This cloud of ionized gas 
is detected by the electric antenna. Making assumptions 
about the charge yield and the coupling efficiency of the 
cloud to the antenna, it is possible to estimate the mass and 
the size of the impacting particles. This is accomplished by 
studying the amplitude of the voltage pulse on the antenna. 
By knowing also the spacecraft velocity and its cross- 
sectional area, the number density of the particles can also 
be computed. 

The phenomenon of the dust impacts at Saturn was first 
studied in detail by Gurnett et al. [1983]. The method used in 
that study for estimating the collection coefficient a was 
highly uncertain. The collection coefficient is directly related 
to the voltage detected by the antennas and is a crucial 
parameter. In the analysis of the Uranus and Neptune data, 
Gurnett et al. [1987, 1991] applied an improved method 
based on comparisons with the planetary radio astronomy 
instrument to provide better estimates of the coupling effi- 
ciency. In this report we use the same method (see section 3) 
to reanalyze the Saturn dust impact data. The purpose of this 
report is to give (1) a detailed description of the impact- 
generated signals, (2) an interpretation of the impact noise in 
terms of the particles' masses and sizes as well as their 
number densities, (3) a discussion of the possible sources of 
the particles, and (4) a comparison of the new results with 
the old results of Gurnett et al. [1983]. 
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Figure 1. The path of Voyager 2 as it appears to be in a 
meridional plane coinciding with the spacecraft trajectory 
plane. Voyager 2 crossed the ring plane at 2.86 Rs, very 
close to the G ring. The E ring dimensions have been 
magnified for clarity purposes. 

2. Observations 

A good first step before discussing the observations is to 
review the operation of the plasma wave instrument (PWS). 
The plasma wave instrument utilizes two antenna elements, 
each 10 m long and 1.3 cm in diameter. The elements are 
mounted in a V configuration at an angle of 90 ø with respect 
to each other. The plasma wave instrument uses the two 
elements as a dipole (resulting in a 7-m effective antenna 
length), which means that the instrument responds to the 
voltage difference between the two elements. This is differ- 
ent from the way the antennas are utilized by the planetary 
radio astronomy experiment. In the latter case the antennas 
are used as monopoles, which means that they respond to 
the voltage difference between the elements and the space- 
craft body. The difference in the instrument response will be 
useful later in the interpretation of the impact signals. 

Voltage signals from the antennas are processed in two 
ways by the plasma wave instrument. First, a 16-channel 
spectrum analyzer is used to provide absolute voltage inten- 
sities in 16 frequency channels from 10 Hz to 56 kHz. There 
are four channels per decade (i.e., 10.0, 17.8, 31.1, and 56.2 
Hz), and their bandwidth is about 10% of the center fre- 
quency. Second, a wideband waveform receiver is used to 
provide waveforms during selected periods between 50 Hz 
and 10 kHz. The sampling rate is 28,800 4-bit samples per 
second. Typically, the data waveforms are obtained in 48-s 
intervals or frames, with each frame containing 800 succes- 
sive 55.55-ms data blocks. The sampling rate corresponds to 
34.7/as between samples. An automatic gain control (AGC) 
is included in the wideband receiver whose function is to 

maintain a nearly constant output signal amplitude. The 
AGC time constant is 0.5 s. Although the automatic gain 
control destroys information about absolute amplitude, the 
resulting waveform gives information about relative ampli- 
tudes. For a more complete description of the plasma wave 
instrument, see Scarf and Gurnett [1977]. 

As is shown in Figure 1, Voyager 2 passed through the ring 
plane close to the planet, just beyond the G ring. The ring 
plane crossing occurred at 0418:16 spacecraft event time 

(SCET) on August 26, 1981, at a radial distance of 2.86 
Saturnian radii (1 Rs = 60,330 km). During the crossing a 
very intense burst of noise was detected by both the plasma 
wave and radio astronomy instruments. The maximum in- 
tensity occurred almost exactly at the ring plane crossing. 
The electric field intensities can be seen in Figure 2. Figure 
2 shows the intensities in each individual channel of the 

16-channel spectrum analyzer. The dust impact noise con- 
sists of the sharply peaked feature at approximately 4 hours 
18 min. This feature has essentially the same shape as the 
dust features in Uranus and Neptune. The root-mean-square 
(rms) antenna voltage Vrms, obtained by integrating across 
all channels, is 0.137 volts, which is one of the highest values 
ever recorded by the Voyager plasma wave instrument. This 
value is smaller by a factor of 2 than the value originally 
published by Gurnett et al. [1983]. This change is attributed 
to a small adjustment in the calibration of the plasma wave 
instrument that occurred after the initial report was pub- 
lished. However, the main features are virtually the same. 
As can be seen in Figure 2, the signature of the noise 
intensity is well defined around the ring plane crossing and 
exhibits the same characteristics of the noise detected near 

the ring planes of the two outermost planets. The voltage 
spectrum at the time of maximum intensity is shown in 
Figure 3. As can be seen, the spectrum varies as œ-4 at the 
higher frequencies, as was shown to be the case with the 
planetary radio astronomy instrument for all three outer 
planet encounters. For more details, see Aubier et al. [1983], 
Meyer-Vernet et al. [1986], and Pedersen et al. [1991]. 

The most convincing evidence that the noise detected was 
caused by dust impacts came from the wideband receiver. 
Since it was suspected that dust might be detected near the 
equator, a series of 48-s wideband frames was scheduled 
near the equator crossing. The locations and times of the 
frames are shown at the top of Figure 2. The importance of 
the wideband frames lies in the fact that individual dust 

impacts can be seen in the antenna voltage waveforms. A 
representative wideband waveform is shown in Figure 4. 
The impact waveform typically consists of an abrupt pulse 
followed by a complex oscillatory recovery (ringing effect) 
lasting up to several milliseconds. The risetime of the pulse 
is approximately 20-30 microseconds, which is of the same 
order of magnitude of the risetime of the 12-kHz low-pass 
filter of the wideband receiver. 

A few comments would be appropriate abo•it the pulses 
and how they are recorded by the wideband receiver. Many 
of the pulses are of small magnitude, thereby falling well 
within the instantaneous dynamic range of the receiver. 
However, many of the pulses are stronger and cause clipping 
as is evidenced in Figures 4c and 4d. The time constant of 
the automatic gain control is a half second, which is too slow 
to adjust to the rapid changes of the intensity of the impacts. 
The automatic gain control responds only to the average 
signal amplitude. The clipped waveforms are caused by 
saturation in the receiver. The true waveform is probably 
best represented by unclipped pulses, i.e., Figures 4a and 
4b. The waveform typically exhibits a very rapid rise, with 
the first peak lasting a few tenths of a millisecond, followed 
by a somewhat longer second peak of opposite polarity that 
lasts from a large fraction of 1 ms to several milliseconds. 
Sheehan et al. [1994] presented laboratory results demon- 
strating the interaction of a small expanding plasma cloud 
with a simple antenna. These results corroborate the fact 
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Figure 2. The electric field intensities measured by the 16-channel spectrum analyzer near the equatorial 
plane. The very intense broadband noise observed almost exactly at the equator crossing is attributed to 
particles hitting the spacecraft. 

that the pulses can be attributed to expanding plasma clouds 
that originate from dust impacts. Mention should also be 
made of the fact that the wideband waveform data give 
information about the occurrence of an impact and nothing 
else. The broadband waveforms can be Fourier transformed 

to produce a spectrum similar to the several representatives 
seen in Figure 5. At high frequencies the spectral density 
decreases with increasing frequency as f-2. The clipped 
impulses can be approximated as square waveforms. It can 
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Figure 3. The voltage spectral density of the dust impact 
noise as recorded by the plasma wave instrument close to 
the time of maximum intensity at the ring plane crossing. It 
varies as f -4 at frequencies higher than a few hundred hertz, 
which is consistent with the results of the Uranus and 
Neptune encounters. 

be shown that the power spectrum of such a waveform goes 
as f-2 [Lee, 1960], a fact which is consistent with the slope 
of the lines in Figure 5. The observed peak at approximately 
100 Hz is believed to arise because of the recovery wave- 
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Figure 4. A series of dust impact waveforms in the vicinity 
of the ring plane crossing. The impacts are shown by arrows. 
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Figure 5. Selected frequency spectra of the broadband 
waveform data near the ring plane crossing. The f -2 voltage 
spectrum behavior at higher than a few hundred hertz is 
believed to be an instrument effect caused by the square- 
wavelike waveform that occurs during the recovery phase 
following large impacts. 

form, which is dominated by frequency components in that 
range. Comparison of the results shown in Figure 5 with the 
results of Uranus and Neptune [see Gurnett et al., 1987, 
1991] shows that the spectra and waveforms are very similar. 

3. Coupling Mechanisms 

Possible coupling mechanisms between the dust impact 
and the electric antenna were discussed by Gurnett et al. 
[1983]. It was concluded that only impact ionization can 
produce the observed pulse amplitudes. Impact ionization is 
fairly well understood. When a small particle hits a solid 
surface at a sufficiently high velocity, the particle and part of 
the surface material are vaporized and heated to an ex- 
tremely high temperature, 10 5 øK. Owing to the high tem- 
perature, some of the gas is ionized, thereby producing a 
small plasma cloud that expands away from the impact site, 
as illustrated in Figure 6. Various laboratory experiments 
have been performed to investigate impact ionization [i.e., 
McDonnell, 1978; Fechtig et al., 1978; Grt;in, 1984]. The 
results show that to a good approximation the charge Q 
released during the impact is proportional to the mass m of 
the impacting particle, 

Q = km, (1) 

where k is a yield constant that depends on both the velocity 
of the particle and the composition of both the particle and 
the target. In the case of Saturn it was shown that k = 0.21 
C/g. However, caution should be exercised. This yield 
constant can only be regarded as a rough estimate, since 
there are uncertainties in the particle structure and compo- 
sition, and other unknown factors might cause variations of 
as much as a factor of 10. 

The next issue under consideration is the coupling of the 
charge pulse to the electric antenna. It is known that the 
impacts detected occur primarily on the spacecraft body and 
not on the antennas. Since the wideband waveforms respond 
to the voltage difference between the two antennas if the 
impacts detected were only on the antennas, then the ratio of 
the different pulse polarities should correspond to the ratio 

CHARGE COLLECTED 

// 
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CA .t.r.r--•'r•:"'• SPACECRAFT BODY .... BY SPACECRAFT 

V: V+- V_ • Vsc 
DIFFERENTIAL Csc T AMPLIFIER 

Figure 6. Schematic illustration of the model used to analyze the voltage produced by an impact. The 
spacecraft body collects the charge -Q released by the impact, and the antenna collects a fraction a of 
it aQ. The voltage pulse produced is V = aQ/C A , where CA is the antenna capacity, and it is detected 
by the antenna. Since the plasma wave instrument is a differential system, it does not respond to the 
charge collected by the spacecraft body. 
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of the projected antenna areas. During the Saturn ring plane 
crossing the ratio of the projected antenna areas was A •/A 2 
= 1.82. However, the ratio of the number of positive pulses 
to the number of negative pulses was R +/R_ = 1.13. Since, 
to within the statistical uncertainty involved, the first ratio 
does not correspond to the second ratio, it was concluded 
that most of the impacts must be taking place on the 
spacecraft body. The polarity of each pulse is believed to be 
determined by the relative proximity of the impact site to the 
two antennas, meaning that the antenna closest to the impact 
site receives the largest perturbation. 

In our study the amplitude of the voltage pulse is calcu- 
lated assuming that a fraction a of the emitted charge Q is 
collected by one of the antennas, thereby producing a pulse 
of amplitude 

Table 1. Voyager 2 Offset Values, Charge 
Collection Coefficients, and Their Uncertainties for 
the Outer Three Planetary Encounters 

Planet Vpws / VpRA Creff O'eft 

Saturn 0.0202 0.0055 0.0007 
Uranus 0.0242 0.0066 0.0018 

Neptune, inbound 0.0367 0.0100 0.0006 
Neptune, outbound 0.0334 0.0091 0.0016 

Vpws/VpR A is the offset in voltage spectrum between the 
plasma wave (PWS) and planetary radio astronomy (PRA) 
instruments; Creff is the charge collection coefficient; and free 
is the associated error. 

Q 
V= a •, (2) 

CA 

where C A is the antenna capacity and C A •- 90 pF. The 
above relationship is illustrated schematically in Figure 6. 
Since the risetime of the pulse is very fast (of the order of 
microseconds), a good case can be made that the charge 
collected by the antennas is due to electrons. The travel time 
of ions from the spacecraft body to the antennas is of the 
order of milliseconds, which is too long to account for the 
observed risetimes. 

Besides the two antennas the spacecraft body can be a 
very efficient collector of charge, since the plasma cloud is 
formed very near its surface. In the ideal case of a differen- 
tial measurement the plasma wave instrument should not 
respond to a voltage pulse on the spacecraft body. However, 
a response signal does occur because of imbalances in the 
antenna and the differential amplifier, but Gurnett et al. 
[1987] showed that the response signal is much smaller than 
the pulse amplitude given by (2). Hence only the antenna 
charge collection mechanism was considered in the present 
study. 

Since the collection coefficient depends on the potential of 
the antenna as well as other unknown factors, such as the 
location of the impact, it is very difficult to estimate the 
collection coefficient a from fundamental principles. The 
collection coefficient initially was estimated to be possibly as 
high as 0.60 [Gurnett et al., 1983], but the method used was 
uncertain. On the basis of the overlap in the dust impact 
spectra in the PWS and PRA data, Gurnett et al. [1987] later 
used the PRA data to calibrate the effective collection 

coefficient. The charge collection coefficient calculation was 
based on the fact that the signal resulting from the charge 
collected by the spacecraft body is much smaller than the 
signal resulting from the charge collected by the spacecraft 
antennas. Since the PRA instrument uses the antennas as 

two monopoles, the PRA data are inherently easier to 
interpret. Even if the general form and slope of the spectra 
are similar, the PWS intensities are seen to be much lower 
than the PRA intensities. The collection coefficient was 
defined as 

Vpw S CA 
a = (3) 

VpR A Csc 

where the ratio Vpws/VpR A is the offset in the voltage 
spectrum, CA is the antenna capacitance and CA = 90 pF, 

and C sc is the spacecraft capacitance and C sc = 330 pF. 
Four values of a were computed corresponding to the ring 
plane crossings by Voyager 2 (one for Saturn, one for 
Uranus, and two for Neptune since there was an inbound 
and an outbound crossing). The results are summarized in 
Table 1. The average of the four values is 0.0078 -+ 0.0011. 
The various values of a and the offsets can be seen in Figures 
7a-7d. It should be noted that the collection coefficient 

represents an average over many impacts and is not appli- 
cable to any individual impact, since the antenna response 
depends in a complicated way on the location of the impact 
site which is unknown. 

The orientation of the spacecraft changed in each ring 
plane crossing. If the orientation of the spacecraft is such 
that most impacts occur near the antenna elements, then the 
plasma wave instrument will record large voltages. If the 
impacts occur away from the antennas, then less charge will 
be detected by the antennas. If the spread in the a values 
within the various ring plane crossings agrees with the 
spread in a for all the ring plane crossings, this is an 
indication that the charge collection mechanism is not af- 
fected by the orientation of the spacecraft. However, if the 
spreads vary, then the orientation of the spacecraft influ- 
ences the outcome. 

The following error analysis was performed in order to 
compare the spread in a and hence decide if the orientation 
of the spacecraft affects the estimation of a. The function S 
was defined for the Saturn ring plane crossing: 

V 
f2 S=(Af) l/2 , (4) 

where V/(Af)•/2 is the Saturn PWS or PRA voltage value 
indicated with crosses or squares, respectively, in Figure 7a 
and f is the frequency that corresponds to the voltage value. 
Next the function S was calculated for each of the PWS and 

PRA points (crosses and squares, respectively) that are 
along the solid lines in Figure 7a. An average function S and 
its associated error were found next for both the PWS and 

PRA points, namely Spws and S PRA. The ratio of the two is, 
in fact, the offset between the voltage spectra. Equation (3) 
provided the charge collection coefficient. The same proce- 
dure was repeated for the other ring plane crossings (Figures 
7b-7d). The offsets, the charge collection coefficients, and 
the associated errors for each case can be seen in Table 1. 

Clearly, the spread of a within the various ring plane 
crossings varies during the different ring plane crossings 
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Figure ?. Comparison of the voltage spectra detected by the plasma wave (?W$) and planetary radio 
astronomy (?R^) instruments for the three outermost planetary encounters, (a) Saturn, (b) Uranus, (c) 
Neptune inbound, and (d) Neptune outbound. The charge collection coe•cient a for each case can be seen 
in the lower left corner of each panel. The average a is •: 0.00?8. The almost constant offset is caused 
by the different mode of electric field detection used by the two instruments (dipole and monopole, 
respectively, for PWS and PRA). 

probably because the spacecraft orientation is different for 
each crossing thus influencing the charge collection 
cient. This error analysis provides a clear indication that the 
average value for the charge collection coefiScient cannot be 
used. Instead, the value calculated for Saturn is better to 
use, hence the value of a = 0.0055 is going to be used 
throughout this study. 

4. Impact Rate, Number Density, and Particle 
Mass 

One of the basic quantities that can be obtained from the 
waveform data is the impact rate R. By visually inspecting 
waveforms similar to the ones in Figure 4, it is possible to 
count individual impacts and thereby deduce the impact 
rate. In order to provide a good comparison with Uranus and 
Neptune, the same computer algorithm that was used in the 
previous dust studies was utilized again. The algorithm 
calculates the change between each successive pair of wave- 
form samples and requires the slope of the sum of the two 
measurements to exceed a preset threshold. The counting 

threshold is adjusted in such a way as to give good agree- 
ment with visual identification of events shown in Figure 4. 
Since the slope criterion often generated false events during 
the oscillatory recovery phase, especially for strongly 
clipped waveforms, a dead time to was introduced after 
each event. The dead time is adjusted to be longer for events 
with steeper slopes, since the receiver takes longer to 
recover after larger events. The true counting rate R is then 
calculated from the observed counting rate R', using the 
following formula and correcting for dead time, 

t 
R = (5) 

1 - taR' 

where to is the average dead time of 1.6 ms. The maximum 
counting rate was reached almost at the time of the equato- 
rial plane crossing and is R = 334 s -• . The impact rate 
profile, corrected for dead time, is shown in Figure 8. A 
well-defined peak can be seen near the equatorial plane (z = 
0). Making the assumption that the particle distribution 
depends only on the distance z from the equatorial plane, 
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then the impact rate can be fit to a combination of Gaussian 
curves. For the case under study the following function gives 
a good fit (solid line in Figure 8), 

-(z - h) 2.1 R = R 0 + R1 exp Az• + R2 exp 
-(z- h) 2 

' 
(6) 

where h is the offset from the equatorial plane and Az is the 
half thickness of the respective Gaussian component. The fit 
parameters areR 0 - 23 + 1 s -1 R = 262--+ 7s -1 - , 1 ,R2 = 
50--+ 5 s -1 h = 8 + 9km, Azl = 481 + 15km, andAz2 
= 1688 --+ 129 km. 

The optimum values of the fit parameters were obtained 
by minimizing the goodness of fit x 2 with respect to each of 
the parameters simultaneously. In the process of performing 
the minimization, it was judged visually that two Gaussian 
functions gave a better fit than if only one Gaussian was 
used. The associated error of each parameter was defined to 
be the product of the error of each data point multiplied by 
the effect which that data point had on the determination of 
the parameter. For a complete description on error analysis, 
see Press et al. [1989]. 

Having found the impact rate and using the antenna 
coupling model discussed in the previous section, we pro- 
ceed to the next step, which is to estimate the number 
density and the mass of the impacting particles. The number 
density n is given by 

R = nUAsc, (7) 

where Asc is the effective cross-sectional area of the space- 
craft body and U is the relative speed between the spacecraft 
and the particles. The effective cross-sectional area is A sc = 
1.66 m 2 [Gurnett et al., 1983]. The particles are assumed to 
be on Keplerian orbits. The relative speed between the 
spacecraft and the particles is U = 13.82 km/s. Solving (7) 
for n, the impact rates can be converted to number densities. 
The number density profile is shown at the top of Figure 9 
and acquires a maximum value of approximately 0.015 
particles per cubic meter, which corresponds to average 
interparticle distances of the order of a few meters. Concern- 
ing the accuracy of the number density values, it can be 
stated that there is little uncertainty in any of the quantities 
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Figure 8. The impact rate R from the wideband receiver 
and the best fit Gaussian profile (solid line). Note that R 
acquires its maximum value almost exactly at the equator 
crossing (z = 0). The error bars are 1 

2000 I000 

I000 I I 

rr I00 -- 

(D _ 

• _ 
• _ 

• - 

lO- 

G i 

o 

,,, IcF I 

o > 16 2 
z 
z 

• iff 4 
0414 

Z (krn) 

0 -I000 -2000 -3000 

_--IEF 2 •' 

__l(:f3 z 
- E 
_ 

_ 

_ 

=1o -8 •. 
IO/•m PART ICLE._• - • 

{• RADIUS - r• .-. 

(p: Igm/cm 3) _ld9 • T 0 

0417 0420 0423 

VOYAGER 2, AUGUST 26, 1981 

Figure 9. Comparison of the impact rate R and the rms 
antenna voltage Vrm s. R and Vrm s can be analyzed to give 
the number density n and the mass threshold m*, respec- 
tively. The latter quantities can be seen on the right. 

involved. The statistical error in the counting rate is only a 
few percent, and the spacecraft velocity relative to the dust 
grains is known to within a small fraction of a percent. The 
greatest uncertainty arises in the estimate of the effective 
area of the spacecraft. It does not include, for example, the 
large high-gain antenna, which is made of composite material 
that has a very low yield constant [Gurnett et al., 1983]. The 
effective area is believed to be accurate to about 10-20%, 
which makes the number density estimate of comparable 
uncertainty. 

Next we consider the mass threshold of the particles 
detected by the spacecraft. By combining (1) and (2) the 
mass can be related to the amplitude of the antenna voltage 
pulse via the relation 

rn = V. (8) 

In the wideband receiver the automatic gain control contin- 
uously adjusts the gain in order to maintain a nearly constant 
rms output voltage. This results in the threshold voltage V*, 
the lowest voltage for detecting an impact, being directly 
proportional to the antenna rms voltage Vrms, or 

V* = /3 Vrms, (9) 

where/3 = 0.51, as it was estimated by Gurnett et al. [1983]. 
The combination of (8) and (9) gives the mass threshold m* 
for counting particles 

rn [, .k /Vrms. (10) 
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The constants are/3 = 0.51, CA = 90 pF, a = 0.0055, and k 
= 0.21 C/g. The rms antenna voltage Vrm s is plotted in the 
bottom panel of Figure 9, which is the integrated spectrum of 
the 16-channel spectrum analyzer. The Vrms values can be 
seen on the left of the figure and the m* values on the right. 
At the time of the maximum impact rate the mass threshold 
for counting impacts is seen to be approximately 5.4 x 10 -9 
g. It should be noted that the mass threshold m* varies 
continuously during the equator crossing owing to the fact 
that the gain of the wideband receiver changes inversely with 
the rms voltage signal on the antenna. The mass threshold 
during the crossing varied from about 10 -• to 5.4 x 10 -9 g. 
At the peak the number density is rtma x • 0.015 m -3, which 
includes only particles greater than 5.4 x 10 -9 g. For a mass 
density of 1 g/cm 3 (typical dielectric particle, i.e., ice) the 
resulting radius is 10.9 microns. Denser particles (i.e., sili- 
cates where p = 2 g/cm 3) would have smaller radii (8.7 
microns), and fluffy, less dense particles would have larger 
radii. Despite the fact that the uncertainties for a and k are 
quite high, the particle size varies as the cube root of these 
quantities. Therefore the uncertainty of the particle size is 
reduced by a factor of 2 or 3 accordingly. 

A more quantitative way of calculating the particle mass 
can be obtained from the rms antenna voltage. We assume 
that the waveforms consist of rectangular pulses of ampli- 
tude Vn and duration rn. The rms antenna voltage averaged 
over some time interval T is given by 

2 1 
Vrms T Z Vn2•' (11) 

and by using (8) it can be shown that 

Vrms: 7Z mn'rn. (12) 

The pulse durations vary somewhat. These variations, how- 
ever, are too small compared with the amplitude variations, 
which means that the pulse duration can be treated as 
constant, thus r n = r. The averaging time interval T can also 
be expressed in terms of the total number of impacts N, as 
N = RT so that (12) becomes 

Vrm s = Rr • m . (13) 

The quantity in the brackets is just the rms mass squared, so 
(13) is finally written as 

CA) 1 mrms = •-• (Rr) •/2 Vrms. (14) 
At maximum impact rate (R = 334 s -1) Vrm s -- 0.137 V, and 
using ß = 1 ms and the previous values for the rest of the 

max 1.8 x 10 -8 g, which for quantities, we find that mrm s = 
typical ice particles results in a radius of 16.4/am. 

Comparing the top and bottom panels of Figure 9, it can be 
seen that the impact rate and the Vrm s profiles are not 
identical. More and larger fluctuations take place in the 
voltage profile, and the impact rate profile is not as sharply 
peaked as the rms antenna voltage profile. The difference in 
fluctuations is attributed to statistics. The sample rate of the 
wideband data receiver is 28,800 samples per second, while 

the sample rate of the 16-channel spectrum analyzer is 4 
samples per second. For this reason, the statistical fluctua- 
tions of the impact rate are expected to be much smaller than 
the fluctuations in the rms antenna voltage. The differences 
in the shapes of the profiles are attributed by Gurnett et al. 
[1991] to the changes of the mass of the particles. 

5. Discussion 

In this report we described and analyzed the observations 
of dust impacts on Voyager 2 during the Saturnian ring plane 
crossing. The method used was similar to the one that 
Gurnett et al. [1987] used. The new addition was that a new, 
more accurate value for the charge collection coefficient was 
used. We are more confident with the new value of alfa and, 
consequently, with the new results. Our results indicate that 
the impulses detected by the plasma wave instrument were 
caused by particles with radii of the order of 10 /am. The 
mass threshold for detecting these particles changes from 
10 -• to 5.4 x 10 -9 g, and the maximum rms mass of the 
grains is estimated to be - max 1.8 X 10 -8 g. The number rrt rms -- 

density reached a maximum value of about 0.015 particles/ 
m 3, which occurred only approximately 8 km after the 
equator crossing. The results indicate that there is a dense 
"disk" of dust particles whose plane, for all practical 
reasons, coincides with the equatorial plane. The north- 
south thickness of the impact region is 2Az = 962 km, based 
on the first Gaussian fit. Superimposed on this is a less dense 
"halo" whose north-south thickness is 2Az = 3376 km, 
based on the second Gaussian fit. 

Gurnett et al. [1983] concluded that the particle sizes 
ranged from 0.3 to 3/am. Our new values are considerably 
higher. The change can be attributed to the new lower 
estimates of the collection coefficient a. The new a also 

accounts for the differences in the threshold mass m*. 

Gurnett et al. [1983] estimated the effective ring thickness to 
be 106 km by using a mass distribution function. The new 
thickness of the disk is 2Az = 961 km. The difference is 
attributed to the new a value and to the definition of 

thickness. The authors defined the thickness to be the 

distance which, when multiplied by the peak particle den- 
sity, gave the total number of particles per unit area. In our 
study the disk and the halo thickness estimates result from a 
Gaussian fit. If we consider the halo thickness (2Az = 1376 
km), then our results are the same with those of Warwick et 
al. [1982] and Scarf et al. [1982]. This is not surprising 
because both our method and theirs take as thickness the 

region over which a substantial number of particles could be 
detected. A study is currently under way in order to validate 
the method used by Gurnett et al. [1983] for deriving the 
particle mass distribution function and also to derive such 
functions for Uranus and Neptune. 

In the vicinity of Saturn, electromagnetic interactions 
arise due to the fact that small dust grains become charged 
by photoemission and electron collection from the ambient 
plasma. We performed simulations in order to see how the 
orbit of a charged particle varies owing to the magnetic and 
gravitational fields of Saturn. The zonal harmonic magnetic 
field was used, and the oblateness of the planet was included 
as well [Connerney et al., 1982]. The simulations showed 
that the motion of larger particles, as seems to be the case in 
the region sampled by Voyager 2, is almost entirely domi- 
nated by gravitational forces; the particles seem to be 
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confined in the same radial distance they started from; and 
no substantial latitudinal nor longitudinal excursions occur. 
Since the particles are large enough and since there is no 
substantial tilt of the magnetic field, the above results were 
not surprising. If the particles, however, are smaller than a 
few microns, then electromagnetic effects become more 
important [Schaffer and Burns, 1987; Northrop and Hill, 
1983; D. Hamilton, personal communication, 1992]. 

Voyager 2 crossed the equatorial plane at 2.86 Rs, very 
close to the G ring. Most likely, the dust particles that were 
detected by the plasma wave instrument are connected with 
this ring. By using the best fit Gaussian rate profiles or 
equivalently, the number density profiles, the columnar 
number density perpendicular to the equator plane can be 
computed. The columnar number density K can be shown to 
be • = ,r $ n dz where n is the particle number density 
calculated from (6) and (7) and z is the vertical distance. The 
integration was performed for about 4000 km along the 
Voyager 2 trajectory centered at the equatorial plane cross- 
ing. This was in agreement with the widths of the Gaussian 
functions given by (6). It was found that • = 1.51 x 10 4 
particles/m 2. The constant term R 0 has been ignored since it 
is smaller than R 1 and R2, and there is no way to evaluate 
the thickness associated with this term. From the columnar 

number density we proceed to calculate the optical depth v, 
which is basically a measure of the fraction of the area 
covered by particles along the column. The optical depth is 
defined as • = $ nA dz, where A is the area of the particle. 
Spherical particles were assumed for the calculation. It was 
found that • = 1.06 x 10 -6. This is a very small value. The 
reader should keep in mind that this value is underestimated 
because it doesn't include small particles below the counting 
threshold. Recently, Showalter and Cuzzi [1993] presented 
an extended photometric study of Saturn's G ring. They 
derived a steep particle size distribution function (it varies as 
r-6). According to their method, an upper limit of about $ x 
10 -7 can be placed on the optical depth value for the region 
that was sampled by Voyager 2 (M. Showalter, personal 
communication, 1993). Our value is somewhat higher than 
the value of the photometric study by a factor of 2. The 
discrepancy is not an alarming one. A possible explanation is 
that the region sampled by Voyager 2 may exhibit unusual 
properties. The PWS instrument is sensitive to local proper- 
ties (at least for the case of dust), whereas the photometric 
study of Showalter and Cuzzi [1993] measures global prop- 
erties. It is unlikely that the G ring consists of something 
other than ice, since the primary component of Saturn's 
rings is ice [Showalter and Cuzzi, 1993]. Hence a different 
composition of particles is ruled out as a reason to account 
for the discrepancy in the optical depth calculations. An- 
other alternative might be the uncertainty concerning the 
estimation of k. Since we do not know the yield constant for 
water ice, k had to be estimated from other materials and 
could be off by up to a factor of 3 or more. We expect the 
discrepancy issue is going to be resolved by the upcoming 
Cassini mission where both the cosmic dust analyzer and the 
PWS instruments are going to provide measurements of the 
dust environment of the planet. Gurnett et al. [1983] calcu- 
lated the optical depth to be larger than the optical depth of 
the current study by an order of magnitude. They derived the 
optical depth values by using the mass distribution function. 
The difference in the optical depth values of the current 
study and of the study by Gurnett et al. is attributed to the 

value of the charge collection coetficient used. In fact, when 
the new charge collection coetficient value is used in their 
approach, v becomes unacceptably large (about 5 x 10-3). 

Particles of similar size to those detected at Saturn are 

destroyed relatively quickly, i.e., within a few thousand 
years, as a result of shattering by collisions and sputtering by 
magnetospheric ions [Burns et al., 1984]. This seems to be 
the case for all outer planets. Since the dust grains are lost so 
quickly, there must be a suitable source for particle produc- 
tion. The G ring, particularly because of its proximity to the 
spacecraft trajectory, seems to be a very appealing source. 
Micrometeoroid bombardment of relatively large ring parti- 
cles produce small dust grains that diffuse outward. Also, 
nearby moons might contribute to particle production, i.e., 
Atlas, 1980S27, 1980S26, Janus, Epimetheus, and Mimas 
whose radial distances vary from 2.28 Rs to 3.08 Rs. We 
would like to emphasize the fact that the rrm s = 16.4 /am 
value for the particle size is an upper limit. It is a certainty 
that smaller particles also exist in that area. These particles 
are not being detected because the voltage they are able of 
inducing is below the threshold that the PWS can record. If 
the instrument were able to detect all particles, then the total 
number of impacts N would have been larger, resulting in a 
smaller Vrm s value in (13) and, consequently, a smaller mrm s 
value in (14). Other processes, like solar radiation pressure, 
electrostatic breakup, stochastic charge variations or charge 
variations due to planetary shadow, etc., might be respon- 
sible for transferring particles from even larger distances. 
The same processes might replenish particles from the 
region of interest. Radiation pressure, for one, has a notice- 
able effect on the eccentricities of smaller particle orbits (D. 
Hamilton, personal communication, 1992). It seems that 
there are both a source and a sink of particles in the location 
that was sampled by Voyager 2. All of the above suggest that 
the Saturnian G ring is a very dynamic system. 
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