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CHAPTER I 

INTRODUCTION 

It is well known that there are a large number of very small dust particles with 

sizes on the order of a few microns in the Saturn system [Smith et al., 1981; Esposito et 

al., 1984]. These very small particles are primarily centered near the ring plane at a radial 

distance near and inside the G ring, and are most likely produced by micrometeoroid 

impacts on the rings and icy moons. The first direct detection of these small dust particles 

was with the radio and plasma wave instrument on the Voyager 2 spacecraft. During the 

Voyager 2 flyby of Saturn, numerous impulsive signals were detected both by the plasma 

wave and the planetary radio astronomy instruments as the spacecraft crossed the ring 

plane at a radial distance of 2.88 RS (RS = 60,268 km) slightly outside of the G ring 

[Scarf et al., 1982; Warwick et al., 1982].   At peak intensity the spectrum of this 

impulsive noise extended from frequencies of 10 Hz or less to approximately 1 MHz, 

which is well above the local electron plasma frequency. Because the spectrum extended 

well above the electron plasma frequency, which is the highest characteristic frequency 

of the plasma, it was concluded that this noise could not be due to plasma waves. From 

the impulsive waveform and the close proximity to the ring plane, Scarf et al. [1982] and 

Warwick et al. [1982] concluded that the noise was produced by the impacts of micron-

sized particles hitting the spacecraft.  

The mechanisms involved in the coupling of the impacts to the plasma wave 

instrument (PWS) were discussed in detail by Gurnett et al. [1983]. The plasma wave 
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instrument on the Voyager 2 spacecraft used two antenna elements as a dipole. Based on 

the assumptions about the charge yield of the impacts and the coupling efficiency of the 

released charge to the antenna elements, Gurnett et al. provided an initial estimate of the 

mass and size distribution of the dust particles. A critical parameter α, called collection 

coefficient, was introduced to measure the ratio of the charge collected by the antenna to 

the total released charge. However the collection coefficient depends on the potential of 

the antenna as well as other unknown factors such as the location of the impact, so it was 

very difficult to estimate the size of the particles from fundamental principles.  

Aubier et al. [1983] discussed the mechanisms involved in the impulsive noise 

spectrum detected by the planetary radio astronomy instrument (PRA) on Voyager 2, 

which used the two antenna elements as two independent monopoles. Based on the 

assumption that the induced voltage between the antenna and the spacecraft body is 

related to the electric field in the expanded ionized cloud, the impulsive noise spectrum 

was modeled in the time domain. After Fourier transforming, the voltage spectrum was 

found to be proportional to f -4, which is consistent with the experimentally observed 

relationship between the voltage spectral density and the frequency of the noise [Meyer-

Vernet et al., 1986]. If all of the particles were to have the same size, a quantitative 

approach of this process gave an estimation of the dust particle size of about 2.3 µm 

[Aubier et al., 1983]. 

The objective of my Ph.D thesis is to use data from the Radio and Plasma Wave 

Science instrumentation (RPWS) on the Cassini spacecraft to investigate dust impacts 

during the inbound and outbound passes through the rings of Saturn, which occurred on 
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July 1st, 2004. After the impact, the escaping electrons cause an electric field to develop 

in the plasma cloud between the spacecraft body and the escaping electrons. It is this 

polarization electric field that induces voltage pulses in the electric antennas. By counting 

the voltage pulses a very accurate measurement of the impact rate can be obtained. 

Knowing the relative velocity between the spacecraft and the dust particles, which are 

assumed to be in circular orbits around Saturn, and the cross-sectional area of the 

spacecraft, the number density of the impacting particles will be determined.  Using the 

theory developed by Aubier et al. [1983] the root-mean-square mass and size distribution 

of dust particles will also be determined. At present there are no observations of scattered 

light from the region of the ring where these measurements were made. In order to 

facilitate possible future comparisons with optical remote sensing measurements the 

optical depth and angular distribution of scattered sunlight will be determined.  
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CHAPTER II 

THE CASSINI MISSION 

The Cassini spacecraft, which was designed to investigate Saturn and its rings, 

moons and magnetosphere, was launched on October 15th, 1997, and placed in orbit 

around Saturn on July 1st, 2004. Figure 1 shows the trajectory of the Cassini spacecraft 

during the first encounter with Saturn. The spacecraft passed northbound through the ring 

plane between the F and G rings on the inbound pass and southbound between the same 

two rings on the outbound pass. The inbound ring plane crossing occurred at 00:46:31 

Universal Time (UT) and a radial distance of 2.634 RS (RS = 60,268 km). The outbound 

ring plane crossing occurred at 04:33:51 UT and a radial distance of 2.630 SR . Since it is 

the first orbiter of Saturn, Cassini can provide much better spatial and temporal coverage 

than Voyagers 1 and 2. Two instruments on Cassini provide measurements of small dust 

particles:  the Cosmic Dust Analyzer (CDA) and the RPWS.  The CDA is specifically 

designed to detect and analyze small dust particles [Srama et al., 2004], whereas the 

RPWS is mainly designed to study radio and plasma waves [Gurnett et al., 2004].  

Although the CDA has provided very useful surveys of micron and sub-micron dust 

particles in the outer regions of Saturn’s rings [Kempf et al., 2005a; 2005b], during the 

two very close passages through the rings that occurred on July 1st, 2004, the CDA was 

not operating.  Thus, the RPWS provided the only measurements of dust particles in this 

crucial region, a region that probably will not be directly sampled again during the 

Cassini mission. 
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Compared with the Voyager plasma wave instrumentation, several very 

significant improvements were made in the Cassini RPWS that significantly enhance the 

ability to detect and analyze dust impacts. First, the RPWS can operate the antenna 

elements both as a dipole and as a monopole. With this system, the charge released by the 

impact can be determined directly from the amplitude of the voltage pulse on the 

monopole antenna, thereby giving a signal that is proportional to the mass of the 

impacting dust particle. Second, the dynamic range of the RPWS antenna voltage 

waveforms was increased from 4-bit resolution to 8-bit, thereby making it possible to 

obtain mass distributions from pulse height analysis of the observed impact waveforms. 

In addition, an on-board microprocessor algorithm can be used to continuously identify 

and analyze dust impacts throughout the mission.  
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CHAPTER III 

THE RPWS INSTRUMENT 

RPWS 

For a detailed description of the Cassini RPWS investigation, see Gurnett et al. 

[2004]. The RPWS instrumentation consists of three electric antennas, three magnetic 

antennas, a Langmuir probe and its associated electronics, and five specialized receivers. 

In the dust detecting task, we only use the high frequency receiver and the wideband 

receiver. 

Figure 2 shows a simplified block diagram of the RPWS instruments. The left 

column shows the three kinds of RPWS sensors that are used to provide measurements of 

radio and plasma waves. Three monopole electric field antennas, labeled Eu, Ev, and Ew, 

are used to provide electric field measurements. The tri-axial search coil magnetic 

antennas, labeled Bx, By, and Bz, are used to detect three orthogonal magnetic 

components of electromagnetic waves. The spherical Langmuir probe is used to detect 

electron density and temperature. The locations of the RPWS sensors and their 

relationship with other structures on the Cassini spacecraft are shown in Figure 3. Both 

the electric antennas and the Langmuir probe can be used to detect dust impacts. 

Through a network of switches in the block labeled “antenna selection switches,” 

the RPWS antennas can be connected ti various combinations to the five receivers that 

are shown in the middle column of the block diagram in Figure 2. The high frequency 

receiver (HFR) provides simultaneous auto- and cross-correlation measurements from 
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two selected antennas over a frequency range from 3.5 kHz to 16 MHz. The medium 

frequency receiver (MFR) and the low frequency receiver (LFR) provide intensity 

measurements from a single selected antenna over a frequency range from 24 Hz to 12 

kHz and from 1 to 26 Hz, respectively. The sounder transmitter is used to transmit short 

square wave pulses from 3.6 to 115.2 kHz. It can also provide a direct measurement of 

the electron number density by exciting resonances in the plasma. The five-channel 

waveform receiver (WFR) is used to collect simultaneous waveforms from up to five 

sensors for short intervals over a frequency range from 1 to 26 Hz or from 3 Hz to 2.5 

kHz. The wideband receiver provides nearly continuous wideband waveform 

measurements in one or two bandwidths, either 60 Hz to 10.5 kHz, or 800 Hz to 75 kHz. 

In order to obtain the current-voltage characteristics of the probe and thereby the electron 

density and temperature, the Langmuir probe controller is designed to sweep the bias 

voltage of the probe over a range from –32 V to +32 V.  

Following the receivers, the RPWS data processing unit is shown on the right 

column of the block diagram. The data processing unit consists of three processors. The 

low-rate processor controls all instrument functions, collects data from three frequency 

receivers and the Langmuir probe, and handles all communications with the spacecraft 

command and data system (CDS). The high-rate processor collects data from the 

wideband and five-channel waveform receivers and transmits the data to the CDS 

through the low-rate processor. The data compression processor compresses received 

data and performs some specialized operations such as on-board dust detection by using 

waveforms from the wideband receiver. 
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In the following, we describe the three electric antennas, the low rates spectrum 

analyzer and the wideband waveform receiver, all of which are used to analyze dust 

impacts. 

Electric Antennas 

The RPWS uses three 10m long antenna elements, which extend radially outward 

from the RPWS antenna bracket located about 1.1 m below the magnetometer boom. The 

physical orientations of the three elements with respect to the x, y, and z axes of the 

Cassini spacecraft are shown in Figure 3. The two upper elements, labeled UE  and VE , are 

mounted symmetrically at angles of 60 degrees with respect to the y-z plane of the 

Cassini spacecraft and form a dipole antenna called XE . The third antenna, labeled wE , 

is rotated at an angle of 37 degrees with respect to the z axis of the Cassini spacecraft and 

is perpendicular to the plane formed by the UE  and VE  elements. 

The three electric monopole antennas and their deployment mechanisms were 

provided by Orbital Sciences Corporation. Physically the antenna elements consist of 

conducting cylinders, which are formed by two opposing semi-cylindrical strips with 

interlocking tabs. Each antenna element is 10 m long and 2.86 cm in diameter. The 

elements are made of beryllium-copper alloy and have a thermal finish of bright polished 

silver plate externally and black thermal paint internally. Approximately 12% of the 

surface area is perforated with small holes allowing solar radiation to shine through and 

heat the shaded side of the element in order to lower the temperature differential across 

the element and thereby reduce thermally induced bending. At the base of each antenna 

element spring loaded guide rollers contact the element as it enters the deployment 
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mechanism. These rollers supply a spring constant for small movements of the antenna 

and are intended to eliminate mechanical deadband of the antenna for the purposes of 

improving the performance of the attitude control system. A motor-driven deployment 

mechanism feeds the element through a forming channel that expands the strips into a 

cylindrical tube. A photograph of the three electric monopole antennas and their 

deployment mechanisms is shown in Figure 3. 

Spectrum Analyzer 

The low rate spectrum analyzer, which is used for dust detection consists of the 

high frequency receiver (HFR) and the medium frequency receiver (MFR). The high 

frequency receiver provides simultaneous auto- measurement from two selected antennas 

over a frequency range from 3.5 kHz to 16 MHz. The medium frequency receiver 

provides intensity measurements from a single selected antenna over a frequency range 

from 24 Hz to 12 kHz. 

The high frequency receiver includes its own digital signal processing unit, 

therefore being controlled independently by its own processor. All of the receiver 

parameters can be selected by command, making the high frequency receiver to be 

operated extremely flexibly. This flexibility allows for regular surveys of the radio 

frequency spectrum of Saturn at low data rates (typically about 450 bps). For the dust 

impact detection, the medium frequency receiver can process signals from the WE  

antenna,  which provides continuous spectral measurements over a frequency range from 

24 Hz to 12 kHz, with moderate frequency and temporal resolution and a relatively low 
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data rate. The dynamic range of the medium frequency receiver, from the lowest signal 

that can be detected to the saturation level, is about 110 dB. 

Wideband Waveform Receiver 

The purpose of the wideband receiver is to provide high-resolution waveforms of 

radio emission and plasma waves. The wideband receiver design is based on similar 

wideband receivers previously used on the Voyager, Galileo, Polar, and Cluster 

spacecraft [Gurnett et al., 1978, 1992, 1995]. The wideband waveform receiver can 

process signals from a selected single sensor of UE , VE , XE , WE , XB , or Langmuir 

probe, which provides high-resolution  electric and magnetic field waveform 

measurements over a frequency range from 60 Hz to 10.5 kHz, or 0.8–75 kHz. The 

wideband waveform receiver can also serve as the front end for the on-board dust 

detection algorithm. By connecting the wideband receiver to the frequency conversion 

output of the high frequency receiver, the wideband receiver can also obtain waveforms 

at higher frequencies. The instantaneous dynamic range of the wideband receiver is 48 

dB. To process the expected large dynamic range of the input signals, a set of discrete 

gain amplifiers and an automatic gain control are used to amplify the signal to the proper 

level in steps of 10 dB over a range of 0–70 dB, thereby providing a total dynamic range 

of over 100 dB for the wideband receiver. The output from the discrete gain amplifiers 

goes to the two bandpass filters, 60 Hz to 10.5 kHz or 0.8–75 kHz, and then the output of 

the selected bandpass filter is sent to an 8-bit analog-to-digital converter. The sampling 

rate is 27,777 samples/s for the 10-kHz channel and 222,222 samples/s for the 75-kHz 
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channel. The wideband waveform can be operated in either the temporal domain, or in 

the frequency domain (Fourier transformed).  
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CHAPTER IV 

OBSERVATIONS 

In the mode of operation used for detecting dust impacts during the July 1st, 2004, 

ring plane crossings, the wideband waveform receiver was configured to respond to the 

voltage difference between the EU and EV antennas (hereafter called the x-axis dipole). At 

both ring plane crossings very intense impulsive signals were detected in the wideband 

receiver waveforms, with the maximum intensity occurring very close to the center of the 

ring plane. Figure 4 shows the wideband voltage waveform obtained during the first ring 

plane crossing. The sample rate during this pass was such that the time between samples 

is 36 µs. Some representative dust impact waveforms are shown by the arrows. The dust 

impact waveforms typically exhibit a very rapid rise on a time scale of a few tens of a 

microsecond, followed by a complicated recovery waveform. The rise time is controlled 

by the bandwidth of the receiver, which is 10 kHz. The total duration of the initial pulse 

typically lasts less than one millisecond, followed by a longer second peak of opposite 

polarity that lasts for several milliseconds. Most of the pulses fall well within the 

dynamic range of the receiver. In the gain state that most commonly occurred during the 

ring plane crossings pulses with an antenna voltage up to about ± 65 mV can be detected.  

Above this amplitude the pulses are clipped.    

To count dust impacts, abrupt steps in the x-axis antenna voltage are identified by 

requiring that two successive pairs of voltage measurements have slopes of the same sign, 

either positive or negative. If the total voltage change between the first and last of the 
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three points exceeds 1.6 mV then the step is counted as a dust impact.  The 1.6 mV 

detection threshold was selected on a trial-and-error basis so that it is just above the 

background noise level at the ring plane crossing. Once an impact is identified, the 

computer software introduces a dead time of 252 µs ring which no further impacts are 

recognized. This dead time was introduced to avoid spurious transient effects that are 

sometimes produced during the complicated recovery waveform. Once the impacts have 

been identified the impact rate R is computed by counting the number of impacts over a 

given time interval, after correcting for the dead time. The counting interval is usually 

about 125 ms, but can vary from as little as 52 ms to as much as 272 ms depending on 

onboard computer software limitations.  The impact rate obtained using this procedure is 

shown versus time in UT in Figure 5 for the inbound ring plane crossing and in Figure 6 

for the outbound ring plane crossing.  A scale at the bottom of these figures also shows 

the z position of the spacecraft measured positive north from the Saturn’s equatorial 

plane. For both ring plane crossings the impact rate reached a maximum value very close 

to the equator (z = 0) and has a quasi-Gaussian dependence on the distance z from the 

equatorial plane. As with a similar study of dust impacts by Tsintikidis et al. [1994] using 

the Voyager 2 data, we find that the sum of two Gaussians  

    
2 22 2

1 2-(z-h) /L-(z-h) /L
0 1 2R = R +R e +R e ,   (1) 

gives a good fit to the impact rate profile, where h is the offset from the equatorial plane 

and L is the half thickness of the respective Gaussian component.  The optimum values of 

the fit parameters which are listed in Figures 5 and 6 were obtained by minimizing the 

goodness of fit parameter )6N(/)RR( 2
i

2 −−Σ=χ , where N is the total number of data 
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points and 6 is the number of free parameters in equation (1).  The impact rate from the 

Gaussian fit reaches a maximum value of 1164 s-1 for the inbound ring plane crossing and 

1262 s-1 for the outbound crossing.   

The number density, 0n , of the impacting particles can be derived from the impact 

rate R using the equation 

    R = nUA ,       (2) 

where U is the relative speed between the spacecraft and the dust particles and A is the 

effective cross-sectional area of the spacecraft body.  The relative speed between the 

spacecraft and the particles, which are assumed to be in circular Keplerian orbits around 

Saturn, was 16.6 km s-1 for the inbound ring plane crossing and 15.9 km s-1for the 

outbound ring plane crossing. The spacecraft was oriented during both crossings such 

that the velocity vector of the arriving dust particles was parallel to spacecraft +Z axis. 

This orientation was chosen so that the high gain antenna protected the main body of the 

spacecraft from impacts (see Figure 3). Because of this orientation, the effective area for 

dust impacts is dominated by the high gain antenna.  From the 4 m diameter of the high 

gain antenna [Matson et al., 2002] the effective cross-sectional area is estimated to be A 

= 12.6 m2.  Using this area, the relative velocities, and the best fit impact rates at the 

inbound and outbound ring plane crossing, which are 1164 s-1 and 1262 s-1, respectively, 

the average number densities given by equation (2) at the two ring plane crossings (z = 0) 

are n0 = 5.57 × 10−3 m−3 and 6.31 × 10−3 m−3, respectively.  Recent comparisons with dust 

measurements in the E ring by the Cassini Cosmic Dust Analyzer (CDA) suggest that the 

effective area for dust detection by the RPWS maybe significantly smaller than the area 
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of the high gain antenna [Kurth et al., 2006].  If this proves to be correct, then the average 

number densities computed above will have to be increased by the appropriate factor.   

In the Gaussian fit given by equation (1), L1 gives a measure of  the north-south 

thickness of the “core” dust distribution and L2 gives a measure of  the north-south 

thickness of the less dense “halo” surrounding the core.  For the inbound ring plane 

crossing, the north-south thickness of the core component, to the 1e−  points, is 2 L1 = 296 

km and the corresponding  north-south thickness of the halo component is 2 L2 = 714 km.  

For the outbound ring plane crossing, the north-south thickness of the core is 2 L1 = 320 

km and the thickness of the halo is 2 L2 = 726 km, both of which are very similar to the 

inbound crossing. 

Since the amplitude of the voltage pulse on the antenna is believed to be 

proportional to the mass of the impacting particles [Gurnett et al., 1983; Aubier et al., 

1983], the mass distribution of the dust particles can be determined from the amplitude 

distribution of the voltage pulses on antenna.  For each impact the maximum voltage 

amplitude on the x-axis dipole antenna during the 252 µs dead time interval was 

computed relative to the voltage that existed immediately before the impact.  To compute 

the pulse amplitude distribution, the voltage amplitudes were sorted into the 0.5 mV bins 

and the number of the impacts in each bin was counted for a specific time interval.  By 

dividing by the total number of impacts, the fraction of impacts per bin, F(V) versus peak 

voltage of dust impacts can then be obtained.   Figure 7 shows F(V) near the center of the 

first ring plane crossing (–70 km < z < 70 km).  Since the pulse amplitude is expected to 

be proportional to the mass of the impacting particle, this plot gives the mass distribution 
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of the dust particles, dN/dm.  The exact voltage-to-mass conversion given at the bottom 

of the plot will be discussed in the next section.  The fractional voltage amplitude 

distribution in Figure 7 has been plotted on a log-log plot so that a power-law distribution 

appears as a straight line.  As can be seen, above about 1 mV, which is the approximate 

background noise level, the differential mass distribution dN/dm varies approximately as 

m–2.  Note that some particles almost certainly exist below the detection threshold.  

Therefore, the number densities described previously only represent a lower limit.  To 

investigate how the mass distribution depends on z the amplitude distribution of the peak 

voltages observed well away from the center of the first ring plane crossing is shown in 

Figure 8 for –565 km < z < –425 km, and in Figure 9 for 425 km < z < 565 km.  As can 

be seen the mass distribution away from the ring plane is notably steeper than the mass 

distribution near the center of the ring plane, varying more like dN/dm ∼ m-4.  The 

increase in the slope of the mass distribution indicates that there are proportionally fewer 

large particles in the region well away from the center of the ring plane compared to the 

region near the center of the ring plane.  Another notable feature in Figures 8 and 9 is a 

very prominent step-like decrease in the mass distribution at a voltage of about 8 mV. 

This step-like decrease occurs both north and south of the ring plane (compare Figures 8 

and 9), but is not present on the outbound pass where the slope is more nearly 

independent of z.  Apparently, this is a local feature not present at all points around the 

ring.  

In addition to the distribution of voltage amplitudes, F(V), it is also of interest to 

compute the root-mean-squared (r.m.s.) voltage, Vrms, which will be used in the next 
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section to compute the r.m.s. mass of the dust particles.  For purposes of computing Vrms, 

it is useful to plot V2F(V), so that we can judge whether there is enough dynamic range 

available to give an accurate determination of the r.m.s. voltage.  Figure 10 shows a plot 

of V2F(V) near the center of the first ring plane crossing (–70 km < z < 70 km).  The 

r.m.s. voltage squared 2
rmsV , is given by the area under the curve.  It is evident that the 

area under the curve is reasonably well determined, since there does not appear to be a 

large contribution from impacts that are either above or below the available dynamic 

range (i.e., less than about 1.6 mV, or greater than about 65 mV).  The r.m.s. voltage near 

the ring plane, from –70 km < z < 70 km, computed by integrating under the curve is Vrms 

= 6.65 mV.  

Since the voltage measured by the dipole antenna depends somewhat on the 

location of the impact, the best way to characterize the absolute voltage spectrum of the 

dust impacts is by measuring the voltage on the monopole antenna.  Since the monopole 

gives the voltage between the antenna and the spacecraft body, this voltage is expected to 

be independent of the location of the impact.  Figure 11 shows the voltage spectral 

density on the monopole as obtained from the low-rate spectrum analyzer near the center 

of the ring plane crossing (–70 km < z < 70 km).  The voltage spectral density has been 

plotted on a log-log plot so that a power-law distribution appears as a straight line.  For 

low frequencies (below about 4000 Hz), the spectral density is proportional 

approximately to , 2(1/ )f  and as predicted by the theory of Aubier et al. [1983] at high 

frequencies (above about 4000 Hz), the spectral density is proportional approximately to 

4(1/ )f . 
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Root-Mean Square Mass 

Figure 12 illustrates what happens when a small high-velocity particle traveling at 

a speed of many kilometers per second strikes the surface of the spacecraft.  Upon impact 

the kinetic energy of the particle is converted into heat which vaporizes both the particle 

and part of the target material, thereby producing a small partially ionized cloud of gas.  

Some of the electrons (-Q) in this rapidly expanding plasma cloud escape leaving the 

spacecraft body with a charge Q.  Laboratory measurements show that the charge 

released is proportional to the mass of the impacting particle, i.e., Q = km, where k is a 

constant that depends on the speed of the particle.  The mass-to-charge conversion 

constant k has been measured for various materials and impact velocities in the 

laboratory by Grün [1981], and is approximately k = 0.4 C g-1 for dielectric particles 

(such as water ice) striking a metal target at a speed of 16 km s-1, which is typical of the 

impact velocities that occur at the Cassini ring plane crossings.  It should be noted that 

laboratory measurements are not available for the exact target material (conducting paint) 

that is actually present on the high gain antenna, so the above value for the charge-to-

mass conversion constant is at best an intelligent guess, and could very well be in error 

by a substantial factor.  After the impact, the escaping electrons cause a nearly radial 

electric field to develop in the plasma cloud between the spacecraft body and the 

escaping electrons.  Our current view is that it is this polarization electric field that 

induces the voltages in the electric antennas.  On Cassini the antenna voltage can be 

measured by the RPWS in two ways:  via waveform measurements using the x-axis 

dipole antenna, and via spectrum measurements using the w-axis monopole antenna.  
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Since the voltage induced on the dipole antenna involves a differential measurement, 

which is inherently sensitive to the impact location, the best way to estimate the mass of 

the impacting particle is by measuring the voltage on the monopole antenna, which is 

directly related to the charge Q remaining on the spacecraft body.  

As the plasma cloud expands over the monopole antenna, the high frequency 

receiver detects a voltage pulse, Q/C, that is related to the effective capacity C of the 

spacecraft body.  The capacity of the spacecraft body is estimated to be about C = 200 pF 

[Gurnett et al., 2004].  As a simple model, the voltage on the monopole antenna can be 

represented by the following waveform [Aubier et al., 1983]  

( )V t = 0    t 0≤       and  

( ) ( )t /V t 1 e (Q / C)− τ= − β  t 0>  ,   (3) 

where τ is the rise time of the impact ionization process and β ≈ 0.4 is a factor that takes 

into account the voltage reduction due to the known base capacity of the antenna, i.e. β = 

CA/(CA + CB), where CA is the antenna capacity and CB is the base capacity (see Figure 

12).  It is easy to show that the Fourier transform of V(t) is 

( ) Q 1 1V
C i i 1/
⎛ ⎞ω = − + β⎜ ⎟ω ω− τ⎝ ⎠

.    (4) 

The voltage spectrum is then given by 

( )
2 2

22
2 2 2 2

Q 1V V 1
C 1 1/

⎛ ⎞β
= ω = −⎜ ⎟ω + τ ω⎝ ⎠

 .   (5) 
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For low frequencies, 2 2τ ω  << 1, the term 2 21/(1 1/ )+ τ ω  is much less than 1 and 

can be neglected compared to 1.  Thus, at low frequencies the spectral density is 

proportional to 2(1/ )f , i.e.  

( )

2 2 2 2
2

22 2 2 2

Q QV
C 2 C f
β β

= =
ω π

.     (6) 

For high frequencies, 2 2τ ω  >> 1, the spectral density function simplifies to 

( )

2 2 2 2
2

42 2 4 2 2 4

Q QV
C 2 C f

β β
= =

τ ω π τ
,    (7) 

and the spectral density is then proportional to (1/f)4. As shown in Figure 11 the voltage 

spectral density on the monopole antenna has a very good fit to this expected (1/f)4  

frequency dependence.  Taking τ2ωc
2 = 1 as defining the critical frequency that 

distinguishes the low frequency region from the high frequency region, we can obtain the 

rise time τ.  From Figure 11 one can see that the critical frequency, fc = (1/2π)ωc, is 

approximately 4000 Hz.  The corresponding rise time is then τ = 40 µs.   

Since the charge Q released by the impact is directly proportional to the mass of 

the impacting particle, after substituting Q = km into equation (7) it is easy to see that the 

voltage spectrum caused by one dust impact is given by      

( )

2 2 2
2

4 2 2 4

k mV
2 C f

β
=

π τ
 .      (8) 

Next we show that by measuring the voltage spectrum of many impacts, we can 

obtain the r.m.s. mass distribution of the dust particles.  Integrating from the minimum 
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mass to the maximum mass of the detected dust particles, we can compute the r.m.s. 

mass, which is given by  

max

min

m2 2
rms m

1 dNm m m dm
N dm

= = ∫ . (9) 

where N is the total number of particles.  Similarly, we can compute the r.m.s. voltage, 

which is given by    

max

min

m2 2
rms m

1 dNV V V dm
N dm

= = ∫ . (10) 

Comparing these two equations with equation (8) we see that the relationship between the 

r.m.s. voltage and the r.m.s. mass is given by 

( )

2 2 2
2 rms
rms 4 2 2 4

k mV
2 C f

β
=

π τ
   .     (11) 

Since the voltage spectral density is the average voltage spectrum produced by 

one impact, we must multiply the above equation by the impact rate, R, to obtain the 

voltage spectral density produced by many impacts.  The voltage spectral density 

produced by an impact rate R is then given by  

                    
( )

2 2 2 2
rms rms

4 2 2 4

4V Rk m 1A
f f2 C f

β ⎛ ⎞= = ⎜ ⎟∆ ⎝ ⎠π τ
,  (12) 

where A is a coefficient that can be computed from the measured voltage spectral 

density.  The parameters that we have adopted for computing the r.m.s. mass are as 

follows:  C = 200 pF,  τ = 40 µs,  k = 0.4 C g-1 and  β ≈ 0.4.  The average impact rate for 

the spectrum in Figure 11 is R = 974/s.  Substituting these parameters into equation (12) 
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and canceling the common (1/f)4 terms then gives the following relationship between the 

coefficient A and the r.m.s. mass   

26 2 2 2
rmsA 2.5 10 m Volts Hz= × .     (13) 

The coefficient A can be obtained by fitting a straight line to the f-4 spectrum in Figure 

11.  This spectrum can be described by the following equation,  

( ) ( )
2

4Vlog log Af 4logf log A
f

−⎛ ⎞
= = − +⎜ ⎟∆⎝ ⎠

 .   (14) 

By evaluating one point from this line, we obtain  

   6 2 2A 1.5 10 Volts Hz= × .    (15) 

Substituting this value of A into equation (13) then gives 

   11
rmsm 7.7 10 g−= × .     (16) 

This result shows that the r.m.s. mass of dust particles near the ring plane is on the order 

of a few times 10−11 g, a result that is similar to previous work by Aubier et al., [1983] for 

the Voyager 2 ring plane crossing.  Assuming that the dust particles are made of water 

ice, which has a density of 0.92 g cm-3, the corresponding r.m.s. particle radius is 2.6 µm. 

 We can now return to the calibration of the mass scales shown on the bottoms of 

Figure 7, 8 and 9. Since these spectrums were all obtained from the Ex dipole antenna, we 

cannot use the same mass to voltage conversion constant that was used for the monopole 

antenna. To provide a mass calibration for these spectrums we assume that the r.m.s. 

voltage on the dipole antenna corresponds to the same r.m.s. mass that was detected by 

the monopole antenna. From the V2F(V) spectrum shown in Figure 10 it is easy to 

calculate the r.m.s. voltage on the dipole antenna, which is Vrms = 6.65 mV. The mass to 
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voltage conversion constant for the dipole antenna is then κ = 6.65 mV/7.7  ×10-11g = 

8.64 × 1010mVg-1. This conversion constant has been used to determine the mass scales at 

the bottoms of  Figures 7, 8 and 9. The particle size scale, indicated by the arrows labeled 

1 µm, 2 µm, and 3 µm, has been computed assuming that the particles are spheres with 

the density of water ice, ρ = 0.92 g cm-3. 
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CHAPTER V 

CALCULATION OF OPTICAL SCATTERING 

PROPERTIES 

At present the Cassini imaging system has not detected any scattered light from 

the region of the rings (2.634 and 2.630 RS) where these observations were obtained [J. 

Burns, personal communication]. Since it may be possible later in the Cassini mission to 

select optical viewing geometries that are more favorable for detecting scattered light 

from this region of the rings, to facilitate possible future comparisons with optical 

measurement in this chapter we calculate the optical depth and the angular distribution of 

the scattered light using the dust parameters presented in the previous section.   

Calculation of the Optical Depth 

A crucial parameter in any calculation of light scattering by small particles is the 

optical depth. The optical depth, τ, which gives a measure of the opacity of a medium is 

defined by the equation  

0( )F l F e τ−=  ,  (17) 

where F0 is the incident flux, F(l) is the flux reaching the observation site at a distance l 

in the medium. The calculation of optical depth is based on a famous problem, first 

considered by Mie in 1908, and now widely referred to as Mie theory. For a discussion of 

the history of Mie theory see Bohren and Huffman [1983]. The differential optical depth 

given by Bohren and Huffman [1983] due to particles of size from a to a + da is given by 

as the following equation  
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2( ) ( )d Q x a n a ldaextτ π=  ,  (18) 

 where Qext(x) is the extinction efficiency ( the ratio of the extinction cross section to the 

geometrical cross section), πa2 is the geometrical cross section of the particle, l  is the 

effective path length through absorbing medium, and n(a) is the differential spectrum of 

particle size.  

 The differential spectrum of particle size is defined such that 

                                                  ( )n a da n=∫  ,  (19) 

where n is the number density given by equation (2). In equation (18) the quantity x is 

defined as the normalized quantity, x=2πa/λ, where λ is the wavelength of the light. 

To carry out the computation of the optical depth, it is useful to first compute the 

extinction efficiency for a single dust particle.  According to the Mie theory, which 

provides a complete mathematical-physical theory of the scattering of electromagnetic 

radiation by spherical particle, the extinction efficiency Qext(x)  for a  dust particle is 

given by  

2 2
2 2

1

2 (2 1)( )ext n n
n

Q n a b
k a

π
π

∞

=

= + +∑  ,  (20) 

where, an and bn, are the scattering coefficients for the electromagnetic normal modes and  

are given by [see Bohren and Huffman, 1983] 

' '

' '

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

n n n n
n

n n n n

m mx x x mxa
m mx x x mx
ψ ψ ψ ψ
ψ ξ ξ ψ

−
=

−
 ,  

and  
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' '

' '

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

n n n n
n

n n n n

mx x m x mxb
mx x m x mx

ψ ψ ψ ψ
ψ ξ ξ ψ

−
=

−
 .   

The function ψn(x) and ξn(x) are Riccati-Bessel functions and are defined as  

( ) ( )n nx xj xψ =  ,  

(1)( ) ( )n nx xh xξ =  ,   

Where jn(x) is the spherical Bessel function and hn
(1)(x) is the Hankel function of the first 

kind [Jackson,1962]. The quantity m is the complex refractive index of the particle, the 

real part of which is the ratio of the speed of light divided by the phase velocity, and the 

imaginary part of which is proportional to the absorptivity. Since the particles in Saturn’s 

rings are believed to be water ice, which has a very low absorptivity, we shall assume that 

m is purely real and is given by the index of refraction of water ice (i. e., m = 1.33).   

Appendix B gives the values of Qext(x) computed using Mathematica. The first 

line at the top of the table shows the cutoff value, nmax, of the summation used in 

calculating Qext(x) and the first column on the left list the values of x used in the 

computation.  Note that the nmax value required to obtain a constant asymptotic value for  

Qext(x)  is strongly dependent on the value of x. The larger the value of x is the larger the 

value of n required for convergence to a nearly constant value of Qext(x). We can see, 

from this table, that Qext(x) changes very little after n=30 even for very large x values, so 

we can neglect all the terms after n=30.  So to calculate Qext(x) we ran the Mathematica 

program from n=0 to n=30.  In order to make sure our program worked properly, we 

tested it by generating a plot (Figure 13) and comparing it to a comparable plot given  by 

[L. Spitzer, 1968]. Then we set a specific wavelength,λ = 500nm and generated the plot 
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shown in Figure 14.  this plot shows how the extinction efficiency changes as a function 

of particle size.  The Mathematica code used in this computation is given in Appendix C. 

Next, we derive n(a), the differential distribution of particle size, since we want to 

calculate the optical depth due to a range of particle sizes. Since the differential size 

distribution is determined by the amplitude distribution of peak voltages, we must relate 

n(a) to F(V), see Figure 15.  Using the chain rule, n(a) can be written as 

0( ) ( )dn dn dV dVn a n F V
da dV da da

= = = , (21) 

where we have used dn/dV = n0 F(V). For the detailed computation it is useful to have an 

analytic representation for F(V). To obtain analytical representation we have shown that 

the following power law provides a very good fit to the amplitude distribution of peak 

voltages given in Figure 15, 

2.4
1( )F V A V −=  ,  (22) 

where A1 = 1.55 (mV)1.4. This power law implies that the mass spectrum varies as m-2.4. 

Since the peak voltage of dust impacts measured by dipole antenna can be express as,  

34
3

V m aκ κ πρ= =  , (23) 

where, as discussed in the previous section, κ = 8.64  ×1010mVg-1 is mass to voltage 

conversion constant for the dipole antenna  and  ρ = 0.92 g cm-3 is the density of the 

particle, which as mentioned earlier is assumed to be water ice. Doing the necessary 

computations gives 

24dV a
da

κρπ= , (24) 
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and after substitute equations (22), (23) and (24) into equation (21), we get 

5.2
0 2( ) ( )n a n F a A a−= = , (25) 

where n0 is taken to be the number density at the ring plane crossing, which from the 

previous section is approximately  0n = 6  ×10-9 cm-3, and the constant A2 in the second 

term (using the nominal parameters, κ = 8.64  ×1010mVg-1 , and ρ = 0.92 g cm-3) 

is 1.4
2 0 1

43 ( )
3

A n A κπρ −= = 2.066  ×10-24cm1.2.  

Since the extinction efficiency is a function of x it is convenient to compute the 

total optical depth by changing the variable in n(a) from a to x. By doing that, the optical 

depth is given by 

max

min

2.2 3.2
2( ) (4 )

x

extx
Q x A l x dxτ π π −= ∫ , (26) 

where we have used a wavelength of λ = 500nm (roughly in the middle of the visible 

light range) for computing the upper and lower limits of the integral. The upper and lower 

limits of the integral are determined from the voltage range (1.6mv to 65mv) of the pulses 

that can be detected by RPWS. To simplify the calculation, we use the nominal density at 

the ring plane, n0= 6 × 10-9 cm-3, times an effective north-south path length, leff =  417 

km, for the thickness of the ring plane. The effective path length was computed by 

requiring that n0 leff  = ∫n dz, where n has been computed from equation (2) using the best 

fit Gaussian representation of the impact rate discussed in the previous section. Using the 

integral from xmin to xmax in equation (26), which corresponds to a particle size of a = 1.7 

µm, these parameters give an optical depth of τ = 4.26 × 10-8.  Since the power law 
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spectrum undoubtedly extends well below the counting threshold, this optical depth only 

represents a lower limit to the true optical depth. To determine the possible effect of 

particles with sizes below the counting threshold, we have reduced the lower limit on the 

integral in equation (26) by a factor of ten, to a = 0.17 µm, while still keeping the same 

m-2.4 power law spectrum.  The result is that the optical depth increased by a factor of 14,  

to τ = 6.0 × 10-7. At the present we do not know if either of these levels of optical 

scattering can be detected by the the Cassini imaging instrument. If we can eventually get 

a quantitative limit on the optical depth from the imaging instrument it may be possible to 

determine at what point the mass spectrum rolls over toward decreasing mass, as it must, 

since an m-2.4 spectrum diverges at the low masses.   

Angular Distribution of Scattered Light 

Since the scattering of sunlight by the ring particles depends critically on the 

angle of the observations relative to incident sunlight, in order to aid in the planning of 

such observations by Cassini or any other future spacecraft mission to Saturn it is useful 

to compute the angular distribution of the scattered light. In this section we will compute 

a typical power pattern, P(θ) of the scattered sunlight based on our measurements of the 

number density and mass distribution of the detected ring particles.  

As we discussed earlier, when a beam of light transverse a distance l  through a 

homogeneous particulate medium, its intensity is exponentially attenuated from F0 to F(l) 

according to the equation 

0( )F l F e τ−=  .  (27) 

The scattered light intensity along this path is then given by  
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0 0 (1 )F F F F e τ−∆ = − = −  .  (28) 

If the scattering medium is optically thin, τ « 1, the scattered light intensity is then given 

by  

0F Fτ∆ =  .  (29) 

It then follows that  

0( )d F F dτ∆ = ,  (30) 

gives the incremental scattered flux due to particles in the size range a to a +da, which 

produce an incremental optical depth dτ. 

The amount scattered due to particle of size a can also be expressed as, 

( ) ( , )d F P a d daθ∆ = Ω∫ , (31) 

where P(θ, a) is the incremental power pattern and θ is the angle to the observer relative 

to the incident light beam. The above equation can also be written as  

( , ) ( ) ( , )P a A a B aθ θ=  (32) 

A(a) is a function of the particle size only, and B(θ, a) is the normalized power pattern. 

Equation (32) is a plausible assumption made in this thesis. The form of the power 

pattern is obtained by comparisons to the exact power pattern calculated by Bohren and 

Huffman (1983), and is shown in Figure 4.9 of their book. Although we could do the 

calculation from first principles, it turns out that for substantial range of scattering angles 

the power pattern is well represented by a Gaussian function of the form  

2 2sin / ( )( , ) aB a e θ σθ −= ,  (33)  
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where  

( )
2
ba

a
λσ = .  (34) 

The quality of fit is illustrated in Figure 16. The parameter b that gives the best fit is 

approximately 0.6. The above equations are for a fixed particle size. Since a broad range 

of particle sizes are present in the ring, to get the power pattern of the light scattered by 

these particles we must integrate over the entire particle size distribution. Integrating over 

the particle size and using equations (30) and (31), we get , 

00
( ) ( , )2 sinda A a B a d F d da

π
θ π θ θ τ=∫ ∫ ∫ ,  (35) 

which simplifies to  

00
( ) ( , )2 sinA a B a d F d

π
θ π θ θ τ=∫  .  (36) 

Noting that A(a) is independent on θ  this quantity can be factored out of the integral so 

that  

2 2

0

sin / ( )

0

( )
2 sina

F dA a
e d

π θ σ

τ

π θ θ−
=
∫

. (37) 

This quantity will be useful later in the calculation of the power pattern.  

Next, we must calculate dτ. As in the calculation of optical depth, our starting point is the 

formula for differential optical depth due to particle of size a, which is  

2( ) ( )extd Q x a n a ldaτ π=  (38) 

Since x = 2πa / λ for a wavelength as 500nm it follows that a= x /4π µm. Recall from 

equation (24) that 
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5.2
2( )n a A a−= . (39) 

Changing the variable from a to x , using a= x /4π µm, gives 

2.2 3.2
2( ) (4 )extd Q x A l x dxτ π π − −= .  (40) 

From equation (36) we must next compute the quantity  

2 2

0

sin / ( )

0

( )
2 sinx

F dA x
e d

π θ σ

τ

π θ θ−
=
∫

 .  (41) 

Here,  

( ) / 1.88 /x b x xσ π= = . (42) 

Integrating the denominator of A(x), we get  

2 2 2sin / ( ) 1/ ( ) 3/ 2

0
2 sin 2 ( ) (1/ ( ))x xe d e x erf x

π θ σ σπ θ θ σ π σ− −=∫ , (43) 

where erf is the error function.  The quantity, P(θ), is then given by  

2 2max

2
min

sin / ( )0
1/ ( ) 3/ 2

( )
2 ( ) (1/ ( ))

x x
xx

F dP e dx
e x eri x

θ σ
σ

τθ
σ π σ

−

−
= ∫  , (44) 

which, after substituting for τ(x) reduces to  

2 2max

2
min

2.2 3.2
sin / ( )2

1/ ( ) 3/ 2

( ) (4 )( )
2 ( ) (1/ ( ))

x xext
xx

Q x A l xP e dx
e x efr x

θ σ
σ

π πθ
σ π σ

−
−

−
= ∫  , (45) 

or 

2 2max

2
min

3.2
sin / ( )

1/ ( )

( )( )
( ) (1/ ( ))

x x
xx

Q x xP K e dx
e x erf x

θ σ
σ

θ
σ σ

−
−

−
= ∫  .  (46) 

where K is a constant which doesn’t change the relative power pattern.  Figure 17 shows 

a plot of the normalized power pattern, P(θ) / P(0), as a function of θ , for two cases. The 

curve marked amin = 1.7 µm corresponds to the integration from xmin to xmax  given in the 
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above equation, i.e., from the detection threshold, 1.6 mV, which corresponds to a size of 

a = 1.7 µm, to the maximum voltage that can be detected, 65 mV, which corresponds to a 

particle size of a = 5.8 µm. As can be seen, the power pattern is sharply peaked in the 

forward direction, with a full width at half maximum (FWHM) of 9°. The very narrow 

width is expected, since most of the particles are much larger than the wavelength of the 

incident light, which produces a very narrow diffraction pattern. Since we expect that 

there are many smaller particles below the 1.7µm detection threshold, we have decreased 

the lower limit of integration by a factor of ten, just as we did for the calculation of the 

optical depth. The resulting curve, marked amin = 0.17 µm in Figure 17, has a much 

broader power pattern, with a FWHM of 21°.  The broader power pattern is to be 

expected, since smaller particles produce a broader diffraction pattern. From this 

illustration we can see that with more small particles, the power pattern is more isotropic.   
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CHAPTER VI 

DISCUSSION AND CONCLUSIONS 

In this paper we have described and analyzed the dust impacts detected by the 

Cassini RPWS during the first pass through Saturn’s ring plane.  Although the Cassini 

and Voyager 2 ring plane crossings occurred in different parts of the ring system and the 

instrumental parameters are somewhat different, the peak number densities are quite 

similar.  The number densities at the two Cassini ring plane crossings at 2.634 and 2.630 

RS, are slightly smaller, 5.6 × 10-3 and 6.3  ×10-3 m-3, but still very similar to the number 

density (15 × 10-3 m-3) given by Tsintikidis et al. [1994] for the Voyager 2 ring plane 

crossing.  Also the north-south impact rate profiles for both the Cassini and Voyager 2 

ring plane crossings fit the sum of two Gaussians, thereby indicating the presence of 

“core” and “halo” components.  The fit parameters are, however, somewhat different.  

For the Cassini crossings the north-south thickness, 2L1, of the “core” component was 

about 300 km, compared to 962 km for the “core” component during the Voyager 2 ring 

plane crossing [Tsintikidis et al., 1994] and the north-south thickness of the “halo” 

component was about 700 km, compared to 3376 km for the “halo” component during 

the Voyager 2 ring plane crossing.    

Because of the improved dynamic range and the availability of simultaneous 

measurements from both dipole and monopole antennas, the Cassini RPWS instrument 

has a much better capability than the Voyager plasma wave instrument for determining 

the mass distribution of the impacting particles.  Using the impact coupling model 
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developed by Aubier et al. [1983], we developed a formula that describes the relationship 

between r.m.s. voltage detected by the monopole antenna and the r.m.s. mass.  Using this 

relationship, the r.m.s. mass of the dust particles near the inbound ring plane crossing was 

estimated to be 7.7 × 10−11g.  A similar value was obtained for the outbound ring plane 

crossing.  Assuming that the dust particles are water ice with a mass density of 

0.92g/cm3, the corresponding r.m.s. radius is 2.6 µm.  This estimate of the size of the 

particle depends critically on the assumed mass-to-charge conversion constant, which 

from the best available data was assumed to be k = 0.4 C g-1.  Because of the current lack 

of laboratory data for the likely target material on the high gain antenna, this value could 

very well be in error by a substantial factor.  However, we note that the particle radius 

only depends on the cube root of the mass-to-charge conversion constant, so even an 

error factor of ten would only change the estimated radius of the particles by a little more 

than a factor of two.  So it is clear that the typical radius of impacting particles is on the 

order of a few microns.  From the distribution of voltage amplitudes we also showed that 

the mass distribution of the impacting particles detected near the ring plane decreased 

with increasing mass, varying approximately as m-2 near the ring plane.  As the distance 

from the ring plane increased the slope of the mass distribution tends to increase, varying 

approximately as m-4 at a distance of 500 km from the ring plane during the inbound ring 

plane crossing.  This north-south dependence suggests that the larger particles do not 

extend as far from the ring plane.  Also, well away from the ring plane the particle mass 

distribution on the inbound crossing showed a notable step-like decrease for particle radii 

greater than about 2 to 3 µm. This step-like decrease suggests that some local process 
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may be acting to erode or modify the distribution of larger particles that are orbiting at 

inclined angles to the ring plane.  

Using the measured data parameters, we have calculated the optical depth of the 

dust particles detected by RPWS and the angular distribution of the scattered light. For 

the minimum particle size that can be detected by the RPWS, which is about amin = 1.7 

µm, and a wavelength of 500 nm, the computed optical depth normal to the ring plane is 

about τ = 4.26 × 10-8. If the mass spectrum continues with the same m-2.4 power law down 

to significantly smaller particle sizes than can be detected by the RPWS, which seems 

highly likely, then the optical depth increases substantially. For example, if the particle 

mass spectrum were to continue with the same power law dependences down to amin = 

0.17 µm, the optical depth would increase to τ = 6.0 × 10-7. To compare with actual 

optical measurements by Cassini, these optical depths must be multiplied by the secant of 

the viewing angle relative to the normal to the ring plane. Because of the secant 

dependence it is obviously favorable to make this viewing angle as large as possible in 

order to increase the optical depth. However, the angle must not be made so large and the 

viewing geometry must not be such that the path length integration extends over the 

region of the ring where no dust impact measurements were made. For this purpose it is 

desirable to view the rings along a direction approximately tangent to the direction of 

motion of the ring plane particles.  

A crucial parameter for planning any future ring plane imaging observations is the 

viewing angle relative to the sun. Using a minimum particle size of amin = 1.7 µm and a 

wavelength of 500 nm, our calculations show that the power pattern of the scattered light 
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is sharply peaked in the forward direction with a FMHM is about 9°. These results are 

within our expectation since the particle sizes are much larger than the assumed 

wavelength diffraction causes the radiation to be strongly directed into the forward 

direction. Since the Cassini imaging system cannot make observations within about 15° 

from the sun because of potential damage to the camera, the rapid decrease in the 

scattered light intensity with increasing angle from the sun represents a serious problem 

for detecting these particles. If the size distribution of dust particles extends to a lower 

level by a factor of 10 with the same m-2.4 power law distribution, the FWHM increases 

to 21°, which improves the observational situation considerably. Since our conversations 

with the Cassini imaging team suggest that the minimum detectable optical depth is about 

10-6, it is obviously going to be difficult to detect these particles by optical means, 

although it may be possible if the observations are carefully planned.   
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Figure A1.  The trajectory of the Cassini spacecraft as it passed through the  rings of 
Saturn on July 1, 2004.   
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Figure A2.  A functional block diagram of the RPWS instrument. The seven sensors, 
three electric, three magnetic, and the Langmuir probe are shown on the left side. In the 
middle, the several receivers which the instrument uses to analyze the signals are shown. 
The data management and control functions, as well as the interface with the spacecraft 
are shown as the data processing unit on the right side.  
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Figure A3.  A sketch of the Cassini spacecraft showing the locations of  the RPWS 
antennas and their relationship to other structures on the spacecraft.   During the inbound 
and outbound ring plane crossing that occurred on July 1, 2004, the spacecraft orientation 
was such that most of the impacts occurred on the spacecraft high gain antenna.   
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Figure A4.  The wideband voltage waveform obtained from the EU − EV electric dipole 
antenna during the first ring plane crossing.  Some representative dust impact waveforms 
are shown by the arrows. 
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Figure A5.  The impact rate R versus Universal Time (UT) and north-south distance z 
from the equatorial plane of Saturn for the inbound ring plane crossing.  The best fit sum 
of two Gaussian curves is also shown by a red solid line. 
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Figure A6.  The impact rate R versus the time in UT and height z from the equatorial 
plane of Saturn for the outbound ring plane crossing.  The best fit for a sum of two 
Gaussian curves is shown by the red solid line. 
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Figure A7.  The amplitude distribution of the peak voltage of dust impacts observed near 
the center of the first ring plane crossing (−70 km < z < 70 km).  The fraction of impacts 
per bin, F(V), is proportional to the differential mass distribution, dN/dm, and the peak 
voltage of dust impacts is proportional to the mass of the dust particles.  Above about 1 
mV, the differential mass distribution dN/dm varies approximately as m−2. 
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Figure A8.  The amplitude distribution of the peak voltages of dust impacts observed  
south of the first ring plane crossing, at −565 km < z < −425 km.  Above about 1 mV, the 
differential mass distribution dN/dm varies approximately as m−4, indicating that there 
are proportionally fewer large particles in this region, compared to the region near the 
center of the ring plane.  
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Figure A9.  The amplitude distribution of the peak voltages of dust impacts observed 
north of the center of the first ring plane crossing, for 425 km < z < 565 km.  Note the 
very close similarity to Figure 7, including the step-like decrease at about 8 mV. 
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Figure A10.  The mass distribution of dust particles near the center of the first ring plane 
crossing for −70 km < z < 70 km.  The quantity V2F(V) represents the contribution of 
dust particles to the total r.m.s. voltage, and therefore to the total r.m.s. mass.  Note that 
most of the contribution to the total r.m.s. voltage lies well within the dynamic range of 
the instrument at this gain setting, i.e., from about 1.6 to 65 mV.   
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Figure A11.  The voltage spectral density of the dust impacts detected by the monopole 
antenna near the center of the first ring plane crossing.  The spectrum varies 
approximately as f –2 at frequencies lower than 4000 Hz and as approximately f−4 at 
frequencies higher than 4000 Hz.  The change in slope at fc = (1/2πτ) provides a useful 
parameter for estimating the particle mass, and the red line gives the best fit to the f−4 
part of the spectrum.   
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Figure A12.  An illustration showing the plasma cloud and the escaping electrons (-Q) 
produced by an impact on the spacecraft body, and the resulting polarization charge 
(+Q) on the spacecraft body.  The escaping electrons produce a polarization electric 
field that is detected  by the antenna.  The resulting antenna voltage is V = βQ/C, where 
C is the capacitance of the spacecraft and β ≈ 0.4 is a factor that takes into account the 
voltage reduction caused by the base capacity of the antenna. 
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Figure A13． The curve shows extQ , the extinction efficiency for sphere with the relative 
refractive m=1.33. x is the ratio of the sphere’s circumference to the wavelength of the 
incident light. 
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Figure A14. The curve shows extQ , the extinction efficiency for sphere with the relative 
refractive m=1.33 as a function of particle size a. as 500nmλ = .   
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Figure A15.  The amplitude distribution of the peak voltage of dust impacts observed 
near the center of the first ring plane crossing (−70 km < z < 70 km).  The fraction of 
impacts per bin, F(V), is proportional to the differential mass distribution, dN/dm, and the 
peak voltage of dust impacts is proportional to the mass of the dust particles.  Above 
about 1 mV, the differential mass distribution dN/dm varies approximately as m−2.4. 
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Figure A16. The solid curve shows the normalized scattered light intensity given by as a 
function of the angle from the incident beam for x =  2πa/λ = 3. The curve labeled i⊥  is 
in the plane perpendicular to the plane of polarization, and i  is in the plane of 
polarization. The dashed line is the best fit Gaussian given by equation (31) with b = 0.6.  
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Figure A17. The normalized scattered power pattern as function of the angle, θ, relative 
to the incident light. The line marked amin = 1.7µm  represents the angular distribution of 
scattered light due to dust particles that can be detected by RPWS and gives FWHM of 9°. 
The line marked amin = 0.17µm represents the angular distribution of scattered light for a 
particle size distribution extended to a lower limit by a factor of 10.   
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APPENDIX B 

VALUES OF EXTINCTION EFFICIENCY 

nMax, Maximum Value of Summation 
             4   10 20 30 100

0.1 0.000242 0.000242 0.000242 0.000242 0.000242 
0.2 0.003753 0.003753 0.003753 0.003753 0.003753 
0.3 0.01809 0.01809 0.01809 0.01809 0.01809 
0.4 0.05357 0.05357 0.05357 0.05357 0.05357 
0.5 0.120906 0.120906 0.120906 0.120906 0.120906 
0.6 0.229281 0.229281 0.229281 0.229281 0.229281 
0.7 0.385188 0.385188 0.385188 0.385188 0.385188 
0.8 0.591923 0.591923 0.591923 0.591923 0.591923 
0.9 0.849423 0.849423 0.849423 0.849423 0.849423 
1 1.15422 1.15422 1.15422 1.15422 1.15422 
1.5 3.06205 3.06205 3.06205 3.06205 3.06205 
2 4.72013 4.72014 4.72014 4.72014 4.72014 
2.5 5.95822 5.95824 5.95824 5.95824 5.95824 
3 6.91028 6.91076 6.91076 6.91076 6.91076 
3.5 7.67797 7.68337 7.68337 7.68337 7.68337 
4 8.19403 8.23062 8.23062 8.23062 8.23062 
4.5 8.60461 8.77818 8.77818 8.77818 8.77818 
5 8.66948 9.31317 9.31317 9.31317 9.31317 
5.5 8.03465 9.79982 9.79982 9.79982 9.79982 
6 6.77468 9.9919 9.9919 9.9919 9.9919 
6.5 5.26558 9.99755 9.99755 9.99755 9.99755 
7 3.79688 9.70844 9.70844 9.70844 9.70844 
7.5 2.66893 9.42015 9.42017 9.42017 9.42017 
8 1.88921 8.8995 8.89963 8.89963 8.89963 
8.5 1.45315 8.48851 8.48929 8.48929 8.48929 
9 1.22385 7.99249 7.99671 7.99671 7.99671 
9.5 1.10621 7.45281 7.47301 7.47301 7.47301 

10 0.950657 7.05638 7.15439 7.15439 7.15439 
11 0.670166 5.0985 6.57165 6.57165 6.57165 
12 0.903229 4.08172 6.37292 6.37292 6.37292 
13 1.18 3.77088 6.57192 6.57192 6.57192 
14 1.12331 3.94573 7.14693 7.14693 7.14693 

x 
= 

2π
a/
λ 

15 0.922345 4.28562 7.95455 7.95455 7.95455 
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APPENDIX C 

CODE FOR OPTICAL PROPERTIES 


























