


 

ABSTRACT 

The Water Vapor and Dust Plumes of Enceladus 

by 

Yaxue Dong 

 

Enceladus is the most active moon of Saturn. Its south polar plume, composed mostly of 

water vapor and ice grains, is one of the groundbreaking discoveries made by the Cassini 

spacecraft.  

 

During Cassini’s E2, E3, E5 and E7 encounters with Enceladus, the Ion and Neutral Mass 

Spectrometer (INMS) measured high neutral water vapor densities up to ~109 cm-3 (Waite 

et al., 2006; Teolis et al., 2010; Dong et al., 2011). We have constructed a physical model 

for the expected water vapor density in the plumes, based on supersonic radial outflow 

from one or more of the surface vents. We apply this model to possible surface sources of 

water vapor associated with the dust jets (Spitale and Porco, 2007; Hansen et al., 2008). 

Our model fits well with the E3, E5, and E7 INMS data. The fit is optimized by the 

outflow velocity of ~ 550 – 750 m/s and the total source rate of ~ 1.5 − 3.5×1028 H2O 

molecules/s (~ 450 – 1050 kg/s).  

 

The dust (ice grain) plumes of Enceladus have been observed by multiple Cassini 

instruments. We propose a composite ice grain size distribution covering a continuous 

size range from nanometer to micrometers, by combining the CAPS (Cassini Plasma 

Spectrometer), CDA (Cosmic Dust Analyzer), and RPWS (Radio and Plasma Wave 



 

 

Science) data (Hill et al., 2012; Kempf et al., 2008; Ye et al., 2012, 2013). We also study 

the grain charging process using the RPWS-LP (Langmuir Probe) data (Morooka et al., 

2011). Based on these results, we found the grains ~ 2 - 20 nm to be dominant in both 

charge density and number density, the total grain mass density to be ~ 1 - 10 times that 

of the water vapor, and the mass loading rate to be ~100 kg/s. The grain motion implies a 

transition from ion-like motion to neutral-like motion as the grain size increases from 

~nm to ~µm. The grains carry a total current of ~105A at Enceladus, which may be 

dominant or at least comparable to the ion pick-up and Birkeland current system in 

accounting for the magnetic perturbations observed near Enceladus.  
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1. Introduction 

1.1. The Saturn system  

Saturn has a complex planetary system, including its numerous moons, rings, neutral gas 

clouds, and magnetospheric plasma.  

 

1.1.1. Saturn 

As a planet visible to the naked eye, the observation of Saturn can be traced back to the 

ancient civilizations. With the invention and development of telescopes in 17th-century 

Europe, some rings and moons of Saturn were discovered, and more ground-based 

scientific observations of the Saturn system have been made since then. In 1979, the 

NASA spacecraft Pioneer 11 made the first flyby of Saturn, starting the in situ 

explorations of the Saturn system, then followed by Voyager 1 and 2 in 1980 and 1981. 

The Cassini spacecraft was launched in 1997, and arrived at the Saturn system in 2004. It 

has made many significant discoveries since then. Cassini is in its second extended 

mission now, continuing orbiting Saturn and returning the latest data and images. 

 

Nowadays, Saturn is known as the sixth planet from the Sun and the second largest one in 

the Solar system. It has a nearly circular orbit (eccentricity: 0.056) at ~1.4×109 km from 

the Sun, i.e. 9.5 AU (astronomical unit: Earth-Sun distance). The orbital period is 

approximately 10,759 days, which is 29.5 Earth years. Different from Earth, Saturn is 

classified as a gas giant, the exterior of which is composed primarily of hydrogen. It 

rotates faster than Earth with a period of ~10.8 hr. The angle between its rotation axis and 

the normal to its orbital plane is ~27°. Saturn has an equatorial radius (RS) of 60,268 km 
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(about 9.4 times the Earth radius), and a smaller polar radius of 54,364 km. The spherical 

shape of the planet is slightly flattened by its rapid rotation.  

 

1.1.2. Moons and rings 

Saturn has at least 62 moons, varying widely in size and shape. The Cassini spacecraft 

has discovered several moons since it arrived at the Saturn system. The smallest moons 

are of irregular shapes and can be less than 10 km in diameter. Titan is the largest moon 

of Saturn, with a mean radius of 2,576 km. It orbits Saturn at about 20RS in the equatorial 

plane. It is also the only moon in the Solar system with a dense atmosphere. Enceladus, a 

much smaller icy moon with a mean radius of 252 km, orbits Saturn at 3.95RS (see Figure 

1.1). It is now known as the most active moon in the Saturn system, as will be discussed 

specifically in later sections. 

 

The prominent ring system is probably the most recognizable feature of Saturn (Figure 

1.1). The rings extend radially from less than 1RS above Saturn’s equator to tens of RS. 

Some of them are extremely thin, only ~10m in thickness perpendicular to the ring plane. 

The rings are named from A to G in the order of their discovery. The ring particles, 

ranging from sub-micrometers to meters in size, are composed of primarily water ice (> 

90%), with a small portion of tholins (organic solids), amorphous carbon, and other trace 

constituents (Cuzzi et al., 2009 and references therein). The E ring (see Figure 1.1) is the 

most expansive ring of Saturn. According to the latest Cassini observations, the E ring 

extends from ~ 3RS to at least Titan’s orbit (~ 20RS) (Srama et al., 2006; Horanyi et al., 

2009). The pre-Cassini studies of ground-based observations and Voyager images have 
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suggested that the E ring particle number density peaks near Enceladus’ orbit (~ 4RS) and 

the icy moon is likely to be the major source of the E ring particles (Baum et al., 1981; 

Showalter et al., 1991). Since Cassini arrived at the Saturn system, it has made extensive 

observations of the E ring and discovered Enceladus’ dust plume (see Section 1.4.1), 

which further confirmed Enceladus as the dominant source of the E ring (Srama et al., 

2006; Spahn et al., 2006; Kurth et al., 2006; Porco et al., 2006; Kempf et al., 2008, 2010).  

 

 

 

Figure 1.1. Saturn and its moons and rings to scale 

(http://photojournal.jpl.nasa.gov/jpegMod/PIA03550_modest.jpg) 

 

 

1.2. Saturn’s Magnetosphere 

A planet’s magnetosphere is defined as a region of space near the planet that is 

dominated by its magnetic field. Saturn has an intrinsic dipole magnetic field. The dipole 

is well aligned with Saturn’s rotational axis, tilted only by a small angle of  <1°.  The 

surface field strength at the equator is 20µT, slightly weaker than that of Earth. Saturn’s 
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magnetic field prevents the solar wind (a supersonic stream of plasma from the Sun) from 

directly interacting with the atmosphere, and creates a cavity around the planet that is 

filled with plasma mostly originating from the planet and its moons, of which Enceladus 

is the major source (see Section 1.4.3). Saturn has the second largest magnetosphere in 

the Solar System, only after Jupiter. 

 

1.2.1. The structures of Saturn’s magnetosphere 

On the dayside of Saturn, the boundary between the solar wind plasma and the 

magnetospheric plasma is called the magnetopause (see Figure 1.2). Saturn’s 

magnetopause is at ~20RS from the planet’s center toward the Sun, which varies with 

solar activity (Gombosi et al., 2009 and references therein). The supersonic solar wind 

encounters the magnetosphere, and forms a bow shock above the magnetopause (see 

Figure 1.2). The region between the bow shock and the magnetopause is called the 

magnetosheath, where the solar wind plasma is slowed down and deflected (see Figure 

1.2). On the night side of Saturn, the magnetic field is stretched into a long magnetotail 

(“tail lobe” in Figure 1.2).  
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Figure 1.2. Three dimensional schematic graphic of Saturn’s magnetosphere 

(http://opfm.jpl.nasa.gov/files/satmagno1K.jpg). The thick yellow arrows show the 

directions of the plasma flows. The grey layers with small yellow arrowheads represent 

the magnetic field lines. 

 

 

Although the outermost part of Saturn’s magnetosphere is affected by the solar wind, the 

magnetic field in the inner magnetosphere (<12RS) is not seriously deformed from the 

dipole configuration. The innermost region (<3RS), containing the main rings, is 

populated with plasma consisting of O+ and O2
+ produced from the ring particles by UV 

(ultraviolet) sputtering (Johnson et al., 2006b). A dense cold plasma torus (see Figure 

1.3) lies between 3 and 6 RS, which is dominated by O+ and water group ions (OH+, 

H2O+, and H3O+; collectively denoted as W+) originating mostly from Enceladus (see 

Section 1.4.2 and 1.4.3). Beyond the cold plasma torus, a dynamic plasma sheet (see 

Figure 1.3) extends from 6 RS to 12-14 RS, containing a mixture of cold and hot plasma 
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consisting of H+, O+, and W+. In the outer high-latitude magnetosphere (beyond 12-

14RS), the magnetic field is highly deformed by the solar wind (see Figure 1.2). This 

region is filled with hot but tenuous plasma dominated by H+ (see Figure 1.3). (Young et 

al., 2005; André et al., 2008) 

 

 

 

Figure 1.3. The structure of Saturn’s magnetosphere in the noon-midnight meridian 

plane (http://saturn.jpl.nasa.gov/photos/imagedetails/index.cfm?imageId=2177) 

 

 

1.2.2. The dynamics of Saturn’s magnetosphere 

Similar to Jupiter, Saturn’s magnetosphere is primarily driven by its rotation and has a 

major internal plasma source, which is quite different from the solar-wind-driven 

magnetosphere of Earth. This section gives an introduction to the plasma convection 

pattern in Saturn’s magnetosphere.  
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Dungey (1961) proposed a model for the solar-wind-driven magnetosphere of Earth. 

Brice and Ioannidis (1970) discussed the difference between the magnetospheres of 

Jupiter and Earth. The interaction between the solar wind and the planet’s intrinsic 

magnetic field drives a sunward plasma flow in the equatorial plane (see the left panel of 

Figure 1.4), while the corotation plasma flow exists in the region close to the planet 

(Figure 1.4). The boundary between the two flows is called the plasmapause (Brice and 

Ioannidis, 1970; the thick black line in the left panel of Figure 1.4). The ratio of the 

plasmapause radius (RPP) to the magnetopause distance (RMP) RPP/ RMP is ~ 0.6, 6, and 4 

for Earth, Jupiter, and Saturn under typical solar wind conditions (Mauk et al., 2009; 

Figure 1.4). Therefore, the corotation plasma flow dominates Jupiter and Saturn’s 

magnetopsheres, while the plasma convection in Earth’s magnetosphere is primarily 

driven by the interaction with solar wind. The value of RPP/RMP distinguishes between a 

rotation-driven magnetosphere (RPP/RMP >1, e.g. Saturn and Jupiter) and a solar-wind-

driven one (RPP/RMP <1, e.g. Earth). 

 

 

 

Figure 1.4. (from Mauk et al., 2009, following Brice and Ioannidis, 1970) Comparison of 

plasma flows in the equatorial planes of Earth, Jupiter and Saturn.  
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The plasma in Saturn’s inner magnetosphere is dominated by the corotating water group 

ions mostly originating from Enceladus (see Section 1.4), while the outer magnetosphere 

is populated with hot but tenuous plasma (see Section 1.2.1). The centrifugal force on the 

corotating plasma drives radial plasma transport through the interchange instability (Hill 

et al., 1976, 2005). The hot tenuous plasma from the outer magnetosphere is injected into 

the cold dense plasma in the inner magnetosphere in the form of narrow “fingers” 

randomly distributed in Saturn’s longitude (Chen and Hill, 2008; Liu et al., 2010), while 

the cold dense plasma moves outward simultaneously (Figure 1.5). Figure 1.6 shows a 

time-averaged plasma convection pattern of the Jovian magnetosphere proposed by 

Vasyliunas (1983), which also applies to Saturn’s magnetosphere. On the night side, 

where the centrifugal force on the corotating plasma overwhelms the magnetic field 

tension, the plasma starts to escape down the magnetotail. Therefore, the plasma 

continuously produced from the internal source Enceladus (see Section 1.4.3) will 

eventually be transported radially outward through interchange instability and ultimately 

escape down the magnetotail as plasmoids through magnetic reconnection (see Figure 1.6; 

Hill et al., 1974, 2008).  
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Figure 1.5. (from Hill et al., 2005) Schematic illustration of a localized injection of hot 

plasma 

 

 

 

Figure 1.6. (from Vasyliunas, 1983) Time-averaged plasma convection pattern in the 

Jovian magnetosphere. The hollowed arrows show the plasma flow directions. The solid 

black arrows represent the magnetic field lines.   

 

 



  10 
 

 

1.3. The Cassini Spacecraft  

1.3.1. The Cassini mission 

Our research on the Enceladus plume is based on data from the Cassini spacecraft (Figure 

1.7). Cassini was launched in October 1997, and has been orbiting Saturn since 2004. 

During its initial four-year mission (the Cassini-Huygens Mission) completed in June 

2008, Cassini made many groundbreaking discoveries in the Saturn system, one of which 

is the Enceladus plume (Section 1.4). The first extended mission (Cassini Equinox 

mission) continued the exploration and was completed in September 2010, during which 

the spacecraft made some close encounters with Enceladus and flew through the plume 

several times. The multiple instruments onboard made intensive in situ observations of 

the plume. Now the spacecraft is in the second extended mission called the Cassini 

Solstice Mission expected to be completed in September 2017. 
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Figure 1.7. The Cassini spacecraft and the instruments onboard 

(http://www2.jpl.nasa.gov/basics/cassini/index.php) 

 

 

1.3.2. Instruments 

There are twelve science instruments on Cassini, capturing images and collecting data of 

particles, fields and waves. In this section, we briefly introduce the basic functions of the 

instruments mentioned in latter sections, and also briefly describe the mechanisms of 

some from which data were used in our study.  

 

CIRS (Flasar et al., 2004): The Composite Infrared Spectrometer measures thermal 

radiation in wavelength from 7 µm to 1 mm with an adjustable high spectral resolution. It 
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can map the thermal and compositional properties of the atmospheres, the satellites’ 

surfaces, and the rings. 

 

ISS (Porco et al., 2004): The Imaging Science Subsystem is a high-resolution two-

dimensional imaging device for the light spectrum from near-ultraviolet to near-infrared 

(wavelength from 200 to 1100 nm). It consists of two framing cameras: a narrow-angle 

camera for high-resolution images and a wide-angle camera for more extended spatial 

coverage.  

 

UVIS (Esposito et al., 2004): The Ultraviolet Imaging Spectrograph provides images and 

spectra through two spectrographic channels for extreme and far ultraviolet covering the 

wavelength ranges of 56-118 nm and 110-190 nm with moderate resolutions. It can be 

used to investigate the composition of atmospheres, icy satellites’ surface properties, and 

the structure of the rings, as well as Saturn’s aurora.  

 

VIMS (Brown et al., 2004): The Visual and Infrared Mapping Spectrometer is an 

imaging spectrometer with a visual channel and an infrared channel covering the light 

wavelength of 0.35-1.10 µm and 0.85-5.1 µm. It measures the scattered and emitted light 

from surfaces and atmospheres with relatively high spatial resolution but modest spectral 

resolution. The VIMS can be used to study the structures, temperatures, and compositions 

of the objects. 
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CAPS (Young et al., 2004): The Cassini Plasma Spectrometer makes three-dimensional 

mass-resolved measurements of plasma within the energy-per-charge (E/q) range of ~ 1-

50,000 eV/e. It consists of three sensors: the Electron Spectrometer (ELS), designed to 

detect electrons but also sensitive to cold negatively-charged heavy ions and nanograins 

(nanometer-size grains); the Ion Mass Spectrometer (IMS), designed for positive ions but 

also sensitive to cold positively-charged ions and nanograins; and the Ion Beam 

Spectrometer (IBS) designed to resolve narrow beams of positive ions with high angular 

resolution. 

The ELS is designed to measure the energy distribution of electrons, but can also detect 

the negatively charged particles within its E/q range. It has 63 E/q bins ranging from 0.6 

eV/e to 28,250 eV/e with a resolution of ΔE/E=17%. The energy spectrum is obtained 

through an electrostatic analyzer. The ELS has eight anodes aligned in the elevation plane 

each covering the angle of 20° (elevation) × 5° (azimuth) in the spacecraft frame. In 

addition, the CAPS can rotate by 180° along the spacecraft z axis. Similarly, the IMS also 

has 63 E/q bins (1-50, 280 eV/e, ΔE/E = 17%) and eight anodes covering 160° × 8° to 

detect the positive ions. The IMS is also able to determine the ion mass-to-charge ratio 

from 1 to 100 amu/e with a high mass resolution of ΔM/M=1/60 through a time-of-flight 

(TOF) mass spectrometer. 

 

CDA (Srama et al., 2004): The Cosmic Dust Analyzer is designed to directly detect dust 

grains with masses of 10-19-10-9 kg. It is able to measure dust grain impact rates from 

1/month up to 104/second. It consists of two independent instruments: the High Rate 

Detector (HRD), which is sensitive to high impact rates; and the Dust Analyzer (DA), 
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which can measure charge, velocity, mass and chemical composition of the impacting 

dust grains.  

With a high counting rate capability (up to 104 s-1), the HRD can work in dust-rich 

environments such as the rings and the Enceladus plume (Spahn et al., 2006; Kempf et al., 

2008). The HRD has two polyvinylidene fluoride (PVDF) foil sensors. The dust grain 

impacts on the sensors generate current pulses depending on the grain size and impact 

speed (Simpson and Tuzzolino, 1985). The current signals of dust impacts are recorded 

with four different mass thresholds depending on the impact speed for each of the two 

PVDF sensors. The HRD can be used to investigate the densities and mass (size) 

distributions of the micron-sized ice grains in Saturn’s rings and the Enceladus plume. 

 

INMS (Waite et al., 2004): The Ion and Neutral Mass Spectrometer determines the mass 

composition and densities of neutrals and low-energy ions. The INMS works in three 

different modes: a closed source neutral mode for non-reactive neutrals, an open source 

neutral mode for reactive neutrals, and an open source ion mode for positive ions with 

energies less than 100 eV. The INMS is able to determine the mass of neutrals and ions 

from 1 to 99 amu with a resolution of ΔM/M=0.01 through a quadrupole mass analyzer. 

To measure the neutrals in the Enceladus plume, the INMS worked in the closed source 

neutral mode (Waite et al., 2006; Teolis et al., 2010). The neutral gas flux first enters a 

spherical antechamber to thermally accommodate to the temperature of the antechamber 

wall, and then enters the ionization region through a cylindrical tube, where the neutrals 

are ionized by electron guns. Afterwards, the ionized particles are focused into the 



  15 
 

 

quadrupole mass analyzer by a set of electrostatic lenses. In the closed source neutral 

mode, the INMS can detect neutral species with concentration ≥104 cm−3.  

 

MAG (Dougherty et al., 2004): The Magnetometer system on Cassini consists of a 

fluxgate magnetometer (FGM) and a vector helium magnetometer capable of operating in 

scalar mode (V/SHM). The combination of the two magnetometers makes the instrument 

capable of measuring the magnetic field with an accuracy of 1nT and a broad frequency 

range of 0-20 Hz.  

 

RPWS (Gurnett et al., 2004): The Radio and Plasma Wave Science instrument is 

designed to study radio emissions, plasma waves, thermal plasma, and dust in the Saturn 

system. The RPWS can detect electric fields with a frequency range of 1-16 MHz, and 

magnetic fields with a frequency range of 1-12 kHz. 

The Wideband Receiver (WBR) is one of the five receiver systems of the RPWS. It has 

two frequency bands, 60-10.5 kHz and 800-75 kHz. Dust impacts can generate voltage 

pulses in the WBR waveform, the amplitudes of which are proportional to the impacting 

particles’ mass (Gurneth et al., 1983; Aubier et al., 1983). The WBR data can be used to 

obtain micron-sized dust densities and mass (size) distributions in the Saturn system 

(Kurth et al., 2006; Wang et al., 2006). 

The RPWS also includes a Langmuir Probe (RPWS-LP) to measure the plasma ion and 

electron densities and the electron temperature, which are derived from the currents to the 

probe as a function of the voltage sweep.  
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1.4. Enceladus 

Enceladus is a small icy moon with a mean radius (RE) of 252 km. It orbits Saturn at 

3.95RS in the equatorial plane, embedded in Saturn’s diffuse E ring (see Section 1.1.2) 

and a broad neutral OH torus (Shemansky et al., 1993). The orbital period is 1.37 days. 

Similar to the Earth-Moon system, Enceladus has a synchronous rotation period, which 

means one side of it is always facing Saturn.  

 

Enceladus was first discovered in 1789 by the German-born British astronomer Fredrick 

William Herschel with his newly built 1.2 m telescope, the largest telescope in the world 

back then. Before the two Voyager Saturn flybys in 1980 and 1981, very little was known 

about this small moon except for its orbital characteristics from ground-based 

observations. The two Voyagers’ images of Enceladus revealed its extraordinarily high 

albedo and heterogeneous surface (Smith et al., 1982), but they did not discover the 

active warm south pole or the plume.  

 

The Cassini spacecraft made its first three targeted encounters with Enceladus in 2005, 

labeled as E0 (02/07/2005), E1 (03/09/2005), and E2 (07/14/2005) (trajectories shown in 

Figure 1.8). During these flybys, the multiple instruments onboard (see Section 1.3), ISS, 

CIRS, CDA, UVIS, and INMS, discovered the dust (ice grain) and water vapor plumes 

erupting from Enceladus’ active warm south polar surface (Figure 1.9 and 1.10) (Porco et 

al., 2006; Spencer et al., 2006; Spahn et al., 2006; Hansen et al., 2006; Waite et al., 

2006). The Enceladus plume is likely to be a cryovolcano, but the mechanism is not well 

understood yet (Spencer et al., 2009 and references therein).  
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Figure 1.8. E0, E1, and E2 trajectory projections in different planes. The squares 

represent the inbound legs. The triangles represent the closest approaches (CA). (E0: 

02/17/2005, CA 1257 km; E1: 03/09/2005, CA 492 km; E2: 07/14/2005, CA 164 km) 

 

 

 

 

Figure 1.9. Cassini ISS image of Enceladus surface with four roughly parallel lineaments 

(tiger stripes) in the south polar region. (http://solarsystem.nasa.gov/planets/images/inset-

sat_enceladus-large.jpg)  
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1.4.1. The dust plumes  

The Cassini ISS obtained high-resolution images of Enceladus’ south polar surface 

during the flybys in 2005 (E0, E1, and E2) and identified a geologically active region 

with four roughly parallel lineaments on the surface, informally called “tiger stripes” 

(Figure 1.9; Porco et al., 2006). A dust plume with multiple jets emanating from the south 

pole was visible in many ISS images, which are sensitive to micron-sized particles 

(Figure 1.8; Porco et al., 2006). The reflection spectrum of the Enceladus south polar 

surface implies that the dust plume particles falling back must be composed of water ice 

(Porco et al., 2006). During E2, the CDA also detected a high concentration of micron-

sized grains over the Enceladus south pole (Spahn et al., 2006; Kempf et al., 2008).  

 

 

 

Figure 1.10. (from Porco et al., 2006) ISS image of the Enceladus dust plume. (B) is a 

color-coded image version of (A). 
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During the three flybys in 2005, the CIRS observed a warm south polar region with hot 

spots (145 K or higher) near the tiger stripes, which are likely to be the sources of the 

plumes (Spencer et al., 2006). Spitale and Porco (2007) studied the ISS images taken 

over two years from different viewing directions, identified eight prominent jets in the 

dust plume, and resolved the source locations on the south polar surface associated with 

the CIRS hotspots on the tiger stripes (Figure 1.11).  

 

 

 

Figure 1.11. CIRS image of Enceladus south polar surface (credit: NASA Jet Propulsion 

Laboratory (JPL)). The brightness shows high surface temperature. The four “tiger stripes” 

are labeled with the names. The yellow stars represent the eight dust jet source locations 

numbered corresponding to the Roman numerals in Spitale and Porco, 2007. 
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During Cassini’s later encounters with Enceladus, E3 (03/12/2008), E5 (10/09/2008), and 

E7 (11/12/2009), the CAPS ELS and IMS (see Section 1.3.2) detected singly charged 

nanometer-sized ice grains (nanograins) in the plume, where the negatively charged 

nanograin density is much higher than that of the positively charged ones (Jones et al., 

2009; Hill et al., 2012). The RPWS also detected high impact rates of micron-sized dust 

particles during almost all the Enceladus south flybys from E2 to E19 (Wang et al., 2009; 

Ye et al., 2012, 2013). On the other hand, the RPWS-LP measured a much higher 

positive ion density than the electron density of the cold plasma in the plume during 

encounters E2, E3, E4 (08/11/2008), E5, and E6 (10/31/2008), which implies the 

existence of negatively charged sub-micron sized ice grains (Yaroshenko et al., 2009; 

Shafiq et al., 2011; Morooka et al., 2011). 

 

Based on these observations by multiple Cassini instruments, the Enceladus dust plume is 

composed of ice grains ranging from less than 1 nanometer to micrometers in size 

erupting from the sources on the south polar surface. Enceladus is located in the densest 

part of the expansive E ring (see Section 1.1.2), which is composed of water ice grains 

from sub-micron to micrometers in size as implied by the Cassini observations (Srama et 

al., 2006; Kurth et al., 2006; Kempf et al., 2008). The estimated dust escape rate from 

Enceladus is 0.04-20 kg/s (Porco et al., 2006; Spahn et al., 2006; Schmidt et al., 2008; 

Spencer et al., 2009), while the estimated E-ring particle loss rate is ~1kg/s (Juhasz and 

Horanyi, 2002). As suggested by the observations and modeling, Enceladus’ dust plume 

is likely to be the primary source of the E ring.  

 



  21 
 

 

The size distributions, charging, motion, currents and magnetic consequences of these ice 

grains in the Enceladus plume will be discussed in Chapter 3 and 4. 

 

1.4.2. The water vapor plumes 

Enceladus is embedded in a broad OH torus (~ 2-9 RS) detected by the Hubble Space 

Telescope (HST) (Shemansky et al., 1993). The models of Jurac et al. (2001, 2002) and 

Jurac and Richardson (2005) require a significant source of H2O molecules up to 1028 per 

second (~300 kg/s) at Enceladus' orbit (Jurac and Richardson, 2005), to account for the 

production of the expansive OH torus. The Cassini discovery of the neutral water vapor 

plume during E2 in 2005 (Waite et al., 2006; Hansen et al., 2006) has confirmed that 

Enceladus is the missing H2O source suggested by Jurac et al.   

 

The UVIS absorption spectrum of the plume gas from a stellar occultation during E2 

shows the signature of a dense water vapor, and a total H2O source rate of 5 - 10×1027 

was inferred (Hansen et al., 2006). Meantime, INMS directly detected the neutral plume, 

and indicated that the plume gas is composed of >90% H2O and a few percent of CO2, 

CO (or N2) and CH4 (Waite et al., 2006). A total H2O source rate of 1.5 - 4.5×1026 

molecules/s from Enceladus was inferred from the E2 INMS H2O density data (Waite et 

al., 2006), which may be underestimated because of INMS instrumental effects (Teolis et 

al., 2010).  

 

The UVIS observation of another stellar occultation by the plume on Oct. 24, 2007 

(Hansen et al., 2008) implied multiple H2O gas jets from Enceladus’ south polar region 
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associated with the dust jets identified from ISS images (Spitale and Porco, 2007) and led 

to the inference of a total H2O flux from the eight sources (Figure 1.11)  ~ 6.5�1027 

molecules/s and a vertical flow velocity ~ 609 m/s. As inferred from a few different 

models (see Chapter 2 and references therein) the plume water vapor flow velocity is 

significantly larger than the escape velocity at Enceladus’ surface (239 m/s). Thus most 

of the H2O molecules ejected from the south pole will escape from Enceladus to populate 

the neutral torus (see Section 1.4.3). 

 

INMS measured much higher H2O vapor densities during later Cassini encounters with 

Enceladus, E3, E5, and E7 (Teolis et al., 2010; Smith et al., 2010; Tenishev et al., 2010; 

Dong et al., 2011). The INMS data and our modeling for these encounters will be 

discussed in Chapter 2.  

 

1.4.3. Interaction with Saturn’s magnetosphere 

As discussed in Sections 1.4.1 and 1.4.2, the Enceladus plume is now known to be the 

dominant source of the neutral OH torus and the ice grains in the E ring. The mass 

loading from Enceladus will result in global and local magnetic consequences in Saturn’s 

magnetosphere.  

 

Johnson et al.’s modeling (2006a) suggested that the H2O molecules from the Encelauds 

plume will orbit Saturn and form a narrow Enceladus torus peaking at the satellite's orbit, 

and are subsequently scattered by charge-exchange, neutral-neutral collisions, and 

dissociation to produce the much broader OH torus (inset of Figure 1.12; see also Farmer, 
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2009; Cassidy and Johnson, 2010; Smith et al., 2010). The water group ions W+ (O+, 

OH+, H2O+, H3O+), which dominate the plasma in Saturn’s inner magnetosphere (Young 

et al., 2005), are produced from these neutrals (H2O, OH, etc.) through charge-exchange 

(e.g. H2O + H2O+ ! H3O+ + OH), photolysis (e.g. H2O + photon! H2O+ + e), and 

electron impact (e.g. OH + e ! OH+ + 2e) (Johnson et al., 2006a; Smith et al., 2010). 

These ions will eventually be transported outward and lost through the magnetotail (see 

Section 1.2.2 and references therein). 
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Figure 1.12. (from Wilson et al., 2009) The plasma azimuthal flow velocities in Saturn’s 

magnetosphere are derived from CAPS data with different methods. The green curve is 

the binned data. Inset is from Johnson et al., 2006a. The dashed line is the narrow H2O 

torus formed from the molecules from the Enceladus plume. The solid line is the OH 

torus based on HST observations. The dot-dashed line is Johnson et al.’s (2006a) 

modeling of the OH torus produced from the narrow H2O torus.  
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The “old” ions in Saturn’s inner magnetosphere corotate with the planet, while newly 

produced ions have an initial velocity close to that of the neutrals (the Kepler orbital 

speed), which is slower than the corotation speed. The acceleration of the new ions from 

Kepler speed to the corotation speed generates a radial current called a pick-up current 

(Goertz et al., 1980), which must be fed by Birkeland (magnetic field aligned) currents 

closing in Saturn’s ionosphere (Figure 1.13). Through the same mechanism discussed 

earlier for the Jovian magnetosphere (Hill, 1979, 1980; Pontius and Hill, 1982), the 

production and outward transport of plasma in Saturn’s magnetosphere requires angular 

momentum to be transferred from the atmosphere to the magnetosphere by connecting 

Birkeland currents, which in turn requires some lag of the plasma flow behind rigid 

corotation with the planet (Pontius and Hill, 2006, 2009). The corotation lag in Saturn’s 

magnetosphere has been observed by CAPS (Wilson et al., 2008, 2009). Figure 1.12 

shows the azimuthal plasma flow speeds in Saturn’s inner magnetosphere derived from 

CAPS data compared with the rigid corotation speeds (Wilson et al., 2009). Thus the 

azimuthal plasma flow in Saturn’s inner magnetosphere is usually called “sub-

corotation”. 
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Figure 1.13. (from Mauk et al., 2009, following Hill, 1979) Schematic graphic of 

Birkeland current systems in Saturn’s magnetosphere in a magnetic meridian plane.  

 

 

The ion pick-up process occurs in the region near Enceladus, where the new ions are 

produced from the H2O molecules in the plume. Similar to the case of the Jovian satellite 

Io, the local mass loading interaction induces a pick-up and Birkeland current system 

connecting the satellite to the planet’s ionosphere, and results in magnetic and plasma 

flow perturbations near the satellite (Goertz, 1980; Neubauer, 1980; Hill and Pontius, 

1998). The plasma flow slows down near Enceladus because of collisions with the neutral 

gas and the production of new plasma, and is deflected around the satellite (see Figure 

1.14). In the mean time, the magnetic field lines are compressed upstream of Enceladus, 

while the field intensity drops off downstream near the satellite (see Figure 1.15). 

Moreover, the magnetic field lines at the north and south of Enceladus and its plume are 

stretched in the corotation direction to form a structure called an “Alfven wing” (see 

Figure 1.15, after Drell et al., 1965). 
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Figure 1.14. (from Tokar et al., 2006) The plasma flow perturbations near Enceladus in 

the equatorial plane. The green lines are the model plasma flow lines of Pontius and Hill, 

2006. The red arrows represent the plasma flow velocities measured by CAPS IMS along 

the E2 trajectory (black line). 

 

 

 



  28 
 

 

 

Figure 1.15. (from Dougherty et al., 2006) Schematic graphic of the magnetic 

perturbation by the neutral gas plume of Enceladus. The “hot plasma flow” means the 

corotation plasma flow. 

 

 

The magnetic perturbations near Enceladus were first detected by the Cassini MAG 

during the first three flybys in 2005 (Dougherty et al., 2006).  The MAG data of magnetic 

field perturbations implied an interaction region centered south of Encleadus, and a 

picked up plasma mass rate of <3kg/s within 5RE from the moon was inferred (Dougherty 

et al., 2006; Khurana et al., 2007). During E2, CAPS detected a more extended plasma 

flow perturbation region up to 30RE away from Enceladus (Figure 1.14; Tokar et al., 

2006). A mass loading rate of ~100kg/s near the moon was derived from modeling the 

CAPS ion flow data (Pontius and Hill, 2006; Tokar et al., 2006).  
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In the Enceladus plume, most of the negative charge is evidently carried by the ice grains 

(dust), which have absorbed >90% of the electrons according to Shafiq et al. (2011), 

Farrell et al. (2009), and Morooka et al. (2011). These negatively charged particles are 

deflected by the electromagnetic field. Because of their large mass-to-charge ratio (>500 

amu/e), most of the ice grains’ gyroradii are much larger than the spatial scale of the 

plume (~1RE) (see Section 4.1). The current carried by these charged ice grains may 

extend to >10RE from Enceladus (Section 4.2), and could significantly affect the current 

system and magnetic perturbations near the moon (see also Simon et al., 2011; Kriegel et 

al., 2011). The currents and magnetic consequences of the charged ice grains from the 

plume will be discussed in Section 4.2 and 4.4.  
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2. The water vapor plumes of Enceladus 

This chapter and the appendix are adapted from the paper of Dong et al., 2011.  

   

2.1. Cassini observations and previous modeling 

As introduced in Section 1.4.2, the Enceladus water vapor plume was first directly 

detected by the Cassini Ion and Neutral Mass Spectrometer (INMS; see Section 1.3.2) 

during the E2 encounter in 2005 (trajectory shown in Figure 2.1). And the Cassini 

Ultraviolet Imaging Spectrometer (UVIS; see Section 1.3.2) observations of two stellar 

occultations in 2005 and 2007 implied water vapor jets in the plume associated with the 

dust jets (Hansen et al., 2006 and 2008).  

 

Cassini’s more recent encounters with Enceladus, E3 (12 March 2008, closest approach 

19:06:12 UT), E5 (9 October 2008, c/a 19:06:43 UT), and E7 (2 November 2009, c/a 

07:42:00 UT), got much closer to the plume source and obtained more exciting INMS 

data of the neutral H2O density (trajectories shown in Figure 2.1). The original data sets 

from the Planetary Data System (PDS) imply a decrease of the H2O density with distance 

from the source that was much slower than expected on the basis of radial (albeit 

angularly anisotropic) expansion from the presumed source region. This discrepancy was 

interpreted as the effect of H2O vapor absorption by the instrument’s antechamber wall 

(see Section 1.3.2). A Monte Carlo simulation study was used to remove this instrumental 

effect from the measurement (Teolis et al., 2010), and provided a new version of neutral 

H2O density data for the E3 and E5 encounters.  
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Figure 2.1. The Cassini E2, E3, E5 and E7 trajectories superimposed on the ISS image 

(NASA Jet Propulsion Laboratory (JPL)) of the Enceladus dust plume. The trajectories 

are plotted in a cylindrical coordinate system aligned with the polar axis of Enceladus. 

 

 

Based on these Cassini observations, there have been several simulation models (Tian et 

al., 2007, modeling E2 UVIS observations; Burger et al., 2007, modeling E2 UVIS and 

INMS observations; Smith et al., 2010, modeling E2, E3, and E5 INMS observations) 

and an analytical but empirical model by Saur et al. (2008) modeling E0-E2 Cassini 

Magnetometer (MAG; see Section 1.3.2) data and E2 INMS data. The analysis and 

modeling of the Cassini data have been focused on determining the flow speed and 
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source rate of the water vapor ejected from Enceladus’ south pole. The inferred total 

source rates vary from ~ 1026 to ~1028 molecules/s, while the flow speeds vary from ~500 

m/s to ~700 m/s. 

 

In this chapter we will introduce an analytical physical model of supersonic outflow from 

a number of specified south-polar sources, and compare the model predictions with E2, 

E3, E5, and E7 INMS data to infer the required total source rates and outflow velocities 

from each source. E7 is so far the latest Cassini encounter with valid INMS data of H2O 

density. Different from the E3 and E5 trajectories with large inclination angles, the E7 

trajectory is almost parallel to the equatorial plane (Figure 2.1) and got even closer to the 

sources. It is the first time that INMS observed the multiple jets in the water vapor plume. 

In Section 2.3.3, our model is extended to incorporate the jet features observed during E7.  

 

This model was presented by Dong et al. (2009a, 2009b, 2009c, 2010). Tenishev et al. 

(2010) developed a similar semi-analytical model in their analysis of E3 and E5 INMS 

and E2 UVIS measurements. The latter paper assumed a flowing Maxwellian velocity 

distribution equivalent to equation (2.1) below. It did not show an analytic expression for 

the plume density distribution, but it would presumably be equivalent to equation (2.3) 

below. The comparison of our model results with those from other models will be 

discussed in Section 2.3, 2.4 and 2.5.  
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2.2. Model description 

The multiple jets observed in the visible dust plume (Spitale and Porco, 2007, Hansen et 

al., 2008) suggest that there are several discrete sources of water vapor at the surface of 

Enceladus in the south polar region. In Section 2.2.1, we describe a simple model of the 

Enceladus water vapor plume with a single small point-like source at the south pole. In 

section 2.2.2 we generalize this to a multiple-source model.  

 

2.2.1. Single-source model 

We assume a radially flowing Maxwellian velocity distribution at the source: 

                                                               (2.1)                                                                                                    

where ns is the number density at the source, v0 is the flow speed, and vth =  is 

the thermal speed. The origin is at the center of the source, and the z axis points in the 

Enceladus radial direction. Outside the source within a range of tens of Enceladus radii, 

we neglect Enceladus’ gravity and assume radial outflow. (The effect of neglecting 

gravity is discussed in Section 2.5 below.) Thus the molecules move in straight radial 

lines from the source. For example, the molecules at the point (x, 0, z) must have the 

velocity direction given by vy=0 and vx / vz = x /z = tanθ, as shown in Fig. 1.2, in order to 

be observable in the x-z plane. Thus we can derive the density distribution outside the 

source (see the appendix for the derivation): 

                                    (2.2) 
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where M ≡ v0/vth is the thermal Mach number, the ratio of flow speed to thermal speed. 

This distribution depends on the distance r from the source as well as the angle θ from 

the flow direction. The factor (rs/r)2 accounts for the radial, but not isotropic, expansion 

from the source. Equation (2.2) is valid for  if the source is in vacuum.  For a 

source on Enceladus’ surface, n(r, θ, M)=0 for , accounting for the source 

molecules lost by impacting Enceladus’ surface 

 

 

 

 

Figure 2.2. A source particle is assumed to travel in a straight line in the x-z plane to the 

point (x,0,z). The z axis points in Enceladus’ radial direction. θ is the angle between the 

particle trajectory and the z axis.  

 

 

 

 

θ ∈ [0,π ]

θ ∈ [π / 2,π ]



  35 
 

 

Our objective is to infer the flow velocity and the total source rate from data-model 

comparison. nsrs
2 is the scale factor of equation (2.2). The total source rate is proportional 

to nsrs
2, and also depends on the thermal Mach number M (see section 2.4). This model is 

independent of the value of rs as long as r>>rs. Hence we define a source parameter S´ = 

nsrs
2. The two parameters to be determined from the data fitting are then S´ and M. 

 

For the single-source model we put the point-like source at the south pole of the satellite. 

The shape of the density distribution depends only on the value of the thermal Mach 

number. M=0 gives a hemispherical expansion from the source (Figure 2.3(a)). For large 

thermal Mach numbers, M=10 for example, the distribution becomes more like a narrow 

beam (Figure 2.3(b)). For M=2, the source produces a plume-like distribution (Figure 

2.3(c)) over the south pole, which resembles the Imaging Science Subsystem (ISS; see 

Section 1.3.2) image of Enceladus’ dust plume (Figure 2.3(d)). This visual comparison 

gives us a general idea of the expected value of the best-fit thermal Mach number, M~2. 

This single-source model resembles the general shape of the visible plume, but misses the 

detailed jet features (see Section 1.4.2). 
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Figure 2.3. Model plots of the distribution of H2O vapor density of the plume with 

different thermal Mach numbers, compared with the ISS image (from Porco et al., 2006) 

of the Enceladus dust plume. 
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INMS detected neutral H2O densities up to nearly 106 cm-3 (Waite et al., 2006) during the 

E2 encounter. However, the E2 trajectory does not really probe the dense part of the 

plume (see Figure 2.1). The more symmetric nature of the inbound and outbound parts of 

the E2 data (Figure 2.4) compared to the E3 (Figure 2.5) and E5 (Figure 2.6) data, and 

the small increase of H2O density before the spacecraft entered the plume in the E3 and 

E5 data sets (Figures 2.5 and 2.6) suggest that E2 encountered primarily a global 

spherical expansion of H2O vapor from Enceladus’ surface. Thus we added a global 

expansion term (see also Waite et al., 2006; Burger et al., 2007; Tenishev et al., 2010) to 

our model: 

                                                           
                                                               (2.3) 

where n0 is the uniform component of the H2O density at Enceladus’ surface and R is the 

distance from Enceladus’ center. Considering the existence of an Enceladus neutral torus 

(Johnson et al., 2006), we also added a uniform background density nbg (see also Burger 

et al., 2007; Tenishev et al., 2010). The distribution of the H2O density near Enceladus 

orbit is more complicated than a uniform background, but within about 30 RE (~0.1 RS) 

from Enceladus, where the INMS data sets studied in this chapter were taken, it should 

not vary too much (see the E3 and E5 inbound data in Figure 2.5 and 2.6). In this 

research we focus more on the plume, and the assumption of a uniform background is 

sufficient to give an estimate of the order of magnitude of the background density near 

Enceladus.  

 

Perry et al. (2010) analyzed the INMS measurements of the neutral species near 

Enceladus’ orbit at different orbital phase angles from Enceladus. A comparison of the 
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measurements of the neutral cloud density, of which H2O is the dominant species, north 

of Enceladus on E3 and E5 (before the closest approach, outside the plume) with the 

model results of Smith et al. (2010) is also shown by Perry et al. We see a larger gradient 

of the data near the equatorial plane (and near Enceladus) than in the Smith et al. model, 

which may be explained by a global spherically symmetric source at Enceladus' surface. 

We suggest such a global expansion to be a possible contribution to the H2O density near 

Enceladus.  

 

There are now three terms in our model for the neutral H2O density near Enceladus: the 

plume density (2.2), the global expansion (2.3), and the uniform background density nbg 

accounting for previously ejected H2O molecules orbiting Saturn. We will show in 

Sections 2.3 and 2.4 that fitting our model to the INMS data indicates that the latter two 

terms are much smaller contributions than the plume density. 

 

 

2.2.2. Multiple-source model 

Examination of the jets observed in the visible Enceladus dust plume in Cassini ISS 

images (Spitale and Porco, 2007) has suggested eight possible sources associated with the 

hotspots on the tiger stripes. Sources 1, 2, 3, and 6 (corresponding to the Roman numerals 

in Spitale and Porco’s paper), all on the Baghdad and Damascus lineaments (see Figure 

1.11 in Chapter 1), are believed to be the strongest candidate dust sources, for they have 

been identified in a large number of observations of the dust jets and lie near the "tiger 

stripes". The UVIS stellar occultation observation (Hansen et al., 2008) implies the 
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association of water vapor jets with the dust jets. In accordance with these results, we 

have constructed a multiple-source model, a linear superposition of single-source models 

as described in Section 2.2.1.  

 

The eight possible jet source locations suggested by Spitale and Porco have been applied 

to different plume models by Saur et al. (2008), Smith et al. (2010), and Tenishev et al. 

(2010). In Smith et al.’s model, the eight sources are assumed to be identical, for their 

modeling results are not very sensitive to the variation among different sources. In Saur 

et al.’s and Tenishev et al.’s models, the parameters of each source are allowed to be 

different and are determined by fitting.  

 

For our model, we have tried a single source at the south pole, eight identical sources, 

and the four strongest candidate sources (1, 2, 3 and 6) suggested by Spitale and Porco, to 

fit E3 and E5 INMS data. The fitting results show that applying the four strongest 

candidate sources works better than the other two choices for both E3 and E5 (see 

Section 2.3.2 and Figure 2.7). We also tried applying the non-vertical dust jet directions 

suggested by Spitale and Porco (2007) to the source flow velocity directions in our 

model. For non-vertical jets, equation (2.2) in section 2.2.1 is still valid if we set the z 

direction (θ =0) to be the jet direction (flow velocity direction). And equation (2.2) is 

valid for , if the source is in vacuum. But in this case we need to set the density 

to be zero below the tangent plane to Enceladus’ surface at the source location, 

accounting for the source molecules lost by impacting Enceladus’ surface. The results 

θ ∈ [0,π ]
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show that using the tilted jet directions suggested by Spitale and Porco does not fit E3 

and E5 data as well as using vertical flow velocities.  

 

Thus, in our model, we assume that sources 1, 2, 3, and 6 are the four main sources, and 

that the flow velocity from each source is in Enceladus’ radial direction. The H2O density 

distribution of the plume can be expressed as  

                                                                                                                     (2.4) 

where the summation index i represents one of the eight possible sources, ri means the 

position relative to source i, and  follows equation  (2.2) in Section 2.2.1.  The 

source parameter S´ and the thermal Mach number M are first assumed to be the same for 

each source, which works fine for E3 and E5 fitting. But we adjust these original 

assumptions for the sources to fit with E7 data (Section 2.3.3). To calculate the total H2O 

vapor density near Enceladus, the global expansion term formula (2.3) and the 

background density nbg are also included.  

 

2.3. Data-model Comparison 

In this Section we show our model fittings with E2, E3, E5, and E7 INMS data of neutral 

H2O number densities, and we also show a rough comparison of our model results with 

the column densities measured by UVIS from a stellar occultation. 

 

2.3.1. E2 INMS-data-model comparison 

Unlike the other three encounters we study, the E2 trajectory hardly intersected the 

visible dust plume (see Figure 2.1), so there is no need to apply the multiple-source 

n = ni (
ri )

i
∑

ni (
ri )
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model for E2 fitting. Figure 2.4 shows the comparison of E2 data and the single-source 

model. For any thermal Mach number, the plume density profile cannot be as symmetric 

as the E2 data (see the dotted and dashed lines in Figure 2.4, corresponding to M = 0 and 

M = 3 respectively). We therefore conclude that INMS detected mostly the global 

expansion of H2O molecules from Enceladus’ surface (formula (2.3)) and the background 

density nbg during E2. This explains the more symmetric inbound and outbound parts of 

the E2 data signature compared to E3, E5, and E7. The blue line in Figure 2.5 shows the 

result of a chi-squared fitting to the sum of the global expansion and background density 

terms. The best-fit values are n0 = 5.7×105 cm-3 and nbg = 1.6×104 cm-3. If we add a 

plume density term with S´ = 8.0×1020 cm-1 and M = 2.5 for example (red line in Figure 

2.5), there is no obvious improvement of the fit before closest approach, and no 

difference after closest approach. We conclude that the global expansion source density 

n0 and the uniform background density nbg were the dominant contributions along the E2 

trajectory, even though the plume source rate may have been significantly larger than the 

global source rate (see Section 2.4), because the E2 trajectory didn’t probe into the dense 

part of the plume.  
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Figure 2.4. INMS data from Planetary Data System of the H2O density (cm-3) profile 

along the E2 trajectory compared with the single-source model prediction. The black line 

shows the data with error bars. The dotted line shows the plume density with M = 0 and 

S´ = 2.4×1021 cm-1. The dashed line shows the plume density with M = 3 and S´ = 

8.0×1021 cm-1. The blue line shows the sum of the global expansion density and the 

background density, with the best-fit values of n0 = 5.7×105 cm-3 and nbg = 1.6×104 cm-3. 

The red line shows the sum of these two terms plus a plume density having S´ = 8.0×1020 

cm-1 and M = 2.5 
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The results of fitting with E2 data may be unreliable for two reasons: the E2 trajectory 

did not probe the plume, and the INMS instrumental effect (Teolis et al., 2010) has not 

yet been removed from the PDS version of the E2 data used here. This implies not only 

an underestimate of the source rate, but also a possible distortion of the density profile 

(M. E. Perry, private communication, 2010). The results of the E2 comparison give, at 

best, an estimate of the orders of magnitude of the three terms in our model.   

 

2.3.2. E3 and E5 INMS-data-model comparison 

We use the multiple-source model as described in Section 2.2.2 to compare with the new 

versions of the E3 and E5 INMS data provided by Teolis et al. (2010). E3 and E5 have 

similar trajectories, grazing the fringes of the visible dust plume and going from north to 

south. In each case, the spacecraft entered the plume just after closest approach. There is 

a sharp increase of the H2O density after closest approach in both E3 and E5 data (see 

Figure 2.5 and 2.6). Before closest approach, the INMS measured primarily the global 

expansion and background densities. After closest approach, the plume density is 

dominant. 
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Figure 2.5. E3 data-model comparison. The black line is E3 INMS data. The error bars 

are only shown for some data points to avoid clutter. The blue line shows a chi-squared 

fit with the multiple-source model (plume parameters in Table 2.1, n0 = 7.4×105 cm-3 and 

nbg = 3.3×104 cm-3). The red line shows a larger background density (3×105 cm-3) on the 

outbound trajectory. 
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Figure 2.6. E5 data-model comparison in the same format as Figure 2.5. The black line is 

E5 INMS data. The blue line shows a chi-squared fit with the multiple-source model 

(plume parameters in Table 2.1 and n0 = 7.2×105 cm-3 and nbg = 2.1×104 cm-3). The red 

line shows a larger background density (4×105 cm-3) on the outbound trajectory. 

 

 

We first applied a chi-squared fitting procedure to the sum of global-expansion and 

background densities for each of the E3 and E5 inbound data sets, where we assume the 

data are not affected by the plume. This gives best-fit values n0 = 7.4×105 cm-3 and nbg = 

3.3×104 cm-3 for E3, and n0 = 7.2×105 cm-3 and nbg = 2.1×104 cm-3 for E5. We then set n0 

and nbg to be fixed at these levels, and applied a chi-squared fitting procedure for the 

plume source parameters S´ and M for each of the E3 and E5 outbound data sets. The 

best-fit values of all parameters are shown in Table 2.1. Figure 2.5 and 2.6 show the 

comparison of the model with the E3 and E5 data sets. The assumption of four main 
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sources (1, 2, 3 and 6) works well for both E3 and E5 data, and the best-fit values of the 

parameters are quite consistent between E3 and E5.  

 

 

Table 2.1. Best-fit values of the plume model parameters for E3, E5, and E7 

dd Encounter Sources M = v0/vth S´ of each source (1022 cm-1) 

E3 
03/12/2008 

1, 2, 3, 6 1.6 1.3 

E5 
10/09/2008 

1, 2, 3, 6 1.4 3.2 

E7 
11/02/2009 

1, 2, 3, 4 1.8 
 

0.95 (1, 2, 3)[1] , 1.8 (4)[1] 
1.2(1, 2, 3)[2] , 2.1(4)[2] 

[1] From the chi-squared fitting. The numbers in parentheses represent the sources.  

[2] From equating the model and data peak values 

 

 

The best-fit values of the thermal Mach number M are 1.4 - 1.6, and the best-fit source 

parameters S´ are of the same order of magnitude, ~1022 cm-1. The CIRS detected a 

temperature of 145K or higher in the south pole troughs (Spencer et al., 2006), and 

Spencer et al. suggested an inferred source temperature of 180K or higher if the plume 

source is the sublimation of water ice and is visible to CIRS. In our model we use 180K 

as the source temperature. The thermal Mach number M ~ 1.4 - 1.6 then implies a flow 

velocity at the source of about 530-650m/s, consistent with the 609 m/s inferred from 

UVIS observations (Hansen et al., 2008) and the 520 - 700 m/s from fitting with the E3 

and E5 INMS data and E2 UVIS data (Tenishev et al., 2010), and also roughly consistent 

with Smith et al.’s (2010) result of 720 m/s from E2, E3 and E5 INMS data. All these 
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inferences indicate that most plume particles have velocities considerably larger than the 

escape velocity (239 m/s), which justifies the neglect of Enceladus’ gravity in our model 

(see also Section 2.5 below). 

  

The model predicted density begins to deviate from the data in the more distant portion of 

the outbound trajectory for both E3 and E5 (after about 300s in Figure 2.5 and after about 

200s in Figure 2.6). This discrepancy is removed if we allow the background density on 

the outbound trajectories to be different from that inbound, namely, nbg = 3×105 cm-3 for 

the E3 outbound trajectory and nbg = 4×105 cm-3 for the E5 outbound trajectory, as 

indicated by the red lines in Figure 2.5 and 2.6. These outbound background densities 

would be 10 - 20 times larger than those derived from the respective inbound data. The 

E3 and E5 trajectories both go from north to south. Given that our model gives good 

predictions of the plume density and assuming that the far outbound disagreements result 

from the background density, this result might imply a larger background density in the 

southern hemisphere near Enceladus than in the north. The azimuthal and vertical neutral 

density distribution near Enceladus’ orbit has been studied by Perry et al. (2010) based on 

INMS measurements, but the background density near Enceladus' southern hemisphere is 

not yet clear because of the dominant plume density in that region. The outbound 

discrepancy may be due to a larger background density in the southern hemisphere near 

Enceladus, or possibly some other systematic spatial variation of the background density 

near Enceladus. 
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To examine the source choices, we also applied chi-squared fitting procedures with E3 

and E5 outbound data (n0 and nbg fixed) for three different source combinations: a single 

source at the south pole, eight identical sources, and the four strongest candidate sources 

(1, 2, 3, and 6) suggested by Spitale and Porco (2007). Figure 2.7 shows that using the 

four strongest sources gives a better fit than the other two choices with both E3 and E5 

data, especially in the region close to the plume sources (see 0-300s after the closest 

approach for E5 and 0-200s after the closest approach for E5 in Figure 2.7). 

 

 

 

  

 

 

 

 

 

Figure 2.7. E3 and E5 data after the closest approach (where the spacecraft entered the 

plume) compared with the model for difference source choices. The black lines are the 

INMS data. The red lines show the best fit of the multiple-source model with sources 1, 

2, 3 and 6 (with the plume parameters in Table 2.1 and n0 = 7.4×105 cm-3 and nbg = 

3.3×104 cm-3 for E3, n0 = 7.2×105 cm-3 and nbg = 2.1×104 cm-3 for E5). The blue dashed 

lines show the best fit of the multiple-source model with eight identical sources (M = 6.2 

and S´ = 2.5×1021 cm-1 of each source for E3, M = 2.5 and S´ = 1.0×1022 cm-1 of each 
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source for E5). The black dotted lines show the best fit of the single source model (M = 

1.9 and S´ = 2.3×1022 cm-1 for E3, M = 1.5 and S´ = 9.3×1022 cm-1 for E5). 

 

 

2.3.3. E7 INMS-data-model comparison 

The E7 trajectory got much closer to the sources in the south polar region than E3 and E5 

(see Figure 2.1). There are at least two main peaks in the E7 INMS data shown in Figure 

2.8, which may indicate jet features in the vapor plume near Enceladus’ surface. To 

investigate which sources may contribute to the peaks in the E7 data, we plot the H2O 

density profiles that would be produced by each single source (see Figure 2.9 for source 

locations and the E7 trajectory projection) with a thermal Mach number ~1.5 (as derived 

from E3 and E5) to compare with E7 data (Figure 2.8). This comparison suggests that 

source 4 may be the most likely one to account for the second main peak in the E7 data, 

and that some combination of the other sources may produce the first peak. 
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Figure 2.8. E7 INMS data compared with each source. The black diamonds are INMS 

data. The color lines show the density profiles produced by each of the eight sources 

separately with the thermal Mach number M ~ 1.5 (as estimated from E3 and E5) and a 

source strength S´ adjusted to equate the peak values of the model and the data.  
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Figure 2.9. E7 trajectory projected on the CIRS image (NASA/JPL) of the south polar 

surface of Enceladus. The yellows stars are the source locations from Spitale and Porco 

2007. The crosses correspond to the E7 data points. The colored ones are where the peaks 

in E7 INMS data occur. The purple cross represents the small peak before one of the two 

main peaks in E7 data. The blue arrow shows the tilt direction of the jet from source 4 to 

remove the disagreement of the timing of the second main peak between the E7 data and 

the model, as discussed in section 2.3.3. 
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The E7 data show densities at least tens of times larger than the background and global 

expansion densities that we have estimated from E3 and E5. In this region the plume 

density is clearly dominant, so we use these data points to fit for the plume source 

parameters S´ and M. First we stay with our assumption of the four main sources, 1, 2, 3, 

and 6, but add another source 4 (see Figure 2.9) and allow a different source strength S´ 

for source 4. The dashed blue line in Figure 2.10 shows a chi-squared fit for sources 1, 2, 

3, 6, and 4. The first peak of the model density is wider than in the data, so we adjusted 

our choice of the sources. Figure 2.8 shows that the peak of the model density profile 

produced by source 6 lies between the two main peaks in the E7 data. We excluded 

source 6 and got a better fit with the first peak. The solid blue line in Figure 10 shows a 

chi-squared fit with sources 1, 2, 3, and 4. The peak values of the model from chi-squared 

fitting are smaller than the data, because there are many more data points at lower values 

than near the peaks, and the positions of the peaks do not match the data exactly. We also 

performed a fit by equating the peak values of the model and data, as shown by the red 

line in Figure 2.10. The fit values of all the parameters from E7 fitting are shown in Table 

2.1. The thermal Mach number M is 1.8 (v0 = 730 m/s), and the source density S´ is ~1022 

cm-1 for each source, both generally consistent with E3 and E5. The fit value of S´ for 

source 4 is larger than that for the other three sources.  
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Figure 2.10. E7 data-model comparison. The black line is the data with error bars. The 

dashed blue line shows a chi-squared fit with sources 1, 2, 3, 6 and 4. The solid blue line 

is the result of a chi-squared fitting excluding source 6, with parameters in Table 2.1. The 

red line shows the same fit after equating the peak values of the model and data 

(parameters in Table 2.1).   
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Figure 2.11 shows the model plot of the H2O density distribution with the fit values of the 

parameters for E7 ([2] in Table 2.1). This cross section is in the same plane as the E7 

trajectory. Sources 1, 2, and 3 together, and source 4 separately, produce the two separate 

parts of the plume near Enceladus’ surface in this plane. This multiple-source model plot 

with M = 1.8 resembles the ISS image (Figure 2.3(d)) better than our previous single-

source model plot with M = 2. It shows some detailed features at lower altitude similar to 

those in the ISS image.  

 

 

 

Figure 2.11. E7 trajectory superimposed on the model density distribution (log10 cm-3) 

in the cross section of Enceladus at 339º - 159º W longitude intersecting the pole, with 

the parameters in Table 2.1 labeled with [2]. The two triangles on the E7 trajectory show 

where the two main peaks in the E7 INMS data occur.  

!
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There is a small disagreement (~ 5s) between model and data in the timing of the second 

main peak (Figure 2.10). We have used the source location suggested by Spitale and 

Porco (2007) and assumed the flow velocity to be in the radial direction at each source. 

There are two possible ways to remove this disagreement: applying a tilted jet direction 

or adjusting the source location.  

 

According to Spitale and Porco’s (2007) study of the ISS images of the jets, the dust jet 

from source 4 is actually quite nearly vertical, with a possible zenith angle of only 3.7˚, 

which makes no visible difference for the second main peak in our E7 model plot. The 

water vapor jets may not be exactly aligned with the visible dust jets, and either or both 

may be time variable. But if we adjust the flow velocity direction of source 4 to tilt by 

25˚ directly toward the surface projection [-160.3˚W, 79.7˚S] of the position of the 

second main peak in E7 data (see Figure 2.9; for tilted jets, using the approach described 

in Section 2.2.2), which is 196.4˚ azimuth clockwise from the local north of source 4 and 

25˚ zenith according to the coordinates used in Spitale and Porco’s paper (2007), it can 

predict a timing of the second main peak that exactly matches the INMS data (see the red 

line in Figure 2.12). 
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Figure 2.12. Two examples of removing the disagreement of the timing of the second 

main peak of E7 data and the model as described in section 2.3.3. The black line is the 

data with error bars. The dashed blue line shows the model with sources 1, 2, 3 (S´ = 

1.1×1022 cm-1 and M = 2.2 for each source) and an extra source (S´ = 1.0×1022 cm-1 and M 

= 2.2) at the surface location [-160.3˚W, 79.7˚S]. All the jets are vertical. The solid red 

line shows the model with vertical jets from sources 1, 2 and 3 (S´ = 1.0×1022 cm-1 and M 

= 2.4 for each source), and a jet from source 4 (S´ = 1.0×1022 cm-1 and M = 2.4) titled by 

25˚ from the normal direction toward the surface location of [-160.3˚W, 79.7˚S]. 
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Additional dust jets have been observed in recent ISS images (Porco et al., 2010). The 

corresponding update of the source locations may help to fit better with the multiple 

peaks in E7 INMS data. The surface projection of the position where the second main 

peak in E7 data occurs is [-160.3˚W, 79.7˚S] (Figure 2.9), close to the Cairo tiger stripe, 

which may imply a strong source near that location. If we put a strong source there, it can 

also produce a peak that matches the timing of the second main peak in E7 data (see the 

dashed blue line in Figure 2.12).  

 

Above are two examples of improving the fit with the timing of the second main peak in 

the E7 data, but they are not necessarily the only ways. In both approaches, there still 

seems to be something missing on the E7 outbound trajectory (after ~15s in Figure 2.12), 

which may imply some unidentified source(s) near the more distant portion of the E7 

outbound trajectory. However, with the only reference for the source locations available 

now (Spitale and Porco, 2007) and following all of our multiple-source model 

assumptions, including purely radial flow, we suggest a strong source near surface 

location 4, or at least a strong source near the surface projection of the E7 outbound 

trajectory.  

 

2.3.4. Comparison with UVIS observations 

In the previous sections, we have shown that our results for the plume flow velocity and 

the total source rate are generally consistent with the UVIS results (Hansen et al., 2006 

and 2008). More specifically, we also show a rough comparison with the column 

densities measured by UVIS from a stellar occultation on Oct 24, 2007 (Hansen et al., 
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2008). During this occultation, the ray from UVIS to the star is nearly tangent to 

Enceladus’ south polar surface, with a closest distance to the limb of 15 km. The column 

densities measured by FUV are 1.26×1016 cm-2 and 1.36×1016 cm-2 in two 5s time spans, 

and the maximum column density measured by HSP at ~15 km altitude is 2.6×1016 cm-2. 

 

First we consider the case where the source radius rs << h = 15 km. Then in this region 

our plume density model equation (2.2) would be valid. Assuming a horizontal line 

crossing the center of a vertical plume, with the closest distance of h = 15 km to the 

source, the column density along this line would be an estimate of the order of magnitude 

of the UVIS results above. It can be calculated as: . 

The actual UVIS line of sight with a closest distance to Enceladus limb ~15 km may not 

exactly intersect the center of a plume, or it may cross more than one plume's dense part 

at a time. So Nc may not be exactly the column density along the UVIS line of sight, but 

they should be of the same order of magnitude. Letting M = 1.6 (an average value from 

E3, E5 and E7 results), this integral can be calculated numerically: Nc ≈ 3.97 S´/h. Our 

best-fit values for S´ from INMS data are in the range 1-3×1022 cm-1 for each source, 

which gives Nc ~ 2.6-7.9×1016 cm-2. The upper limit comes from the best-fit value of S´ 

from E5, which may be a more active time for the sources than usual (see Section 2.4). 

Thus Nc is likely to be closer to 2.6×1016 cm-2 than to the upper limit. It is roughly 

consistent with the UVIS results (Hansen et al., 2008).  

 

If the source radius rs is comparable to h = 15 km, the ray to the star is getting very close 

to the sources or may even intersect some, which would make equation (2) invalid in this 

)tan(),,cos/(2
2/

0
θθθ

π
hdMhnNc ∫=
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region. Then a better estimate of the column density along the UVIS line of sight would 

be Nc ~ ns(2rs) = 2 S´/rs. The estimates of rs ~ h = 15 km and the best-fit values of S´ ~ 1-

3×1022cm-1 give the order of magnitude estimate Nc ~ 1.3-4.0×1016 cm-2, which is still 

consistent with the UVIS results (Hansen et al., 2008). 

 

Thus in both cases, independent of the source size, our model predictions are generally 

consistent with the UVIS measurements reported by Hansen et al. (2008). 

 

2.4. Source rate  

The source rate is defined as the total number of H2O molecules emanating from a given 

source per unit time. It is an important parameter that describes the strength of the source. 

Using the velocity distribution f(r, θ, vr) (A12) in the appendix, we can integrate over the 

velocity magnitude and over a hemispherical surface to obtain the source rate for a given 

point-like source with vertical flow velocity: 

 

 

                                                                                                                                        (2.5) 

where S´ = nsrs
2, and M ≠ 0. With the best-fit values of the thermal Mach number M and 

source parameter S´ (Table 2.1), and using the source temperature 180K (see Section 

2.3.2), we obtain the values of the total source rate for the three encounters shown in 

Table 2.2. The total source rates for E3 and E7 fall within a tight range near 1.7�1028 

molecules/s. The source rate for E5 is about 2 times higher, ~3.5� 1028. The 

corresponding mass loading rates are ~ 500 kg/s for E3 and E7, and ~ 1000 kg/s for E5.  
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The global expansion source rate from E3 and E5 inbound fitting is ~1026 molecules/s, 

which is an insignificant contribution to the total source rate for E3, E5 and E7. Our 

inferred total source rate, based on the most recent INMS data analysis of the E3, E5, and 

E7 encounters, is significantly larger than the estimate 1.5 – 4.5�1026 molecules/s based 

on the E2 encounter (Waite et al., 2006), which is not surprising given that E2 did not 

really intersect the plume and that the INMS instrumental effect is not yet removed from 

E2 data. Our fitting results for E2 data in Section 2.3.1 also lead to a total source rate of 

1026 -1027 molecules/s (a plume source rate < 1027 molecules/s and a global source rate ~ 

1026 molecules/s), consistent with Waite et al.’s result from E2 data. However, as 

discussed in Section 2.3.1, the E2 encounter data may not provide good estimates of the 

plume source.   

 

Our estimates of the total source rates from E3, E5 and E7 (see Table 2.2) are larger than, 

but generally consistent with, the values 0.5 - 1�1028 and 6.5�1027 molecules/s derived 

from two UVIS stellar occultation measurements (Hansen et al., 2006, 2008), with 

Burger et al.’s (2007) modeling result ~ 1028 molecules/s, and with the “missing source” 

~ 1028 molecules/s suggested by the HST modeling study of Jurac and Richardson (2005). 

It is more consistent with the results based on the new E3 and E5 INMS data, 2.6×1028 

molecules/s (Tenishev et al., 2010) and 6.3×1027 for E3, 2.5×1028 for E5 (Smith et al., 

2010).  
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Table 2.2. Source rates for E3, E5, and E7 

Encounters E3  E5 E7 

Sources 1,2,3,6 1,2,3,6 1,2,3,4 

Total source rate (1028 /s) 1.7  3.5 0.95- 1.2  (1, 2, 3) 
0.59 - 0.70  (4) 
1.5 - 1.9   (total) 

Mass-loading rate (kg/s) 510 1050 450 - 570  (total) 

The lower limit of the source rate and mass-loading rate for E7 is calculated with the 

parameters from the chi-squared fitting ([1] in Table 2.1), and the upper limit is 

calculated with the parameters from equating the peak values of the model and data ([2] 

in Table 2.1 

 

 

2.5. Conclusions and discussion 

2.5.1. Summary  

We have constructed an analytical multiple-source model for the H2O vapor density in 

the Enceladus plume, which can be fit quite well to the INMS data for the E3, E5, and E7 

encounters. We obtain reasonable best-fit values of the source rate S’, the flow velocity 

v0, the background density nbg, and the global expansion source density n0. We have also 

calculated the total source rate of H2O molecules from the model. Our results suggest a 

flow velocity of 550-750 m/s (thermal Mach number 1.4 - 1.8) from the source, and a 

total source rate ~ 1.5 – 3.5�1028 molecules/s, with an assumed source temperature of 

180K. If the source temperature is 140K, both results should be reduced by 12%. The E3 

and E5 fittings imply significant sources at locations 1, 2, 4, and 6 (Spitale and Porco et 
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al., 2007), while E7 fitting implies another strong source near the surface projection of 

the E7 outbound trajectory. 

 

2.5.2. Estimate of error bars 

In this model, Enceladus' gravity is neglected. Our derived flow velocity, 550-750 m/s is 

significantly larger than the escape velocity at Enceladus' surface, 239 m/s. Particles with 

velocity smaller than 239 m/s, which will fall back to Enceladus, account for <1% of our 

total source rate. For other particles that can escape from Enceladus, the gravity field 

changes the direction and magnitude of their velocities. A simple numerical study of the 

particles’ motion under Enceladus gravity (tracking a plume particle with representative 

initial velocities, such as 239 m/s, 2×239 m/s, v0, etc.) shows that particles with velocity 2 

times the escape velocity or larger, which contribute >90% of our total source rate, stay 

within ~2˚ of a straight line from the source in the region θ ≤ 30˚ (with θ defined in 

Section 2.2.1 and Figure 2.2), where INMS measured the dense plume. The INMS data 

studied in this paper were taken within a range of about 30 RE from Enceladus. In this 

region, the change of the velocity magnitude due to gravity is ~7% for particles starting 

with the flow velocity ~650 m/s (an average of the results from the three encounters), and 

~10% for particles starting with a velocity 2 times the escape velocity. Thus the real flow 

velocity at the source may be slightly larger than that we derived. The numerical 

trajectory analysis shows that neglecting gravity is an acceptable approximation in this 

model. The estimated error due to neglect of Enceladus gravity is ~10% for both the flow 

velocity and the source rate.   
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The formal error bars from the chi-squared fitting procedure are quite small, ~1-2% for 

both the thermal Mach number M and the source parameter S´. We suggest a subjective 

error bar ~ 10% for both M and S´ because, if either parameter is changed by 10%, there 

is a noticeable change (at least ~10%) in the χ2 (see Table 2.3). So the estimated error bar 

from fitting is ~10% for M, and ~15% for the source rate (derived from error bar 

propagation from M and S´). Including the effect of neglecting gravity, we estimate a 

total error bar ~20% for the thermal Mach number and ~30% for the source rate.  
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 Table 2.3. Normalized χ2 values 

E3 
       S´ (1022 cm-1)   
M 

 
1.3×(1-10%) 

 
1.3 

 
1.3×(1+10%) 

 
1.6×(1-10%) 

 
2.0 

 
1.4 

 
1.2 

 
1.6 

 
1.3 

 
1.0 

 
1.3 

 
1.6×(1+10%) 

 
1.2 

 
1.5 

 
2.4 

E5 
       S´ (1022 cm-1) 
M 

 
3.2×(1-10%) 

 
3.2 

 
3.2×(1+10%) 

 
1.4×(1-10%) 

 
4.6 

 
2.5 

 
2.2 

 
1.4 

 
2.1 

 
1.0 

 
2.0 

 
1.4×(1+10%) 

 
1.9 

 
2.5 

 
5.5 

E7 
       S´ (1022 cm-1) 
M  

(1, 2, 3):  0.95×(1-10%) 
(4): 1.8×(1-10%) 

(1, 2, 3): 0.95 
(4): 1.8 

(1, 2, 3): 0.95×(1+10%) 
(4): 1.8×(1+10%) 

 
1.8×(1-10%) 

 
1.2 

 
1.1 

 
1.1 

 
1.8 

 
1.1 

 
1.0 

 
1.1 

 
1.8×(1+10%) 

 
1.1 

 
1.1 

 
1.3 

 

The χ2 values in this table are normalized to that with best fit parameters (as shown in 

Table 2.1) for each encounter. The χ2 values are calculated with the best fit parameters 

±10%. The numbers in parentheses in the E7 table represent the sources.  
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2.5.3. Source locations and variability 

Instead of fitting for the source strength and tilt angle for each water vapor jet separately, 

we assumed four identical vertical jets from the four main sources (1, 2, 3, and 6) of dust 

jets identified by Spitale and Porco (2007). Otherwise, there would be too many free 

parameters for such limited INMS data sets and different parameter combinations could 

result in equally good fittings with the data (e.g. Figure 2.12; see also the discussion 

below).  

 

This assumption of the four main sources works well in fitting E3 and E5 encounter 

INMS data. Many more (~30) dust jets, all from the tiger stripes, have been identified in 

recent higher-resolution ISS images (Porco et al., 2010), and some of the individual 

source locations identified by Spitale and Porco (2007) were found to resolve into 

multiple sources in the higher-resolution images. The fact that our model fits E3 and E5 

data better with just the four main sources 1, 2, 3, and 6 (all on the two tiger stripes 

Baghdad and Damascus) than with a single source or with eight identical sources may 

imply that the sources on Baghdad and Damascus are generally more active than other 

sources, at least during the E3 and E5 encounters (cf. Saur et al., 2008; Tenishev et al., 

2010).   

 

Our results for the E3 and E5 encounters are generally consistent with those of Tenishev 

et al. (2010), who employed a similar model. Tenishev et al. suggested that sources 1, 2, 

3, and 7 are the major contributors to the plume. We agree on sources 1, 2, and 3. We 

find that sources 6 and 7 are virtually distinguishable on E3 and E5; the combination 
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(1,2,3,6) produces a slightly better chi-squared fit for E3 while (1,2,3,7) produces a 

slightly better fit for E5, but the difference is barely visible in the plots. However, sources 

6 and 7 both lie on the Baghdad lineament, so we are in general agreement with Tenishev 

et al. in concluding that sources on the Baghdad and Damascus stripes were more 

significant than other candidate sources during the E3 and E5 encounters.   

  

Our E7 fitting requires a strong source 4 (or at least a strong source nearby) to account 

for the second main peak in the INMS data. A possible water vapor jet from source 4 was 

also observed by UVIS in the stellar occultation reported by Hansen et al. (2008). Adding 

a source 4 in our model does not, however, fit well with E3 and E5 data, which may 

imply an increase in the intensity of source 4 between the E3 and E5 encounters (March 

and October 2008) and the E7 encounter (November 2009).  

 

Our result for the E5 source rate is about 2 times larger than those for E3 and E7. Smith 

et al.’s (2010) model also shows a significantly higher source rate for E5 than for E3, by 

about a factor of 4. Their model simulates the H2O molecules ejected from Enceladus and 

evolving in Saturn’s magnetosphere for several months. It shows that, with the higher 

source rate derived from E5, the density of the long-lived H2O molecules orbiting Saturn 

near Enceladus (corresponding to the background density in our model) will also be 

increased. They obtain a better fit with E5 outbound data than with E5 inbound data. The 

comparison of E3 and E5 inbound measurements with Smith et al.’s model (2010) is also 

shown by Perry et al. (2010), who indicate that the source rate derived from E3 may be 
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closer than that derived from E5 to the average source rate. Our result for the source rate 

from E7 also falls back to the same level as E3 

 

2.5.4. Comparison with plasma production and outward transport rate 

Our estimate of the neutral H2O vapor loss rate from Enceladus (~500 kg/s for E3 and 

E7, ~1000 kg/s for E5) is larger, but not very much larger, than independent empirical 

estimates of the net rate of production and outward transport of water-group ions from 

Saturn’s inner magnetosphere (Pontius and Hill, 2006, 2009; Chen et al., 2010).  This 

comparison suggests that a significant fraction of the neutral cloud content is not lost 

from the magnetosphere by ballistic neutral escape following charge exchange, but by 

ionization and subsequent radial plasma transport, as suggested by Johnson et al. (2006).   
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3. The dust plumes of Enceladus 

In this Chapter, we will discuss the charged ice grains (dust) in the Enceladus plume 

based on Cassini’s multiple instrument observations. All the instruments mentioned in 

this chapter are introduced in Section 1.3.2. 

 

3.1. Cassini measurements of the densities in the plume  

The Enceladus plume is composed of mostly water vapor and ice grains (see Section 

1.4.1 and 1.4.2). There is also cold plasma continuously produced from the water vapor 

in the plume (see Section 1.4.3). The water vapor plume was directly measured by INMS 

(Wait et al., 2006; Teolis et al., 2010), while the dust (ice grain) plume was observed by 

multiple instruments: ISS, CDA, CAPS, and RPWS (Section 1.4.2 and references 

therein). The electron and ion densities of the cold plasma in the plume were measured by 

RPWS-LP (Morooka et al., 2011). In this section, we will discuss the water vapor, 

nanograin, and cold plasma densities in the plume based on Cassini observations from E3 

to E7. The spacecraft trajectories are shown in Figure 3.1. The available Cassini data sets 

during these flybys are listed below: 

INMS water vapor: E3, E5, and E7 (Teolis et al., 2010; Dong et al., 2011) 

CAPS nanograin: E3, E5, and E7 (Hill et al., 2012) 

CDA micron-sized dust grain: E2 (Kempf et al., 2008) 

RPWS-LP cold plasma: E3 - E7 (Shafiq et al., 2011; Morooka et al., 2011) 

RPWS micron-sized dust grain: E2 - E7 (Ye et al., 2012, 2013) 
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Figure 3.1. Cassini E2 (07/14/2005), E3 (03/12/2008), E4 (08/11/2008), E5 

(10/09/2008), E6 (10/31/2008) and E7 (11/02/2009) trajectories marked with UT times 

superimposed on the ISS image of the Enceladus dust plume (NASA/JPL). The 

trajectories are plotted in a cylindrical coordinate system aligned with the polar axis of 

Enceladus. 
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Figure 3.2 shows the neutral vapor densities measured by INMS (Teolis et al., 2010), the 

cold plasma ion and electron densities measured by RPWS-LP (Morooka et al., 2011), 

and the singly charged nanograin densities measured by CAPS ELS and IMS (Hill el al., 

2012) during E3 and E5. The densities measured by Cassini imply a nontrivial problem 

with charge balance in the plume. The RPWS-LP detected a much higher ion density than 

the electron density of the cold plasma in the plume (ne/ni 10%). The CAPS measured a 

much higher (>1000 times) negatively charged nanograin density than that of the positive 

ones. The negative nanograin density is comparable to the electron density at the center 

of the plume. However, the total positive charge density of nanograins and ions still 

exceeds the total negative charge density of nanograins and electrons, which implies that 

more electrons are attached to larger ice grains in the plume, which are not directly 

measured (see also Yaroshenko et al., 2009; Farrell et al., 2009; Shafiq et al., 2011; 

Morooka et al., 2011). 

 

 

≤
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Figure 3.2. The E3 and E5 INMS water vapor densities (Teolis et al., 2010), RPWS-LP 

cold plasma densities (Morooka et al., 2011), and CAPS nanograin densities (Hill et al., 

2012) in the Enceladus plume. 

 

 

The RPWS-LP ion density (ni) profiles are very similar to the INMS water vapor density 

(nH2O) profiles for both E3 and E5, which also means that the (ni-ne) profiles are similar 

to nH2O because ni>>ne in the plume. Figure 3.2 shows a comparison between (ni-

ne)×2500 from RPWS-LP data and nH2O from INMS data for E3 and E5. The E4 and E6 
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INMS water vapor density data are not available. However, our water vapor plume model 

from Chapter 2 can give predictions of the H2O densities along E4 and E6 trajectories. 

Figure 3.3 shows the model H2O densities for E4 and E6 compared with (ni-ne)×2000 

from RPWS-LP data (Morooka et al., 2011). Figures 3.2 and 3.3 both show a good 

consistency between nH2O and the scaled (ni-ne), especially near the density peak. Thus 

the (ni-ne) of the cold plasma in the plume may be considered approximately proportional 

to the water vapor density nH2O at center of the plume by a consistent factor of 1/2500 to 

1/2000 as inferred from E3 to E6. Assuming all the “missing” electrons are attached to 

ice grains, (ni - ne)e should be equal in magnitude and opposite in sign to the total charge 

density carried by the ice grains (see also Yaroshenko et al., 2009; Shafiq et al., 2011; 

Morooka et al., 2011):              

                                                             ρc = -e(ni - ne)                                                     (3.1)   

Thus the dust charge density in the plume is approximately proportional to the neutral 

water vapor density by a factor of C0:  

                                                              ρc = C0nH2O                                                       (3.2) 

where C0 is -e/2500 to -e/2000 as inferred from E3 to E6. But the negative nanograin 

density profile seems to have a narrower main peak than that of (ni - ne) for both E3 and 

E5 (see Figure 3.2), which means the nanograin charge density distribution seems to be 

more confined than that of larger ice grains. This discrepancy may be due to the variation 

in charging time and trajectories with the grain sizes  (see Section 3.2 and 4.1).  
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Figure 3.3. The E4 and E6 RPWS-LP cold plasma densities (Morooka et al., 2011) 

compared with the model H2O densities, which are calculated with the water vapor plume 

model from Chapter 2 along the E4 and E6 trajectories with the best-fit parameters from 

E3 and E5 INMS data fitting (Section 2.3.2). 
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Another interesting feature is the multiple small peaks in the negative nanograin density 

profiles. As discussed in Section 2.3.3, the multiple peaks in the E7 INMS water vapor 

density data correspond to the water vapor jets associated with the dust jets in the ISS 

images (Spitale and Porco, 2007; Hansen et al., 2008). Figure 3.4 shows the E7 INMS 

water vapor density and CAPS negative nanograin density, compared with the RPWS 

dust impact rates (Ye et al., 2013). The different data profiles share some similar 

structures. The timings of at least two major peaks (see the dashed blue vertical lines in 

Figure 3.4) are quite consistent among the three data sets from different instruments. 

Figure 3.5 shows the small peaks in the negative nanograin density profiles along E3, E5, 

and E7 trajectories compared with the dust jet source locations on Enceladus’ south polar 

surface resolved from ISS images (Spitale and Porco 2007). As shown in the left panel of 

Figure 3.5, most of the surface projections of the small peaks in E3, E5, and E7 data are 

well associated with the tiger stripes, and some of them are located quite near the dust jet 

source locations. Thus these small peaks in negative nanograin density profiles seem to 

correspond to the dust jets in the ISS images (see also Jones et al., 2009).   
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Figure 3.4. E7 water vapor and nanograin densities compared with the RPWS dust 

impact rates. The upper panel is from Ye et al., 2013, showing the dust impact rates with 

different particle size thresholds. 
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Figure 3.5. The E3, E5, and E7 CAPS ELS negative nanograin density profiles compared 

with the dust jet source locations. The left panel shows E3, E5, and E7 trajectories (white 

lines) projected on the CIRS image (NASA/JPL) of Enceladus’ south polar surface, 

where the yellow stars represent the dust jet source locations (Spitale and Porco, 2007) 

and the black crosses labeled with colored letters correspond to the small peaks in the 

negative nanograin density profiles.  
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3.2. Charging of the ice grains 

The Cassini observations (see Section 3.1) have shown that in the Enceladus plume the 

ice grains carry most of the negative charge. To study the motion and currents of these 

ice grains, it is necessary to know the charge of the ice grains of different sizes. The 

charge density of the ice grains is also a constraint for the size distribution fittings 

(Section 3.3.3). Therefore, in this section we will first study the charging of the ice grains 

in the plume with the RPWS-LP plasma data.  

 

Dust grains can be charged by collecting ambient plasma ions and electrons, by 

secondary electron emission caused by energetic particle impact, by photoelectric 

emission, and possibly by other processes (Spitzer, 1977; Horányi, 1996; Shukla and 

Mamun, 2002). In the Enceladus plume, where the plasma is cold (<5eV) and the 

electrons are largely missing, the major charging process for the ice grains is collecting 

electrons from the ambient plasma (Shafiq et al., 2011; Farrell et al., 2009; Morooka et al., 

2011; Hill et al., 2012). 

 

3.2.1. Interaction with ambient plasma 

For a dust grain immersed in plasma, the ambient ion and electron thermal fluxes (Ii and 

Ie) constantly approach the grain surface. As a result, the dust grains will be charged by 

the attachment of impacting ions and electrons (Horányi et al., 1996; Shukla and Mamun, 

2002). Assuming the same ion and electron temperatures, the electron thermal velocity is 

much larger than that of the ions. The total electron flux to a dust grain is usually larger 
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than the ion flux. Thus the dust grains in plasma are usually negatively charged by the 

attachment of electrons. 

 

The ion and electron fluxes to a dust grain can be calculated using the orbital motion 

limited (OML) theory (Chen 1965; Allen 1992; Shukla and Mamun, 2002). Here we 

assume a spherical dust grain with radius a and charge of qd immersed in a plasma with 

Maxwellian velocity distributions. Under the influence of the Lorentz force between the 

dust grains and plasma particles, only the ions and electrons within a certain region can 

reach the dust grain surface. The electron and singly charged ion thermal currents to a 

spherical dust grain with negative surface potential can be expressed as (Horányi, 1996; 

Shakla and Mamun, 2002): 

                                                                                 (3.3) 

                                                                                       (3.4)      

In the equations above, a and φd (φd<0) are the dust grain radius and surface potential. ne, 

ni, me, mi, Te, and Ti are the densities, masses, and temperatures of the plasma electrons 

and ions. The charging rate is: 

                                                                                                                     (3.5) 

For spherical dust grains with surface potential φd, the charge per grain is: 

                                                              qd = 4πε0aφd                                                      (3.6) 
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Assuming the same ion and electron temperatures (Ti = Te) and combining equations (3.3) 

to (3.6), we obtain:     

                                                                (3.7) 

where  . The dust grain’s charge reaches an equilibrium value when dqd/dt=0, 

which is equivalent to:  

                                                               dχ/dt = 0                                                           (3.8) 

If the solution to dχ/dt = 0 is χ0, then the equilibrium surface potential of a dust grain is 

φd = χ0kBTe/e. Although there is no explicit expression for χ0, it can be solved 

numerically if mi, ni, ne and Te are known. According to equations (3.7) and (3.8), the 

solution χ0 only depends on ni/ne assuming mi is known. This OML approach is valid for 

small isolated grains (Horányi, 1996; Shukla and Mamun, 2002) with a<<λD<<rd, where 

λD is the Debye length of the ambient plasma and rd is the inter-particle spacing of dust 

grains (see also Section 3.4.2).  

 

3.2.2. Surface potential  

The ice grains in the Enceladus plume are charged by the ambient plasma fluxes as 

described in Section 3.2.1. The RPWS-LP measured the plasma densities and 

temperatures as well as the spacecraft potentials (φsc) during flybys from E3 to E6 

(Morooka et al., 2011). The ice grain surface potentials (φd) can be solved from equation 

(3.8) with the RPWS-LP data assuming a water-group ion mass mi = 18 amu and Ti = Te. 

Figure 3.6 shows the φsc and inferred φd from E3-E6 RPWS-LP data taken in the plume 
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within 1RE from the Enceladus polar axis, compared with the spacecraft positions. In 

previous studies of the dust charge based on RPWS-LP data, the dust surface potential 

was assumed to be the same as the spacecraft potential (Yaroshenko et al., 2009; Shafiq 

et al., 2011). However, as shown in Figure 3.6 the spacecraft potential can be from ~0.5 

to 5 times the inferred dust surface potential according to the E3-E6 RPWS-LP data taken 

in the plume. The discrepancy between φsc and φd may be due to the difference between 

spacecraft and dust grain charging processes (see Section 3.4.3). In this study we will use 

the φd solved from equation (3.8) as the ice grain potential rather than assuming it is the 

same as the spacecraft potential.  

 

Figure 3.6 doesn’t show any clear dependence of the grain potential (φd) or the spacecraft 

potential φsc on position (ρ or z) or encounter. It seems that |φd| is either ≤1V or ≥3V, with 

more data points having |φd| ≤1V. However, the data are too limited for any further 

conclusions. The mean value of φd in the plume from E4 to E6 is -1.6V with a large 

standard deviation of 1.4V. Based on these results from RPWS-LP data, we can only say 

that the dust surface potential φd in the plume can be from -0.5 to -4.0 V, and may vary 

with position and encounter.  
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Figure 3.6. The inferred dust surface potentials (φd) and spacecraft potentials (φsc) from 

E3-E6 RPWS-LP data taken in the Enceladus plume. The solid dots are the dust surface 

potential. The circles are the spacecraft potential. The different colors represent the 

different encounters. 

 

 

3.2.3. Charging time 

Assuming the ice grains are ejected uncharged from the south polar sources, the charging 

process is described by equation (3.7) with the initial value χ(t=0)=0. Letting  

                                                                                                                     (3.9)                     

and                                                                                                  (3.10) 

equation (3.7) can be written as 

                                                                                          (3.11) 
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τ0 has the unit of time, and was considered in earlier studies as the time scale of the 

differential equation (3.11) (Verheest, 2000; Shafiq et al., 2011).  However, γ is also an 

important factor for the charging time scale, which could vary drastically with the value 

of ni/ne. It is necessary to consider the effect of this factor on the charging time scale. At 

t=0,  χ(t=0) =0 and 

                                                  
            

                                                   (3.12) 

The first order estimate for the charging time is: 

                                                    
   

 (3.13) 

 

where χ0 is the equilibrium solution of equation (3.9), i.e. the solution to equation (3.8). 

Equation (3.8) also leads to γ=exp(χ0)/(1-χ0), which means γ has to be less than 1 for any 

negative solution of the dust surface potential (χ0<0). It can be shown that τ1>1/2τ0 for 

any negative χ0. If |χ0| is small (e.g. |χ0|≤1), τ1 is close to τ0. However, if γ <<1, |χ0| could 

get so large that τ1 is significantly larger than τ0. For example, if ni = ne, then γ =0.0055, 

which makes χ0=-3.7 and τ1 = 3.7τ0. The difference between τ1 and τ0 can get even larger 

if ni<ne. τ0 can be underestimated for large grain surface potential. Thus τ1 may be a more 

general estimate of the charging time scale than τ0.  

 

Theoretically, it takes infinite time for the differential equation (3.11) to reach the 

equilibrium state. But an ice grain’s surface potential gets very close to the equilibrium 

state when the grain has been immersed in the plasma for a time longer than the charging 
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time scale (see Figure 3.9). Taking E3 and E5 flybys as examples, we will test whether 

the ice grains detected by Cassini have reached the equilibrium potential. The speed of 

the ice grains is assumed to be smaller than the water vapor southward flow speed (550-

750 m/s; see Chapter 2), because the motion of the ice grains is presumably driven by 

that of the water vapor (Hill et al., 2012). Assuming the ice grains are ejected with speed 

Vd ~ 500 m/s in the southward direction, the time for a grain to travel from the source to 

where it is detected by Cassini is t = (|z|+RE))/Vd, where z is the spacecraft position 

relative to the center of Enceladus (see Figure 3.1). If t is significantly larger than the 

charging time scale τ1, the ice grain can be considered to be fully charged to the 

equilibrium surface potential φd.  

 

Figure 3.7 shows the ice grain charging process (surface potential vs. time), as well as a 

comparison between t and τ1 for grains of radius a = 2nm calculated from the E3 and E5 

RPWS-LP data taken inside the plume. t is larger than τ1 for all these data points on E3 

and E5, and the potential of the ice grains has gotten very close to the equilibrium state at 

time t. According to equations (3.10) and (3.13), larger dust grains are charged faster 

because of their larger surface area. According to the VIMS spectral observations, the 

micron-size ice grains are likely to have initial speeds of 80-160 m/s (Hedman et al., 

2009). If Vd<500 m/s, the time t that the ice grains have been exposed to the plasma 

would be longer. Thus it seems to be safe to say that most of the ice grains with a>2nm 

that have reached the spacecraft during E3 and E5 are fully charged. However, the 

creation of the plume plasma from the plume water vapor is also a time-dependent 

process, probably with highly variable time scales, so there is considerable uncertainty in 
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this estimate. Moreover, the analysis of RPWS-LP data to obtain ne, ni, and Te is quite 

complex and may also introduce errors of unknown magnitude (Crary, 2012).  All that 

can be said with some confidence is that the conclusion ni >> ne in the plume is probably 

qualitatively correct. 

 

 

 

Figure 3.7. Charging time scales for ice grains with a = 2 nm. The different colored 

curves are calculated from different RPWS-LP data points taken in the plume within 1 RE 

from Enceladus’ polar axis. φd is the equilibrium dust potential, shown with the 

horizontal lines. t is the time for an ice grain to travel from the source to the spacecraft 

(vertical solid lines). τ1 is the charging time scale from equation (3.13) (the vertical 

dashed lines). 
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3.2.4. Charge per grain  

Field emission may be a major limit for the dust grain charge (Mendis and Axford, 1974). 

When a dust grain is charged to a certain level, the repelling force between the surface 

charges will cause the emission of electrons from the grain surface. This process is called 

field emission. The surface potential limit from field emission for a spherical dust particle 

is (Mendis and Axford, 1974; Mendis, 1991): 

                                                      |φfe| = 0.9 (a/1nm) V                                                (3.14) 

Combining equation (3.6) and |φd|≤|φfe|, the field emission limit for the charge per grain is: 

                                                      |qd| ≤ 0.63 e (a/1nm)2                                                 (3.15) 

From Section 3.2.2, the ice grains’ equilibrium surface potential inferred from the 

RPWS-LP data taken in the plume within 1RE from Enceladus’ polar axis is -0.60 to -3.3 

V for E3 and -0.45 to -0.82 V for E5. Thus from equation (3.6), the charge per ice grain is  

                                                 qd = 0.42 to 2.2 (-e)(a/1nm)                                          (3.16) 

for E3 and  

                                                 qd = 0.31 to 0.57 (-e)(a/1nm)                                        (3.17) 

for E5. Figure 3.8 shows the equilibrium charge qd as a function of the grain radius a 

according to equation (3.16) and (3.17). The grain charge qd also has to be below the field 

emission limit (equation (3.15)), as shown with the solid colored lines in Figure 3.8. In 

the region where (3.16) and (3.17) are above the field emission line in Figure 3.8, qd is 

determined by the field emission limit equation (3.15). The qd(a) from equation (3.16) 

and (3.17) should be considered as the average charge of the ice grains. However, any 

individual ice grain has to be charged by an integer number of electrons. Its charge can be 

slightly larger or smaller than that shown Figure 3.8 and may also fluctuate with time 
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(Horányi, 1996). For an ice grain of a<2nm, the average charge is likely to be no more 

than one electron (see Figure 3.8), which means it should be either uncharged or charged 

by only one electron. Thus these results are generally consistent with the singly charged 

negative nanograins (a ≤ ~2nm) detected by CAPS during E3 and E5 (Hill et al., 2012). 

 

 

 

Figure 3.8. Charge per grain as a function of the grain radius. The colored lines show the 

upper and lower limits of the grain charge for E3 (red) and E5 (blue) as given by 

equations (3.16) and (3.17). The black solid line is the field emission limit as given by 

equation (3.15).  
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3.3. Size distributions 

3.3.1. Cassini observations 

The ice grains in the Enceladus plume range from less than 1 nanometer to micrometers 

in size (see Section 1.4.1). The CAPS, CDA and RPWS measured the ice grain size 

distributions within different size ranges.  

 

The signals of charged nanograins were seen in both CAPS ELS and IMS energy-per-

charge (E/q) spectrograms of E3 and E5 (Hill et al., 2012). The negative nanograins 

dominate the positive ones. During E7, only ELS detected very weak negative nanograin 

signals, while no positive nanograin signal was detected by IMS (Hill et al., 2012). In this 

section we will focus on the size distributions of negatively charged nanograins detected 

by CAPS ELS during E3 and E5. The ELS anode 5 (see Section 1.3.2) was in the 

spacecraft ram direction during the two flybys. The incoming nanograins have kinetic 

energies corresponding to the spacecraft ram speed relative to Enceladus (14.4 km/s for 

E3; 17.7 km/s for E5). The kinetic energies of plume grains relative to Enceladus is 

negligible by comparison, corresponding to speeds ~ 500 m/s. The ELS nanograin signals 

were detected in the E/q bins of 600-26000 eV/e for E3 (Figure 3.9), corresponding to 

mass values of 560-24000 amu. A mass-per-charge (m/q) distribution was derived from 

the E/q spectrum (Hill et al., 2012; Figure 3.9). Assuming spherical ice grains, a size 

distribution covering ~0.5 – 2 nm can be derived from the mass distribution:  

                                                                                         (3.18) 

where the ice density ρice = 554 amu/nm3. With the same approach, the negative 

nanograin mass and size distributions can also be derived from E5 ELS E/q spectra. 
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Figure 3.10 shows the nanograin size distributions near the center of the plume from E3 

and E5 CAPS ELS data. The E3 and E5 size distributions are very similar to each other, 

differing by a factor of ~4, which is probably due to different exposure times of the 

nanograins to the plasma that charges the grains (Hill et al., 2012). The negative 

nanograin size distributions for both E3 and E5 seem to reach a peak at ~2nm, where the 

upper size limit is determined by the ELS energy range. Thus there can be many more 

larger ice grains undetected by CAPS. 

 

 

 

Figure 3.9. The E3 CAPS ELS E/q spectrogram (top) and the nanograin mass 

distribution (bottom) near the center of the plume (Hill et al., 2012). 
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Figure 3.10. The E3 (at UT 19:06:47) and E5 (at UT 19:07:09) negative nanograin size 

distributions near the center of the plume derived from the CAPS ELS data. 

 

 

During E2 (trajectory shown in Figure 3.1), the CDA measured high concentrations of 

dust grains over Enceladus’ south pole (Spahn et al., 2006; Kempf et al., 2008). The 

number densities and size distributions of the dust grains were derived from the impact 

rates for the different particle size (mass) thresholds (see Section 1.3.2; Kempf et al., 

2008). A power law was applied to describe the dust grain size distribution measured by 

CDA: 

                                                                                                                    (3.19) 

where the exponent κ is 4-5 and the maximum number density for the dust grains >0.9 

µm is 0.35 m-3  near the closest approach of E2 (Kempf et al., 2008). The E2 trajectory 

(Figure 3.1) didn’t really probe the center of the Enceladus plume. What CDA detected 

during E2 may be a mixture of the E ring particles and the plume particles. The E3 and 

E5 CDA data are not available. However, the RPWS (see Section 1.3.2) detected impacts 

dn
da

= n0a
−κ
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of micron-sized dust grains with a similar power-law size distribution (Ye et al., 2012, 

2013). The RPWS instrumental “effective area” for dust impacts has been calibrated with 

CDA (Kurth et al., 2006; Ye et al., 2012, 2013). Figure 3.11 shows a dust grain size 

distribution derived from E5 RPWS data (Ye et al., 2013) fitted to the same power law as 

in equation (3.21). The power law exponent κ from both E3 and E5 RPWS dust impact 

data is ~4, consistent with the E2 CDA result. The total number density nd(a>5µm) 

within 0.125RE from Enceladus’ polar axis inferred from the RPWS data is ~ 0.02 m-3 for 

E3 and ~ 0.08 m-3 for E5 (Ye et al., 2013). 

 

 

 

Figure 3.11. (from Ye et al., 2013) The E5 dust grain size distribution from RPWS/WBR 

data within 1 minute, fitted to the same power law as in equation (3.21) (Kempf et al., 

2008) with the exponent κ ~ 4. The RPWS size distribution data agree well with the CDA 
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power law for a>4µm; the RPWS is not very sensitive to smaller particle impacts (Ye et 

al., 2013) 

 

 

3.3.2. A composite size distribution 

The CDA and RPWS power law size distribution (3.21) is for micron sized ice grains, 

while the E3 and E5 CAPS nanograin size distributions (Figure 3.6) cover the size range 

of ~ 0.5 - 2nm. With such a large gap (~2nm to ~1µm) between the two size ranges, there 

have to be many more undetected ice grains in the plume. Thus it is necessary to have a 

composite size distribution for the study of these charged ice grains.  

 

The complete size distribution for ice grains in the Enceladus plume is presumably 

continuous and smooth. A “standard size distribution” dn/da = Ca(1-3b)/bexp{-a /(kb)} 

(Hansen, 1971; Hansen and Travis, 1974) was applied to analyze the E ring particle 

dynamics (Showalter et al., 1991). Although this size distribution can cover a complete 

size range and has a single peak, it does not yield to the CDA power-law size distribution 

for large grain radii. Here we propose a composite size distribution for the ice grains in 

the Enceladus plume combining the CAPS nanograin (Figure 3.10) and the CDA (or 

RPWS) dust size distributions (equation (3.19); Figure 3.11): 

                                                                                             (3.20) 

which peaks at a=a0 and approaches asymptotically the power-law size distribution as in 

equation (3.19) when a>> a0. When α=1 and β=1, equation (3.20) has the same form as 

dn
da

=Caα[1+α
κ
( a
a0
)β ]

−
α+κ
β
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the kappa distribution (particle flux vs. energy). It has a similar shape to the kappa 

distribution, but is more flexible with the two adjustable parameters α and β. The 

parameter κ is determined by the CDA or RPWS results. Letting a>>a0 where equation 

(3.22) asymptotes to equation (3.21), the scale factor C can be obtained as: 

                                                                                                       (3.21) 

Assuming spherical ice grains, the corresponding mass distribution converted with 

equation (3.18) has the same form as the size distribution equation (3.20): 

                                                                                       (3.22) 

which peaks at m=m0. The relations between the two sets of parameters are: 

                                                                                                (3.23) 

 

 

3.3.3. Fitting with Cassini data 

The CAPS nanograin size distributions (Figure 3.10) have almost reached the peak of the 

composite distribution at ~2nm. However, the other end of the size distribution curve is 

determined by the RPWS power law. In this section, we will fit the composite size 

C = n0 (
α
κ
)
α+κ
β a0

−(α+κ )
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distribution equation (3.20) with E3 and E5 CAPS nanograin data (Hill et al., 2012) and 

RPWS dust data (Ye et al., 2013).  

 

The total dust charge density of the grains with a size distribution dn/da is:  

                                                                                                        (3.24) 

where qd(a) is the charge per grain as discussed Section 3.2.4 (Figure 3.8). The total 

charge balance of the dust and plasma in the plume (equation (3.1)) requires that: 

                                                                                             (3.25) 

This constraint was applied in the RPWS-LP data analysis in Yaroshenko et al., 2009, 

Shafiq et al., 2011, and Morooka et al., 2011, in which the lower size limit of the power-

law size distribution was extended to amin=30nm. However, we will show that even 

smaller ice grains are dominant in both number density and charge density.   

 

The CAPS nanograin size distributions in Figure 3.10 were sampled near the E3 and E5 

density peaks (see Figure 3.2). The RPWS-LP data has a lower time resolution than 

CAPS. The main peak of the CAPS nanograin density is just between two RPWS-LP data 

points shown in Table 3.1 for both E3 and E5 flybys (see Figure 3.2). As shown in Table 

3.1, the value of ni-ne varies by a factor of ~1.5 between the two RPWS-LP data points 

closest to the CAPS nanograin density peak for each flyby, while the inferred charge per 

grain qd(a) varies by a factor of ~2 for E5 but ~5 for E3. Thus it is necessary to take both 

of the two RPWS-LP data points into consideration for the constraint of equation (3.25). 

 

ρc =
dn
da
qd (a)da∫

dn
da∫ qd (a)da = −e(ni − ne )
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Table 3.1.  E3 and E5 RPWS-LP data points near the center of the plume 

Encounter Time (UT) ni - ne (cm-3) ρ (RE) z (RE) qd(a) (-e/nm) 

E3        (1) 

            (2) 

19:06:37 

19:07:01 

1.9×104 

3.0×104 

0.62 

0.15 

-1.8 

-3.1 

2.2a 

0.42a 

E5        (3) 

            (4) 

19:06:53 

19:07:17 

1.0×105 

6.8×104 

0.53 

0.27 

-1.3 

-2.9 

0.57a 

0.31a 

ρ is the distance from the polar axis. z is aligned with the polar axis pointing north. qd(a) 

is the charge per grain as a function the grain radius (see Section 3.2.4). For any 

calculation with qd(a), the field emission limit has to be considered (see Section 3.2.4) 

 

 

Figure 3.12 shows the E3 CAPS nanograin size distribution and the RPWS dust power-

law size distribution plotted in the same panels. The E3 RPWS power law is as in 

equation (3.19) with κ=4 and the total dust density is nd(a>5µm) = 0.02m-3. The scale 

factor n0 in equation (3.19) can be calculated as: 

                                                                                             (3.26) 

where amin = 5µm. The extended line of the RPWS power law to smaller size (the black 

dashed line) intersects the CAPS size distribution curve (Figure 3.12). The total dust 

charge densities ρc calculated directly with CAPS nanograin size distribution for 0.6 nm 

< a < 2.2 nm and the RPWS power law for a>2.2 nm using equation (3.24) and qd(a) in 

Table 3.1 are much smaller than the e(ni-ne) from E3 RPWS-LP data (see Table 3.1 and 

3.2). In order to fit the composite size distribution (equation (3.20)) with the E3 CAPS 

data and also meet the constraint of total charge balance (equation (3.25)), we had to 

either increase the number density of nd(a>5µm) or let the power law exponent be κ>4.  

n0 = (κ −1)amin
κ−1nd (a > amin )
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To do the fitting, we gradually increase either nd(a>5µm) or κ until the fitted size 

distribution can meet the charge balance constraint as in equation (3.25), which means  

for E3 ρc needs to be 2×104 (-e/cm3) with qd(a)�2.2a (-e/nm) or 3×104 (-e/cm3) with qd(a)

�0.42a (-e/nm). With any fixed κ and n0, the three independent parameters, α, β, and a0 

are determined by a least-squares fitting with the E3 CAPS nanograin size distribution 

data. Then the scale factor C in equation (3.20) can be calculated from equations (3.26) 

and (3.21). The total dust charge densities ρc are calculated using equation (3.24) with the 

qd(a) in Table 3.1. The colored solid curves in Figure 3.12 show the fits with E3 CAPS 

nanograin size distribution and the power-law distributions with different κ and 

nd(a>5µm), which can meet the total charge balance of equation (3.25). The 

corresponding parameters are shown in Table 3.2. 
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Table 3.2. E3 and E5 size distribution fits 

RPWS Fitting parameters CAPS RPWS-LP 
nd(a>5µm) κ α β a0 (nm) normalized χ2 ρc (-e/cm3) 

E3 
0.02 4.0 N/A N/A N/A N/A 3.0×103 (1)     1.6×103  (2) 
0.02 4.4 7.4 3.6 2.2 1.00 2×104  (1) 
0.02 5.1 12.7 1.2 3.2 1.27 3×104  (2) 
0.32 4.0 7.2 4.0 2.2 1.01 2×104  (1) 
13 4.0 11.0 1.5 3.1 1.22 3×104  (2) 

E5 
0.08 4.0 7.6 5.7 2.1 1.00 2.0×103  (3)     1.3×103  (4) 
0.08 5.05 8.8 1.6 4.3 1.23 1×105  (3) 
0.08 5.15 8.9 1.6 4.5 1.24 7×104  (4) 
44 4.0 8.5 1.9 4.2 1.22 1×105  (3) 
63 4.0 8.6 1.8 4.3 1.34 7×104  (4) 

(1) - (4)  The values in the ρc column are calculated with the different inferred qd (a) from E3 

and E5 RPWS-LP data labeled with the numerals as in Table 3.1. ρc is supposed to be 

consistent with ni-ne from the RPWS-LP data shown in Table 3.1 according to the total 

charge balance constraint equation (3.25). 

 

 

Figure 3.12 (a) shows the E3 composite size distribution fittings with κ=4. For E3, if κ=4, 

nd(a>5µm) has to be 0.32m-3 to 13m-3 to meet the total charge balance with the plasma 

(see Tables 3.1 and 3.2), which is 16 to 650 times that measured by RPWS. This wide 

range comes from the variation of qd(a) and ni-ne between the two RPWS-LP data points 

(see Table 3.1). Panel (b) in Figure 3.12 shows the fits with nd(a>5µm)=0.02m-3 as 

measured by RPWS but different κ’s of 4.4 and 5.1, which can also meet the total charge 

balance as in equation (3.25) (see Tables 3.1 and 3.2). Increasing the power law exponent 

κ from 4.0 to 4.4 - 5.1 results in significant differences near the size distribution peak 
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(Figure 3.12 (b)) and also in the total dust charge density ρc (Table 3.2). However, the 

power-law size distributions with κ =4.4 - 5.1 (thick colored solid lines) look quite close 

to the original RPWS power law (the thick black solid line) in Figure 3.12 (b) at a ~ 5-20 

µm, where the RPWS power-law size distribution was derived. The composite size 

distributions with κ=4.4 and 5.1 in Figure 3.12 (b) seem to fit equally well with the E3 

CAPS data at a< ~2nm. The minimum χ2 with the E3 CAPS data was achieved with 

κ=4.4 (see Table 3.2).  

 

Considering that the E3 RPWS dust data of nd(a>5µm) was taken within 0.125RE of 

Enceladus’ polar axis (Ye et al., 2013), which is not where the E3 CAPS nanograin size 

distribution in Figure 3.10 was sampled (the density peak), it is possible that the 

maximum dust density of a>5µm is larger than that from the E3 RPWS data taken at 

ρ<0.125RE, and the power law exponent κ may also be different. Thus for E3, the best 

fitted composite size distributions are as shown in Figure 3.12 (b) with κ ~ 4.5 to 5, 

which agrees well with the CAPS data, is not too far away from the RPWS power law at 

a ~ 5 -20 µm, and can also meet the charge balance with the plasma as measured by 

RPWS-LP.  
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Figure 3.12. E3 size distribution fits. The black squares are the CAPS nanograin data. 

The thick solid black lines are the RPWS power-law size distributions as in equation 

(3.19) with κ=4 and the total density nd(a>5µm) = 0.02 m-3 (Ye et al., 2013). The thick 

solid colored lines in panel (a) show the RPWS power-law size distributions with 

increased total dust densities nd(a>5µm).  In panel (b), the solid colored lines show the 

power-law size distribution with the same nd(a>5µm) as measured by RPWS but a 

different exponent κ. The dashed lines show the power-law size distributions extended to 

smaller grain size. The thin solid lines are the fitted size distributions of equation (3.22) 

with the parameters in Table 3.2. 

 

 

 



  99 
 

 

The same approach was applied to the E5 size distribution fits. The thin black solid curve 

in Figure 3.13 (b) shows the composite size distribution, equation (3.20), fit with E5 

CAPS data and the RPWS power law with κ=4.0 and nd(a>5µm) = 0.08 m-3. Similar to 

E3, the total dust charge density ρc is much smaller than e(ni-ne) from the RPWS-LP data 

(see Tables 3.1 and 3.2). To meet the total charge balance as in equation (3.25), the dust 

density nd(a>5µm) has to be 44 to 63 m-3 (Figure 3.13 (a); Tables 3.1 and 3.2), or the 

power law exponent κ has to be 5.05 to 5.15 with nd(a>5µm) = 0.08 m-3 as measured by 

RPWS (Figure 3.13 (b); Tables 3.1 and 3.2). However, this combination doesn’t fit well 

with the CAPS data. The fitted curves with the increased nd(a>5µm) or κ>4.0 in Figure 

3.13 peak at a~4nm (see also a0 Table 3.2), while the E5 CAPS size distribution seems to 

reach a peak at a~2nm with a much lower peak value than the fitted curve. And the 

minimum χ2 with the E5 CAPS data was achieved by fitting with the original E5 RPWS 

power law with κ=4.0 and n0=0.08m-3 (thin black curve in Figure 3.13; Table 3.2).  

 

For E5, the best fitting with both CAPS nanograin and RPWS dust size distributions can 

not meet the charge balance with the plasma as measured by RWPS-LP. Even assuming 

qd(a) is ~10 times larger than that inferred from E5 RPWS-LP data (Table 3.1), which is 

about the largest spacecraft surface potential ~ -6V as measured by RPWS-LP in the 

plume within 1RE from polar axis during E3 to E6 (see Figure 3.6 and Section 3.2.2), the 

total charge density ρc calculated using equation (3.24) and the composite size 

distribution as the thin black line in Figure 3.13 would still be much smaller than e(ni-ne) 

from E5 RPWS-LP data (Table 3.2), because the charge of smaller ice grains is limited 

by the field emission criterion (see Section 3.2.3). One possible way to make ρc 
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consistent with e(ni-ne) is to assume a size distribution curve with a very wide and flat-

topped peak that can fit well with the E5 CAPS data in Figure 3.13, but it would be way 

off the RPWS power law at larger grain size. 

 

 

 

Figure 3.13. E5 size distribution fits in the same format as Figure 3.12 for E3.  

 

 

As discussed above, for both E3 and E5 fits, directly combining the CAPS size 

distribution and the RPWS power law with κ=4 can not match the condition of total 

charge balance with the plasma. For E3, the best fits are with κ=4.4 to 5.1, where we can 

find general consistency with all of the three instruments’ data: CAPS, RPWS, and 

RPWS-LP. However, for E5, the best fit composite size distribution with both CAPS and 
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RPWS data results in a much lower dust charge density ρc than the e(ni-ne) from RPWS-

LP plasma data. The reason for this discrepancy is not clear.  

 

 

3.3.4. The number, charge and mass densities  

With the composite size distribution, we can calculate the ice grains’ total number density 

nd, charge density ρc, and mass density ρm with any given upper size limit amax: 

                                            
                                                  (3.27) 

                                                                                     
(3.28) 

                                         
                                            (3.29) 

where m(a)=4/3πa3ρice. The total densities correspond to amax approaching infinity, or at 

least a value significantly larger than ~10µm, the largest size threshold for the dust 

impacts detected by RPWS (Ye et al., 2012; 2013). Figures 3.14 and 3.15 show 

nd(a<amax), ρc(a<amax), and ρm(a<amax) as functions of amax with the E3 and E5 size 

distribution fits (parameters in Table 3.2).  

 

 

nd (a < amax ) =
dn
da
da

amax∫

ρc (a < amax ) =
dn
da
qd (a)da

amax∫

ρm (a < amax ) =
dn
da
m(a)da

amax∫
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Figure 3.14. The total ice grain number densities (nd), charge densities (ρc), and mass 

densities (ρm) as functions of the maximum grain radius (amax), calculated with the E3 

size distribution fits as shown in Table 3.2. The ni-ne values from E3 RPWS-LP data at 

the center of the plume (Table 3.2) are shown in panel (b) to compare with the charge 

densities. The double thick black lines in panel (b) are calculated with different inferred 

qd(a) from the RPWS-LP data (see Tables 3.1 and 3.2). The mass densities are compared 

with the maximum water vapor mass density as measured by INMS in panel (c). 

 

 

 



  103 
 

 

From Section 3.3.3, the best fits for E3 are with κ = 4.4 to 5.1, as shown with the blue 

and red curves in Figure 3.12 (b). The corresponding total dust density nd converges to 

4×103 cm-3 to 1.4×104 cm-3 (Figure 3.14 (a)). As discussed in Section 3.3.3, this wide 

range comes from the variation of ni-ne and qd(a) (see Table 3.1). The total charge density 

ρc converges to 2×104 (-e/cm3) to 3×104 (-e/cm3) (Figure 3.14 (b)), which is constrained 

by ni - ne from the E3 RPWS-LP data (equation (3.25)). The E3 fitted size distribution 

curves peak at a ~2 - 3nm (Table 3.2; Figure 3.12). The nd(a<amax) and ρc(a<amax) curves 

in Figure 3.14 increase rapidly from 2nm to 20nm, and almost stay constant when 

amax>20nm. The ice grains of 2-20nm take ~80% to 90% of the total number density and 

~95% of the total charge density. However, the mass density is more sensitive to larger 

ice grains. In equation (3.29),  when a>>a0 (see also equation (3.19)). 

Thus this integral converges only if κ>4 (see also Vasyliunas, 2013). Theoretically, the 

total mass density goes to infinity if the power law exponent κ is 4 as suggested by the 

CDA and RPWS results (Kempf et al., 2008; Ye et al., 2012; 2013) (the black, yellow, 

and green lines in Figure 3.14 (b)). For E3, the best-fit size distributions are with κ>4. 

The total dust mass density converges to 1.6×10-12 kg/m3 with κ = 4.4 and converges to 

2.8×10-11 kg/m3 with κ = 5.1 (Figure 3.14 (c)), which is 0.7 to 12 times the maximum 

water vapor mass densities measured by INMS during E3 (Teolis et al., 2010).  

 

As discussed in Section 3.3.3, for E5 we could not find consistency among the data from 

all three instruments. In this section, we will use the best fitting with both CAPS and 

RPWS size distributions (solid black curves in Figure 3.13) to discuss the grain number 

and mass densities. The corresponding total dust density nd converges to 1.2×103  cm-3 

dn dam(a)∝ a−(κ−3)
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(black line in Figure 3.15 (b)). Theoretically, the total mass density with κ = 4 goes to 

infinity eventually (Figure 3.15 (c)).  However, the increase of the mass density with amax 

is quite slow when amax>100 nm (the solid black line in Figure 3.15 (c)), which results in 

ρm(a<20µm)= 1.0×10-12 kg/m3
 and ρm(a<1m)= 2.4×10-12 kg/m3. Thus it would be safe to 

say that the total mass density is on the order of ~10-12 kg/m3, which is ~ 0.1 of the 

maximum E5 INMS water vapor mass density.  

 

To summarize, from the E3 and E5 size distributions the total ice grain number density is 

~ 103 - 104 cm-3 at the center of plume. The total charge density of the ice grains is 

constrained by the ni-ne from RPWS-LP plasma data (Tables 3.1 and 3.2).  For E3, the 

total ice grain mass density from best-fit composite size distributions (κ=4.4 – 5.1; Figure 

3.14 (b)) is ~1 to 10 times that of the water vapor. For E5, the total ice grain mass density 

is >~0.1 times that of the water vapor with the composite size distribution fitted best with 

the CAPS and RPWS data (solid black curve in Figure 3.13). However, this mass density 

from E5 may be underestimated. First, as discussed before, the total dust charge density 

ρc calculated from equation (3.24) is much smaller than ni-ne from the E5 RPWS-LP data. 

Second, the E5 trajectory is closer to the sources and there could be many more 

undetected uncharged nanograins (see also Hill et al., 2012). Although the CAPS data 

sets indicate smaller E5 charged nanograin density than E3, it is very likely that the total 

nanograin density (including uncharged ones) of E5 is actually larger, given the fact that 

both RPWS dust density and the INMS water vapor density of E5 are larger than E3 

(Teolis et al., 2010; Ye et al., 2013). A larger E5 nanograin density could change the size 

distribution curve near the peak and result in a significantly larger total grain mass 
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density. Therefore, combining E3 and E5 results, the mass density of the ice grains 

should be at least comparable to that of the water vapor, and is likely to be ~1-10 times 

that of the water vapor. 

 

 

 

Figure 3.15. The nd, ρc, and ρm are calculated with the E5 size distribution fits as in 

Table 3.2, and plotted in the same format as Figure 3.14 for E3. 
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3.4. Conclusions and discussion 

3.4.1. Summary 

According to the Cassini measurements in the plume, the water vapor, ions, and 

negatively charged nanograins have similar density profiles. The ni-ne from RPWS-LP 

data of the cold plasma in the plume, which also implies the total ice grain charge density 

(Yaroshenko et al., 2009; Shafiq et al., 2011; Morooka et al., 2011), is approximately 

proportional to the water vapor density (E3 and E5 INMS data; E4 and E6 modeling) by a 

factor of 1/2500 to 1/2000. The CAPS ELS nanograin density data shows jet features that 

can be traced back to the dust source locations at the south polar surface resolved from 

the ISS images (Spitale and Porco, 2007). During E7, the profiles of INMS water vapor 

density, CAPS ELS nanograin density, and RPWS dust impact rates (Ye et al., 2013) 

share similar structures that are related to the jet features in the plume, which further 

confirms the association of the water vapor jets with the dust jets (see also Hansen et al., 

2008).  

 

The ice grains in the plume are charged by the ambient plasma (see also Shafiq et al., 

2011; Morooka et al., 2011; Hill et al., 2012). The equilibrium surface potential of the ice 

grains in the plume inferred from E3 - E6 RPWS-LP data is ~ -0.5V to -3V, which leads 

to the equilibrium charge as a function of the grain radius: qd(a) ~ 0.4a to 2a (-e/nm). 

Any individual ice grain has to be charged by an integer number of electron(s). The 

charge of the nanometer sized ice grains is also limited by field emission (see also Hill et 

al., 2012).  
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We propose a composite size distribution covering a continuous size range from <1 nm 

to > 1µm, combining both the CAPS nanograin size distributions and the CDA and 

RPWS dust power-law size distribution. For E5, the best fit with the CAPS and RPWS 

data leads a grain charge density much smaller than that implied by the RPWS-LP data. 

As discussed in Section 3.3.4, the grain densities inferred from the E5 size distribution 

fitting may be underestimated. For E3, with the power law exponent κ = 4.4 – 5.1, the 

composite size distribution can fit well with both the E3 CAPS and RWPS data, and also 

provide charge balance with the cold plasma in the plume measured by RPWS-LP. 

According to the fitted size distributions, grains of ~ 2 nm – 20 nm provide ~ 90% of 

both the grain number density and the grain charge density. The total grain number 

density nd is ~ 103 - 104 cm-3. The grain mass density ρm is ~ 10-12 - 10-11 kg/m3 (~ 1 – 10 

times the E3 INMS water vapor mass density). The biggest uncertainty for the E3 size 

distribution fits and the inferred nd and ρm comes from the charge per grain qd(a). The 

qd(a) inferred from the two E3 RPWS-LP data points closest to the CAPS nanograin 

density peak varies by a factor of ~5 while the ni-ne varies by a factor of ~1.5, which 

leads to a significant difference of the fitted size distribution curves at 2 nm to 5 µm 

(Figure 3.12 (b)) and results in the wide ranges for nd and ρm.  

 

3.4.2. Interaction between the ice grains 

For the dust-rich plasma in the plume where ni>>ne and Ti≈Te, the effective Debye length 

is 

                                                                                                       (3.30) λD ≈ λDi =
ε0kBTi
nie

2
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With Ti ≈ Te ~ 2 eV and ni ~ 2×104cm-3 from the E3 RPWS-LP cold plasma data in the 

plume, the Debye length is λD ≈10 cm. In Section 3.3.4, from the E3 size distribution fits 

we found the total grain number density nd to be ~ 5×103 - 1.5×104 cm-3, which means the 

inter-particle spacing between the grains is: 

                                                     rd = nd
-1/3 ~ 0.05cm                                                  (3.31) 

Thus with rd <<λD in the plume, the charged grains are not shielded from each other by 

the plasma. In Section 3.2, we have used the OML approach (Chen 1965; Allen 1992; 

Shukla and Mamun, 2002) to study the ice grain charging, which is valid for small 

isolated grains (Horanyi, 1996; Shukla and Mamun, 2002): a<<λD<<rd. However, the 

grains in the plume are actually not isolated.   

 

On the other hand, the interaction between ice grains may have very small effects. Table 

3.3 shows the velocities of the electrons, ions, and grains in the plume. The relative 

velocities between the grains should be of the same order as their thermal velocities ~VTd, 

which are much smaller than the ion and electron thermal velocities (VTi and VTe). The 

plasma densities near the center of the plume are ne ~ 102 - 103 cm-3 and ni ~ 104 -105 cm-

3 (E3 to E6 RPWS-LP data, Morooka et al., 2011). The total grain charge density ρc ≈ eni 

(see Section 3.1). By comparing the particle thermal fluxes (nVT) and thermal current 

densities (nqVT) from the plasma and the grains, we obtain the following relations:   

                     ndVTd << niVTi ~ neVTe        and        ρcVTd << eniVTi ~ eneVTe                    (3.32) 

Thus the interaction between the grains is likely to be much slower than that between the 

grains and the plasma, although the grains are not isolated from each other. This suggests 
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that the OML approach applied in Section 3.2 to study the grain charging may still be 

valid.  

 

 

Table 3.3. Velocity comparison 

Electron thermal velocity 
VTe 

Te = 1eV Te = 3eV 
5.9×105 m/s 1.0×106 m/s 

Ion thermal velocity 
VTi 

Ti = 1eV Ti = 3eV 
3.3×103 m/s 5.7×103 m/s 

Dust thermal velocity 
 

VTd 

TS = 180K 
a = 1nm a = 1µm 
36 m/s 1.1×10-3 m/s 

Dust flow velocity 
Vd 

< H2O flow speed 
~500 m/s 

Spacecraft velocity 
Vsc 

E3 E4, E5, E6 
14.4 km/s 17.7 km/s 

The thermal velocities are calculated with . The electron temperature is 

~1-3 eV as reported from E3 to E6 RPWS-LP data, assuming Ti = Te. The dust is 

assumed to have the same source temperature (~180K) as the water vapor (see Chapter 2; 

Spencer et al., 2006). 

 

 

 

 

 

 

VT = 2kBT /m
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3.4.3. Comparison between ice grain and spacecraft charging 

The spacecraft is moving at a large speed Vsc relative to the grains and the stagnated 

plasma in the plume. From the comparison in Table 3.3, it can be seen that VTe >> Vsc > 

VTi and Vsc >> Vd >> VTd. The spacecraft is not only charged by the electron and ion 

thermal currents, but also by an ion flow with the speed of Vsc. In addition, the dust grains 

also impact the spacecraft with the ram speed of Vsc. Considering ρc ≈ eni, the grain 

current to the spacecraft can be comparable to the ion current. Thus the spacecraft 

velocity and dust grain impact may be significant factors for the spacecraft charging 

process (see also Morooka et al., 2011; Hsu et al., 2012), which is different from the 

grain charging process. This may be one of the reasons for the discrepancy between the 

inferred grain surface potential and the spacecraft potential from RPWS-LP data (see 

Section 3.2.2 and Figure 3.6) 
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4. Dynamics of the ice grains from the Enceladus plume 

4.1. Motion of the ice grains 

The ice grains in the Enceladus plume have large mass-to-charge ratios, >500 amu/e (see 

Section 3.2). The motion of these ice grains is determined by both the Lorentz force and 

the gravities of Enceladus and Saturn. Saturn has a dipole intrinsic magnetic field. At 

Enceladus’ orbit, the magnetic field is 325 nT southward. The magnetic field is frozen in 

the corotating plasma (see Section 1.2.2 and 1.4.3), which results in a motional electric 

field in any non-corotation frame. 

 

4.1.1. Motion in Enceladus’ frame 

The ice grains are ejected southward from Enceladus’ south pole, and are eventually 

deflected by the Lorentz force. In the Enceladus rest frame, the motion of the charged ice 

grains can be described by 

                                         
                                                   (4.1) 

is Enceladus’ gravity. BS = 325nT southward is Saturn’s magnetic field at Enceladus. 

 is the motional electric field: 

                                           

Em = −


Vflow ×


BS                                                         (4.2) 

where is the plasma flow speed relative to Enceladus. In Saturn’s inertial frame, the 

corotating plasma flow speed at Enceladus’ orbit is 30.4 km/s according to CAPS 

observations (Wilson et al., 2009), which is 17.8 km/s in Enceladus’ rest frame. CAPS 

also observed that the plasma flow is deflected and slowed down close to Enceladus and 

is nearly stagnated in the plume (Tokar et al., 2006, 2009). Assuming an interaction 

m dv
dt
=

GE + qd (

v ×

BS +


Em )


GE


Em


Vflow
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region symmetric with Enceladus’ polar axis as shown in Figure 4.1, here we use a 

simplified model to calculate the slowed plasma flow speed in Enceladus’ rest frame:  

                          

                             (4.3) 

where ρ is the distance from Enceladus’ polar axis and ρ0 is the radius of the interaction 

region (see Figure 4.1). Figure 4.2 shows a comparison of the plasma flow speed from 

equation (4.3) with the CAPS ion energy spectrogram, which confirms that the 

interaction region radius ρ0 is ~3RE.  

 

 

 

Figure 4.1. Plasma flow deflection near Enceladus in the equatorial plane, assuming an 

interaction region symmetric with Enceladus’ polar axis with a radius of ρ0 (equation 

(4.3)). The black arrows represent the plasma flow directions. 

 

Vflow =

sin2 (π
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Figure 4.2. The E3 CAPS IMS anode 5 (in the ram direction) spectrogram compared 

with the water group ions’ kinetic energies in the spacecraft’s frame with the ram speed 

(14.4 km/s), the corotation speed, and the slowed plasma flow speed as in equation (4.3) 

with ρ0 = 3RE.  The positive nanograin signals are not shown in this spectrogram, because 

it only covers energies up to 1000eV.  
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According to equation (4.1), the motion of the ice grains depends on their mass-to-charge 

ratio. Figure 4.3 shows trajectories of ice grains in Enceladus’ frame calculated with 

equations (4.1) to (4.3) with the mass-to-charge ratios from 500 to 1×108 amu/e (grain 

sizes from 0.6 nm to ~100 nm). The corresponding grain radii labeled in Figure 4.3 are 

derived with m=4π/3a3ρice and qd(a)= 0.42a to 2.2a (-e/nm) inferred from the E3 RPWS-

LP data near the center of the plume (see Section 3.2.4). The field emission limit was also 

considered for smaller grains (see Section 3.2.4 and Figure 3.8). For the nanograins 

detected by CAPS, a < ~2nm and qd = -e (Hill et al., 2012). The values of qd(a) = 0.42a 

to 2.2a (-e/nm) also approximately correspond to grain surface potentials of -0.5V to -4V 

as inferred from E3 to E6 RPWS-LP data (see Section 3.2.2). In the following sections, 

we will use this range of qd(a) to study the motion and currents of the ice grains.  

 

The initial velocity of the ice grains is assumed to be Vd = 500 m/s southward, somewhat 

smaller than that of the water vapor (550 - 750 m/s, see Chapter 2). As shown in Figure 

4.3, the negatively-charged ice grains are deflected toward Saturn and in the corotation 

direction by the Lorentz force. The trajectories of smaller ice grains are sensitive to their 

initial positions (see the red lines in Figure 4.3). The assumed initial velocity Vd = 500 

m/s is larger than the escape velocity at Enceladus’ surface (240 m/s). Most of the grains 

(>2nm) starting near the south pole will go southward in almost straight lines for a long 

distance before deflected by the Lorentz force. 
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Figure 4.3. The trajectories of charged ice grains having mass-to-charge ratios from 500 

to 1.0×108 amu/e in the Enceladus frame, projected to the horizontal and vertical planes. 

The corresponding charge per grain is calculated with the two different qd(a) inferred 

from E3 RPWS-LP data (see Section 3.2.4). The thinner and thicker lines represent the 

trajectories starting from two different initial positions [-0.5RE, -0.5RE, -RE] and [0, 0.1RE, 

-RE]. The coordinate system is: x axis in corotation direction, y axis pointing to Saturn, 

and z axis pointing north. The dashed circle in the equatorial plane represents the 

interaction region with ρ0 =3 RE (see Figure 4.1). 
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4.1.2. Motion in Saturn’s frame 

When the ice grains move out of the interaction region (ρ ≤ ρ0), their motion in Saturn’s 

frame can be described by 

                                               (4.4) 

The velocity is in Saturn’s rest frame.  is Saturn’s gravity.  is Saturn’s dipole 

field as a function of position. The motional electric field  is from equation (4.2), 

where the corotation plasma flow velocity  varies with distance from Saturn as 

observed by CAPS (Wilson et al., 2009; Figure 1.12 in Chapter 1). To track the motion of 

a charged ice grain, we start from Enceladus’ frame as described in Section 4.1.1, 

transform its position and velocity to Saturn’s frame when it reaches ρ>ρ0, and then track 

it with equation (4.4) in Saturn’s frame. Figure 4.4 shows the trajectories of ice grains 

with mass-to-charge ratios of 500 to 25000 amu/e (the E3 CAPS nanograin range) in 

Saturn’s equatorial plane.  

 

 

m dv
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=

GE +


GS + qd (

v ×
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Figure 4.4. Trajectories of negatively charged nanograins in Saturn’s equatorial plane. 

The thinner black line is the trajectory of grains with mass-to-charge ratio of 500 amu/e 

(a=0.6 nm); the gyroradius is too small to show on this scale. The blue solid line and red 

dashed line represent the trajectories of ice grains with mass-to-charge ratio of 25000 

amu/e (a=2nm) starting from two different initial positions within the interaction region.  

 

 

At Enceladus’ orbit, the gyroradius of a charged particle starting with Kepler speed is:  

                                                           rg=mV/qBS                                                             (4.5) 

where V=17.8km/s is the difference between the Kepler speed and the corotation speed 

(Wilson et al., 2009). For ice grains with mass-to-charge ratio of 500 amu/e, the 

gyroradius is 280 km, which is ~ RE and ~0.005 RS. Thus their trajectories stay very close 

to Enceladus’ orbit (black line in Figure 4.4). The gyroradius of ice grains with mass-to-

charge ratio of 25000 amu/e is ~ 50RE and ~0.25RS. Thus there is a significant 
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displacement from Enceladus’ orbit toward Saturn for these ice grains. Since rg>>RE, 

their trajectories in Saturn’s frame (blue and red lines in Figure 4.4) are not very sensitive 

to the initial positions in Enceladus’ frame.  

 

As the size of the charged ice grains increases, gravity will gradually become dominant 

over the Lorentz force. Figures 4.5 to 4.7 show the motion of ice grains from ~1 nm to 

~100 nm in Saturn’s frame. The motion in the vertical direction is constrained to <0.1RS 

from the equatorial plane, while the biggest displacement from Enceladus’ orbit in the 

equatorial plane can be >1 RS (see Figure 4.6). The ice grains’ azimuthal speeds oscillate 

around some value between the Kepler speed and the corotation speed. Figure 4.8 shows 

the grains’ distance from Saturn and azimuthal speed as functions of grain radius, both o 

averaged over multiple gyro periods. For grains with a <~ 1nm, the average distance 

from Saturn is close to Enceladus’ orbital radius and the average azimuthal speed is close 

to the plasma corotation speed. These nanometer sized ice grains from Enceladus will be 

picked up by the corotation plasma. They act more like ions.  For a ~ 10nm, Saturn’s 

gravity is comparable to the Lorentz force, which leads to the largest displacement from 

Enceladus’ orbit (see Figure 4.8 (a)). For a >~ 100 nm, Saturn’s gravity becomes 

dominant so that the ice grains stay close to Enceladus’ orbit with almost the Kepler 

speed like neutrals (see Figure 4.7). Figure 4.8 implies a transition from ions to neutrals 

as the grain radius increases. 
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Figure 4.5. Motion of ice grains with mass-to-charge ratio of 104 amu/e (singly charged 

nanograins) in Saturn’s frame. The trajectories are shown in the equatorial and vertical 

planes. In the left bottom panel, the scale in the vertical direction has been exaggerated. 

The right upper panel shows the azimuthal velocity in Saturn’s frame compared with the 

Kepler speed and plasma corotation speed at Enceladus’ orbit. 

 

 



  120 
 

 

 

Figure 4.6. Motion of ice grains with mass-to-charge ratio of 106 amu/e in Saturn’s frame 

in the same format as Figure 4.5. The corresponding grain radius a is derived with qd(a)= 

0.42a to 2.2a (-e/nm) as inferred from the E3 RPWS-LP data (see section 3.2.4). 
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Figure 4.7. Motion of ice grains with mass-to-charge ratio of 108 amu/e in Saturn’s frame 

in the same format as Figures 4.5 and 4.6. 
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Figure 4.8. Charged ice grains’ distance from Saturn and azimuthal speed averaged over 

multiple gyroperiods as functions of the grain radius. In panel (b) the average azimuthal 

speed is compared with the corotation and Kepler speeds at the corresponding averaged 

distance from Saturn (corotation speed from Wilson et al., 2009). The solid lines are 

calculated with the charge per grain qd(a)= 0.42a (-e/nm), while the dashed lines are 

calculated with qd(a) = 2.2a (-e/nm), both inferred from the E3 RPWS-LP data (see 

section 3.2.4). 
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4.2.  Grain currents 

4.2.1. Pick-up currents 

As discussed in Section 1.4.3, newly charged particles in Saturn’s inner magnetosphere 

start with the Kepler speed and are picked up by the corotating plasma to the E�B drift 

speed (see Figure 4.9). This pick-up process in the magnetosphere results in a 

displacement between the positive and negative particles, and generates a current in the 

radial direction called the pick-up current (Goertz et al., 1980). For ions, the gyroradius rg 

(equation (4.5)) is much smaller than the production region, and the pick-up current 

density can be expressed as 

                                                                                                                         (4.6)  

 (Goertz, 1980), where  is the ion production rate per unit volume. However, the 

charged ice grains in the Enceladus plume with mass-to-charge ratio >500 amu/e have 

gyroradii rg > RE. As the grain radius increases, rg becomes much larger than the spatial 

scale (~RE) of the grain production region (see Section 4.1). Thus equation (4.6) may not 

be directly applied to the charged ice grains (see also Section 4.4.2) 

 

 

 

 

jpu = nqrg

n
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Figure 4.9. Schematic illustration of the pick-up process for a pair of newly charged 

positive and negative particles in Saturn’ inner magnetopshere. The black curves are the 

trajectories of the charged particles. VD stands for the E�B drift speed. The pick-up 

current (Ipu) is in Saturn’s outward radial direction. 

 

 

Because of their large displacement from the positive ions, the negatively charged ice 

grains carry a current along their trajectories, which first go southward and are eventually 

be bent toward Saturn and in the corotation direction (see Figure 4.3). Assuming that the 

charge per grain qd(a) stays constant once an ice grain gets fully charged, ice grains of the 

same size will move on the same trajectory and the current carried by these grains will be 

conserved along the trajectory. Since the grain current is not the same as the ion pick-up 

current in the sense of equation (4.6) (Goertz, 1980), in this study we define the grain 

pick-up current density as the grain current density component in Saturn’s radial direction. 

Assuming a group of ice grains with the same size, if their trajectory intersects a cross 

section perpendicular to Saturn’s radius, then there is a pick-up current in the radial 

direction through that cross section (Figure 4.10). Then the grain pick-up current through 

the cross section in Figure 4.10 is the same as the current along the trajectory, also equal 
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to that at the plume. At Enceladus’ plume, the current carried by grains of approximately 

the same size ai within a small range of δa is 

                                                                                         (4.7) 

dn/da is the composite size distribution as discussed in Section 3.3.2. Vd is the initial 

velocity of the ice grain ejected from Enceladus’ south pole, assumed to be 500 m/s 

southward (see Section 4.1.1). A is a horizontal cross section of the plume (see Figure 

4.11). δI(ai) is conserved along the trajectory of the ice grains with radius ai and is also 

the pick-up current through the cross section in Figure 4.10. The total current carried by 

all the ice grains from the plume is  

                                                                   (4.8) 

where ρc is the total dust charge density (see equation (3.24)).  

 

 

 

Figure 4.10. The current along a grain trajectory. The red arrow is a schematic trajectory 

of ice grains with a given radius ai ejected from Enceladus’ south pole. The trajectory 
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intersects a cross section perpendicular to Saturn’s radius (the green square). δId(ai) is the 

ice grain current along the trajectory, which is equal to the pick-up current δIpu through 

that cross section. 

 

 

Considering the non-uniform ρc distribution in the plume, equation (4.8) should be 

                                                       Id =Vd ρc
A
∫ ds                                                          (4.9) 

For simplification we assume a cylindrical dust plume with a diameter of 1RE , and put 

the horizontal cross section A at a vertical distance δz from Enceladus’ south pole (Figure 

4.11). As discussed in Sections 3.1 and 3.3.3, ρc = -e(ni-ne) for total charge balance in the 

plume. According to the E3 and E5 INMS and RPWS-LP data, (ni-ne) is approximately 

proportional to the water vapor density by a factory of 1/2500 (see Section 3.1; Figure 

3.2), which also means that ρc is proportional to the water vapor density (equation (3.2)). 

Thus the integral in equation (4.9) can be done with equation (3.2) and the water vapor 

density distribution model from Chapter 2. The value of δz (see Figure 4.11) should 

neither be so large that many of the grains have been deflected from the plume, nor so 

small that many of the grains have not been fully charged yet. Here we let δz=1.3RE, 

where both E3 and E5 CAPS nanograin density peaks occur. Thus with the E3 water 

vapor model (see Chapter 2), δz=1.3RE, and Vd=500 m/s, equation (4.9) results in a total 

current of Id=1.8×105A carried by the ice grains in the plume. This is larger than the total 

ion pick-up current (<105A) near the plume inferred from the MAG data by Khurana et 

al. (2007), which means that the magnetic perturbation from the charged ice grains may 
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be comparable to or even larger than that from the ion pick-up current system (see 

Section 4.4.2 and 4.4.3). 

 

 

 

Figure 4.11. A simplified cylindrical dust plume model to calculate the total current 

carried by ice grains from Enceladus’ south pole. A is a horizontal cross section with 

diameter of 1RE at a vertical distance δz from Enceladus’ south pole.  

 

 

4.2.2. Current densities 

As the charged ice grains are deflected by the Lorentz force, they will move on different 

trajectories determined by their mass-to-charge ratios. Thus the grain current density 

distribution depends on the charge per grain and the size distribution. Here we use the 

inferred charge per grain qd(a) from the E3 RPWS-LP data (see Section 3.2.4) and the 

best-fit composite size distributions from E3 (see Section 3.3.3, Figure 3.12(b)).  

Assuming the ice grains carry a total current of 1.8×105A (see Section 4.2.1) as they are 
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ejected from Enceladus’ south pole through a cross section with diameter of 1RE (Figure 

4.11), the current density distribution can be calculated by tracking the trajectories and 

velocities (Section 4.1) of the grains with radii from a = 0.6 nm to 1 µm and δa = 0.05a, 

within a region of (50RE)3 from Enceladus with a spatial resolution of 1RE (see Figure 

4.12 and 4.13). There are ice grains larger than 1 µm. But as discussed in Sections 3.3.4 

and 4.1.2, the micron-sized grains carry very little charge density and act mostly like 

neutrals, which means they barely contribute anything to the grain pick-up current. 

 

Panels (a) and (b) of Figures 4.12 and 4.13 show the distributions of grain pick-up current 

density in Saturn’s radial direction with the different qd(a) and the corresponding best-fit 

size distributions from E3 (see Section 3.3.3). In the equatorial plane, the grain pick-up 

current extends asymmetrically to at least tens of RE toward Saturn and in the corotation 

direction. The current density distributions in panel (a) of the two figures have similar 

shapes, while the latter one seems more diffusive. The grains with radii of  ~ 2 - 20 nm 

carry most of the negative charge in the plume (see Section 3.3.4). Since the grain 

currents are conserved along the trajectories, these grains should also carry most of the 

current. From panels (a) and (c) in Figures 4.12 and 4.13, it can be seen that the 

trajectories of grains from 2 nm to 20 nm cover the highest current density regions in the 

equatorial plane. In the vertical plane, the pick-up current region extends to >~50RE south 

from Enceladus with qd(a)=0.42a (-e/nm), but only to ~20RE with qd(a)=2.2a (-e/nm) 

(panel (b) in Figures 4.12 and 4.13), because the grains with more charge are deflected by 

the Lorentz force faster.  
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Figure 4.12. Grain pick-up current densities compared with the trajectories. Panels (a) 

and (b) show the grain pick-up current densities in the equatorial and vertical planes with 

Enceladus at the origin, which have been integrated over the third dimension. Panel (c) 

shows the trajectories of the ice grains with radii from 0.6 nm to 1 µm projected in the 

equatorial plane. The small solid circle in panel (c) represents Enceladus. The larger 

dashed circle shows the region of slowed down plasma flow (see Section 4.1.1). The 

current densities and trajectories are calculated with a charge per grain of qd(a) = 0.42a (-

e/nm) (see Section 3.2.4), the E3 fitted size distiribution with κ=5.1 (see Section 3.3.3), 

and the total grain current of 1.8×105A (see Section 4.2.1).  
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Figure 4.13. Grain pick-up current densities and grain trajectories in the same format as 

Figure 4.12, but with qd(a) = 2.2a (-e/nm) (see Section 3.2.4) and the E3 fitted size 

distribution with κ=4.4 (see Section 3.3.3). 
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Figures 4.12 and 4.13 both imply that the grain pick-up current extends > 50 RE toward 

Saturn. Figure 4.14 shows the pick-up current as a function of distance from Enceladus 

toward Saturn, which was obtained with equation (4.8) by summing over the ice grains 

that can get to a given distance. Close to Enceladus, the grain pick-up current is the same 

as the total grain current, 1.8×105A. Away from Enceladus toward Saturn, the current 

decreases with distance because some grains, too small or too large (see Section 4.1), 

cannot reach that far. For qd(a) = 0.42 (-e/nm), the grain pick-up current drops slowly to 

zero at ~300 RE (~1.3 RS). The grain current drops much more steeply (Figure 4.14) with 

qd(a) = 2.2a (-e/m). This is because, with similar size distributions, larger qd(a) means 

smaller gyroradii in general, which results in smaller displacement from Enceladus 

toward Saturn for most grains.  

 

In summary, with qd(a) = 2.2a (-e/m), the grain pick-up current density distribution is 

more diffuse in the corotation direction than that with qd(a) = 0.42a (-e/m), but is more 

confined to the equatorial plane in the vertical direction and also more confined to the 

Enceladus vicinity in Saturn’s radial direction. As mentioned before, the range qd(a) = 

0.42a to 2.2a (-e/nm) inferred from E3 RPWS-LP data is also approximately the range of 

the charge per grain within the plume from E3 to E6 RPWS-LP data. Thus the grain pick-

up current density distributions may be some superposition of those shown in Figures 

4.12 and 4.13. The grain current region can extend to tens of RE southward and >100RE 

toward Saturn.  
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Figure 4.14. The grain pick-up current as a function of distance from Enceladus toward 

Saturn. The blue solid line is calculated with qd(a) = 0.42a (-e/nm) and the E3 fitted size 

distribution with κ=5.1, while the red dashed line is calculated with qd(a) = 2.2a (-e/nm) 

and the E3 fitted size distribution with κ=4.4 (see Section 3.2.4 and 3.3.3). 

 

 

4.3. Mass loading rate 

Using the method described in Section 4.2.1 (see Figure 4.11), the total mass loading rate 

of the ice grains from the plume can be calculated as 

                                                                                                               (4.10) 

From the E3 size distribution fits in Section 3.3.3, the grain mass density ρm is ~ 1 - 10 

times that of the INMS water vapor. Assuming the grain initial velocity Vd = 500 m/s and 

the mass density distribution proportional to that of the water vapor (E3 model from 

Chapter 2) by a factor of ~ 1 - 10, the grain mass loading rate is 85 - 850 kg/s.  

 

M =Vd ρm ds
A
∫
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From the VIMS spectral observations, the micron-size ice grains are likely to have initial 

speeds of 80-160 m/s (Hedman et al., 2009), and will fall back to Enceladus (see also 

Porco et al., 2006; Kempf et al., 2008). This raises two questions for the mass loading 

rate estimation: the velocity and size range of the grains. The grains falling back to the 

moon don’t contribute to the mass loading rate. From the E3 size distribution fits, the 

grains with a < 100 nm contribute most of the grain mass density (~ 80% to 90%) (Figure 

3.14 (c); Section 3.3.4). If the ice grains are driven by the water vapor, as assumed in our 

study, it is likely that these smaller ice grains have larger velocities. For the grains with a 

< 100nm, Vd = 500m/s may still be an appropriate assumption. Vd may be a function of 

the grain size, which determines how many of the grains can escape from Enceladus to 

contribute to the mass loading rate. To better estimate the grain mass loading rate, it is 

important to know the initial velocities of the ice grains of different sizes. However, 

based on the information we have so far, our best estimate of the order of magnitude for 

the grain mass loading rate is ~100 kg/s. 

 

The grain mass loading rate ~100 kg/s is much larger than the inferred E ring dust escape 

rate (~ 1kg/s according to Juhasz and Horanyi, 2002), and also much larger than other 

estimates from the dust plume data and modeling (Porco et al., 2006; Spahn et al., 2006; 

Schmidt et al., 2008). However, our result doesn’t necessarily conflict with these 

previous results because our estimate of the mass loading rate covers a complete size 

range. The E ring escape rate of ~1 kg/s is for particles of 0.1 - 2 µm (Juhasz and Horanyi, 

2002). From our E3 size distribution fitting, grains of 0.1 - 2 µm contribute ~0.1 of the 

total mass density (see Section 3.3.4), which leads to a mass loading rate of ~10kg/s 
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assuming an initial velocity of 500m/s. Considering that these particles may have smaller 

velocity and that many of them will fall back to the moon as discussed in the previous 

paragraph, the mass loading rate for grains of 0.1-2 µm should be smaller than ~10 kg/s, 

which could be consistent with the E ring escape rate estimated by Juhasz and Horanyi 

(2002).  

 

4.4. Conclusions and discussion 

4.4.1. Summary 

The charged ice grains ejected southward from Enceladus’ south pole will be deflected 

toward Saturn by the Lorentz force, and will eventually drift in the corotation direction. 

The motion of the ice grains depends on their mass-to-charge ratio. With a fixed qd(a), 

the mass-to-charge ratio is determined by the grain radius. The grains with a<1 nm act 

like ions, which are picked up by the corotating plasma at Enceladus’ orbit. For larger ice 

grains there will be a significant displacement up to >1 RS from Enceladus’ orbit toward 

Saturn. For a ~ 10 nm, the Lorentz force on the grains is of the same order as Saturn’s 

gravity, which leads to the largest displacement from Enceladus’ orbit. Saturn’s gravity 

becomes dominant for grains with a >~ 100 nm, which will stay near Enceladus’ orbit 

with nearly Kepler speeds like the neutrals. The motion of the charged ice grains from <1 

nm to ~1 µm implies a transition from ions to neutrals. 

 

The total grain mass loading is ~100 kg/s, and the total grain current is ~ 1.8×105 A, 

assuming the initial velocity from Enceladus’ south pole is ~ 500 m/s. The VIMS result 

of Vd = 80-160 m/s for micron-sized grains may not affect the total grain current too 



  135 
 

 

much, because much smaller grains < 20 nm carry most of the charge density and current. 

As discussed in Section 4.3, smaller grains may have larger velocities. Thus Vd = 500 m/s 

is likely to be an appropriate assumption for grains < 20 nm. The grain charge density is 

well constrained by ni-ne from the RPWS-LP plasma data. However, the area of the 

integral cross section A and its vertical distance δz from Enceldus’ south pole (see 

Section 4.2.1 and Figure 4.11) are arbitrary and could vary within a reasonable range. For 

the diameter of A ranging from 1 RE to 2 RE and for δz ranging from 1 RE to 1.5 RE, the 

total grain current varies from 1.4×105 A to 5.3×105 A. Thus it would be safe to say that 

the total grain current is ~105A at Enceladus’ plume. The grain current extends far away 

from Enceladus, because of the large grain gyroradii. The grain pick-up current density 

distribution, calculated based on the trajectories and the fitted size distributions, is quite 

asymmetric and may extend to tens of RE southward and >100 RE toward Saturn.  

 

4.4.2. The ion and grain current systems at Enceladus 

As discussed in Section 4.2.1, the biggest difference between the picked-up ions and 

grains is the particles’ gyroradii. For the water group ions picked-up at Enceladus, their 

gyroradius rg_i is much smaller than the spatial scale of the production region (the vapor 

plume). But the gyroradii rg_d for most of the charged ice grains are much larger than the 

plume spatial scale. The picked-up ions can be considered as a fluid with a flow in the 

corotation direction and a guiding center displacement of rg_i in Saturn’s radial direction. 

The ion pick-up current is a result of the superposition of the trajectories of the picked-up 

ions produced all over the production region, which is based on a spatial scale much 

larger than the gyroradius. However, in the region near Enceladus with a spatial scale of 
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~RE or even ~10 RE, the ice grains need to be treated as individual particles, which carry 

currents along their trajectories.  

 

For simplicity, we assume a cylindrical plume of dimensions A×Lz  (see Figure 4.11 and 

4.15) containing time-independent production rates of ions ( ) and charged ice grains (

), and assume all the grains have the same mass md and charge qd. The relation 

between the ion and grain gyroradii and the spatial scales of the plume cross section A is 

(see Figure 4.15): 

                                                          rg_i << Lx, Ly << rg_d                                                 (4.11) 

As shown in Figure 4.15, the picked-up ions leave the plume in the azimuthal direction 

with the corotation flow, while the charged ice grains leave the plume moving toward 

Saturn along their cycloidal trajectories. The ion pick-up current density in the production 

region is (Goertz, 1980)    

                                                                                                                  (4.12) 

Assuming all the newly charged grains leave the production region, the total grain current 

into the production region is (see Figure 3.30) 

                                                     Id = nd∫∫∫ qd dxdydz                                                (4.13) 

If only considering the motion in the equatorial plane, the grains first start moving toward 

Saturn. The grain current is mostly in the –y direction in the plume (see Figure 4.15). For 

a small area δx×δz parallel to the x-z plane at position (X, Y, Z) in the plume (the 

coordinate system is shown in Figure 4.15), the grain current through this small area is 

                                                 
δId = nd qd δxδzdy

Y
∫                                                  (4.14) 

ni

nd

jpu_ i = nierg_ i
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Thus the grain pick-up current density (in the -y direction) at (X, Y, Z) in the plume is  

                                                  jpu_d =
δId
δxδz

= nd qd dy
Y
∫                                           (4.15) 

The lower limit for the integrals in equations (4.14) and (4.15) depends on the x 

coordinate (see Figure 4.15). Equations (4.12) and (4.15) can be combined into a more 

general form for the pick-up current densities in the plume: 

                                jpu =
n q rg                 rg << Lx,Ly      ions

n q dy
Y
∫          Lx,Ly << rg       grains               

"

#
$

%
$

              (4.16) 

 

 

 

Figure 4.15. Schematic illustration of the ion and dust (ice grain) currents near Enceladus 

in the equatorial plane. The black circle represents a horizontal cross section A of the 

plume with spatial scales Lx×Ly. The gray thick arrow represents the ion pick-up current 

density jpu_i in the plume. The blue cusped cycloid curve is the trajectory of a picked-up 



  138 
 

 

positive ion. The blue area shows the picked-up ion flow leaving the plume in the 

corotation direction. The thin red curve is a trajectory of a negatively charged grain. The 

grains leave the plume through the red area. The red and blue arrows represent the total 

grain current (Id) and the ion azimuthal current (Ii). 

 

 

One major difference between the ion and grain pick-up currents is that the ion pick-up 

current exists only within the production region, while the grain pick-up current exits the 

production region along the grain trajectories (Figure 4.15). As discussed in Section 1.4.3, 

the ion pick-up current drives Birkeland currents along the magnetic field lines, forming 

“Alfvén wings” that may ultimately connect to Saturn’s ionosphere. The Birkeland 

currents are generated where  to close the ion pick-up current. The gray 

arrows in Figure 4.16 show schematically the combined ion pick-up and Birkeland 

current system at Enceladus. On the other hand, the grain current is conserved along the 

grain trajectories, which extend far away from the plume, except for the starting points. 

Thus the grain pick-up current does not generate Birkeland currents in the same way as 

the ion pick-up current. 

 

Another consequence of the grain pick-up process is that it produces a large spatial 

separation between the negative grains and the positive ions. Without the ice grains, the 

electrons would move in the corotation direction together with the positive ions, 

producing no net current in the azimuthal direction. But with the ice grains carrying most 

of the negative charge away from the ion flow, there will be a net current in the azimuthal 

∇⋅

jpu_ i ≠ 0
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direction carried by the picked-up ions from the plume (see Ii in Figures 4.15 and 4.16). If 

all the newly produced ions from the plume are picked up, the total ion azimuthal current 

is 

                                                                                                        (4.17) 

In the production region, the ion azimuthal current density at position (X, Y, Z) can be 

calculated in the same way as in equations (4.14) and (4.15):  

                                                            jx _ i = niedx
X
∫                                                   (4.18) 

The lower limit for the integral depends on the y coordinate (see Figure 4.15). Assuming 

all the electrons paired with the newly produced ions become attached to the ice grains, 

we would have the relation   

                                                                                                                 (4.19) 

where qd < 0. From equations (4.13), (4.15), (4.17), (4.18), and (4.19), we would obtain 

                                                                 Ii = Id                                                             (4.20) 

and                      

                                                         ∂jx _ i
∂x

+
∂(− jpu_d )

∂y
= 0                                               (4.21) 

Thus the grain current would be closed by the ion azimuthal current in the plume (see the 

red and blue arrows in Figures 4.15 and 4.16). 

 

At Enceladus, the total current system is as shown in Figure 4.16. The ion pick-up current 

(Ipu_i) is closed by Birkeland currents (IB), while the grain current (Id) is closed by the ion 

azimuthal current (Ii). Away from Enceladus, how the other ends of Id and Ii are closed is 

not yet clear; it depends on the further evolution of the grains in the magnetosphere. For 

Ii = niedx dydz∫∫∫

nie+ ndqd = 0
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ice grains with a size distribution as discussed in Section 3.3, the grain current would 

spread between the +x and +y axes in Figure 4.15 (see also Figures 4.12 and 4.13), but 

the current system would be qualitatively the same as described in this section.  

 

 

 

Figure 4.16. Schematic illustration of the same current system as Figure 4.15 in the two 

perpendicular vertical planes. The black circle represents Enceladus. The lighter gray 

arrow shows the direction of the positive ion pick-up current Ipu_i. The darker gray arrows 

show the directions of the Birkeland currents IB. The blue and red arrows represent the 

ion azimuthal current (Ii) and the total grain current (Id) respectively.  

 

 

In reality, not all of the electrons become attached to ice grains, but apparently a large 

fraction of them do (Crary, 2012).  Assuming full attachment is probably a better 

approximation than simply ignoring the role of grain attachment.  
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4.4.3. Magnetic perturbations 

The magnetic perturbations from the currents near Enceladus can be calculated with the 

Biot-Savart equation: 

                                                                                     (4.22) 

which needs to be applied to closed current systems (Vasyliunas, 1999).  Figure 4.17 

shows the resulting magnetic perturbation directions projected on three perpendicular 

planes near Enceladus as calculated from the ion azimuthal current Ii and the grain 

current Id, which close each other in the plume and are assumed to extend to infinite 

distance. Ii and Id result in very asymmetric magnetic perturbations near Enceladus. The 

first column in Figure 4.18 shows the quantitative results of the magnetic perturbations 

from the current system as described in Section 4.4.2 along the E0, E1, and E2 

trajectories (see Figure 1.8). The grain current density distribution is as shown in Figure 

4.12 with Id=105A (see Section 4.4.1). The ion pick-up currents are calculated with 

equation (4.12) within a cylinder of radius ρ = 3RE and z = [-5RE, 2RE] centered at 

Enceladus with an ion production rate  proportional to the water vapor density from the 

E3 model in Chapter 2: 

                                                                                                                 (4.23) 

 where τn is the life time of the water molecules in the plume. The charged ice grains are 

assumed to be produced only within ρ = 0.5 RE and z = [-2RE, 0RE]. As discussed in the 

last section, the total ion production rate within the same region is constrained by Id 

according to equations (4.17) and (4.20), which gives τn = 7×106 s for equation (4.23). 

The Birkeland currents are derived from the divergence of the ion pick-up current density 


B(r ) = µ0

4π

j (!r )×

r − !r
r − !r 3 d

3 !r∫

ni

ni = nH2O / τ n
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and are extended to 50 RE in both north and south directions. The black lines in the 

second column in Figure 4.18 are the MAG data of the magnetic perturbations along the 

E0 to E2 trajectories (Saur et al., 2008).  

 

 

 

 

Figure 4.17. Magnetic perturbations from the grain current (red arrow) and the ion 

azimuthal current (blue arrow) projected on the three perpendicular planes near 

Enceladus. The black arrows show the directions of the magnetic perturbations from the 

two currents  (assuming the grain mass-to-charge ratio of 60,000 amu/e). 
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Figure 4.18. The magnetic perturbations (coordinates as in Figure 4.15) along the E0, E1, 

and E2 trajectories from the ion and grain current systems near Enceladus. The plots in 

the first column are the magnetic perturbations from the current system in Section 4.4.2, 

with Id = 105A (see Section 4.4.1) and the grain current density distribution in Figure 

4.12. The figures in the second column are from Saur et al., 2008. The black lines are the 

MAG data. The colored lines and dots are from the ion current model of Saur et al. 

(2008). 
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In Figure 4.18, the perturbations from the ion pick-up current system Ipu_i and IB (blue 

lines in the first column) are much smaller than those from the grain current system Id and 

Ii (red lines in the first column). From Section 4.4.2, the total ion pick-up current is 

approximately  

                                                                                       (4.24)     

while the total grain current is 

                                                        Id ~ nd qd LxLyLz                                                   (4.25) 

According to equations (4.11) and (4.19), we have Id >> Ipu_i. Although in the calculation 

of the magnetic perturbations, the ion production region was set to be larger than the 

charged grain production region, the perturbations from the ion pick-up current system 

(Ipu_i and IB) are still much smaller than that from the grain current system (Id and Ii).  

 

The magnetic perturbations from the grain current system (Id and Ii) are about of the same 

order of magnitude as the MAG data. However, the perturbation directions do not 

completely agree with the MAG data. In the current system as described in Section 4.4.2, 

the negative grains and positive ions are separated widely from each other once leaving 

the plume, which will generate electric field perturbations as well. A charge q moving 

with the velocity  generates magnetic and electric fields at : 

                                                                                        (4.26) 

From equation (4.26) we obtain 

                                                       E
B
≥

1
ε0µ0v

=
c2

v
                                                     (4.27) 

I pu_ i ~ jpu_ iLxLz = nierg_ iLxLz

v r


E = q

4πε0r
3
r


B = µ0q

4πr3
v × r
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where c is the light speed. Near Enceladus, the magnetic perturbations are up to ~10 nT 

according to the MAG data (Dougherty et al., 2006; Khurana et al., 2007). If the 

separated grains and ions can generate magnetic perturbations of ~10 nT, it is possible 

that the electric “perturbations” can become extremely large. Then the current system 

described in Section 4.4.2 would become untenable outside the plume. The charge 

imbalance due to the separation between ions and grains must be neutralized very 

quickly. The grain current may not extend as far from Enceladus as discussed in Section 

4.2. Extending Id and Ii to tens of RE outside the plume is likely to be the major reason for 

the disagreement between the calculated magnetic perturbations and the MAG data.  

 

To understand the magnetic perturbations from the charged grains, we need to figure out 

how Id and Ii are closed outside the plume to construct a self-consistent current system. 

However, in the plume, where the ions and grains are in charge balance but move in 

different directions, there still exist currents Id and Ii that are much larger than Ipu_i. It is 

possible that the magnetic perturbations from the grain current system (Id and Ii) are 

dominant over the ion pick-up current system (Ipu_i and IB) or at least comparable to the 

latter. 
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5. Future work 

5.1. The water vapor plumes 

The water vapor plume model in Chapter 2 was successful in fitting the E3, E5, and E7 

INMS data. In the model, the eight sources were set to have identical strengths (except 

source 4 for E7) with vertical jets. Although the variations among the source strengths 

and the jet tilt angles are, in principle, adjustable parameters, the available INMS data 

sets are too limited to fit for these parameters at present (see Section 2.5). However, the 

INMS water vapor density data from E14, E17, and E18 may be available in the future, 

and their trajectories are essentially parallel to the equatorial plane and closer to the 

sources. Similar to E7, these data sets can be very helpful for future study of the jet 

features in the plume. We may be able to generalize our vapor plume model to fit for the 

different source rates and jet tilt angles of each source.  

 

5.2. The dust plumes 

There are still many open questions about the dust plumes of Enceladus. Further study 

will require additional data and a more detailed dust plume model. 

 

5.2.1. E17 and E18 CAPS nanograin data 

CAPS detected strong nanograin signals during E17 and E18 (Tokar et al., 2012). An 

analysis similar to that of Hill et al. (2012) and Section 3.3.1 can be applied to the E17 

and E18 CAPS data to obtain the nanograin mass and size distributions, which can be 

combined with the RPWS dust data (Ye et al., 2013) to obtain a composite size 

distribution as described in Section 3.3.2 and 3.3.3. The E17 and E18 trajectories are 
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similar to that of E7, largely parallel to the equatorial plane and close to Enceladus’ south 

pole, and thus quite different from E3 and E5. Important spatial variations may be found 

from the comparison between the E17 and E18 size distribution fits and those of E3 and 

E5. In addition, the total grain mass densities derived from the E17 and E18 size 

distribution fits may help to reduce the large uncertainties of those from E3 and E5 

(Section 3.3.4).  

 

5.2.2. Dust plume model 

We plan to eventually develop a detailed dust plume model with the grains ejected from 

the dust source locations resolved in the ISS images (Spitale and Porco, 2007). Assuming 

that the grain motion is driven by the water vapor flow, the initial grain velocities should 

be related to the water vapor source parameters (flow velocity, temperature, etc.) and may 

also depend on the grain size. In our study, we have so far assumed that the grain charge 

remains constant once reaching the equilibrium state. However, as the grains move away 

from the plume, the grain charge may well vary with the ambient plasma environment, 

which may lead to different trajectories from those derived in Section 4.1 and different 

current density distributions from those derived in Section 4.2.2. On the other hand, the 

grains in the plume are not isolated from each other (see Section 3.4.2). The grain 

charging process and the interaction between the grains need further study. 

 

5.2.3. Interaction with Saturn’s magnetosphere and E ring 

We have noted in Section 4.4.3 that the grain current Id and the ion azimuthal current Ii 

(see Section 4.4.2) are not well determined outside the plume. The separation between 
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positive ions and negative grains may drive additional currents (such as Birkeland 

currents) and plasma flow perturbations to neutralize the charge imbalance. To 

understand the interaction of the charged grains with Saturn’s magnetosphere, it is 

necessary to figure out a closed grain and ion current system (both inside and outside the 

plume) and the self-consistent electromagnetic and plasma flow perturbations.  

 

The total grain mass loading rate derived from our size distribution fits (see Section 4.3) 

is larger than the E ring escape rate inferred from the ring particle dynamic study of 

Juhasz and Horanyi (2002). The grains with radii < 0.1µm contribute most (> 80%) of the 

total mass loading rate (see Section 4.3), and this is below the size range of the E ring 

particle observations and modeling (Juhasz and Horanyi, 2002; Kurth et al., 2006; Kempf 

et al., 2008; 2010; Hedman et al., 2011). However, the smaller grains are likely to 

dominate both the number density and the mass density of the grains from Enceladus. 

How these smaller grains evolve in the magnetosphere and contribute to the E ring and 

the magnetospheric plasma is an outstanding problem that is well worth looking into. 
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Appendix: Derivation of water vapor density distribution in the Enceladus plume 

Assume a radially flowing Maxwellian velocity distribution at the outer edge of a 

hemispherical source (r = rs): 

   (A.1) 

where ns is the number density at the source, v0 is the flow speed, and vth =  is 

the thermal speed. The origin is placed at the center of the source, and the z axis points in 

the Enceladus radial direction. Outside the source within a range of tens of Enceladus 

radii, we neglect Enceladus’ gravity and assume radial outflow. (The effect of neglecting 

gravity is discussed in Section 2.5.2) Thus the molecules move in straight lines from the 

source. The assumed distribution (A.1) is isotropic in the x-y plane, so we can consider 

only the x-z plane (Figure 2.2) without loss of generality.   

It is useful to transform (A.1) into a cylindrical polar coordinate system (r, θ, y) whose 

polar axis is the y axis of the Cartesian system (see Figure 2.2).  The coordinate 

transformation is  

    (A.2) 

And the velocity transformation is 
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The Jacobian determinant of the velocity transformation is ≡1, so  
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In terms of (r,θ,y) coordinates, the square-bracketed term in (A1) becomes 

   (A.5) 

where the right-hand side is grouped into the first two terms in parentheses (dependent 

only on vr), the second two terms in parentheses (dependent only on vθ), a third term 

dependent only on vy, and a fourth (v0) term which is constant.   

The cylindrical polar coordinate system facilitates the specification of the constraints that 

apply to molecules observable near the xz plane (= rθ plane). For a true mathematical 

point source at the origin (rs/r = 0), the mathematical constraints would be vy/vth = 0 and 

vθ/vth = 0 for r > rs, and the Maxwellian distribution could be replaced by a Dirac delta 

function. But this approach would miss important corrections that are of first order in the 

small but non-zero quantity rs/r.  (To first order in rs/r, the density at r >> rs would be 

zero, a valid but uninteresting result.)   

The assumed hemispherical source at r = rs subtends a circular cone of opening (half-

width) angle arctan (rs/r) ≈ rs/r to first order in rs/r. The assumption of straight-line 

trajectories then implies that the allowed range of integration over vy is -δvy < vy < δvy 

where δvy = (rs/r)vr, and similarly for vθ.  The distribution (A.1), together with Liouville's 

theorem, then implies 
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The integral of (A9) over vy from –∞ to +∞ is 

   (A.10) 

correct to first order in rs/r, and the integral of (A8) over vθ from –∞ to ∞ is 

   (A.11) 

which is also correct to first order in rs/r, though less trivially so because it relies on the 

first-order asymptotic approximation of the error function for small argument, and the 

fact that 

   (A.12) 

Integrating (A.6) over vθ and vy , using (A10) and (A.11), gives the reduced distribution 

function 

   (A.13) 

which must be integrated over the range 0 < vr < ∞ to obtain the number density. 

 For convenience, let us define M ≡ v0/vth, the dimensionless "thermal mach number" 

of the flow (equal to the conventional dimensionless sonic Mach number times the 

dimensionless number  ≈ 0.91 for an adiabatic exponent γ = 5/3), and define ξ ≡ 

vr/vth (a dimensionless measure of the radial expansion speed). With these definitions, 

(A7) can be written  

   (A.14) 

and the integral over vr gives the number density distribution 
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2

π 3 / 2vth
3r2

vr
2 f1(vr)

€ 

γ /2

€ 

f1(ξ,θ,M)  =  exp[−(ξ 2 − 2ξM cosθ + M 2)]
                 =  exp[−(ξ −M cosθ)2 −M 2 sin2θ]

€ 

n(r >> rs,θ,M)  =  4nsrs
2

π 3 / 2r2 exp(−M 2 sin2θ) ξ 2 exp[−(ξ −M cosθ)2dξ
0

∞

∫



  166 
 

 

If we define the new integration variable  

   (A.16) 

then (A15) can be written 

 

   (A.17) 

To evaluate this integral we use the following elementary results 

   (A.18a) 

   (A.18b) 

   (A.18c) 

giving, altogether, 

   (A.19) 

For M = 0 (no bulk flow), this becomes an isotropic hemispherical expansion  

(independent of θ). For M >> 1, it becomes a narrow plume with angular half-width 

sin(θP) ~ θP ~ 1/M.   

 

 

 

 

€ 

χ  ≡  ξ  −  M cosθ

€ 

n(r >> rs,θ,M)  =  4nsrs
2

π 3 / 2r2 exp(−M 2 sin2θ) (χ 2 + 2M cosθχ + M 2 cos2θ)exp(−χ 2)dχ
−M cosθ

∞

∫

€ 

e−t
2

dt  =  
−x

∞

∫ π
2

[1+ erf(x)]

€ 

2te−t
2

dt  =  
−x

∞

∫ e−x
2

t2e−t
2

dt = 
−x

∞

∫ π
4

[1+ erf(x)] − x
2
e−x

2

€ 

n(r >> rs,θ,M)  =  nsrs
2

πr2  { 2M cosθ
π

e−M
2

                          +  e−M
2 sin 2θ [1+ 2M 2 cos2θ][1+ erf(M cosθ)] }


