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Abstract 2 

The region of Saturn’s magnetosphere from the main rings to inside the orbit of Enceladus is 3 

populated by oxygen from the ring atmosphere and water products from Enceladus. Therefore, 4 

I examined Cassini Plasma Spectrometer (CAPS) data from several equatorial periapsis passes 5 

from 2004 to 2012 in the region from 2.4 to 3.8 Saturn radii (~60,300 km) including Voyager 2 in 6 

order to separate the contributions from these two sources and to understand the temporal 7 

variations in the plasma. Because of the high background signal in this region, only eight orbits 8 

were applicable to this study. Using these data, I found large variations in ion density, 9 

temperature, and composition. Although the Enceladus plumes may vary by up to a factor of 10 

four, I propose that the two orders of magnitude change in the ion density from 2004, at 11 

solstice, to 2010, near equinox, was due to the seasonal variation in the ring atmosphere [Elrod 12 

et al., 2012]. Furthermore, when I compared the recent 2012 passes with the 2010 passes, I 13 

found an increase in ion count rates between 2010 and 2012 possibly consistent with a 14 

seasonal variation. However, since the 2012 pass was closer to Enceladus, it is possible that the 15 

resulting increase was due to the Enceladus neutral torus. Therefore, later passes closer to the 16 

northern hemisphere solstice will be required to confirm that the observed variations are 17 

primarily seasonal. My interpretation of the plasma data is supported by our model describing 18 

the seasonal variations and plasma chemistry of the O2 atmosphere generated from the main 19 

rings [Tseng et al., 2010; 2012]. 20 
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This dissertation is dedicated in memoriam to Ron Elrod (1943 – 2008).  28 

My Father, who kept hoping I would figure things out.  29 
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Section 1: Introduction 170 

Section 1.1—Introduction: Background 171 

1] The Cassini Spacecraft launched in 1997, arrived at Saturn July 1, 2004, and is scheduled 172 

to be in orbit around Saturn collecting data until mid 2017.  The goal of the mission is to create 173 

a picture of the Saturn system, from the planet and complex ring system to the numerous and 174 

varied moons. Cassini carries 12 major science systems: Cassini Plasma Spectrometer (CAPS), 175 

Cosmic Dust Analyzer (CDA), Composite Infrared Spectrometer (CIRS), Ion and Neutral Mass 176 

Spectrometer (INMS), Imaging Science Subsystem (ISS), Magnetometer (MAG), Magnetospheric 177 

Imaging Instrument (MIMI), Radar, Radio and Plasma Wave Science Instrument (RPWS), Radio 178 

Science Subsystem (RSS), Ultraviolet Imaging Spectrograph (UVIS), and Visible and Infrared 179 

Mapping Spectrometer (VIMS). These instruments work together to create a complete picture 180 

of the Saturn system. While this thesis focuses on data taken from the CAPS instrument, a 181 

subsystem designed to examine thermal ions and electrons in the magnetosphere, and data 182 

taken from several other subsystems are used in the science described in this project. 183 

2] One major aspect of the Cassini mission is to map the neutral and ion composition 184 

throughout Saturn’s complex magnetosphere.  In order to examine the composition of the ions 185 

in this magnetosphere, it is necessary to consider the role that the rings and moons play as 186 

particle sources and sinks.  Fig. 1.1 provides a diagram of the icy moons as well as the major 187 

rings of Saturn in the inner magnetosphere. 188 
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 189 

Figure 1.1—Schematic of Saturn’s major rings and major moons in the inner 190 

magnetosphere inside 9 Rs. Included in this diagram are the locations where the 191 

spacecraft that have visited Saturn crossed the ring plane. The region of interest in 192 

my thesis is between the main rings at 2.2 Rs out to the orbit of Mimas, to around 193 

3.8 Rs.  194 

3] The inner magnetosphere of Saturn is often defined as the region from the surface of 195 

the planet to approximately 9 Rs (1 Rs = 1 Saturn Radius ≈ 60,300 km), as shown in Fig. 1.1. 196 

However, this thesis focuses on a smaller region of this inner magnetosphere, specifically from 197 

the outer edges of the main rings, around 2.2 Rs, to just inside the orbit of the icy moon 198 

Enceladus, around 3.8 Rs. In order to study this region, I carried out the first detailed analysis of 199 

the CAPS ion data in this region. Within this region are the optically thin F and G rings, the mid-200 

sized icy moon Mimas, and two small moons at ~2.51 Rs, Janus and Epimetheus, which share a 201 

ring and an orbit. Amongst these major rings and moons, are several other smaller moons and 202 

rings that could also influence the plasma in this region. In addition to these distinct features, 203 
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dust and very small ice grains, predominantly from the E-ring, permeate this region. While not 204 

optically thick, this ice and dust can have an influence on the lifetime of the plasma particles 205 

formed.  Another important feature of this region is the prevailing penetrating radiation that 206 

affects Cassini’s ability to detect ions and electrons. This radiation is further discussed in section 207 

2.  208 

Section 1.2—Previous Findings 209 

4] One of the early discoveries made when the Cassini Spacecraft first entered orbit about 210 

Saturn, passing directly over the main rings, was a strong O2
+ and O+ signature [Tokar et al., 211 

2005]. The detection of both O2
+ and O+ ions over the main rings suggested a source of neutral 212 

O2 forming a ‘ring atmosphere’ [Johnson et al., 2006a]. Solar UV photons can interact with the 213 

ice particles in the main rings to photo-decompose the water, producing O2 and H2. The H2, 214 

being lighter, will tend to be more spread out; the O2 being heavier forms a more dense 215 

atmosphere that is confined to within ~0.08 Rs, or ~4800 km of the ring plane. Because in the 216 

ring atmosphere model the O2 is produced by solar photons and the angle of the ring plane to 217 

the solar flux varies over the course of Saturn’s orbit around the Sun, the density of this ‘ring-218 

atmosphere’ was predicted to vary seasonally [Tseng et al., 2010, 2012]. With a seasonally 219 

varying neutral source, there should be a seasonally varying density of ions in the region near 220 

the rings [Elrod et al., 2012; Johnson et al., 2005b].   Such a change should be reflected in the 221 

density of the ions detected by the CAPS instrument. 222 

5] Another relevant discovery made by the Cassini spacecraft is that Saturn’s small moon, 223 

Enceladus, has water plumes emanating from its southern polar region. The gas emitted from 224 

these plumes influences most of Saturn’s magnetosphere [Porco et al. 2006].  These plumes are 225 



4 
 

 

the source of the tenuous E-ring and a torus of water molecules whose dissociation products 226 

extend over a huge region around Enceladus’ orbital path and were detected prior to Cassini’s 227 

arrival at Saturn using the Hubble Space Telescope [Jurac et al., 2001]. Although direct 228 

production of O2 by the water molecules emitted from Enceladus is very low, the water 229 

products are spread far enough to interact with the ice particles in the A-ring. These radicals 230 

then can interact with the ice grains contributing to the formation of the O2 ring atmosphere 231 

[Tseng and Ip, 2011].    232 

6] These two major discoveries, affecting the plasma properties between the edge of the 233 

main rings at about 2.4 Rs to approximately 3.8 Rs, are the main focus of this thesis. The oxygen 234 

‘ring atmosphere’ was shown to be a source for the oxygen observed in the upper atmosphere 235 

of Saturn [Luhmann et al., 2006; Moses et al., 2000b] and a strong source for the oxygen 236 

neutrals scattered into the inner magnetosphere, where they can be ionized and contribute to 237 

Saturn’s plasma [Bouhram et al., 2006; Elrod et al., 2012; Johnson et al., 2006a; Luhmann et al., 238 

2006; Martens et al., 2008;Tseng et al., 2010, 2012]. The Enceladus plumes are also a significant 239 

source of water group neutrals (O, OH,  and H2O) here referred to as W, and the associated 240 

water group ions (O+, OH+, H2O+, and H3O+) here referred to as W+, throughout the 241 

magnetosphere including the region from 2.4 to 3.8 Rs. Farmer [2009] and Cassidy and Johnson. 242 

[2010] showed that the neutrals from the plumes have a broad distribution of predominately O 243 

and OH throughout the magnetosphere (including the region of interest), and Smith et al. 244 

[2010] showed that the plume source rates could vary by up to a factor of four, although such 245 

variability has not been observed in the UV data [Hansen et al. 2011]. Using these modeling 246 

efforts, I interpreted the CAPS data in this region. 247 
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Section 1.3—Data and Orbits Used 248 

7] I analyzed data from the Cassini Plasma Spectrometer (CAPS) spanning several years and 249 

the Voyager 2 Plasma Science Instrument (PLS). When Voyager 2 flew by Saturn in 1982, Saturn 250 

was near equinox. The data obtained from several Cassini orbits are from 2004, near southern 251 

solstice, through 2007 and 2010 near equinox and finally to 2012 when the sun passed to the 252 

northern side of the rings. Northern solstice will occur in 2017 near the end of the Cassini 253 

mission. 254 

8] In Fig. 1.2, I show the orbits used for this study. Because of the high amount of 255 

penetrating radiation and the icy material in this region, there are few passes of the spacecraft 256 

with a periapsis lower than 3.5 Rs that are useful for the CAPS instrument. Between the need 257 

for good pointing, and the high background levels in the region, the number of useable passes 258 

between Saturn Orbit Insertion (SOI) in 2004 to 2012 was reduced to eight. 259 
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 260 

Figure 1.2—Orbits of the data used in this study. All orbits are plotted as a cross-261 

sectional view of the R vs. Z plane. The B-ring, Cassini Division, A-ring, F-ring, G-ring, 262 

Mimas, and Enceladus are marked with vertical dashed lines for reference. 263 

264 
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 265 

Table 1.1—Orbital Data for all passes used in this study  266 

Date (DOY)  Time  (Spacecraft)  
(A-cycles)1  

Solar Zenith 
Angle  

Solar Activity 
level  

Approximate 
Ring 
Temperature  

SOI2 July 2004 (183)  04:15 – 04:44  
(479-532)  

~24° S (solstice)  Average  ~100 K  

5 Sept 2005 (284)  10:19-11:04 

(963-1047)  
~14° S  Low  ~75 K  

11 June 2007 (162)  22:30-0:00 

(2521-2686)  
~10° S  Low  ~65 K  

27 & 28 June 2007 
(178/179)  

22:22-02:09 

(2511-2700, 1-235)  
~9° S Low  ~60 K  

3 March 2010 (062)  07:19-08:30 

(823-957)  
~5° N (equinox)  Low  ~60 K  

19 March 2010 (170)  04:08-5:44 

(465-644) 
~6° N Low  ~60 K  

27 March 2012 (087) 06:00 – 08:32 
(2029 – 2312) 

~16°N Average Not Available 

14 April 2012 (105) 14:29 – 23:27 
(1419-2639) 

~16°N Average Not Available 

Voyager 2 (1982)  ** Ring plane 
crossing data  

~6° N (equinox)  High  **not measured  

Solar activity levels found from the Virtual Solar Observatory website [VSO]. Approximate ring 
temperatures derived from CIRS temperatures [Flandes et al., 2010]. Axial tilt angle determined 
based on determinations of equinox and Saturn’s orbital period.  Solar activity is returning back to 
normal during 2011. Voyager 2 data: [Richardson, 1986].  
1 An A-cycle is the 32 second instrument collection cycle. Time is the start time of the A-cycle in 
seconds from J2000 (barycentric dynamic time) converted into a readable format of HH:MM:SS 
 
2SOI settings on CAPS slightly different for this pass due to thrusters firing. 

 267 

9] In early 2011, CAPS experienced a brief period where a short in the instrument required 268 

that the system be shut down for several months. After much deliberation between operations 269 

at NASA and JPL, it was determined safe to resume operations, and the instrument was turned 270 

back on in February of 2012. From February through June of 2012, operations continued as 271 
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normal until another short occurred that was detectable in the data and the instrument was 272 

turned off again. At the time of publication there is no known time for resuming operations. 273 

However, future data, if possible could add insight to the seasonal variations in the plasma, as 274 

the spacecraft will continue to pass through the region of interest in 2014, 2015 and directly 275 

over the main rings near the end of mission in 2016/2017. 276 

Section 1.4—Thesis Statement 277 

10] The photo-produced ring atmosphere was predicted to vary seasonally since the source 278 

rate of the neutrals depends on the incident angle of sunlight with the rings and on ring particle 279 

temperatures [Tseng et al., 2010, 2012]. Since the extended ring atmosphere is a source of ions 280 

for this region, examination of plasma data from 2004, when the Sun was near southern 281 

solstice, through 2007 and 2010, as the incident angle decreased toward equinox (August 282 

2009), could reflect the changing source rate (see Table 1.1). Although the Enceladus source 283 

rate may or may not be variable [Smith et al., 2010; Hansen et al., 2011], it does not appear to 284 

exhibit a seasonal dependence. However, water products from Enceladus deposited on the 285 

particles in the A, F, and G rings can enhance the production of O2 neutrals. [Tseng et al., 2010; 286 

2012, Tseng & Ip, 2011].  287 

11] In this thesis I examined the plasma parameters, density, temperature, composition, 288 

and bulk flow velocity, detected by CAPS and by the Voyager 2 plasma instrument and compare 289 

these results with the models of the distribution of the neutrals throughout this region since 290 

the neutrals are the ion sources. As a result I discovered a significant drop in the densities and 291 

temperatures of the ions measured between the solstice and equinox. The composition varies 292 

such that O2
+ is dominant at SOI but the W+ ions dominate closer to Enceladus. I first describe 293 
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the instrument and my analysis techniques in section 2, then describe the resulting plasma 294 

properties in section 3, and finally discuss the results in relation to the published models in 295 

section 4 [Cassidy and Johnson, 2010; Smith et al., 2010; Tseng et al., 2010; 2012], In section 4 I 296 

also describe how my results indicate that there is a seasonal variation in the plasma density in 297 

the region between 2.4 and 3.6 Rs. Since this region is filled with many small moons, rings, and 298 

ice and dust particles that are affected by the O2
+ and W+ ions, my study of the temporal effects 299 

on the plasma will help us better understand those process affecting the evolution of the ring 300 

particles and surfaces of the moons.  301 

302 
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Section 2: CAPS Instrument, Fitting Method, and Background Influences 304 

Section 2.1—CASSINI PLASMA SPECTROMETER 305 

12] The CAPS instrument is primarily responsible for the detection and measurement of 306 

thermal plasma ions and electrons while in orbit around Saturn. It is equipped with an Electron 307 

Spectrometer (ELS), an Ion Beam Spectrometer (IBS), and an Ion Mass Spectrometer (IMS), 308 

which can utilize a Singles (SNG) method of ion detection as well as a time-of-flight (TOF) 309 

measurements. This study uses the SNG capability of the IMS, which creates a single count for 310 

each ion that enters the IMS sensor and generates a signal, irrespective of whether it creates a 311 

start-stop signal pair in the time-of-flight. The SNG function of the CAPS instrument can, in 312 

principle, be used to determine the densities, temperatures, and plasma flow velocity of 313 

various ion species if the ion mass and charge are known. The ion results analyzed here are 314 

compared to the total electron densities determine using Radio Wave Plasma Science (RPWS) 315 

data, a separate Cassini instrument.  316 

13] The Ion Mass Spectrometer has eight entrance channels and corresponding eight 317 

anodes that open out at 8.3° x 20° each see Table 2.1, giving the instrument an instantaneous 318 

Field of View (FOV) of 8.3° x 160° [Young et al., 2004]. The instrument can actuate over the sky 319 

for <200° sweep. Fig. 2.2 provides a schematic of the CAPS instrument full field of view 320 

including portions where other parts of the Cassini spacecraft block the incoming ions.         321 
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 322 

Table 2.1—Table of CAPS Instrument resolution and Field of View. [Young et al., 2004] 323 

 324 

  325 

Figure 2.1—CAPS schematic (left) and Field of View of the IMS (right). [Young et al., 2004] 326 
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14] The potential voltage used to accelerate the ions into the detector, is varied from 0 to 327 

~8 kV, corresponding to transmitted particle energies of 1 to 50,000 eV, over 63 energy bins 328 

with bin 64 as a re-set energy bin. Each sweep of 64 energy bins takes 4 seconds; a set of eight 329 

sweeps totaling 32 seconds is defined as an A-cycle. At the beginning of each day the first 32 330 

second A-cycle is labeled as 1 and the rest are numbered sequentially throughout the day.  331 

Depending on the telemetry mode of the spacecraft, the singles counts are summed up to 1, 2, 332 

4, or all 8 sweeps per A-cycle. As a result each A-cycle may return a different number of sweeps 333 

based on data needs. Therefore to maintain consistency throughout my study, I summed up the 334 

data to A-cycle resolution. In other words, I summed up all sweeps within an A-cycle, as is 335 

discussed in the fit procedure. 336 

15] In order to determine plasma parameters (density, composition, temperature, and bulk 337 

velocity), it is typically assumed that the ions have a flow speed superimposed on an 338 

approximate Maxwellian energy distribution. The thermal plasma ion temperature is such that 339 

the ions are predominately singly charged [Young et al., 2004], so that the mass per charge 340 

ratio can be used to give the mass of the ion detected. From the measured energy spectrum, 341 

the ion density, the temperature and the flow velocity can be extracted. Two examples of a 342 

single sweep through the 63 bins, one at a point above the rings and one near the rings from 343 

the SOI pass, are shown in Fig. 2.2. 344 
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(a)345 
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(b) 346 

Figure 2.2— Example sweeps of Singles data with the model fit (section 2.4) of 347 

anode 3 (a) and anode 7 (b) from the two points during the SOI pass. (a) A spectrum 348 

of counts/s versus energy at time UT 03:46 and at 1.94 Rs directly over the Cassini 349 

Division in the main rings.  The spectrum in (a) clearly shows two separate peaks at 350 

two different energies, which are well fit by Maxwellian energy distributions and the 351 

appropriate corotation energies revealing the presence of O2
+ and O+(32 amu/e and 352 

16 amu/e). (b) A spectrum of counts/s versus energy at time UT 04:18 and at 2.41 Rs 353 

just past the F ring. The two contributions are not as distinct and the broader peak is 354 

skewed, strongly suggestive of the presence of water group ions in addition to O2
+. 355 
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(a)356 

(b) 357 
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Figure2.3— CAPS Spectrograms of Anode 3 & 7 through SOI.  These two spectra 358 

show the two regions of the SOI pass where data were collected from the two anodes 359 

with the best pointing.  Panel (a) shows anode 3 which was best oriented to view the 360 

co-rotational plasma flow directly over the main rings before the spacecraft rolled 361 

during the ring plane crossing and panel (b) shows anode 7 which had the best 362 

pointing while the spacecraft passed between the F and G rings during the second part 363 

of the pass.   364 

16] Fig. 2.2 show fits to spectra from the two sweeps at 1.94 Rs and 2.41 Rs respectively.  365 

The fit at 1.94 Rs, when the spacecraft is over the B-ring, indicates that the higher peak, in 366 

terms of counts/s, belongs to O2
+ with the smaller secondary peak belonging to O+ ions in 367 

agreement with Tokar et al. [2005].  The fit in the second region near 2.41 Rs, which is outside 368 

the main rings, again shows  O2
+ signature but both peaks are much broader, suggestive of both 369 

a higher plasma ion temperature and, possibly species from the water group W+, other than O+ 370 

are present.   371 

17] A limitation of the SNG detector makes it nearly impossible to distinguish between the 372 

separate species of the W+ group of ions from mass 16 to 19. This is partly due to the 373 

broadening of the peaks from the ion temperature, and partly from the limit in the resolution 374 

of the singles mode of the CAPS instrument. As a result, for consistency in this thesis, I chose to 375 

use mass 16 or O+ for the W+ group peak. I did this for two reasons, one, the Voyager 2 data 376 

were analyzed by assuming only mass 16 was present, and, two, over the main rings, O+ was 377 

more likely produced from the photochemistry of the ring atmosphere than other W+ products 378 

[Tokar et al., 2005]. 379 
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18] Fig 2.3 has two full color spectra of the SOI pass (a) over the main rings and (b) from 380 

between the F and G rings. Fig 2.3 (a) uses anode 3, as this had prime pointing into the plasma, 381 

while in (b) anode 7 had prime pointing into the plasma. The sharp increase in the background 382 

at around 2.2 Rs is due to the high density of ice grains in the main rings is no longer absorbing 383 

the penetrating radiation. 384 

Section 2.2—Penetrating Radiation 385 

19] Penetrating radiation is caused by high energy electrons penetrating into the CAPS 386 

instrument and is observed when Cassini is outside the main rings but near Saturn and is 387 

detected by CAPS as a broad background across all energy channels [Young et al., 2004]. It 388 

becomes a significant factor for the detector within 4 Rs of Saturn and extends as far as 6 Rs. 389 

Fig. 2.6 shows two examples of full color spectra from this region both before and after 390 

correction for the background.  391 
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 392 

Figure 2.4—Spectra for, from left to right, SOI and 28 Jun 2007, both with 393 

background (top) and corrected for background (bottom). The apparent jump in 394 

background level in the 27 Jun 2007 images is due to a change in the telemetry 395 

mode as well as the spacecraft entering a region of higher penetrating radiation. It is 396 

clear from these spectra that unless the spacecraft has a good view of the co-397 

rotational plasma flow, the peaks get lost to this intense background. Color bars are 398 

log10 counts/s, x-axis is time, y-axis is log10 energy (eV). 399 

20] Due to limitations in bandwidth, an onboard 2-byte to 1-byte compression schemes of 400 

measured counts occurs, resulting in the CAPS detector effectively ‘quantizing’ counts. In other 401 

words, the count level increases in ’jumps’ as the number of counts increases. Therefore, as the 402 
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background levels increase due to penetrating radiation, the count spectrum changes from a 403 

linear regime (0-63 counts) to higher jumps and becomes more pronounced. When there is a 404 

strong signal and the spectrum is well above the background, these jumps are small compared 405 

to the signal. However, for weaker signals as CAPS actuates out of the plasma flow, these jumps 406 

have a larger effect on the signal to noise ratio. Inside of ~4 Rs the background levels rise to a 407 

point where it becomes critical for the instrument to have sufficient pointing into the plasma 408 

flow direction in order to detect the signal as mentioned earlier. Only then do I find a good 409 

signal-to-noise ratio well above the background. Table 2.2 shows the background counts, 410 

maximum counts, peak width, how high these ‘jumps’ are max counts, and a signal to noise 411 

ratio for each data set used in this study. 412 

Table 2.2: Comparison of maximum counts, background, peak width, signal to noise ratio,  and 413 

step size at max for the data used in this study.  414 

Data Set  Average 

Maximum 

Counts  

Average 

Background   

Peak 

Width 

(ΔE)  

Signal /Noise 

(max – bkgd) / 

bkgd  

Step size at 

max(cts)  

Test Case (Rs = 

6.3)  

3625  45   543  80.5  ~116  

 SOI  17245  587 117  28.3  ~550  

 2005 248  2856  5912 82  7.61  ~90    

 2007 162  9574 4834 76  0.981 ~301 

 2007 178  9575 5912 81  0.619 ~301 

 2007 179  5847 4315  22  0.355  ~181    

 2010 062  1296  261 57  3.96  ~41    
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 2010 170  7492  4656 74  0.609  ~234  

 2012 087 8715 3290 114 1.65 ~265 

 2012 105 8495 3790 120 1.24 ~265 

Comparison of maximum counts, background, peak width and signal to noise ratio of the data 

sets used for this study. Test case is from 12 October 2005 used by Wilson et al., [2008] for 

production of plasma moments. Peak width determine by full width half max of the peak of the 

maximum anode of the data analyzed. Signal to noise is the ratio of the maximum counts to 

background. Background is determined as a fit parameter as described in data fitting section.  

 415 

Section 2.3—31 Jan 2011 MCP Experiment with Penetrating Radiation 416 

21] The CAPS team carried out an experiment to see if, by lowering the voltage on the 417 

micro-channel plates (MCPs) on the entrance to the instrument, we could improve the signal to 418 

background ratio of the instrument. By having the charge on the MCPs higher or lower it is 419 

possible to collect more or fewer charged particles near the spacecraft.  The MCPs at the 420 

entrance to the IMS are negatively charged to collect ions, while the MCPs for the ELS are 421 

positively charged to collect electrons. During standard operation of the spacecraft the MCP’s 422 

on the SNG at the entrance to the detector are set at ~-2600 eV.  423 

22] During SOI, due to the thrusters being fired, the instrument was off, after which CAPS 424 

ran through the standard turn on sequence just prior to and during the process of passing over 425 

the main rings. This means that the voltages on the MCPs were not completely stepped up to 426 

full operating potential by the time the spacecraft passed over the main rings, but were nearly 427 

at maximum by the time the spacecraft finished passing through the F and G rings. The lower 428 

voltage on the MCPs could reduce the number of ions detected by the CAPS instrument. As a 429 

result the SOI densities could be slightly skewed by the fact that the MCPs were changing 430 
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slightly during this pass, however, these lower voltages were accounted for in my analysis of 431 

the SOI data.  432 

23] Since the background counts are so high inside of 5 Rs, the CAPS team decided to lower 433 

the MCP voltages to see if it was possible to decrease the background and yet still maintain a 434 

strong enough signal in order to increase the signal to noise ratio. On 31 Jan 2011 at ~02:00 and 435 

at ~03:45 the MCP voltage was lowered to ~-2300 eV. Fig. 2.5 graphs the absolute magnitude of 436 

the change in voltage across the MCP for the IMS and the ELS as well as the resulting spectra Fig 437 

2.6. 438 

 439 

Figure 2.5— The absolute value of the changes in the MCP voltages for the IMS 440 

(blue) and ELS (red) during the 31 Jan, 2011 experiment. The IMS voltages are all 441 
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negative as it collects positive ions, and the ELS voltages are all positive as it collects 442 

electrons. 443 

 444 

Figure 2.6—The spectrum showing how the drop in the MCP voltage affects the 445 

signal and background counts. Where the region drops from orange to blue is the 446 

region where the MCP voltage drops from ~-2600eV to ~-2300 eV. 447 

24] As seen in Fig. 2.6, the background for the SNG data dropped for two time intervals for 448 

the singles counts. The ion signal, while reduced, was not lost in the process.  After some 449 

analysis of the signal to noise ratio, the error in the fitting functions used, and closer 450 

examination of the peaks for identity characteristics, I also found that the signal to background 451 

ratio decreased, as was shown at the CAPS team meeting #42 in 2012 [Wilson, Elrod, Crary, 452 

2012]. In addition, we determined that the error in the fitting functions increased. We 453 

examined several spectra from both before the MCP voltage is lowered and after the 454 
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background is lowered. We found that the loss of total counts was more significant than the 455 

drop in the background. In addition there was a loss of the O2
+ peak, indicating that lowering 456 

the MCP voltage created a loss of data in the heavier mass ions, which was already a weak 457 

signal. Therefore, this change in the MCP voltage was not advantageous as too much of the 458 

signal, particularly of the heavier ions, was lost. 459 

Section 2.4—Fitting Procedure: 1D fit 460 

25] In order to determine the principal plasma parameters, density, composition, 461 

temperature, and flow velocity the raw data must first be converted from the binary format 462 

into a format usable for the fitting program that I use in my data analysis method. I use energy 463 

sweeps that are summed up to the A-cycle level from the anode most closely pointed in the 464 

incoming plasma direction, i.e. the maximum anode with the most counts of the 8 anodes per 465 

A-cycle, is selected for each A-cycle. In an isotropic plasma flow, the direction the anode points 466 

is less important as the assumption is that the plasma is the same in all directions, therefore the 467 

maximum anode would see the same plasma as all other anodes. However, in an anisotropic 468 

plasma flow, as is dominant throughout Saturn’s magnetosphere, the plasma is not the same in 469 

all directions, thus the look direction of the anode becomes important. By selecting the 470 

maximum anode in an anisotropic plasma, this assures that anode will be looking nearly into 471 

the plasma and determine the parameters for the bulk of the plasma.  472 

26] Occasionally an ion entering one anode can be counted by one or more neighboring 473 

anodes. This effect, known as instrumental crosstalk, will increase the counts in any one anode. 474 

Thomsen and Delapp [2005] analyzed this effect and determined a correctional matrix to 475 
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correct the over counting which can amount to an over count by up to ~13% (see table 2.1). 476 

Therefore, I also correct the data for instrumental crosstalk [Thomsen and Delapp, 2005] before 477 

running any fitting algorithm. 478 

27] In a 1D fit I select just the maximum anode for the purpose of determining the plasma 479 

parameters, density, temperature, and plasma flow velocity. In a 3D fit I use multiple anodes to 480 

determine the plasma parameters, however in this fitting function I determine the parallel and 481 

perpendicular temperatures (along the field lines and with the gyro-motion of the ions) and the 482 

full velocity components of the velocity. The 1D is limited in that it will only determine the 483 

temperature and velocity in the plasma flow direction. I carried out both 1D and 3D fits to the 484 

plasma data and created adequate methods for handling the background. For the 1D fits, rather 485 

than subtracting the background from the data and then fitting the spectra, I treated the 486 

background as a fit parameter for the data from the prime pointing anode, i.e., a constant term 487 

in the fit formula shown in Eq. 2.1 below. However, for the 3-D fitting method, I determined an 488 

individual background for each anode using an averaging method described further in section 489 

2.3 and then subtracted the background from the data before obtaining a fit.  490 

28] In the 1D fit I took each spectrum and fit it using a least squares non-linear regression 491 

algorithm to determine the ion plasma parameters: density, composition, temperature, and 492 

plasma flow velocity. The counts accumulated per A-cycle per anode in each spectrum were fit 493 

using the expression in Eq. 2.1 494 

   (2.1)  495 
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29] The variables in Eq. 2.1 are the time interval of accumulation, dt, the geometric factor of 496 

the instrument, GE, the efficiency of the ion detection, Eff (i), the background count level, BKGD, 497 

the speed of the ion entering the detector, VE, and the distribution function, , which is 498 

assumed to be a Maxwellian energy distribution, Eq. 2.2, for each ion species, i. 499 

;   (2.2)

 

500 

30] The parameters in Eq. 2.2 are the ion density, ni, temperature, Ti, and net plasma flow 501 

velocity U, which includes the spacecraft velocity. All variables in Eqs. 2.1 and 2.2 are in cgs 502 

units with k representing the Boltzmann constant. Assuming the two dominant species are O+ 503 

and O2
+, leads to the six fit parameters (TO+, TO2+, nO+, nO2+, U, and BKGD). The velocity, VE of the 504 

ion entering the detector is determined by the energy bin, E. 505 

31] Eq. 2.1 returns the fit parameters for each ion species. The model that is fit to the data 506 

is the sum of the two species that is then fit to the count data spectrum and subject to the χ2 = 507 

(data – model)/data) which is minimized via the least squares non-linear algorithm. Fig. 2.7 has 508 

examples of these fits from each data set where the black line is the sum of the two species 509 

obtained my fit, the blue line is the data, the red line is the O2
+ component I obtained from  the 510 

fit, and the green line is the O+ component fit.  511 

32] Due to the number of fit parameters, the program does not necessarily give a unique 512 

solution. Therefore, I created a set of initial values that are reasonably close to the expected 513 

output values for the fit parameters. The plasma flow velocities were typically close to the 514 

corotation speed Vco = RΩ where R is the radial distance from the center of Saturn and Ω is 515 

Saturn’s rotational velocity, in radian/s, which is connected with the rotation of the magnetic 516 
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field. Therefore, the initial value I used for the plasma flow velocity is  in Eq. 517 

2.2, where Vphi_sc, is the component of the spacecraft velocity in the direction of the plasma 518 

flow, near the ring plane, where most of these ions are formed. This is in the so-called 519 

corotation direction. Assuming the ions are freshly made, or the lifetimes are short, as is typical 520 

in a region that contains a significant neutral density as well as dust and ice grains like this one, 521 

the ion temperatures would be close to this initial ‘pick-up’ temperature, defined in eq. 2.3. 522 

Neutral particles are moving at the Keplerian velocity, Vorb, as these particles are ionized they 523 

are accelerated to the co-rotational speed of the field lines, Vco. The energy associated with this 524 

so called pick-up of the ions as they are ionized is known as the pick-up temperature.  525 

   (2.3) 526 

33] Here Vorb is the Keplerian orbital velocity. The ion densities were given small rough initial 527 

values based on a loose calculation assuming initial T and U values. The initial value of the 528 

background parameter, BKGD, is equal to the minimum value of counts from bin 4 to 63 for 529 

each spectrum (Note: bins 1 to 3 were often initially erroneously set to 0 counts or contained 530 

other faults and have been rejected for the entire study as per CAPS policy [Wilson et al., 531 

2012]). See section 2.8 for further discussion of verification of the validity of these fits. 532 

34] With the initial values provided, the fit algorithm was run through successive iterations 533 

to minimize the least squares difference between the model and the counts spectra. The 534 

following conditions determined convergence or termination of the fitting algorithm for a given 535 

spectrum:  536 
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a) The least squares difference between the data and the model falls below the preset 537 

tolerance of 1x10-7 between iterations, i.e. the difference in χ2 values between iterations 538 

is small. 539 

b) The maximum number of iterations of 1x105 was exceeded. Most model fits converged 540 

well within this number of iterations, chosen to keep the program running in a 541 

reasonable time. 542 

c) The change in the fit parameters between each iteration is less than the preset 543 

tolerance of 1x10-7. 544 

35] If any one of these criteria is met the fitting routine was terminated and the results are 545 

returned. If the maximum number of iterations is hit or the peak fits on examination are not 546 

good (i.e. either significantly higher χ2 values or by visual examination the model was very 547 

different from the data), then the spectral fits were re-run with adjusted initial parameters. In 548 

addition I tested the energy ratio between the O+ and O2
+ peaks to check if it was close to a 549 

factor of two, consistent with the mass ratio of two between these species. As it was possible 550 

for other species from the water group, to be present in this region, having masses 17 – 19, this 551 

ratio was not precisely 2, but often between 1.5 and 2.2. Therefore, I checked that the energy 552 

ratio was in this range to be consistent with a paring of two ions one of mass 32 and one near 553 

mass 16. 554 

36] Fig. 2.7 has examples of model fits for several of the passes used in this study. The black 555 

line represents the model, the blue is the data, the red line is the mass 32 fit, and the green is 556 

the mass 16 fit. Also included in Fig. 2.7 is an example of a test spectrum from a data set from 557 

October 12, 2005 from 6.5 Rs where the background was much lower and the primary ions 558 
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were W+ and H+. This test spectrum was used by Wilson et al. [2008] in the process to create 559 

the CAPS published ion database in the NASA Planetary Database System (PDS). I used this test 560 

spectrum to compare my method against published results to confirm that I was returning 561 

similar results.  562 

 563 

Figure 2.7-- Individual slices of counts/accumulation vs. energy from SOI, 2005, 2007, 564 

2010, and 2012.  Top left is a test peak from 12 Oct 2005; I used this spectrum to 565 

compare with the Wilson et al., [2008] results. These spectra show the background 566 

of the each set where background is added to the fits as a constant parameter. The 567 

blue line is the data, the black is the model, a sum of the two ion species  O2
+ and O+ 568 

ions, the green line is fit of the W+ ion (16 amu) and the red line is fit of the O2
+ ion 569 

(32 amu). X-axis is in Log10 energy (eV) and y-axis is counts/accumulation. 570 
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Section 2.5—Fitting Procedure: 3D Fits 571 

37] The main difference between the 1D and the 3D fits is our attempt to derive the 572 

perpendicular and parallel temperatures: the temperature associated with the gyro-motion of 573 

the ions around the field lines and that along the field line. The 3D fit also attempts to return 574 

the 3 components of the velocity U. Therefore, it is necessary to simultaneously fit multiple 575 

anodes, and not just the anode pointing in the direction of the plasma flow. For the 1D fits I 576 

picked the anode with the maximum counts, with the idea that it was pointing into, or at least 577 

within 20° of the plasma flow direction.  In the 3D fits I used multiple anodes simultaneously 578 

covering the plasma flow as far as possible. 579 

38] The purpose of the 3D fitting function was to determine the ion density, the velocity in 580 

the r, θ, and φ directions as well as resolve the parallel temperature, T|| and perpendicular 581 

temperature, TL. This was similar to the goal of the 1D fit but involved a more complex 582 

distribution function for fitting the multiple anodes. The new distribution function is described 583 

in Eq.2.4. 584 

  585 

 (2.4) 586 

39] In Eq. 2.4 T|| is associated with ion motion along the field lines. TL is associated with 587 

gyro-motion of the ions around the field lines. Ur is the component of the flow velocity in the 588 

radial direction with positive being outward from the planet. Uθ is the component of the flow 589 

velocity associated with the direction along the field lines, (in spherical coordinates this is the 590 

polar component). Uφ is the azimuthal component of the flow velocity in the plasma co-591 
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rotational direction. Ur and Uθ are typically small, as freshly made ions are dominated by 592 

motion with the plasma making Uφ the dominant component, which is approximately equal to 593 

Vco. The Vsci are the three components of the spacecraft velocity. 594 

40] Another major difference between the 1D and 3D fits is the method I used to determine 595 

the background. In the 1D fit, the background I used was a fit parameter for the prime pointing 596 

anode. However, since the counts and the background were lower for each anode off the prime 597 

pointing direction, it was necessary to calculate the background for each anode in the 3D fitting 598 

process. This is further explained in section 2.6.   599 

Section 2.6—Background  600 

41] Treating the background as a fit parameter, as I did for the 1D fits, in Eq. 2.1 gives a 601 

slightly more accurate measurement of the background than using a mean of bins outside of 602 

the peak. However, it does add an additional fit parameter to the fitting process which can add 603 

to the uncertainty of the fit and the difficulty of obtaining a unique fit.  604 

42] The amount of noise in the count spectra in each anode was significant; I estimated the 605 

background for the 3D fits by averaging the data sufficiently far from the peak in each anode. 606 

Since I had already selected the anodes that had clear peaks, and had summed them to A-cycle 607 

resolution, I determined what was sufficiently far away from the peak for each anode by 608 

inspection. I found that using bins 35 to 63 and 4 to about 12, as suggested in the PDS CAPS 609 

user’s guide [Wilson et al. 2012], was sufficient for being ‘away from the peak.’ The background 610 

calculated was within 1% of results obtained from the 1D fit. Fig. 2.5 shows these background 611 

calculations for each anode for SOI. 612 
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 613 

Figure 2.8—Background counts calculated from each anode during the SOI pass from July 614 

1 2004 between the F & G rings. This high background signal causes for difficulty in 615 

analyzing the CAPS data in the region. From left to right, the vertical lines mark the small 616 

moons Prometheus, Pandora, near the F-ring, Janus, and Epimetheus. 617 

43] The variations in the background in Fig. 2.8 corresponded well with measurements 618 

made of the high energy particle flux in this region [Paranicas et al., 2008]. The significant dip at 619 

around 2.5 Rs corresponded to the locations of with the Janus-Epimetheus Ring that was also 620 

discovered in the high energy particles. The main rings showed that ice particles can absorb the 621 

high energy particles that make up background. Therefore, it is possible that the ice grains from 622 

the icy moons, and smaller rings throughout the region between the edge of the main rings and 623 
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Enceladus could also lower the background by absorbing these high energy particles. It is 624 

possible that the background detected by the CAPS instrument is similarly influenced by the 625 

high concentrations of ice particles produced by the rings and moons in the region and that by 626 

examining the variations in the background throughout the region we could detects some of 627 

these features. 628 

Section 2.7—Counts Trends Analysis 629 

44] According to section 2.2 where I discussed the 1D fitting procedure, the singles counts in 630 

a given energy channel are modeled using Eq. 2.1, where dt, Eff, GE are assumed constant over 631 

each A-cycle within the interval, and f is the Maxwell distribution function in Eq. 2.2. I combined 632 

Eq. 2.1 and 2.2 and used a variable a, defined in Eq. 2.5.The leading constants, dt, Eff, and GE 633 

combined into the constant term A resulting in the simplified form, Eq. 2.6. 634 

  (2.5) 635 

   (2.6) 636 

45] In order to test the validity of the results from my model, I also examined the 637 

relationship between the actual counts and the returned values from the fit parameters of the 638 

SOI data. This secondary test is carried out in order to visually check each individual peak to see 639 

that the fits appeared good, and that the χ2 values were minimized.   640 

46] In order to determine the validity of the returned values of the three fit parameters, U, 641 

T, and n, I also wrote three analytic expressions for the maximum velocity Vmax, (eq. 2.9), the 642 
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maximum counts, Cmax, (Eq. 2.11), and the integrated counts, ∑Ci, (Eq.s 2.14 &2.17). I used my 643 

fit values in these expressions and compared them to the expected values to determine if my 644 

results were reasonable, e.g. the trends are close and none of the values are extremely 645 

different (more than a factor of four or five) from expected.  646 

47] To obtain an analytic expression for the maximum velocity, I took the partial derivative 647 

of Eq. 2.6 with respect to V, and set it equal to 0 then solved for V. Using my fit values for U and 648 

a, Fig. 2.9 shows the maximum velocities determined using Eq. 2.7 below and the returned 649 

parameters U and T for the SOI pass for masses 16 and 32. These calculated velocities were 650 

compared to Vco. 651 

   (2.7) 652 

  (2.8) 653 

   (2.9) 654 

48] While the velocities for each individual species might be different from corotation, in 655 

the expression used in the 1D fit, one flow velocity is assumed for all ions. Therefore the total 656 

velocity might differ but will have the same trend vs. Vco. As these calculations shown in Fig 2.9, 657 

the velocities follow the same trend as Vco, even if the magnitudes were not precisely the same, 658 

indicating that U and T parameters were reasonable. 659 
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 660 

Figure 2.9—Maximum velocity calculated from Eq. 2.9 from the returned fit parameter U, 661 

and T for both O (m = 16) and O2 (m = 32), which determines the position of the peaks. 662 

Each individual species velocity is close to Vco and follows the same basic trend, indicating 663 

that they are good fits and approximated by the expected values.  664 

49] The analytic expression for maximum counts Cmax given in Eq. 2.10, was determined by 665 

using the maximum V, and putting that back into Eq. 2.6. By considering the amplitude only, I 666 

could neglect the exponential term. The maximum in the counts spectrum, Cmax, was then 667 

proportional to the expression in Eq. 2.10. 668 

  (2.10) 669 
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50] In the limit of a >> U, Vmax is a constant, and Cmax is reduced to the expression in Eq. 670 

2.11. 671 

  (2.11) 672 

 673 

Figure 2.10—Calculated maximum counts are determined using Eq. 2.11 and the fit 674 

parameters n and Tare returned from the analysis of the SOI pass. This compares the 675 

counts for O+ and O2
+, as well as for the sum of the calculated maximum counts, with the 676 

maximum counts from the data. The x’s represent the maximum counts from the actual 677 

data, the green triangles represent the sum of both O+ and O2
+ calculated maximum 678 

counts, the blue diamonds represent the maximum counts from O+, and the red squares 679 

represent the maximum counts from O2
+. 680 
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51] Fig. 2.10 gives Cmax for  the sum of the two ion species computed values using Eq. 2.11 681 

and the returned values of n and T for SOI. It also shows Cmax for each species. These are 682 

compared with the maximum counts from the SOI data. While the magnitude from the 683 

computed value did not exactly match the data, the overall trends of both the computed total 684 

and the total data are similar, indicating that the returned n and T values were reasonable. At 685 

this point I have used an analytic relationship between U and T, and a relationship between n 686 

and T. Finally I needed an analytic expression to test the exponential portion of Eq. 2.2 to the 687 

count spectrum, to do this I used the integral form of Eq. 2.6. 688 

  (2.12) 689 

  (2.13) 690 

52] Because of the complexity of this form, I integrated it on Mathematica and evaluated it 691 

using the returned a and U values. However, Eq. 2.13 is only valid for a >> U which corresponds 692 

with the ions moving very fast. Upon examining the initial graphs I found that the ions move too 693 

slowly inside of about 2.5 Rs to justify the use of Eq. 2.13. Therefore, I obtained an expression 694 

applicable in the limit a << U. In this limit I needed to use more accurate calculations of the 695 

integral for each coordinate which is given in Eq. 2.15. Here I assumed that the plasma was 696 

flowing along coordinate V3.   697 

 (2.14) 698 

  699 
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 (2.15) 700 

53] Again the integral was carried out using Mathematica to obtain a form that can be 701 

simplified in the limit a<< U to Eq. 2.16.  702 

  (2.16) 703 

54] Fig. 2.11 shows how the size of the count rate in these two limits relates and how they 704 

compare with the integrated counts after background has been removed from the data. While 705 

the plots are not an exact match, the trends for much of the region are similar indicating that 706 

again the parameters returned from my fits were not  unreasonable. The areas of greatest 707 

concern, such as around 2.3 Rs to 2.4 Rs or 2.8 Rs, show the difficulty of this fitting algorithm 708 

during periods of high background signal. 709 

  710 
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Figure 2.11—Compares the integrated counts from the data (green triangles) and the 711 

computed integrated counts determined from Eq.s 2.13 & 2.16 and the returned fit 712 

parameters from SOI Eq.s 2.13 and 2.16 (blue diamonds). Eq. 2.16 for a << U dominates up 713 

to 2.56 Rs where Eq. 2.13 for a>>U takes over. While the shape is not an exact match to 714 

the data, the overall match indicates a good correlation with the parameters. 715 

55] Having now carried out a system of checks on the fit parameters, I assumed that the fits 716 

produced by the model from sections 2.4 were reasonable for the selected data. Eq. 2.6 is used 717 

to demonstrate that the U and T parameters were reasonable by comparison with the 718 

maximum velocity, Eq.s 2.13 and 2.16 were used to show the parameters and the exponential 719 

expression by comparing with the integrated counts were reasonable, and finally Eq. 2.11 is 720 

used to show the T and n parameters were reasonable by comparing with the maximum 721 

counts. By combining these checks, I demonstrated strong confidence in the 1D fitting 722 

algorithm I developed. 723 

Section 2.8—Other statistical checks 724 

56] I also made several checks to confirm that the position of the peaks and fit parameters 725 

returned by the program were appropriate. Given that O2
+ is approximately twice the mass of 726 

the W+ ions; the peaks in their respective fit spectra should differ by a factor of 2 as mentioned 727 

earlier. This difference in energy corresponds to a difference of only about 3-4 of the 63 728 

logarithmically spaced bins in the Singles detector. Occasionally an error can occur in the fit 729 

procedure if the initial parameters produced a model that is outside of the peak region. The 730 

program will then find an incorrect solution nearby local minimum, or terminates without 731 

finding a solution. Such fits are visibly different and clearly incorrect. To avoid this, constraints 732 
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were placed on the parameters, e.g. keeping the temperature and density positive, constraining 733 

the temperature to never significantly exceed the pick-up temperature, and kept the bulk 734 

velocities near corotation. When abnormal fits occur, they were re-run through the fitting 735 

program with adjusted inputs that are closer to the expected local minima until the spectral fits 736 

appear reasonable. If a reasonable fit to the count spectra cannot be obtained, the fits are not 737 

included in the final plots. 738 

57] To confirm that the fits are acceptable, the following tests on each fit were run: 739 

a) The O2
+ ion peak must have a higher energy than the W+ peak and that the difference 740 

between the peak maximum must be around 3-4 energy bins. As an energy ratio this 741 

equated to ~1.682 (3 bins) to 1.997 (4 bins). 742 

b) Fixing the temperature to the pick-up temperature and then fixing the velocity at co-743 

rotation, I also required that changes in the density must be relatively small as these are 744 

likely to be freshly produced ions. For instance it is possible to fit the peak with a lower 745 

mass like He+ at twice co-rotation. But this is not consistent with the known 746 

composition of the plasma in this region.  747 

c) To confirm the presence of O2
+, each peak was fit with just W+ and the results and fit 748 

quality were compared with the fits with O2
+ and W+. 749 

58] I also visually examined the fits to see if they were poor or if there were results that 750 

were inconsistent with the data, e.g. getting one peak with temperatures in the thousands of 751 

eV’s. When this occurred, these data were re-run with refined initial parameters until all peaks 752 

returned acceptable fits based upon the above criteria. Preliminary tests were also carried out 753 

by comparing fits obtained using O2
+ at mass 32 and various masses for W+ at 16 through 19. I 754 
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ran these tests to confirm my assumptions that mass 32 and mass 16 would return reasonable 755 

results. In addition to testing mass 32 and several W+ masses. I also tested all of my spectra 756 

with only W+ peaks and with only mass 32 peaks and compared the results. Fig. 2.12 is a 757 

comparison of these fits using W+ (mass 17) only and the resulting least squared difference χ2. It 758 

is seen that the χ2 values generally were better using two peaks with W masses (i.e. 16-19 amu) 759 

and more improved when using a mass 32 and a mass (16-19). While the total densities and 760 

temperatures were all within approximately 20% to 40% of the values calculated, using two 761 

species, the χ2 values were much higher when using a single peak alone. 762 

 763 

Figure 2.12 Several spectral from SOI, 2007, and 2010 with fits using only W+. The 764 

black line is the model fit, the green line is a mass 16 fit, the cyan line is a mass 17 fit 765 
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and the blue line is the data. In comparing the χ2 values from the W+ only fits with 766 

the W+ and O2
+ fits, the χ2 is reduced, indicating a better fit with mass 32 and mass 767 

16. 768 

59] For SOI, the extracted temperature of the larger mass corresponded to the pick-up 769 

temperature for O2
+ and not for that of water group ions. This indicates the use of O2

+ and W+ 770 

was valid and that the program was correctly fitting these peaks to the spectra. For later 771 

spectra, similar comparisons were run with mass 32 vs. mass 16 or 17 and the temperature 772 

ratios were around 2:1 even though both temperatures were somewhat lower than the pick-up 773 

temperature. When running a comparison test using 11 & 12 October 2005 for several good A-774 

cycles in the data, where Cassini is about 3.2 Rs from Saturn, the results showed that the 775 

velocities agreed with published results [Wilson et al., 2008], which were approximately 776 

corotation. The temperatures from these tests were slightly less than, but close to the pick-up 777 

temperatures of O+ ions as expected. As a result of these tests I confirmed that the best fits 778 

came from using O2
+ and O+ ions for this region. 779 
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Section 3: CAPS Ion Data Results 780 

Section 3.1—CAPS Data Used in Study 781 

60] Since Cassini first entered into orbit in 2004, there have been few passes with a periapsis 782 

closer to Saturn than 3.5 Rs. As discussed in section 2, the high background inside of 5.5 Rs 783 

causes significant interference with the incoming signal, and if the instrument is not pointing 784 

directly into the plasma flow, there is often an insufficient signal to noise ratio for analysis. This 785 

reduces the number of useable orbits from 2004 to 2012 to eight with a periapsis inside of 3.5 Rs 786 

and good pointing into the plasma flow. The orbits for all the data used for this study are shown 787 

in Fig.1.2. In addition, Table 1.1 gives the solar zenith angle of the rings, the solar activity level, 788 

approximate ring temperature and the time segments of each orbit used in this study. Solar 789 

zenith angle is used to determine the changing seasonal tilt and effect on the ring atmosphere 790 

and surface temperature of the main rings. It is possible the solar activity level could have an 791 

impact on the production of O2
+ and O+ ions in the region of interest because varying solar UV 792 

photons flux can impact decomposition and ionization rates. 793 

Section 3.2—1D Ion Results: Ion Densities  794 

61] Due to the uniqueness of the SOI orbit, this data set is important to examine. The SOI 795 

orbit had a very close periapsis, but the instrument settings differed from those in the 796 

subsequent sets used for this study. The MCP voltages were lower, CAPS wasn’t actuating, and 797 

this was the only pass to go directly over the main rings and between the F and G rings. Because 798 

the thrusters were fired to slow the spacecraft for orbit insertion, CAPS was turned off until after 799 

the thrusters were off so that it would not be damaged by the fuel. When turned back on, the 800 
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voltage on the MCP voltage was at half during the collection of the data both over the main rings 801 

and through the passage of the F and G rings. This voltage was subsequently increased to the 802 

standard running voltage. The result was that the detection efficiency for this pass was reduced 803 

to ~56% of the normal. The instrument was also not actuating throughout SOI resulting in anode 804 

three pointing closest to the plasma flow when Cassini flew over the rings. After a roll maneuver, 805 

which caused a small break in the data just off the A-ring, anode 7 was then pointing closest to 806 

the plasma flow as the spacecraft crossed the ring plane. 807 

62] Tokar et al. [2005] originally analyzed the SOI data from over the main rings detecting 808 

both O+ and O2
+ ions. From this data Johnson et al. [2006a] determined the existence of an O2 809 

dominated ring atmosphere with follow-up work done on modeling this atmosphere by Luhman 810 

et al. [2006], Bouhram et al. [2006] and, most recently, Tseng et al. [2010; 2012]. Due to the 811 

changing illumination on the rings, a seasonal effect on the spatial distribution of this 812 

atmosphere beyond the main rings into the region between the F and G rings was predicted in 813 

Tseng et al. [2010]. Since the analysis in Tokar et al. [2005], the efficiency of the detector has 814 

been revised to be an ion and energy dependent version. This revision came about through 815 

internal CAPS discussions and meetings [Reisenfeld, private communication]. Therefore, I re-816 

analyzed the data using the revised efficiencies for each species. I then compared my results 817 

with those from the Tokar et al. [2005] study (Fig. 3.1). 818 
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 819 

Figure 3.1-- Comparison of SOI data from over the main rings as analyzed here with 820 

published data analyzed by Tokar et al. [2005]. Elrod et al. [2012] is higher by about a 821 

factor of 2, accounted for in the revised efficiencies. 822 

63] Over the rings, Fig. 3.1 shows that there are similar trends between the two different 823 

analyses of this data. When compared with the Tokar et al. [2005] results, the change in 824 

efficiency had the effect of increasing the densities by about a factor of two. This accounts for 825 

most of the differences seen in Fig. 3.1; slight differences in the fitting techniques account for 826 

the fluctuations between the results. In addition, the dip in the O2
+ data near 2 Rs is now closer 827 

to the Cassini Division located between 1.94 and 2.02 Rs where the O2 source is known to be 828 

smaller. Therefore, my new results in Fig 3.1 should be used in future analysis of the ring 829 
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atmosphere. As discussed in section 4, these data were also used to normalize our modeling of 830 

the extended ring atmosphere.  831 

64] Cassini’s pass over the main rings occurred at a relatively high altitude, as seen in the 832 

orbits in Fig.1.2, so that the density of O+ at spacecraft position was on average higher than that 833 

of O2
+, which has a smaller scale height (see section 4.2) [Johnson et al., 2006a; Hill et al.,1976]. 834 

Outside the main rings, as Cassini approached and crossed the magnetic equator, the measured 835 

O2
+ density dominated during SOI. Although Tokar et al. [2005] showed that O2

+ might be 836 

present outside the main rings, no analysis was conducted at that time. 837 

65] The total ion density beyond the main rings is presented in Fig. 3.2a for each of the sets 838 

examined in this study along with the published ion densities from the Voyager 2 data 839 

[Richardson, 1986; Elrod et al., 2012]. Since the densities are sensitive to the spacecraft height 840 

above the magnetic equator, Fig. 3.2b shows the total densities within 0.05 Rs of the magnetic 841 

equator to better compare the data from different passes and to reduce the effect of the 842 

position of the spacecraft. 843 
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(a) 844 

(b) 845 
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Figure 3.2—(a) Total ion density for the data in the region of study throughout the 846 

entire trajectory. (b) Total ion densities within ±0.05 Rs of the magnetic equator. SOI 847 

is in blue diamonds, 2005 is in red squares, 2007 is in green triangles, 2010 is in 848 

purple dots, 2012 in orange diamonds, and Voyager 2 in teal X’s. Data are averaged 849 

over 0.025 Rs steps and the error bars are generated using one standard deviation 850 

over these steps. 851 

66] Surprisingly, I found that the total densities from the 2004 pass are approximately two 852 

orders of magnitude above the passes from 2005 and 2007 with the 2010 passes exhibiting the 853 

lowest total densities. The Voyager 2 data (1982) near ring plane crossing are also seen to be 854 

intermediate to the SOI and the 2005-2012 data: about an order of magnitude higher than 2007-855 

2012 and an order of magnitude lower than SOI. Although the 2005 data are between the 856 

Voyager 2 data and the 2007 data, with so few points it is hard to draw conclusions about the 857 

time between 2004 and 2007. Although the 2012 densities, on average, are larger than the 2010 858 

densities, they were mostly taken at larger radial distances from the main rings. Where they do 859 

overlap, there is a suggestion of an increase in the ion densities. These trends will be discussed 860 

shortly in terms of the two likely sources of oxygen, the ring atmosphere and the water products 861 

from the Enceladus torus. Unfortunately, due to a technical issue with the CAPS instrument, 862 

from June 2012 to the time of publication, the instrument is not functioning and currently has no 863 

known timeline for restart.  864 

67] Fig. 3.3a shows the individual densities from all the passes within 0.05 Rs of the magnetic 865 

equator. At SOI in 2004, O2
+ dominates over the W+ ion densities. In the later data from 2005-866 

2010, the O2
+ densities are either about the same or less than the W+ densities. By 2012 the W+ 867 
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data dominates over the O2
+. The Voyager 2 data were fit assuming only O+ (mass 16) for ions 868 

inside of 14 Rs [Richardson 1986] and thus it is not included in the ratio Fig. 3.3b. Not only were 869 

the detected densities higher by two orders of magnitude at SOI but the O2
+/W+ ratio shown in 870 

Fig. 3.4b indicates that there was much more O2
+ at SOI and that this drops off for all the other 871 

passes. There is an increase in the O2
+/W+ ratio in 2012 from 2010 indicating that the ring 872 

atmosphere is recovering. However, the density trend increasing toward Enceladus past about 873 

3.6 Rs indicates that most of the 2012 data are likely water products from the Enceladus torus, 874 

which I will discuss in further detail. 875 

(a) 876 
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(b) 877 

Figure 3.3—(a) W+ and O2
+ ion densities for data in the region between ± 3100 km of 878 

the magnetic equator. Open shapes are W+ and closed shapes are O2
+.  SOI is in blue 879 

diamonds, 2005 is in red squares, 2007 is in green triangles, 2010 is in purple dots, 880 

2012 is in orange diamonds, and Voyager 2 in teal X’s. (b) Ratio of O2
+/W+ for the ion 881 

densities in the region.  SOI has a significantly higher abundance of O2
+ over the later 882 

passes. The 2007 and 2010 have a particularly low ratio indicating a significant drop 883 

in the O2
+ from the ring atmosphere at equinox. Data are averaged over 0.025 Rs 884 

(1500 km) steps and the error bars are generated using one standard deviation over 885 

these steps. Note the Voyager 2 data were only fit assuming a W+ (mass 16) and thus 886 

not included in (b). 887 
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Section 3.3—RPWS Electron Densities 888 

68] To confirm the trend seen in the total ion densities, I compared the ion densities to the 889 

electron densities obtained using Radio Plasma Wave Science (RPWS) data [Persoon et al., 2006 890 

& private communication]. Since the ions are singly ionized in this region, charge neutrality 891 

implies that the total electron and total ion densities should be approximately equal. If there are 892 

significant H+ and H2
+ densities in the region, which are not accounted for in this study, the 893 

electron densities would be larger than the total ion densities. In addition, electrons can be 894 

absorbed by the ice and dust produced primarily in the E, F, and G rings, resulting in charged 895 

grains thereby affecting the comparison. This may explain why there is such a significant 896 

discrepancy between the SOI electrons and ions. Finally, due to the high background radiation 897 

within the instrument, it is also difficult to obtain accurate RPWS electron densities in this 898 

region; thus there is very little overlap with RPWS data in the region of principal interest with 899 

the data available.  900 
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 901 

Figure 3.4—Electron density from RPWS compared to my total ion densities. SOI total 902 

ion densities are shown in solid blue diamonds, RPWS are in open blue diamonds. 903 

2007 total ion densities are shown in green triangles, with the corresponding RPWS 904 

densities shown in open green triangles. 2005, 2010, and 2012 were not available for 905 

this study due to difficulty in obtaining data in this region. [Persoon, private 906 

communication] 907 

69] Fig. 3.4 shows the electron densities determined by RPWS from the SOI and the 2007 908 

orbits. The 2007 RPWS data does not extend in as far as the CAPS data; however the trends 909 

between the two are comparable. The differences seen in Fig. 3.4 between the ion and electron 910 

densities at SOI could be due to the presence of a significant density of ice grains from the F and 911 
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G rings, which can absorb electrons. Between the ice grains and the high radiation background, 912 

which affects the analysis from both instruments in the region, it is possible that the electron 913 

densities could be higher. Allowing for these uncertainties, Fig.3.4 demonstrates rough 914 

agreement between the trends in the ion and the electron densities. That is, the electron 915 

densities exhibit a similar drop between SOI and 2007 after which they exhibit and trend of 916 

increasing toward Enceladus. 917 

Section 3.4—Ion Temperatures 918 

70] The ‘pick-up’ temperature, as described in section 2.4, Eq. 2.3, is the kinetic energy of 919 

gyro-motion around the field lines for freshly created ions. Fig. 3.5 is a plot of my extracted 920 

values of kTi/mi compared with the pick-up temperature divided by the mass: e.g., ½ (Vco-Vorb)2. 921 

The ion temperatures were plotted in 0.025 Rs (1500 km) increments using only the results 922 

within ± 3100 km of the magnetic equator to reduce the effect due to the position of the 923 

spacecraft in Saturn’s magnetic field. If the ions all have short lifetimes and are dominated by 924 

pick-up, then kTi/mi should be approximately equal for each pass. However, it was seen that 925 

although the variation with increasing distance follows that of the pick-up temperature, the 926 

extracted temperatures were always lower, except for SOI. 927 
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 928 

Figure 3.5—Ion temperatures/ion mass [kTi/mi] for all data sets within z = ± 3100 km 929 

of the magnetic equator compared to ½ (Vco – Vorb)2 (the solid line). Open shapes are 930 

W+ and closed shapes are O2
+. SOI is in blue diamonds, 2005 is in red squares, 2007 is 931 

in green triangles, 2010 is in purple dots, 2012 is in orange diamonds, and Voyager 2 932 

in teal X’s. Data are averaged over 0.025 Rs (1500 km) steps and the error bars are 933 

generated using one standard deviation over these steps. 934 

71] The temperatures shown in Fig. 3.5 were higher at SOI in 2004 than they are for 2007 to 935 

2010, and it can be seen that the 2012 temperatures were starting to rise back to the ‘pick-up’ 936 

temperature as the spacecraft gets closer to Enceladus’ orbit. In this plot, the SOI and 2005 937 

values for kTi/mi, particularly for O2
+, were much closer to the pick-up temperatures. As will be 938 
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discussed in section 4, this was consistent with freshly ionized Oz from the ring atmosphere 939 

particularly at SOI. The temperature difference between the W+ and O2
+ ions, however, was 940 

large at SOI. In the later passes the W+ temperatures and O2
+ temperatures were closer to being 941 

equal, but the overall values are much lower than the local pick-up temperatures. Since the 942 

analysis is 1D, the extracted temperatures were closer to a perpendicular temperature (gyro-943 

motion temperature) where Ttot ~ 2/3 TL. The temperature was affected by the uncertainties of 944 

the extracted flow speeds discussed below. However, the trends pointed out here are consistent 945 

with the energy spectra being narrower in Fig. 2.7 in 2007 and 2010 than in SOI, and 2012. The 946 

effects on the temperatures and possible causes for this will be discussed further in Section 4.  947 

Section 3.5—Plasma Flow Velocity 948 

72] The parameter U in Eq. 2.2 depended on the plasma flow velocity and the spacecraft 949 

velocity. Fig. 3.6 depicts U extracted from the fitting procedure with a correction for the Vφ 950 

(corotational plasma flow direction) component of the spacecraft velocity, all converted into 951 

spherical coordinates. As these results were obtained from one-dimensional fits, the correction 952 

to the flow velocity does not include the Vr or Vθ component (as described in section 2.5) of the 953 

spacecraft velocity. The results were compared to a line depicting the corotation velocity, Vco 954 

(red), and a line for the Keplerian orbital velocity of the neutrals, Vorb (green). Although the data 955 

showed no clear trend, the size of the extracted speeds were roughly consistent with the size of 956 

the expected plasma flow (Vco) and much larger than the neutral orbital speeds as they should 957 

have been.958 
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 959 

Figure 3.6-- Flow speed of the ions corrected for the Vφ component of the space craft 960 

velocity. Vco is the solid red line and Vorb is the solid green line. SOI is in blue 961 

diamonds, 2005 is in red squares, 2007 is in green triangles, 2010 is in purple dots, 962 

and 2012 is in orange diamonds. The speeds are close to corotation as expected. 963 

These are for the data within 0.05 Rs of the magnetic equator. Data are averaged 964 

over 0.05 Rs and the error bars are generated using one standard deviation over 965 

these steps. 966 

Section 3.6—3D Fits: Anomalies and Errors 967 

73] In section 2.5 I described how the 3D fits were calculated and the nine parameters used 968 

in determining the plasma parameters. With an increase in the number of parameters from five 969 
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to nine when transitioning from the 1D fits to the 3D fits, the difficulty of obtaining a unique 970 

solution became significantly more uncertain. The fits obtained in Fig. 3.7 were all created using 971 

different initial conditions, and slightly different constraints. For simplicity these initial 972 

conditions and constraints are listed in table 3.1 and the results of the fits are listed in table 3.2. 973 

 974 
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 975 

Figure 3.7—3D fits for anodes 5 through 8 of the SOI pass at 2.55 and 2.58 Rs. During 976 

this pass as the instrument was not actuating, anodes 1 through 4 were mostly 977 

background noise and therefore were not used. The cyan line is the data, black is the 978 

summed model fit, red is the O2
+ ion fit and green is the O+

 ion fit, the returned fit 979 

parameters are printed above each, as well as in table 3.2. All four of these represent 980 

different initial parameters and different constraints on the fit parameters in an 981 

effort to obtain consistent and reasonable results as indicated in table 3.1 & 3.2. 982 

 983 

 984 
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Table 3.1—Initial conditions and Limits for 3D fits 

Test 
Acycl
e 

nO2 nO TLO2 T||O2 TLO T||O Ur Uφ Uθ Anode
s 

A:init 300 100 17.4 15.6 8.21 0.75 0.0 0.0 Vco All 8 

Min 0 0 0.02* 
Tpick 

0.2* TL 0.02* 
Tpick 

0.2* TL -Vco -Vco 0.56* 
Vco 

Fixed 

Max 1E5 1E5 5* Tpick 0.2* TL 5* 
Tpick 

0.2* TL Vco Vco 1.4* 
Vco 

BKGD 

B:init 558.9 194.3 0.75* 
Tpick 

0.2* TL 0.75* 
Tpick 

0.2* TL 0.0 0.0 Vco ALL 

Min 0.95*n

o 
0.95*
no 

0.002* 
Tpick 

0.1* TL 0.002
* 
Tpick 

0.2* TL -Vco -Vco 0.2* 
Vco 

Bkgd 

Max 1.05*n

o 
1.05*
no 

100.9* 
Tpick 

0.8* TL 100.9
* 
Tpick 

0.2* TL Vco Vco 2.0* 
Vco 

Sub 

C:init 558.9 176.7 0.65* 
Tpick 

0.2* TL 0.65* 
Tpick 

0.2* TL 0.0 0.0 Vco 6 TO 8 

Min 0.95*n

o 
0.95*
no 

0.002* 
Tpick 

0.2* TL 0.002
* 
Tpick 

0.2* TL -Vco -1.5 0.1* 
Vco 

Bkgd 

Max 1.05*n

o 
1.05*
no 

100.9* 
Tpick 

0.8* TL 100.9
* 
Tpick 

0.2* TL Vco 1.5 2.5* 
Vco 

Sub 

D:init 300 100 0.5* 
Tpick 

0.5* 
Tpick 

0.5* 
Tpick 

0.5* 
Tpick 

0.0 0.0 Vco 6 to 8 

Min 0 0 0.01* 
Tpick 

0.01* 
Tpick 

0.01 * 
Tpick 

0.01 * 
Tpick 

-Vco -
0.325 

0.55* 
Vco 

Bkgd 

Max 1E5 1E5 2* Tpick 2* Tpick 2* 
Tpick 

2* 
Tpick 

Vco 0.325 1.55* 
Vco 

Sub 

Table 3.1—Initial conditions and limits for 4 examples of 3D fits. Vco refers to the 985 

corotation velocity, Tpick refers to the pick-up temperature calculated for each species, 986 

and no refers to an initial input density determined by the 1D fits (section 3.2). As SOI had 987 

only strong signal for anodes 6 through 8 to reduce noise, I often chose to limit the fitting 988 

procedure by selecting only those anodes or by running it with all 8 anodes. The very 989 



59 
 

 

large values allowed for an effective ‘unbound’ case, as I expected the fitting program to 990 

converge to a solution well within these values. 991 

Table 3.2—Results from SOI 3D fits 

Acycl
e # 

nO2 nO TLO2 T||O2 TLO T||O Ur Uφ Uθ BKGD 
(an 7) 

Χ2 

A: 
503 

150 127 18 3.61 8.72 1.33 -2.56 4.08 27.8 3020 12889.6 

B 507 589 194 15.8 8.92 4.39 3.43 0.99 9.17 26.2 3630 13510.9 

C:503 559 177 12 13.8 3.16 5.47 2.21 11 25.8 2930 21823.3 

D:500 45 16.
4 

21.1 2.11 13.4 0.35
4 

2.75 0.2 21.8 2790 26877.4 

Table 3.2—Results from 3D fits. The four different fits have different initial conditions 992 

and occasionally different constraints on the fit parameters as outlined in table3.2. 993 

The large disparity in the results indicated a lack of confidence in the consistency in 994 

the returned plasma parameters.  χ2 was determined using the sum of all anodes (in 995 

use) subject to: Σ(data – model)2/(data). 996 

74] Because these fits were all very similar in quality, but yielded very different results, 997 

drawing a conclusion based on any of these results was very difficult. When running a similar 998 

test with the 1D results, i.e. different initial conditions and constraints, my final results were all 999 

similar, building confidence in the model. However, the inability of the 3D model to return 1000 

similar results from multiple iterations caused me concern about the ability of the model and the 1001 

ability of this data set to converge to a correct solution.  1002 

75] The fact that during SOI the instrument was not actuating also led to difficulty when 1003 

fitting this particular data set because the noise effectively limited the number of anodes 1004 

collecting data to three instead of the normal eight. To get an accurate picture of the 1005 
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perpendicular and parallel temperatures it was best to have data from anodes nearly 1006 

perpendicular to the plasma flow direction. The parallel temperatures are determined from 1007 

anodes pointing along the field lines, which is off the plasma flow directions. The perpendicular 1008 

temperatures are determined by anodes pointing perpendicular to the field lines which includes 1009 

into the plasma flow direction. If the plasma flow is isotropic the perpendicular and parallel 1010 

temperatures will be equal. If, however, it is anisotropic, like most of the plasma in Saturn’s 1011 

magnetosphere T||/TL can be much less than one. In many regions of the magnetosphere it has 1012 

been shown that the plasma temperatures tend toward a ratio of 1:5 for T||:TL  [Johnson et al., 1013 

2006a]. Due to the lack of actuation for this pass, the only anodes available for determining T|| 1014 

were within ~ 20° of the plasma flow. Therefore, the other anodes obtain only a glimpse, but not 1015 

a very accurate measure of flow along the field lines. As for the later passes, despite the fact that 1016 

they were actuating throughout the passes, 2007 and 2010, the data are noisy enough that the 1017 

off anodes again have very poor signal to noise ratio so that they too become nearly impossible 1018 

to fit. The conclusion was that in order to obtain good 3D fits of the Singles CAPS data, it was 1019 

necessary to have multiple anodes with sufficient signal to noise ratio. With the significant 1020 

background, and the difficulty in getting sufficient signal to noise ratio in multiple anodes, it is 1021 

unlikely that the 3D fits would be effective in this region. Therefore, for this thesis I will only use 1022 

the analysis I performed on the 1D fits. 1023 



61 
 

 

Section 4: Discussion of Neutral Models and Comparison with Ion Data 1024 

Section 4.1—Formation of Oxygen from Main Rings to Enceladus 1025 

76] The main rings of Saturn, as well as the F, G, and several other smaller rings, which are 1026 

present in the region from 2.2 to 3.8 Rs, are predominantly composed of water ice particles. 1027 

When UV light from the sun or energetic ions and electrons interact with the ice in this region, 1028 

they can cause photo-decomposition producing neutral H2 and O2 (e.g. Cassidy et al., 2010). 1029 

Over the main rings especially, where the energetic plasma densities are low, the production of 1030 

O2 and H2 is primarily due to the solar UV [Johnson et al., 2006a]. Due to its lighter mass, the H2 1031 

tends to spread out where it can be swept up by the planet or be scattered outward through 1032 

the magnetosphere via collisions. The O2, however, is much heavier and, therefore, is less 1033 

readily dispersed. Over the main rings this results in the form of a fairly stable, thin 1034 

atmosphere: the so called ‘ring atmosphere’ discovered during SOI by the CAPS instrument 1035 

[Tokar et al., 2005]. According to Tseng et al. [2010] the O2 atmosphere remains bound to the 1036 

rings within about 0.08 Rs (4800 km) of the ring plane. But due to the northern offset (by 1400 1037 

km) of Saturn’s magnetic field, there is a slight asymmetry to the ions produced from the ring 1038 

atmosphere. The neutral O2 formed from the ring particles is lost primarily by photo-ionization 1039 

and dissociation. However, it can also be dispersed beyond the rings where it interacts with the 1040 

ice particles and is eventually ionized through photo-ionization, electron impact ionization, and 1041 

ion-neutral collisions. 1042 

77] In addition to the O2 produced through photo-decomposition of icy ring particles, the 1043 

moon Enceladus has active geysers that emit a significant amount of water that permeates this 1044 
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region. As the water molecules are dispersed, they can be dissociated so that water molecules 1045 

and radicals are deposited on the A, F, and G-ring particles and other ice grains throughout the 1046 

region [Cassidy and Johnson, 2010]. Since dissociated species are precursors to the formation of 1047 

O2 in ice (e.g. Johnson et al. 2010), and this appears to occur preferentially in the near surface 1048 

region [Teolis et al., 2009] we assume that radicals deposited on the outer edges of the A-ring 1049 

can react with the ice grains to enhance the production of O2. Similarly, we have assumed that 1050 

the dissociated O from O2 over the rings can react with the ice grains and be recycled on ice 1051 

particles back into O2 [Tseng and Ip, 2011].  It is through a combination of the recycling on the 1052 

ice grains and the photo-decomposition of these grains that it was possible to explain the CAPS 1053 

measurements of O2
+ and O+ over the main rings. The atmosphere so produced then leads to a 1054 

rather significant source of neutral O2 scattered into the region of interest. However, as it is 1055 

primarily produced by UV photons, this source is seasonal [Tseng et al. 2012].That is, it depends 1056 

on the solar zenith angle as seen from the ring plane which changes throughout Saturn’s orbit. 1057 

78] Unfortunately, due to the extremely low density of the neutrals in the region, they are 1058 

nearly undetectable by our current Cassini in-situ instruments. Therefore, to verify the neutral 1059 

models of the ring atmosphere and the Enceladus neutral torus, examination of the ion 1060 

densities and ion formation in the region of interest is necessary. Ions are formed through three 1061 

main processes: photo-ionization, ion-neutral charge exchange, and electron impact ionization. 1062 

Due to the low density of the electrons in this region, and due to the relative velocities between 1063 

ions and neutrals, photo-ionization dominates [Thomsen et al, 2010]. According to Huber et al. 1064 

[1992], 80% of photo-ionizations of O2 produce O2
+ and an electron: Eq. 4.1. Thus, the ions 1065 

created from this source will be predominately O2
+ with about 20% being O+. 1066 
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    1067 

  (4.1) 1068 

79] In the region I am studying, the ring atmosphere is not the only source of ions. The 1069 

water group neutrals from the Enceladus torus are ionized producing a strong source of W+ 1070 

ions. Therefore, in this thesis I consider models that examine how the plume spreads outside of 1071 

the Enceladus orbit [Cassidy and Johnson, 2010; Smith et al., 2010]. I use the results from my 1072 

analysis of CAPS data to compare to the neutral densities produced by the Enceladus models as 1073 

well as the ring atmosphere models on which I collaborated [Tseng et al., 2010; 2012]. In this 1074 

way I can determine where the seasonally variable ring atmosphere is dominant over the water 1075 

products from the Enceladus torus. 1076 

Section 4.2—Description of Neutral Cloud Model: Enceladus Models 1077 

80] Initial modeling of the Enceladus neutral cloud [Johnson et al., 2006b; Smith et al., 2010] 1078 

considered ion-neutral scattering, charge exchange, and molecular dissociation to be the 1079 

necessary elements to spread the neutrals in this cloud from their initial orbits into a larger and 1080 

extended torus. However, because of the long lifetimes for the neutrals, Farmer [2009] and 1081 

Cassidy and Johnson [2010] showed that neutral-neutral collisions were also essential for 1082 

creating a complete model of the neutral torus created by Enceladus. Therefore Cassidy and 1083 

Johnson [2010] created a model using a direct simulation Monte-Carlo (DSMC) model that 1084 

incorporated all four processes: of ion-neutral scattering, charge exchange, molecular 1085 

dissociations, and neutral-neutral interactions. This revised model showed that the Enceladus 1086 

neutrals were spread farther than in previous models, and was in better agreement with the 1087 
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observed UVIS observations of O and electron data [Melin et al., 2009; Rymer et al., 2007; 1088 

Persoon et al., 2006].  1089 

81] In addition, Smith et al. [2010] used the CAPS data to show that the Enceladus plumes 1090 

may have a variable source rate. Through the use of three CAPS data encounters of Enceladus, 1091 

labeled, E2, E3 and E5, Smith et al. [2010] showed that the plume source rate appeared to vary 1092 

by approximately a factor of four over a seven month observational period in 2008. These 1093 

findings indicated that previous estimates of the size of the plume sources, specifically from E2 1094 

were slightly over estimated. This possible variability has also been taken into account, as a 1095 

lower bound, in my analysis. 1096 

Section 4.3—Description of Neutral Cloud Model: Ring Atmosphere  1097 

82] In the process of modeling the ring atmosphere I worked with colleague W. Tseng 1098 

[Tseng et al., 2010; 2012] to help produce a model that took into account the changing solar 1099 

zenith angle of the rings, the recycling of the water products from Enceladus on the A-ring, ion-1100 

molecule charge exchange reactions, changes in the solar activity, the changes in temperature 1101 

on the rings, and plasma chemistry in the region. Our initial model [Tseng et al., 2010] 1102 

examined the effects of the changing solar zenith angle and ion molecule exchange, in order to 1103 

determine an initial estimate of spread of the ring atmosphere. The magnetic equator is offset 1104 

from the ring plane by 0.04 Rs (2400 km) northward, which impacts the spatial distribution of 1105 

ion production from the gravitationally bound neutral cloud and was taken into account in our 1106 

efforts. This indicates that during SOI when the sun was illuminating the southern side of the 1107 

ring plane, there would be a higher dispersion rate of ions throughout the region, than when 1108 

the sun illuminated the northern side of the rings and the ions seemed to be more confined to 1109 
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the magnetic equator. Fig 4.1 from Tseng et al. [2010] shows how these distributions varied as 1110 

the solar zenith angle changed from the south at SOI to the north. 1111 

 1112 

Figure 4.1—Tseng et al. [2010] model of ring atmosphere variations due to solar 1113 

zenith angle. From top to bottom, the O2
+ ion density for the solar zenith angle 1114 

changing from 24° south (top left), 24° north (top right), 14° north (bottom left), and 1115 

4° north (bottom right). The color is number density (cm-3) in a log scale. 1116 

83]  Tseng and Ip [2011] considered the effect of water products from Enceladus deposited 1117 

onto the icy ring particles which could increase the production of O2 in the region of interest. 1118 
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Combining this effect with the recycling of O on the ring particles described in Johnson et al. 1119 

(2006a), the source rate over the main rings was increased by about a factor of 5 to 10 from 1120 

previous estimates and became more consistent with my analysis of the CAPS densities in Fig 1121 

3.1.  In order to explain the large variation observed in the CAPS ion densities between 2004 1122 

and 2010 we also took into account the observed temperature changes of the ring particles. 1123 

CIRS data [Flandes et al., 2010] showed that the surface temperature of the rings dropped from 1124 

100K to 60K from 2004 to 2009. While the ions stick and are re-neutralized when they collide 1125 

with the ice grains, the neutrals are usually re-emitted into the atmosphere at the temperature 1126 

of the ice grains. However at lower temperatures, O2 has longer residence time on the grains 1127 

and, more importantly, laboratory studies have shown that the radiation induced 1128 

decomposition of ice is strongly dependent on its temperature [e.g. Johnson 2010]. Our revised 1129 

ring atmosphere model took into account the effects of the changing ring particle temperature, 1130 

the observed changes in solar activity level, and a simple one-box plasma chemistry model 1131 

described below. 1132 

84] We developed a one-box ion chemistry model to simulate the plasma environment 1133 

between 2.5 and 3.5 Rs near the equator. The model is described by the following parameters: 1134 

the neutral densities, the diffusion loss timescale, and the density and temperature of hot 1135 

electrons. The ionization, recombination, and charge exchange for the major neutral torus 1136 

species (W, H, H2, and O2) are also accounted for in the model. The output was the steady state 1137 

plasma composition (W+, H+, H2
+, and O2

+).  These are obtained from chemical rate equations 1138 

for plasma density. A set of equations like that in Eq. 4.2, is solved for a set of initial test 1139 

parameters, where ni is the ion density, Si is the source rate, and Li is the loss rate for a type of 1140 
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ion, i. To determine SI and Li we took into account the surface temperature of the rings, the 1141 

solar activity level at both SOI and at equinox (2010) and the solar zenith angle with the ring 1142 

plane. Table 1 from Tseng et al. [2012] describes the various sources rates determined by taking 1143 

these factors into consideration. In addition the appendix 1 from Tseng et al. [2012] details how 1144 

the loss rates were determined as well as the appropriate chemical rate equations as the 1145 

applied to the generic equation, Eq. 4.2. 1146 

,  4.2 1147 

85]  The ion sources are photo-ionization, electron-impact ionizations (both thermal and hot 1148 

electrons), and charge exchange reactions with the neutrals. Loss occurs by charge exchange, 1149 

radial diffusion, and recombination. The time-dependant equations for the ions were solved 1150 

iteratively using the fourth order Runge-Kutta method until steady-state is reached.  1151 

86] As stated earlier, primary ion source in this region is photo-ionization, while the hot 1152 

electron impact ionization can only account for ~30%. Inside of ~4 Rs, the radial diffusion is ~ 1-1153 

2 months [Rymer et al., 2009] so it is not a major loss process for plasma. However, due to the 1154 

low electron temperatures [Lewis, private communication], recombination which is on the 1155 

order ~ 6 to 15 months (see table A4 from Tseng et al. [2012]) is a major loss process in 1156 

agreement with Sittler et al. [2008].  1157 

87] As a result, we were able to create a comprehensive model of the ring atmosphere in 1158 

the region between the main rings and Enceladus. Unlike the Cassidy and Johnson [2010] model 1159 

for the Enceladus torus, the ring atmosphere model did not include neutral-neutral collisions, 1160 

and it remains to be seen if this is a significant factor in the determining of the distribution of 1161 
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the O2 neutrals. Future work would include this effect. Fig. 4.2 shows a comparison of the 1162 

neutral column densities from the Tseng et al. [2012] ring atmosphere model. The highest level 1163 

is at solstice and the lowest level is at equinox. Also shown is the Cassidy and Johnson [2010] 1164 

Enceladus torus, included in this figure as a dashed line which is a lower bound  allowing for the 1165 

factor of four variation expected by the Smith et al. [2010] model.  1166 

 1167 

Figure 4.2—Neutral columns densities from the models for the Enceladus torus and 1168 

the ring atmosphere. The higher ring atmosphere column densities are at solstice 1169 

and the lower are at equinox [Tseng et al., 2010; 2012]. The solid black line is the 1170 

column density for the Enceladus torus from Cassidy and Johnson [2010] and, the 1171 

dashed line indicates a lower bound on the Enceladus torus due to a factor of four 1172 

variation in the plume source [Smith et al., 2010]. 1173 
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Section 4.4—Ion Column Density and Comparison with Models 1174 

88] Because the ion data are often taken from various locations above and below the ring 1175 

plane, and the ion density drops off farther away from the magnetic equator, it is necessary to 1176 

calculate the ion column densities using the scale height for each ion species, Hi, in Eq. 4.3. 1177 

Assuming the loss rates for each ion species are comparable and vary only slowly with R, I will 1178 

compare the ion column density, to the neutral column densities in order to help determine 1179 

how these sources produce plasma in the region of interest. Using the scale height and Eq. 4.4, 1180 

it is then possible to calculate the column density, Ni for each species using the vertical distance 1181 

from the magnetic equator, z, at which I analyzed the data, ion density, n, at that position, and 1182 

the ion temperature Ti, and the rotational velocity of Saturn, Ω [Johnson et al., 2005a; Hill et al., 1183 

1976]. Given that this region is so close to the planet, this column density was determined by 1184 

assuming the magnetic field is an approximate dipole and that most ions are formed near the 1185 

ring plane. 1186 

  (4.3) 1187 

 (4.4) 1188 

89]  In Fig. 4.3 I display the column densities for the individual ion species using my results 1189 

for SOI to 2012 and Voyager 2. The solid shapes are O2
+ and the open shapes are O+. The SOI 1190 

column density is dominated by the O2
+ whereas the later data have a ratio of O2

+/W+ that is 1191 

closer to one.  1192 
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 1193 

Figure 4.3—Ion column densities for each species. Open shapes indicate O+ closed 1194 

shapes indicate O2
+. Blue diamonds are SOI, green triangles are 2007, red squares 1195 

are 2005, purple dots are 2010, orange diamonds are 2012 and teal crosses are 1196 

Voyager 2.  1197 

90] Although the calculated modeled neutral O2 column densities from the ring atmosphere 1198 

are smaller than the modeled O or OH neutral column densities from Enceladus 1199 

throughout much of the region as seen in Fig 4.4a, there is a point inside 3.6 Rs where 1200 

the seasonal effect seems more pronounced than the Enceladus torus. I note that the 1201 

ion column densities have a two orders of magnitude drop from SOI to 2007 and lower 1202 

again to 2010. This much larger drop from solstice at SOI to equinox near 2007 and 2010 1203 

is much more consistent with the ring atmosphere model between 2.4 Rs and 3.6 Rs 1204 
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than with the Enceladus models. The 2010 data seems to be the lowest point, as the 1205 

2012 data seems to be rising again from the 2010 data. However, since most of the 2012 1206 

data was taken close to Enceladus, the radial increase in the column density could be 1207 

from the neutral torus. Fig. 4.4b compares the equatorial densities of both the neutrals 1208 

and the ions. We find that the neutral O2 is higher than O near the equator due to scale 1209 

height, which is consistent with the analysis here, i.e. that model O2
+ ion density is the 1210 

dominant ion at SOI. The model O2
+ ion density [Tseng et al., 2010] is about a few 1211 

hundred cm-3 at SOI in rough agreement with CAPS data in Fig 3.4a. 1212 

91] Fig. 4.4a compares the neutral column densities with the ion column densities. The SOI, 1213 

data have a closer agreement with the ring atmosphere model than with the Enceladus model, 1214 

and the drop between SOI and 2007, and 2010 agrees with the seasonal effects modeled by 1215 

Tseng et al. [2010, 2012]. However, the trends that all the data show of increasing toward 1216 

Enceladus support the strong influence from the water source from Enceladus. By 2012 at 1217 

around 3.7 Rs the data are much closer to the Enceladus models [Cassidy and Johnson, 2010; 1218 

Smith et al., 2010; Tseng et al., 2010; 2012].  1219 



72 
 

 

(a) 1220 
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Figure 4.4—(a) Total ion column densities summed for each pass, Voyager 2 was 1222 

only O+. Blue diamonds are SOI, green triangles are 2007, red squares are 2005, 1223 

purple dots are 2010, orange diamonds are 2012 and teal crosses are Voyager 2. 1224 

Neutral O from Enceladus is in the black solid line [Cassidy and Johnson, 2010]; ring 1225 

atmosphere sourced from southern solstice (high) in red and equinox (low) in pink 1226 

[Tseng et al., 2010; 2012]. (b) Equatorial ion densities from the same passes 1227 

compared with the ring atmosphere and the Enceladus torus equatorial densities 1228 

with the lower bound [Smith et al., 2010] in the dashed line.  1229 

92] The extended O2 ring atmosphere in our region at equinox in Fig. 4.1 is seen to be about 1230 

one percent of the atmosphere at southern solstice. Thus, near equinox, our model O2
+ ion 1231 

density is ~5 - 10 cm-3 while an average Enceladus torus source, the total water group ion 1232 

density is ~10-20 cm-3. This result is also remarkably consistent with the data shown in Fig 3.4 1233 

and indicates that unless the ring atmosphere contribution of O2 is large, as at SOI, the O2
+ is 1234 

formed primarily from the ion-molecule collisions between OH+ and O. We have also shown 1235 

that the lifetime of the ions is short, which is consistent with our observation that the O2
+ 

1236 

temperatures at SOI are close to the pick-up temperature. On the other hand, when the ring 1237 

atmosphere contribution is small most ions have experienced a number of relatively low speed 1238 

ion-neutral collisions, each of which can reduce the ion temperature [Johnson et al., 2006a; 1239 

Tseng et al., 2012]. This explanation could account for ion temperatures being well below the 1240 

pick-up temperatures in the data closer to equinox (2007 – 2010), although interactions with 1241 

the charged grains in the E, F, G rings, as well as the smaller rings and moons responsible for 1242 

the ice grains throughout the region could also contribute. 1243 
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Section 4.5—Conclusions from Ion Data and Model Comparison 1244 

93] The seasonal variation in the ring atmosphere described in Tseng et al. [2010] and 1245 

updated in Elrod et al. [2012] and Tseng et al. [2012] by accounting for the effect of the change 1246 

in temperature on the decomposition of ice, the plasma chemistry within the region, and the 1247 

solar activity level have allowed me to estimate the ion formation rates in the region of 1248 

interest. Due to considerable uncertainties in the importance of recycling of radicals on the icy 1249 

ring particles, we re-normalized the ring atmosphere to CAPS O2
+

 data at SOI. This pass, which 1250 

occurred close to solstice, resulted in the highest O2 densities in Fig. 4.2, about two orders of 1251 

magnitude higher than our estimate at equinox.  1252 

94] The Enceladus plume source may also experience variations, but these have been 1253 

estimated to be only about a factor of four over a seven-month observational period [Smith et 1254 

al., 2010]. This variability has not been verified in UVIS observations; therefore it is possible that 1255 

the Enceladus plumes are less variable over the long term as has been suggested [Hansen et al., 1256 

2011]. In principle, larger variations could occur, but it has been shown that the source rate is 1257 

relatively stable as the E-ring, which is also produced by the Enceladus geysers, was present 1258 

during the Voyager 2 pass, and an OH torus discovered between Voyager and Cassini, appeared 1259 

to be relatively stable [Jurac et al., 2001] and consistent with recent estimates of the neutral 1260 

column density [Johnson et al., 2006b]. In effect the Enceladus plume is considered to be much 1261 

less variable than the ring atmosphere. 1262 

95] Given the relative stability of the Enceladus model [Cassidy and Johnson, 2010; Smith et 1263 

al., 2010; Hansen et al. 2011] and the two order of magnitude drop in the ring atmosphere 1264 

model [Tseng et al., 2010; 2012], my ion data appear to confirm that the ring atmosphere 1265 
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exhibits a significant seasonal variability. That is, my examinations of the CAPS data from the 1266 

edge of the main rings at about 2.2 Rs to about 3.6 Rs support the idea of a seasonally variable 1267 

atmosphere and O2
+ and O+ plasma. The plasma appears to begin to be dominated by the 1268 

Enceladus source around 3.7 Rs. In addition, as Saturn approaches equinox, the ring 1269 

atmosphere decreases in importance and the region is dominated by the Enceladus torus. 1270 

Although the 2012 results occur well after equinox the solar zenith and the distance from 1271 

Saturn are such that the Enceladus torus dominates in the region covered by this data set. 1272 

Therefore, the observed increase could be due to variability in the Enceladus source, or more 1273 

likely, the seasonal increase in the ring atmosphere contribution.  1274 
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Section 5: Summary and Conclusion 1275 

Section 5.1—Summary  1276 

96] To determine the plasma density temperature, bulk flow velocity and composition, and 1277 

how these characteristics have changed over time from over the main rings and into the region 1278 

outside of the main rings from  2.2 Rs to 3.8 Rs, I used Cassini Plasma Spectrometer and 1279 

Voyager 2 plasma data. By analyzing the data selected from 2004 to 2012, in addition to the 1280 

Voyager 2 data from 1986, I showed for the first time that there is a seasonal variation of the 1281 

O2
+ and O+ plasma in this region. This in turn led me to conclude that the ring atmosphere is 1282 

seasonal, confirming the hypothesis in Johnson et al. [2006a] that the oxygen is very likely to be 1283 

produced by photo-decomposition of ice by solar UV. 1284 

97] In the work for this thesis, I first created 1D and 3D algorithms to analyze the data from 1285 

the CAPS instrument to extract the plasma parameters. Considering the significant penetrating 1286 

radiation throughout the region I also determined effective methods for measuring and 1287 

adjusting for the background. I then analyzed CAPS data taken from 2004 -2012. Once I 1288 

determined the plasma parameters for each of the passes, I then compared the resulting ion 1289 

densities to models of the neutral sources from the ring atmosphere and the Enceladus plumes 1290 

[Cassidy and Johnson, 2010; Smith et al., 2010; Tseng et al., 2010; 2012]. This confirmed my 1291 

hypothesis that the observed plasma exhibited a significant seasonal variability. This process is 1292 

reviewed below.  1293 

Section 5.2—Summary of Data Analysis Methods 1294 
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98] To extract the plasma parameters from the CAPS data I created a 1D plasma data 1295 

analysis technique. This technique required that I determine the anode pointing nearest to the 1296 

plasma flow, and select A-cycles exhibiting clear peaks above the high penetrating radiation in 1297 

the region. To effectively measure the background, I treated it as a fit parameter. The result 1298 

was the returned values of ion density, composition, temperature, and the bulk flow velocity. 1299 

This model does not return the perpendicular and parallel temperature associated with the 1300 

gyro-motion of the ions around the field lines, nor does it return the full 3D components of the 1301 

flow velocity. This can only be determined through the full 3D moments. 1302 

99] I also developed a full 3D moment model in an attempt to determine the perpendicular 1303 

and parallel temperatures as well as the three velocity components. The full 3D model requires 1304 

the use of multiple anodes. In this noisy region, however, it is difficult to obtain data with a 1305 

sufficient signal to noise ratio from anodes pointing away from the plasma. To obtain a solution 1306 

for both the perpendicular and parallel temperatures, as is the goal of this model, it is 1307 

necessary to have a viable signal from multiple anodes. In this region, however, because of the 1308 

high background, most of the off anodes (i.e., anodes pointing away from the plasma flow), did 1309 

not register strong enough peaks above the noise to be very useful. As a result, the model was 1310 

unable to converge to a solution and the results were deemed unreliable. 1311 

Section 5.3—Summary of Data Analysis Results 1312 

100] The ion densities in Fig. 3.3b as well as the electron densities in Fig. 3.5, indicate that 1313 

there was a significant change in the plasma densities in this region from 2004 to 2010. The 1314 

plasma also seems to be rising again from 2010 to 2012; however most of the 2012 data was 1315 
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taken much closer to Enceladus so that the increase was well within the variability in the 1316 

Enceladus out gassing suggested by Smith et al. [2010]. The plasma also appeared to change in 1317 

character over the period studied as the relative composition and the ion temperatures also 1318 

varied considerably, as shown in Figs. 3.6 and 3.7. I also note that the higher than normal 1319 

background for SOI indicates there were higher levels of penetrating particle radiation at that 1320 

time. If only Cassini data were available, then the SOI data might be considered anomalous. 1321 

However, the Voyager 2 data within 0.05 Rs (3000 km) of the magnetic equator was also much 1322 

higher than the 2007 and 2010 data. In addition, the 2012 data, where it overlaps with the 2010 1323 

data, is slightly higher than the 2010.  The Tseng et al. [2010] model predicts that these levels 1324 

could be approximate to the 2005 levels if this plasma is subject to the seasonal effects. 1325 

Therefore, my results suggest that the significant variations in the plasma density, composition, 1326 

and temperature have occurred which appear to be consistent with the predicted seasonal 1327 

variation in the extended ring atmosphere from solstice to equinox rather than the variability of 1328 

the Enceladus source. The 2012 data, likely dominated by the Enceladus source, might also 1329 

include a seasonal effect.  1330 

Section 5.4—Summary of Ion Data Comparison with Neutral Modeling 1331 

101] Since the formation of the neutrals and ions from the main rings has been suggested to 1332 

be mainly due to solar UV photons, the production rate will depend on the angle of incidence of 1333 

the solar flux with the ring plane, the ring particle temperatures, and the level of solar activity. 1334 

In 1981, when Voyager 2 encountered the Saturn system, the Sun was near solar maximum and 1335 

Saturn was near equinox making a low incidence angle. In 2004, for the SOI pass, Saturn was at 1336 

southern solstice so the incident angle with the southern half of the ring plane was at its largest 1337 
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and the solar activity was average. In addition, late in 2003 there was a unique short period of 1338 

high solar activity that might have had a sustained effect. By 2010, Saturn was near equinox 1339 

again so the illumination of the rings was at a minimum. However, by 2006 the solar activity 1340 

had reached a minimum, possibly affecting the later passes, and it did not return to normal 1341 

activity until mid 2011.  1342 

102] In Tseng et al. [2010] we described the variation with solar incident angle of the O2 1343 

component of the ring atmosphere accounting for the reduced UV flux as equinox approached, 1344 

which affects the oxygen production rate. Data taken from Composite Infrared Spectrometer 1345 

(CIRS) and ring occultation data [Flandes et al., 2010], indicate that the average ring particle 1346 

temperature dropped from ~100 K at southern solstice in 2004 to ~60K at equinox. This drop in 1347 

temperature dramatically affects the photo-decomposition rate for ice, as well as the chemical 1348 

reaction rates on the ice grains, and hence, the ring atmosphere density. 1349 

103] In section 4 I described the models used to calculate the neutral sources from which the 1350 

plasma ions are formed in this region. Fig 4.2 has neutral densities from Cassidy and Johnson 1351 

[2010], Smith et al. [2010], and Tseng et al. [2010; 2012] models. The Enceladus models include 1352 

the neutral-neutral collisions and ion-neutral collisions, and they have been normalized to the 1353 

observational data. In Fig 4.2 I also include a lower boundary to account for the possible 1354 

variations of the plume sources [Cassidy and Johnson, 2010; Smith et al., 2010]. The ring 1355 

atmosphere model includes solar zenith level, ring temperature, spreading due to ion-molecule 1356 

collisions, interactions with the dust grains, solar activity angle, and plasma chemistry [Tseng et 1357 

al., 2010; 2012].  1358 
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104] The ring atmosphere normalized to my analysis of CAPS O2
+

 data at SOI resulted in the 1359 

highest O2 densities in Fig. 4.3. These are about two orders of magnitude higher than at 1360 

equinox. The modeled neutral densities included the effect of the deposition of dissociated 1361 

neutrals [Tseng and Ip, 2011] and ions [Farrell et al., 2009] from Enceladus onto ice particles in 1362 

the A-ring, which can enhance the production of O2. However, such an enhancement, which 1363 

requires the production of O2 from radical reactions on the grains, is also less efficient with 1364 

decreasing ring particle temperatures when Saturn approaches equinox.  1365 

105] The Enceladus plume source might experience a variation of about a factor of four over 1366 

a seven-month observational period [Smith et al., 2010]. These variations are small in 1367 

comparison to the seasonal variations observed in ring atmosphere models. In addition, the 1368 

average ion ratio calculated in the Tseng et al. [2012] model, were consistent with the ratios of 1369 

O2
+/W+ reported in Fig 3.4b.Therefore, the seasonal variation in the ring atmosphere model is 1370 

consistent with the variations in the ion densities from 2.2 Rs to 3.6 Rs.  1371 

Section 5.5—Summary, Conclusions, and Future Work 1372 

106] In conclusion, it is the two order magnitude drop in densities between SOI in 2004 1373 

(solstice) and 2007 (equinox) and possible increase, inside of 3.7 Rs, again in 2012 that indicates 1374 

the temporal variations in the plasma in this region are likely to be primarily a seasonal effect. 1375 

Despite the strong, continuous water source from the Enceladus plumes, the ring atmosphere 1376 

has been shown to have a significant influence over this region.  From approximately 2.2 to 3.6 1377 

Rs the variability in the plasma ion density appears to be influenced mainly by the variable ring 1378 

atmosphere; starting around 3.7 Rs the region appears to be more influenced by the Enceladus 1379 

torus. 1380 
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107] Future work could include modifying our model in Tseng et al. [2012] to include neutral-1381 

neutral collisions within the ring atmosphere. In addition, this study did not take into account 1382 

the Cassini spacecraft electric potential and its impact on the ion data. According to 1383 

measurements made by the ELS whenever the spacecraft moves within 5 Rs, the spacecraft 1384 

electric potential becomes negative, which could affect the detection of ions. And finally, if the 1385 

CAPS instrument returns to a functioning state in the next year, it is possible that new data 1386 

obtained in 2014, 2015, and especially 2017, when the spacecraft is due to pass directly over 1387 

the rings again, could lend additional insight into the seasonal variability of the region. 1388 

108] While current models of the ring atmosphere do not account for neutral-neutral 1389 

collisions as the Cassidy and Johnson [2010] model does, it is possible this cloud could spread 1390 

farther outward than currently predicted. However, current models do include interactions 1391 

with dust grains and the icy rings, which are prominent throughout the region. It is likely that 1392 

the interaction with the ice and dust grains in the regions will outweigh any neutral-neutral 1393 

collisions. 1394 

109] The spacecraft electric potential changes the net charge of the spacecraft from and 1395 

overall positive charge throughout the majority of the magnetosphere to a net negative charge 1396 

inside of 5.5 Rs from photoelectrons near Saturn. Therefore, a 1D model is currently in 1397 

development to take into account the change in electric potential and the effect it has on the 1398 

detection of ions [Levi et al., in progress]. Preliminary findings have shown that a negative 1399 

spacecraft electric potential could increase the measured ion population, as much as a factor of 1400 

2 to 4. Even if one accounts for a factor of four increase in the counting of ions at SOI, there is 1401 

still a significant drop from SOI to 2007 and 2010. Future work could, however, examine this 1402 
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data with a newly developed model that accurately takes the spacecraft electric potential into 1403 

account. 1404 

110] In 2014 and 2015, Cassini has a few orbits with close periapses scheduled that could 1405 

potentially gather further information on this region. In addition in 2017, at the end of mission, 1406 

there are several orbits where Cassini will pass successively over the main rings until it crashes 1407 

into the planet’s atmosphere. If CAPS returns to operation by this time, it is possible that data 1408 

taken from these passes could confirm the seasonal variability hypothesis as Saturn approaches 1409 

northern solstice in 2017. If, however, CAPS were unable to return to operation by the time of 1410 

these passes, it is possible that some further confirmation could be obtained by examination of 1411 

data through MIMI, INMS, or possibly RPWS data. One current study of MIMI data has also 1412 

shown seasonal variations in the O2
+ and mass 28 ions from around 3.5 Rs through 20 Rs 1413 

[Christon et al., submitted]. This indicates that MIMI and specifically the Charge Energy Mass 1414 

Spectrometer (CHEMS) subsystem could also be used to study varying seasonal plasma 1415 

processes. 1416 
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