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The Cassini spacecraft was launched on October 15, 1997 by a Titan 4B launch vehicle.
After an interplanetary cruise of almost seven years, it arrived at Saturn on June 30, 2004.
In 2005, Cassini completed three flybys of Enceladus, a small, icy satellite of Saturn.
Observations made during these flybys confirmed the existence of a water vapor plume in
the south polar region of Enceladus. Five additional low-altitude flybys of Enceladus were
successfully executed in 2008-9 to better characterize these watery plumes. The first of these
flybys was the 50-km Enceladus-3 (E3) flyby executed on March 12, 2008. During the E3
flyby, the spacecraft attitude was controlled by a set of three reaction wheels. During the
flyby, multiple plume jets imparted disturbance torque on the spacecraft resulting in small
but visible attitude control errors. Using the known and unique transfer function between
the disturbance torque and the attitude control error, the collected attitude control error
telemetry could be used to estimate the disturbance torque. The effectiveness of this
methodology is confirmed using the E3 telemetry data. Given good estimates of spacecraft’s
projected area, center of pressure location, and spacecraft velocity, the time history of the
Enceladus plume density is reconstructed accordingly. The 10 uncertainty of the estimated
density is 7.7%. Next, we modeled the density due to each plume jet as a function of both the
radial and angular distances of the spacecraft from the plume source. We also conjecture
that the total plume density experienced by the spacecraft is the sum of the component
plume densities. By comparing the time history of the reconstructed E3 plume density with
that predicted by the plume model, values of the plume model parameters are determined.
Results obtained are compared with those determined by other Cassini science instruments.

"This paper is dedicated to the memory of Dr. Shuh-Ren Randy Lin who had contributed to the designs of several
Enceladus flyby sequences by the Cassini spacecraft.
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Acronyms

AACS  Attitude and Articulation Control System RMS Root Mean Squares
ECA Enceladus Closest Approach RSS Root Sum (of) Squares
INMS Ion and Neutral Mass Spectrometer RWA Reaction Wheel Assembly
JPL Jet Propulsion Laboratory RWAC Reaction Wheel Controller
PD Proportional and Derivative (controller) S/C Spacecraft
PI Proportional and Integral (controller) SCET Spacecraft Event Time

L Cassini/Huygens Mission to Saturn and Titan

As the first spacecraft to achieve orbit at Saturn in 2004, Cassini has collected science data throughout its four-
year prime mission, and has since been approved for a first and second extended mission through 2017. Major
science objectives of the Cassini mission include investigations of the configuration and dynamics of Saturn’s
magnetosphere, the structure and composition of the rings, the characterization of several of Saturn’s icy satellites,
and Titan’s atmosphere constituent abundance. The radar mapper will perform surface imaging and altimetry during
many Titan flybys. Doppler tracking experiments using the Earth and the Cassini spacecraft as separated test masses
have also been conducted for gravitational wave searches.

After an interplanetary cruise that lasted almost seven years, on June 30, 2004, Cassini fired one of its two
rocket engines for about 96 minutes in order to slow the spacecraft’s velocity (by about 626.17 m/s) to allow the
spacecraft to be captured by the gravity field of Saturn. This was the most critical engineering event of the entire
mission and was executed faultlessly. After the completion of the Saturn Orbit Insertion, Cassini began a
complicated suite of orbits about Saturn, designed to optimize science collection over not only Saturn, but also its
ice satellites and moons.

The orbital tour of Saturn, includes over fifty flybys of Saturn's largest moon, Titan. Titan is the second largest
moon in the Solar System, second only to Jupiter's moon Ganymede. At 5150 kilometers in diameter, Titan is larger
than the planet Mercury. While one of the Cassini-Huygens Mission primary objectives was the study of Titan via
many close flybys during its four-year tour, the exciting discovery of water geysers emanating from Enceladus drove
an extensive redesign of the extended mission orbital tour of Saturn.

II. The Discovery of Watery Geysers From Enceladus

Enceladus is a small, icy satellite of Saturn with a mean radius of 252.3 km. Covered in water ice that reflects
sunlight like freshly fallen snow, Enceladus reflects almost 100% of the sunlight that strikes it making it one of the
brightest objects in the solar system. Because Enceladus reflects so much sunlight, the surface temperature is
extremely cold, about -201°C. Parts of Enceladus show craters no larger than 35 km in diameter, while other areas
show regions with no craters indicating major resurfacing events in the geologically recent past. There are fissures,
plains, corrugated terrain and other crustal deformations. All of this indicates that the interior of the moon may be
liquid today, even though it should have been frozen eons ago.

In 2005, Cassini made several flybys of Enceladus: a 1264-km Enceladus-0 flyby on February 17, 2005, a 500-
km Enceladus-1 flyby on March 9, 2005, and a 175-km Enceladus-2 flyby on July 14, 2005. Observations made
during these flybys confirmed the existence of a water vapor plume in the south polar region of Enceladus.'™
Cassini’s Ion and Neutral Mass Spectrometer (INMS) made measurements of the plume density out to a distance of
4000 km from the surface of Enceladus. The radial and angular distributions of the INMS-based gas density
estimates suggest a significant contribution to the plume from a source centered near the South polar cap of
Enceladus.’

Cassini imaging science instruements"’ revealed four prominent linear fractures straddling the South polar
region, each separated by about 30 km and spanning 130 km in length. These fractures, informally termed “Tiger
stripes,” show dark flanks in the near-IR and are anomalously warm. They are identified individually as Alexandria,
Cairo, Baghdad, and Damascus. The Tiger stripes are a likely source of tectonic activities and plume generation.
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From these Tiger stripes, materials are vented from the interior of the moon to hundreds of kilometers above the
moon’s surface. One estimate of the “height” of these plumes is 300 km from the surface.” The formation of these
stripes are conjectured in Reference 8. Reference 5 conjectured that the Enceladus plume might be the dominant
source of materials in the Saturn’s E ring system.

The discovery of watery geysers from Enceladus is an important and unexpected discovery made by Cassini.
The Enceladus watery plume is one of the key science investigations of the Cassini Equinox mission (an extension
of the Cassini Prime mission, from July 2008 to September 2010). It will also be one of the key science objectives
for the Cassini-Equinox-Solstice mission (a second mission extension, from October 2010 to May 2017). Eleven
Enceladus flybys are currently planned for the Cassini-Equinox-Solstice mission. Figure 1 depicts the Enceladus
plume jets imaged during the Enceladus-8 flyby.

Fig. 1 Enceladus Plume Jets as Imaged by Cassini During the Enceladus-8 Flyby

IIL. Cassini Spacecraft Reaction Wheel Control System Design”"’

Cassini is perhaps the largest and most sophisticated interplanetary spacecraft humans have ever built and
launched. The orbiter is about 6.8 m in height with a “diameter” of 4 meters. The total mass of the spacecraft at
launch was approximately 5574 kg, which includes about 3000 kg of bi-propellant (1869 kg of Nitrogen Tetroxide,
and 1131 kg of mono-methyl hydrazine), 132 kg of high purity hydrazine, and 2442 kg of “dry” mass (including the
320-kg Huygens Probe and 9 kg of helium mass).

Cassini carries a set of three “strap-down” reaction wheels that are mounted on the lower equipment module.
They are oriented “equal distance” from the spacecraft’s Z-axis. The first use of the reaction wheel control was on
March 16, 2000, several months ahead of the Jupiter science campaign that began on October 1, 2000. A backup
reaction wheel assembly (RWA) is mounted on top of an articulatable platform. At launch, the backup reaction
wheel is mounted parallel to reaction wheel assembly — 1 (RWA-1). On July 11, 2003, the platform was articulated
in order to align the backup reaction wheel with RWA-3. Figure 2 (from Ref. 10) is an illustration of the RWA
controller (RWAC) design.
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Fig. 2. Block Diagram of the Reaction Wheel-based Attitude Control System'’

Because the Cassini spacecraft’s principle axes are very closely aligned with the spacecraft’s mechanical axes,
the basic structure of the RWAC is a decoupled, three-axis, Proportional and Derivative (PD) controller. As
indicated in Figure 2, the control torque vector is determined using the equation:

Control Torque Vector = Iscdw/dt+mx(Isco+Hrwa) (1

Here, o is the spacecraft rate vector (that is expressed in a body-fixed coordinate frame), Hrwa represents the total
angular momentum vector of the three prime wheels (that is expressed in the same coordinate frame), Isc is the
inertia tensor of the vehicle (determined with stationary reaction wheels), and dw/dt is the spacecraft’s acceleration.
The second term in the equation represents the gyroscopic torque vector.

An important design feature that is depicted in Fig. 2 is the uses of the rate and acceleration feed-forward
commands. These feed-forward commands generate immediate control action instead of “waiting” for the
accumulation of error signals via the feedback loops. As such, the RWAC responds quickly to profiled slew
commands. The feed-forward command is generated by the Attitude Commander. It derives these signals using
commands sent by the spacecraft control team.

Due to the presence of bearing frictional torque in the reaction wheels, an RWAC with the “PD” control
architecture will not be able to drive the spacecraft attitude control error to zero unless an integral term is added to
the PD controller. This difficulty was overcome by the addition of a Proportional and Integral (PI) estimator of the
reaction wheel frictional torque in the reaction wheel “Hardware Manager.” In effect, integral control action is
added “locally” to remove any steady-state spacecraft’s attitude control errors. The RWAC design has a bandwidth
0f 0.0299 Hz (w,). The gain and phase margins of RWAC are 10 dB and 30°, respectively. Flight performance of the
RWAC is described in References 9 and 10.

In response to the commanded attitude 6¢(s), commanded attitude rate wc(s), commanded attitude acceleration
ac(s), and experiencing an external disturbance torque Tp(s), the spacecraft attitude 6(s), is given by:

B(s)= Ge(5)0c()+ G, (s)wc(s)+Go(s)ac(s)TGr(s)[ To(s)+ Teyroscopic(s)] 2

In this expression, “s” is the Laplace operator, and various G(s) terms represent transfer functions from the
command signals (or disturbance torque) to the spacecraft attitude. Without loss of generality, consider a special
case when the reaction wheels are used to maintain a constant spacecraft attitude during an Enceladus flyby,
therefore 8¢ = wc = ac = 0. Since the nominal rate vector of the spacecraft is zero, the gyroscopic term in Eq. (2) is
also zero. From Ref. 10, the transfer function between the disturbance torque Tp(s) and the attitude control error
eo(s) is given by:

€y(s) _ (s* + 2Ews + a)z)z/lSC
T,(s) Den(s)

3)
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The denominator in Eq. (3) is given by the following expression:

Den(s) =s°+4&ws’ + (4w’E” +20° + 4K K ,)s* +
(Aw’E + 4K K wE)s’ + (0* + 4K K w’E” + 2K K j0°)s” + )
(K,o* + 4K K 0°8)s +K K w*

In Eq. (3) and (4), the natural frequency () and damping coefficient (£) of the 4™ order low-pass filter are 2.34048
rad/s and 0.4000, respectively. The proportional (Kp) and derivative (Kp) gains of the RWA controller are given by:
Kp = 0,/(28,), and Kp = 2w,E,. Here, w, = 21x0.0299 rad/s (RWAC bandwidth), and &, = 0.4138 (dimensionless).

Since the bandwidth of the RWA controller is more than an order of magnitude lower than the center frequency
of the low-pass filter, a low-order approximation of Eq. (3) could be derived by ignoring the 4™ order low-pass filter
depicted in Fig. 2:

e(s) /e ) 1l
T,(s) s +Kps+K,K, s+28ws+w] )
. 0.0002747
s* +0.15548s + 0.03529
From this equation, one can estimate the disturbance torque using the following equation:
T, (t) = 3640 4{8, (1) +0.15548¢, (t) +0.03529, (1)} Nm ©)

In Eq. (6), the attitude control error e(t), in radians, is given by the per-axis attitude control errors (Telemetry
channels that correspond to the per-axis attitude control errors, X, Y, and Z-axis, are A-1180 to A-1182,
respectively, given in mrads).” The term ég (t) in Eq. (6), in rad/s, is computed using both the attitude control errors
and the attitude rate control errors (Telemetry channels that correspond to the per-axis attitude rate control errors, X,
Y, and Z-axis, are A-1183 to A-1185, respectively, given in rad/s). In Eq. (7) below, 6™ order polynomials are used
to generate “smoothed” versions of this telemetry. For example, the Z-axis attitude control error telemetry is
approximated by

6
Ay () = Ekitl (7
i=0
The “smoothed” telemetry data are then used to estimate eg(t), ég (t), and ég (t) via:
€y = +A1182
€y = —KpA 5 + Ajjgs (3)

g, =2" derivative of A,

Another reduced-order transfer function of Eq. (3) could be derived via an examination of the relative
magnitudes of the Hankel singular values of the 6™ order transfer function (cf. Eq. (3)). Hankel singular values
measure the contribution of each state to the input/output behavior of the system. States with small Hankel singular
values indicate that they have limited contribution to the input-output mapping of the transfer function and are
candidates for “deletion”. In this study, we use the Model Reduction Toolbox of MATLAB® to perform the needed
computations. Four system “states” are deleted and the 6" order transfer function becomes a 2™ order transfer
function:
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ey(s) 0.0003091
T,(s)  s*+0.1753s+0.03977

©

1
T (t) ~ -————{&,(t) +0.1753¢, (1) +0.03977¢, ()} Nm
b () 0.0003091{69() €y () ey (D}

A comparison of the frequency responses of transfer functions represented by Egs. (3) and (9) is depicted in Fig. 3.
Clearly, the second-order transfer function Eq. (9)) approximates the full-order transfer function very well. It is used
in our study. Finally, a vector-matrix version of Eq. (5) is given below:

T (t) Lo Ly L llé00)+2E m, &) (1) +wie) (t)

Ty |=—1 L,y I, [& ®+28w.e) 1) +wle) () (10)
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Fig. 3 Frequency Responses of the Full-order and Reduced-order Models
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IV. Observed Attitude Control Errors During Enceladus-3 Flyby

The attitude of the Cassini spacecraft could be controlled using either a set of eight thrusters or a set of three
reaction wheels. Thrusters are used to control the spacecraft attitude during low-altitude Titan and low-altitude
Enceladus flybys. During these flybys, Cassini will experience significant atmospheric or plume torque, and only
thrusters have the control authority to guarantee spacecraft safety. Because the predicted magnitudes of plume
torque imparted on the spacecraft during selected Enceladus flybys are within the control authority of the wheels,
some Enceladus flybys were executed using reaction wheels (cf. Table 1). During an Enceladus flyby on thruster
control, the watery plume will impart torque on Cassini. As such, thrusters must be fired to maintain the commanded
spacecraft flyby attitude. Thrusters’ on-time telemetry collected could be used to estimate the magnitude of the
imparted torque, and indirectly the density of the Enceladus plume.”'® Similarly, if the spacecraft is controlled by
reaction wheels during the flyby, changes in the reaction wheel rates could also be used to estimate the plume torque
imparted on the spacecraft. This paper explores an alternative way to estimate the imparted torque using telemetry
data of both attitude control and attitude rate control errors.

Table 1. Descriptive Statistics of Targeted Low-altitude Enceladus Flybys on RWA Control

Flyby Distance at Location of Engeladus— Telemetry
Desfimmation Closest o Apansh relative ﬂyby Date of Flyby descrlbeq in
Approach velocity Appendix
Enceladus-3 50 km 20°S, 135°W 14.4 ks March 12, 08 B and
Section IV
Enceladus-4 50 km 28°8S, 98°W 17.7 km/s August 11, 08 A
Enceladus-9 99 km 89°S, 147°W 6.51 km/s April 28, 10 C

Attitude control telemetry data collected from several past RWA-based Enceladus flybys (Enceladus-3,
Enceladus-4, and Enceladus-9) revealed the presence of attitude control error transients when the spacecraft was
close to the surface of Enceladus. Fig. 4 and Fig. 5 depict the time histories of the three per-axis attitude control
errors (A-1180 to A-1182) and attitude rate control errors (A-1183 to A-1185) collected from the Enceladus-3 flyby,
respectively. Obviously, for this particular flyby, most of the disturbance torque experienced by the spacecraft is
about the spacecraft’s Z-axis. As such, the Z-axis attitude control error and attitude rate control error are
significantly larger than their counterparts about both the X and Y-axis. These Z-axis telemetry data could be used to
estimate the Z-axis disturbance torque.
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V. Reconstructed Disturbance Torque Experienced by Cassini during the E3 Flyby

The inertia properties of the spacecraft, at the time of Enceladus-3 flyby is given by:

6957.6 -124.8 -38.7
I, =[-1248 57515 1330 | kgm’ (11)
-38.7 1330 36404

Note that in the 3™ row of the inertia matrix, both element (3,1) and (3,2) are less than 3.6% of the (3,3) element.
Moreover, since both ex(t) and ey(t) are very small when compared with ez(t) (see Figs. 4 and 5), the Z-axis plume
torque imparted on Cassini during Enceladus-3 could be computed using Eq. (9). The resultant time history of the Z-
axis plume torque is depicted in Fig. 6. Note that the peak torque magnitude is -0.0204 Nm, and it occurred at time =
ECA+34 s. The torque imparted on the spacecraft during the flyby caused the spacecraft’s Z-axis attitude rate
control error to peak at ECA+41 s (cf. Fig. 5). Some time thereafter, the spacecraft’s Z-axis attitude control error
peaked at ECA+54 s (cf. Fig. 4). Knowing that the peak torque occurred at ECA+34 s (see Fig. 6), and the actual
altitude of ECA was 47.9 (instead of 50) km,** we can compute the spacecraft’s altitude at the time the peak torque
occurred. It is about 322.3 km. Its location relative to the Enceladus plume is given in Fig. 10.

Time History of Z-axis Torque

Z-axis Torque (mNm)
I
> én
T T

1
—_
[8,]

T

95 i i i i | i i I i I i i i i ] i i I i
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (sec)

Fig. 6 Reconstructed Z-axis Torque Imparted on the Spacecraft during Enceladus-3 Flyby
(Enceladus Closest Approach is at Time = 0)

The time rates of change of the per-axis accumulated angular momenta could also be used to reconstruct the
magnitudes of the per-axis disturbance torque imparted on the spacecraft. In order to maintain the quiescent inertial
attitude of the spacecraft, the three RWAs must “absorb” the angular momenta imparted on Cassini due to the (time-
varying) plume-induced torque. As a result, the RWA spin rates changed as the spacecraft passed through the plume
cloud. The total angular momentum of the spacecraft could be computed using knowledge of the RWASs’ inertia
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properties, the S/C inertia properties, and the telemetry data of the S/C’s rates and RWA spin rates. The total angular
momentum vector of the spacecraft, expressed in the spacecraft body frame, has two components:

Hrpyu =Hge + Hpya (12)
where the component due to the spacecraft rate is

ﬁSC =50 (13)
and
O = [0y, 0y, ,]" (14)

To determine the angular momentum of the RWAs, we first define
P =1[p1, p2, pal’ (15)

where p; (i=1,2, and 4) is the spin rate of the i™ RWA about its spin axis. To find I_:IRW A» We simply multiply f) first
by the inertia matrix for the RWAs, and then multiply by the transformation matrix T.

ﬁRWA = TIRWAﬁ (16)

The 3x3 RWA-to-S/C coordinate transformation matrix T is given in Ref. 9, and the 3x3 diagonal inertia matrix of
the reaction wheels Ipwa = diag(0.16138, 0.15947, 0.16138)" kg-m”. The computed time histories of the Z-axis
angular momentum is given in Fig. 7. Note that both the per-axis spacecraft rates and the reaction wheel spin rates
are available at a telemetry frequency of 0.25 Hz.

E3: Z-anis Total Angular Momentum in S/C Bedy Frame
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=14
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Fig. 7 Computed Z-axis Angular Momentum of Cassini During Enceladus-3 Flyby
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The time rates of change of the per-axis angular momenta are the per-axis plume torque imparted on Cassini.
For the E3 scenario, only the slope of the Z-axis angular momentum is significant. The slope of the Z-axis angular
momentum (as depicted in Fig. 7) is computed numerically. To generate the result given in Fig. 8, we first
approximate the Z-axis angular momentum by a 12™ order polynomial

12
H%olal (t) = E pitl (17)
i=0

Accordingly, the external torque imparted on the spacecraft is given by
12 A
T (1) = Y ipt™. (18)
i=1

With the 12" order polynomial (cf. Eq. (17)), the root-mean-square (RMS) fitting error is 0.0602 Nms. The
mean value of the magnitudes of the Z-axis angular momentum data depicted in Fig. 7 is 1.432 Nms. Hence, the
percent fitting error represents 4.23% of the mean magnitude. Higher order polynomials, for example, 15™ and 18"
order will reduce the percent fitting error from 4.23 to 3.85 and 3.71%, respectively. They were not used because the
improvement isn’t significant. The peak torques depicted in Fig. 8 is about -0.019 Nm. It occurred near ECA+26 s.
The peak torque computed using this “time rate of change of angular momentum” approach agrees quite well with
that computed using the “transfer function” approach proposed in this paper (-0.0204 Nm). This comparison is used
to estimate the error associated with disturbance torque estimated by the proposed “transfer function” approach. The
1o estimation uncertainty is judged to be 5%.
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Fig. 8 Computed Z-axis Plume Torque Imparted on Cassini During Enceladus-3 Flyby
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Another “disturbance” torque imparted on the spacecraft during an Enceladus flyby is the gravity gradient
torque. The magnitude of gravity gradient torque is a function of both spacecraft attitude and its distance from
Enceladus. With a worst-case spacecraft attitude, this torque could be estimated using the following expression

T 3 (IMax - IMin)

Gravity-Gradient 5 Ugncetagus (R + h)3 (19)

Enceladus

Here, Wgncelaqus 18 the product of the universal gravitational constant and the mass of Enceladus (=7.207+0.011
km3/sz),11 ReEnceladus 18 the effective radius of Enceladus (= 252.34+0.2 km),l’11 h is the spacecraft’s Enceladus-relative
altitude at the time the torque peaked (322.3 km for the Enceladus-3 flyby), and Iy, and Iy, are the maximum and
minimum moments of inertia of the spacecraft, respectively (cf. Eq. (11)). The worst-case magnitude of Teraviey-
Gradient 18 about 190 uNm which is less than 1% of the estimated Z-axis peak torque.

From Ref. 9, the estimated magnitude of the solar radiation torque imparted on Cassini is bounded by 2 uNm,
and the radiation torque imparted on the spacecraft due to the Cassini power generators is bounded by 1.83 uNm.
These disturbance torques are also very small. Magnetic torque acting on the spacecraft results from the interaction
of the spacecraft’s residual magnetic field and the magnetic field of Saturn at Enceladus. The magnetic disturbance
torque, Thagnetic, could be estimated using the following expression

T,

Magnetic = Marm xB (20)

Enceladus
Here, M, is the spacecraft magnetic moment arm, estimated to be 1.4 Amp-mz, and Bgpcelaqus 18 the magnetic flux
density of Saturn at Enceladus. Enceladus is located in the inner magnetosphere of Saturn at a radial distance of 3.94
Rg (1 Rg = 60,268 km). The magnetic field strength in this region is = 320 nT (nano-Telsa, Tesla = kg-s >-A™")." It is
also estimated that the Enceladus plume has at most a 10% impact on the magnetic flux density.'” Accordingly, the
estimated worst-case magnitude of Tyagnetic 15 0.5 uNm. Since the gravity gradient torque, solar radiation torque,
radiation torque due to power generators, and magnetic torque are all insignificant, the estimated torque imparted on
the spacecraft is due solely to the watery plume.

VI. Reconstructed Density of Enceladus Plume Jets

The Enceladus plume density is related to the torque imparted on the spacecraft by the following approximate

relation:> !>

- 1 - - -
Totume (D) = ECDpPIume OV(©)? APrOjected () Uy (1) X [Tep (1) — T (D] 21

In this equation, Tpyme(t) is the torque imparted on the spacecraft that was estimated using the approach described
above. Ppume(t) is the time history of the Enceladus plume density, in kg/m3, and is the “unknown” quantity. The
spacecraft velocity relative to Enceladus is denoted by V(t) (in m/s), and is estimated by the Cassini Navigation team
for all Enceladus flybys. The unit vector of the S/C’s velocity vector expressed in the S/C’s coordinate frame is
ﬁv (t) The projected area of the spacecraft is Appgjecica (N mz). The displacement vectors, from the origin of the
spacecraft coordinate frame to the spacecraft’s center of mass and center of pressure (in meters) are denoted by
T () and Top(t), respectively. These vectors and the projected area were estimated by a ground software tool.
Finally, Cp, the drag coefficient associated with the free molecular flow of Enceladus’ plume constituents past the
body of the Cassini spacecraft, was known from past research: Cp = 2.120.1.° For Enceladus-3, at the time of closest
approach, V = 14.41 km/s, Aygjected = 18.401 mz, and the Z-axis moment arm of the rcp-rom vector = 0.853 m.
Accordingly (Ppiume 1S in units of kg/m3):

T (1) [Nm] = 3.422 %107 p,,. (1) 22)

Since the peak torque is 0.0204 Nm, the peak density of the Enceladus plume is 5.96x10' kg/m’. The peak density
that is estimated using the “angular momentum” approach is 5.6x10"* kg/m’. The combined 1o estimation
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uncertainty of knowledge errors of Cp, V, Aprjecteds fCM and fCP inEq. (21)is 5 .9%.'2 The overall 1o uncertainty of
the estimated density is RSS(5,5.9) = 7.73%.

VII. Modeling of Enceladus’ Plume Jet Density

The geometry of the Enceladus-3 flyby is depicted in Figs. 9 and 10. The thick red line in Fig. 9 depicts
Cassini’s flyby trajectory projected onto a plane that is perpendicular to the Enceladus’ axis of rotation. The
trajectory passed almost exactly over the Cairo source VIII and then the Damascus source II. The trajectory was also
very close to Alexandria source IV. Potentially, plumes from these sources had the largest impacts on Cassini. The
locations of these plume sources are tabulated in Table 2.

Table 2
Locations of Three Plume Sources that Impacted Cassini During the Enceladus-3 Flyby
Plume Sources Alexandria Cairo Damascus
South latitude (y ar)*, deg 72.9 82.1 79.4
West longitude (y.on)*, deg 148.7 115.5 315.5
A:REXCOS(YLAT) X‘YLON -135‘/573#, km 17.8 11.8 0.40
Colatitudes 8 = 90-y_aT, deg” +17.1 +7.9 -10.6

*From Reference 7.
*The longitude of the Enceladus-3 trajectory is 135°. See also Figure 9.
*With reference to Fig. B1 (in Appendix B), 0 is defined positive in the counter-clockwise direction.

Fig. 10 is a projected view of the Enceladus-3 flyby on a plane formed by the spacecraft trajectory and the axis
of rotation of Enceladus. It is drawn to scale. In this figure, “A”, “C”, and “D” denote the locations of the plume
sources, Alexandria, Cairo, and Damascus, respectively (see also Fig. 12). These plume sources are drawn using the
latitudes presented in Table 2. Three points on the spacecraft trajectory are labeled “P”, “Q”, and “R”. Point “P”
denotes the time (ECA+8 s) at which the Cassini reaction wheel control system first detected and responded to
disturbance torque due to the plume jets. After point “R” (ECA+112 s), the reaction wheel control system no longer
detected any disturbance torque. Point “Q” (ECA+34 s) is the estimated time at which the detected disturbance
torque peaked. The locations of “P”, “Q”, and “R” are drawn using the timing data depicted in Figs. 4 and 6. Note
that “Q” is located very close to the Cairo plume axis and CQ is about 322 km.
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Fig. 9 Enceladus-3 Flyby Trajectory Projected on the Equatorial Plane of Enceladus®
(The flyby trajectory is depicted by the thick red arrow. The estimated distances A’s are given in Table 2)

One of the key Cassini science instruments, Ion and Neutral Mass Spectrometer (INMS),">' determines the
chemical, elemental, and isotopic composition of the gaseous and volatile components of neutral particles and the
low-energy ions in Titan’s atmosphere and ionosphere, Saturn’s magnetosphere, and the ring environment. With the
discovery of watery jets from Enceladus, the INMS has also been used to estimate the Enceladus plume density.
Measurements made by the Cassini INMS on the density and structure of Enceladus’ south polar plume during the
E3 and ES5 flybys are reported in Ref. 17. For the E3 flyby, INMS first detected H,O signal at time =~ ECA+20 s and
the measured signal peaked at ECA+50 s. The magnitude of the peak signal is more than an order of magnitude
larger than the “initial” signal. In Ref. 17, the authors attributed the sharp rise in H,O signal to the fact that at
ECA+50 s, Cassini entered the active region of the Damascus plume jet.

If the disturbance torque at “P” (ECA+8 s) came from the first plume jet encountered by Cassini, Alexandria,
we noted the angle between the Alexandria plume axis and AP is 82.6°. As such, this observation does not support
the conjecture that the plume width of the Alexandria jet is only £20°."” While the influence of the plume jets likely
diminishes with the angular distance from the axis of the plume jet, the angular spreads of these jets might be
significantly larger than +20°. In Fig. 10 we note that “R” is located inside the spheres of influence of both the Cairo
and Damascus jets, even if one assumed that the plume angular width is only £20°. At “R” (ECA+112 s), the
spacecraft was at distances of 1,400 and 1,390 km from Cairo and Damascus, respectively. Since “R” is the last time
the reaction wheel control system detected disturbance torque, our data support the conjecture that the radial extent
of the Cairo and Damascus plume jets ended at a distance of approximately 1,300 - 1,400 km (which is about 5.53
Enceladus radii) from the plume sources.
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Fig. 10 Projected View of the Enceladus-3 Flyby
(View formed by the trajectory and the Enceladus’ axis of rotation. Drawn to scale)
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As depicted in Fig. B1 (in Appendix B), the radial distance of the spacecraft from the plume center (on the
surface of Enceladus) is denoted by “r(t)”. The angular distance, “8(t)”, is the angle between the “r” vector and the
axis of symmetry of the corresponding plume jet. If time, t, is measured from the time of Enceladus closest
approach, one can compute r(t) and 6(t), for each one of the three plume sources, using the following relations:

For i = Alexandria, Cairo, and Damascus,
p;() =Ry +hy.,)cosa — Vtsina — Rsind,
q;(t) = (R +hy.,)sina + Vtcosa — R cosd, (23)

r(t) = \/pi(t)2 +(; (t)z + Azi

6.0 <ltan” Py 5 |
(D)

1

Here, Rg = Radius of Enceladus = 252.3 km, hgca = altitude of Enceladus-3 closest approach = 47.9 km,** o = South
latitude of the Enceladus-3 closest approach = 20°, and V = Velocity of Cassini relative to Enceladus = 14.41 km/s.
The colatitudes d and A, and their magnitudes for the plume sources are given in Table 2. In this study, we model the
plume density (due to each source) as a function of both the radial and angular distances (r,0) of the spacecraft from
the plume. For simplicity, only two “free” parameters are retained in each plume model (cf. Eq. (25)). We also
conjecture that the total plume density experienced by the spacecraft is the sum of the component plume densities.
By comparing the time history of the reconstructed E3 plume density with that predicted by the plume model, values
of the “free” model parameters could be determined.
In Ref. 21, the structure of the Enceladus plume density is modeled using the following relation

R-R;,

24
H, 24)

R, ®
n,(R,0)= no[?]2 e><I>[—(H—®)2]G>XP[—

where ng is the plume density at the plume site on Enceladus’ surface, R the radial distance from the center of
Enceladus, © is the angular distance from the plume center, Hg is the angular width of the plume, and Hy is a
depletion length scale. Other details of this plume density model are given in Ref. 21.

Ref. 27 is also a paper on the modeling of Enceladus plume density. Based on the Enceladus plume density
model described in Ref. 27, plume-induced disturbance torque imparted on the spacecraft is computed and
incorporated in an all-software test bed used by the Cassini mission team.'*** The safety of the spacecraft during
Enceladus flybys could then be assessed. In Ref. 27, the structure of the Enceladus plume density is modeled using
the following expression

P = Ccoeff,i (h+ ho,i)_%Si (25)
where p; is the plume density due to i™ jet, h (in km) is the spacecraft’s flyby altitude relative to the surface of
Enceladus (see Ref. 27 for details), Ceoetri, hoj, and €; are Enceladus plume model parameters for the ith jet. They are
determined using plume density histories estimated from past Enceladus flybys. Estimated values of these model
parameters are (for all jets): &; = +0.1 (for all 1), hg; = 20 km (for all i), and Ceoesri = 3.911e-8 kg/m3/km1‘9 (for all 1).
See Ref. 27 for other details.

In our study, a similar but simplified model is used.

3
pi(ri,Hi) = Kip[&]2 exp[- %] (for1 = Alexandria, Cairo, and Damascus)  (26)
L 0

Note that, for simplicity, the two terms that are used in Eq. (24) to describe the dependency of density on the radial
distance R have been “combined” in Eq. (26). Note also that the radial distance from the plume source r; (in km) is
used in Eq. (26) instead of the radial distance R from the center of Enceladus. To avoid the singularity at r; = 0 km,
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we will restrict the use of Eq. (26) to 1,400 > r; > 50 km. A relation p~1/r was used in Ref. 25 to model the
dependency of the intensity of the dust jets from Comet 19P/Borrelly with radial distance. A relation p~1/r* was
used in Ref. 17 to model the dependency of the Enceladus plume jet density with radial distance from the surface of
Enceladus. In this work, a relation p~1/r'” is used instead because it will provide a better fit between the
reconstructed density and the model density. The magnitude of radial distance, 6;, is by definition positive with units

of radians. The units of Kip and Ké (i = Alexandria, Cairo, and Damascus) are kg/m’ and radians, respectively.
In our study, we assume that the combined plume density during the Enceladus-3 flyby is given by

Damascus

Pra = Y ' (1(0.6,(1) @7)

i= Alexandria, Cairo

The six “free” plume density model parameters, K' and K! (i = Alexandria, Cairo, and Damascus), are to be
p y p 0 6

selected to minimize the following modeling error between the reconstructed density pgzconstmcled(t) and the
. 3
modeled density pf,lodel (t) or

t=Exit

Model Error = |— [ 1ok ® = pr (H)]dt 28)

t Reconstructed
Exit ~ "Entry t=Entry

These parameters could be determined using the “simplex” method described in Ref. 22. The effectiveness of this
method has been proven in many applications.” Values of model parameters that minimize the model error are
given in Table 3. Note that the value of the angular widths of the plumes Kg (i = Alexandria, Cairo, and Damascus)
that achieved a good match between the model and reconstructed plume density is about 20°. This value is close to
the plumes’ angular widths mentioned in Ref. 17. Ref. 21 provided evidence for temporal variation of Enceladus’
plume jets. Since these parameter values are estimated using E3 data, they might not be applicable for jets
encountered in other Enceladus flybys.

Table 3 Selected Values of Enceladus Plume Density Model Parameters (for E3 only)

Plume Sources Alexandria Cairo Damascus
K, (kg/m?) 0.55x10™"2 10.3x107'2 8.5x107'2
Ki} (radians) 0.36 (20.6°) 0.36 (20.6°) 0.36 (20.6°)

Figure 11 depicts the time histories of the component plume densities due to Alexandria, Cairo, and Damascus,
as well as the total density due to all plume sources. With reference to this figure, one sees that the majority of the
total plume density originates from Cairo. A comparison between the plume density computed using the model and

that reconstructed using the E3 telemetry data is given in Fig. 12. In spite of the simplicity of the plume model used,
there is a good comparison between pggconstmmd (t) and pf,;del (t). The mean value of the fitting error is 0.435x10™"2

kg/m’ which is only 7.5% of the peak value of the reconstructed density (5.96x10™"* kg/m’).
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Fig. 12 Time Histories of Reconstructed and Modeled Enceladus Plume Density (for E3)
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Measurements made by the Cassini INMS team on the density and structure of Enceladus’ south polar plume
during the E3 and ES flybys are reported in Ref. 17. For the E3 flyby, the peak INMS-based plume density is
1.8x10"? kg/m® which occurred at ECA+50 s when the Enceladus-relative altitude is 528 km. This INMS-based
peak density differed by a factor of >3 from that reported here. See Table 4 for details. Moreover, the authors of Ref.
17 attributed the sharp H,O signal measured at ECA+50 s to the Damascus plume jet. In contrast, our work
concluded that most of the disturbance torque experienced by Cassini came from the Cairo plume jet. Future
analyses of science and engineering data collected from other low-altitude Enceladus flybys (for example,
Enceladus-9) will help to unlock the mystery behind the complex but interesting structure of the Enceladus plume.

Table 4
A Comparison of Peak Enceladus Plume Density As Estimated by INMS and AACS

Reconstructed Enceladus ECA " Peak Density | Altitude at Which Pea1'<

b Flvb Altitude Ocpurred at peak density I_)ensuy
Y Yoy [km] time [s] occurred [km] [10™? kg/m’]

AACS E3 47.9 ECA+34 322 5.6-6.2"

AACS E4 49.4 ECA+26 298 6.1

AACS E5 24.6 ECA+20 198 12.5*
INMS E3 47.9 ECA+50 528 1.8+0.2*
INMS** E5 24.6 ECA+30 347 8.3+0.4"

*From Ref. 27 and this work (see Section VII).

*From Ref. 27.

*From unpublished work done by Cassini AACS team (including Emily Pilinski, Sam Sarani, Eric Wang, and
Allan Y. Lee).

“From Ref. 17.

“From Ref. 24.

**INMS has no E4 data. The spacecraft attitude for the E4 flyby wasn’t optimized for INMS.

VIII. Conclusions

For Enceladus flybys on reaction wheels, one can use the unique and known transfer function between the
disturbance torque and the attitude control error to estimate the plume torque on the spacecraft. The effectiveness of
this methodology is established using telemetry data collected from the Enceladus-3 flyby in March 2008. Next, we
modeled the plume density due to each jet as a function of both the radial and angular distances of the spacecraft
from the plume center. For the limited-scope of our work, we retain only two free parameters for each plume model.
We also assume that the total plume density experienced by the spacecraft could be approximated by the
superposition of the component plume densities. By comparing the time history of the reconstructed E3 plume
density with that predicted by the plume model, values of plume model parameters are determined. In spite of the
simplicity of the plume model, the comparison between the reconstructed and the modeled densities is fairly good.
The mean fitting error of 0.435x10™'? kg/m® is only 7.5% of the peak value of the reconstructed density. In
comparing plume density estimated from this work with those derived using data collected by other Cassini science
instruments, we found noticeable differences in plume density estimates that could not be explained by inaccuracies
of the techniques involved. Future analyses of science and engineering data collected from other Enceladus flybys
will help to unlock the mystery behind the complex but interesting structure of the Enceladus plumes.
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Appendix A
Telemetry Data of Enceladus-4 Flyby

The time of Enceladus Closest Approach (ECA) was 2008-224T21:06:19 SCET. The ECA altitude was 50 km
with an Enceladus-relative flyby velocity of 17.7 km/s (28° S, 98° W). The Cassini spacecraft was under reaction
wheel control throughout the entire flyby. The flyby trajectory relative to key plume sources is depicted in Fig. Al.
Near the ECA, the spacecraft was only slewed about its Z-axis. The three per-axis body rates of the spacecraft were
depicted in Fig. A2. Fig. A3 depicts the time histories of the per-axis attitude control errors.

Fig. A1 Enceladus-4 Flyby Trajectory Projected on the Equatorial Plane of Enceladus
(The flyby trajectory is depicted by the thick red arrow)
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Appendix B

Geometry of Enceladus-3 Flyby

Fig. B1 Enceladus-3 flyby: Definitions of r, 8, and 8
(Note that d is defined positive in the counter-clockwise direction)
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Appendix C
Telemetry Data of Enceladus-9 Flyby (April 28, 2010)

The time of Enceladus Closest Approach (ECA) was 2010-118T00:10:17 SCET. The ECA altitude was 100 km
with an Enceladus-relative flyby velocity of 6.51 km/s (89.29° S, 146.94° W). The Cassini spacecraft was under
reaction wheel control throughout the entire flyby. The flyby trajectory relative to key plume sources is depicted in
Fig. C1. Near the ECA of Enceladus-9 flyby, the spacecraft was quiescent about all axes. Figs. C2 and C3 depict the
time histories of the three per-axis attitude control errors, and three per-axis attitude rate control errors, respectively.

Source |l

ST
i '52 ,
;" O\ £ ¢
e

ik DNEU)

“) D

Fig. C1 Enceladus-9 Flyby Trajectory Projected on the Equatorial Plane of Enceladus
(The flyby trajectory is depicted by the thick red arrow)
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Fig. C2 Per-axis Attitude Control Error Telemetry of the Enceladus-9 Flyby

(ECA was 00:10:17)
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Fig. C3 Per-axis Attitude Rate Control Error Telemetry of the Enceladus-9 Flyby
(ECA was 00:10:17)
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