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Executive Summary

The Saturn Ring Observer (SRO) study was requested by the Giant Planets Panel of the 2012 Planetary
Science Decadal Survey (PSDS). The panel specified two study objectives:

1. Investigate the method(s) by which a spacecraft might be placed in a tight circular orbit around
Saturn, using chemical or nuclear-electric propulsion or aerocapture in Saturn’s atmosphere. The
critical issue is trajectory.

2. Identify technological developments for the next decade that would enable such a mission in the
post-2023 timeframe (after the next saturnian equinox), with a particular focus on power and
propulsion.

The “tight circular orbit” refers to a non-Keplerian orbit, displaced 2—3 km from the mean ring plane in the
direction perpendicular to that plane. Since a spacecraft in such an orbit would appear to “hover” over the
ring particles directly “beneath” it, the study team dubbed this the “hover orbit.” The study found that for
such a mission, technologies involved with operations are approximately equal to power and propulsion
technologies in importance and the need for advanced development; therefore, they were added to the
list of emphasized technologies.

The study science team, composed of a Giant Planets Panel representative and two collaborators,
specified that the highest-priority science observations would be done by two imaging instruments. A
narrow angle camera (NAC) with resolution of 10 cm or better (1 cm goal) from the hover orbit would
allow analysis of individual collisions and determination of particle spin states for the largest common
particles, 1-10 m in diameter. A wide angle camera (WAC) would provide context for the NAC images
and permit larger-scale surveys for aggregate behaviors such as self-gravity wakes, “propellers,” etc.
Lower-priority instruments were mentioned, but with one exception they were not used in this study. The
exception is an instrument, possibly some variant on a laser altimeter or LIDAR (light detection and
ranging), that would measure the distance to the ring particles, ring thickness, and the z-axis
(perpendicular to the ring plane) components of ring particle velocities. The study found that this ability to
measure the distance from the spacecraft to the ring plane was an important engineering function as well
as science function; therefore, such an instrument is included in the planning payload. This is not a
particularly demanding payload. Even the NAC requirements are met by imaging systems currently in
flight on competed missions; thus, a payload of ~30 kg and ~30 W is sufficient, assuming that the ranging
instrument is similar to a scanning LIDAR.

Another important science finding from the study is that the primary metric for mission science value is the
range of radial traverse (with respect to Saturn’s center) over the mission lifetime. There is a strong
correlation between this radial traverse range and the number of different ring environments and known
phenomena encountered, and thus the value of the science obtained. The science team identified four
levels of progressively increasing science value, assuming the ring traverse begins in the gap between
the A and F rings at a Saturn-centric radius of ~139,000 km: 130,000 km (level 1); 120,000 km (level 2);
100,000 km (level 3); and 84,000 km (level 4). Level 1 is considered to be the “science floor,” the science
value below which it would not be worth flying the mission.

The study considered a number of technologies in several different areas. For the hover orbit and the
spacecraft that would operate in it (the “hover spacecraft’), radioisotope power systems (RPS) and
nuclear fission reactor power systems were considered, along with propulsion technologies that included
Hall thrusters, ion thrusters, colloid thrusters, arcjets, and chemical propulsion. Technologies that benefit
SRO by allowing more mass to be delivered to hover orbit initiation (HOI) included solar electric
propulsion (SEP), radioisotope electric propulsion (REP), nuclear electric propulsion (NEP), high-lsp in-
space chemical propulsion, aerocapture in Saturn’s atmosphere, and aerogravity assist (AGA) in Titan’
atmosphere.

(2

For a first cut at assessing the technologies needed to achieve the different levels of science value, the
study team modeled flight systems using low-fidelity, rough-order-of-magnitude (ROM) models.
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Subsystems directly involved in maintaining the hover orbit were modeled at the subsystem level, but all
other subsystems were modeled at the system level only, primarily by analogies to previous missions.

The level of effort needed for enabling technologies increases as the final radial distance for the mission
decreases (and science return increases). Common to all missions of any science level is the need for
the operations/navigation technology to fly the hover orbit—the instrumentation to reliably measure the
spacecraft’s distance from the mean ring plane and the autonomy to interpret those data and translate
them into actions the spacecraft must take, such as increasing hover thrust, to keep the spacecraft safe
and properly positioned for science data acquisition. The most scientifically ambitious missions, achieving
level 4 science, would launch on a Delta IV Heavy augmented by a large SEP stage, would require the
most advanced RPS systems (SRG-550), and would require either Titan AGA or high-lsp in-space
chemical propulsion. Fully achieving level 3 science would also require most of these technologies, but
does not require the AGA or high-lsp propulsion. Using a SEP-augmented Atlas V 551 and the SRG-550
would almost achieve level 3 science. Descoping further to level 2 science, an SEP-augmented Atlas V
551 with the advanced Stirling radioisotope generator (ASRG) currently in development would be
sufficient, with one important difference from the higher levels. The lower-wet-mass spacecraft needed for
the lower science levels would require smaller but efficient EP thrusters, at thrust levels and power levels
where current engines are not very efficient, below 20% in some cases. Development of higher-efficiency,
low-thrust EP engines would be needed to allow operation with ASRGs. If the higher-efficiency engines
are not available, more advanced RPSs would be needed, such as the SRG-160 and SRG-550. At level 2
science, the ability to fly the hover orbit with chemical propulsion emerges, though the option requires
either a SEP-augmented Atlas V-551 or a Delta IV Heavy launch capability. The chemical mission is very
different from the electric propulsion (EP) mission, in that it would not maintain a constant offset distance,
and traverse would occur in brief Hohmann-like spurts. Also, mission duration would be significantly
shortened, though the total time spent in a full hover would actually be greater. This is also true for the
minimal level 1 science. At level 1, the chemical system might fly on an Atlas V-551 without SEP, while
the EP systems appear to fit easily on such a launch system, assuming the increase in low-power EP
engine efficiency.

If an REP implementation of the hover-traverse capability is not available and an EP implementation is
desired over a chemical implementation, there is an option for an NEP implementation. For the REP
systems, level 1-3 science typically requires total power levels in the ~0.5 to 2 kWe range. Less than

5 kWe is the extreme low end of the practical range for nuclear fission electric power systems, so the
specific power of such systems cannot compete even with that of the current-technology ASRG. This
suggests that the pairing of NEP with an SRO mission is not as good a match as pairing REP with SRO. It
could indeed be done, but at a cost of much more mass (and thus money) required to solve the problem.
As mentioned above, delivering sufficient mass to HOI to achieve level 1 science with REP or chemical
implementations for the hover spacecraft requires launching on an Atlas V 551, possibly with SEP
augmentation. Delivering sufficient mass to HOI to achieve level 1 science with a NEP implementation for
the hover spacecraft requires launching on a Delta IV Heavy with SEP augmentation, a much more
expensive means of delivery to Saturn. Achieving level 2 science with NEP requires that and either a
Titan AGA or high-Isp chemical propulsion for SOIl/pumpdown. At much higher power levels (and
masses), well above 10 kWe, NEP might provide some scientifically interesting mission options, but most
likely in many aspects they would differ significantly from the comparatively simple architectures and
mission profiles examined in this study.

A surprising result from the study is that at the lower science levels, the capability to fly this mission is
closer to achievable than previously thought. This is mainly due to advances in trajectory techniques
(note: not navigation or maneuver-execution techniques, requiring more accuracy in trajectory operations)
that drastically reduce mission delta-V requirements. At science levels 1 and 2, there are mission
concepts that could fly with almost-ready power technology, incremental improvements propulsion
technology, and the operations technology. Bringing the ASRG to flight readiness fulfills the power
system need regarding EP hover propulsion. Increasing the global efficiency (jet power divided by power
out of the power source, so including PPU efficiency) of low-power electric thrusters, like small Hall
thrusters, to 40% or more, fulfills the propulsion need. Operations technologies, especially the ranging
and navigation technologies, might require as much development effort as the power and propulsion
technologies for these low science level missions.
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Study Purpose and Objectives

The purpose of this study was to characterize and evaluate technology needs (particularly power and
propulsion) and trajectories to support a potential future mission to observe the rings of Saturn at close
range. Technology needs were identified for development within the time span of this Decadal Survey to
support investigation of potential future mission concepts in the following Decadal Survey.

The principal objectives of this study were to:

1. Assess the feasibility of an SRO mission, using either presently available technology or hardware
that might become available in the next decade.

2. Investigate the method(s) by which a spacecraft might be placed in a tight circular orbit, using
chemical or nuclear-EP or aerocapture in Saturn’s atmosphere.

3. Identify plausible instrument payload(s) for the orbiter and the sub-satellites, necessary to carry
out the above goals.

Investigate methods by which the data collected could be returned to Earth.

Identify technological developments for the next decade that would enable such a mission in the
post-2023 timeframe (after the next saturnian equinox).
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Study Approach

This study differed from other studies supporting the 2012 Planetary Science Decadal Survey: it did not
generate flight or ground system point designs for any mission concept, did not perform any detailed
spacecraft subsystem analyses beyond simple parametric modeling, and did not examine a wide
architectural trade space to generate a set of preferred options. Instead, the mission architecture is fairly
well defined up front (the “hover orbit” and “hover spacecraft”). The study focused on potential
implementation options for this architecture and on technologies needed for those options, specifically
technology developments needed in the 2013—-2022 timeframe to allow a flight project in the decade
following that. The study questionnaire provided by the science team [1] calls out power, propulsion, and
trajectory technologies as the highest priorities, though other technologies were considered as their
mission impacts became clearer.

For the ring hover architecture specified, flight system requirements naturally flow backward in mission
time, from the hover spacecraft that would perform the science mission back to the system launched from
Earth, including the launch vehicle. In addition to the hover spacecraft, the architecture would include a
Saturn orbit insertion (SOI) / pumpdown stage, and any cruise or SEP stage or extra hardware needed
between launch and Saturn approach; see Section 2, Overview. For each of these flight elements, there
are multiple candidate technologies that might be used to implement them. In some cases, there is
overlap. For instance, EP, which could be used to perform the hover spacecraft’s hover and traverse
functions (see Section 2), might also be used in the pumpdown phase or in the Earth-to-Saturn transfer.
Using the backward flow of requirements, initial analyses determined the viable implementation pathways
for the different levels of science (related to the distance of radial traverse, discussed in Section 1) to be
achieved by the hover spacecraft and the technologies associated with those pathways. For each of
those viable pathways, there are implementation options for the SOl/pumpdown stage and the
technologies associated with each pathway. Further back in mission time, there are options for delivering
the combined masses of the hover spacecraft and SOl/pumpdown stage to Saturn approach and their
associated technologies. This trace back approach was used to guide the modeling of flight system
masses to judge whether a given implementation pathway would yield a potentially feasible mission
concept. For a complete set of options considered for each leg of the flight, see Figure 2-7 in Section 2,
Key Trades.

Flight system feasibility was assessed using simple parametric modeling at the system level only. To
model the flight system masses, the study team used a small number of parameters to describe the
performance levels of power and propulsion technologies, rough bus mass and power figures from
analogous missions (adjusted for such modifications as higher downlink data rates), delta-V requirements
derived from trajectory analyses, and the science mission requirements. Modeling of the various
implementation pathways was done over a range of requirement parameters that spanned all science
levels to identify thresholds where lower-level technologies became either impractical or greatly inferior to
advanced, lower-TRL technologies (see discussion of four technology levels in Section 2, Technology
Maturity). A pathway was judged “impractical” if its required launch mass exceeded the launch capability
of a SEP-assisted Delta IV Heavy or if a critical commodity or technology would not be available.
Examples include the scarcity of plutonium for multiple RPSs or the unavailability of appropriate thermal
protection system materials for aerocapture. Though not called for in the questionnaire, qualitative
descriptions of risks were captured and accompany the technologies and mission concepts.

This was a collaborative study involving the Jet Propulsion Laboratory (JPL) and NASA’s Glenn Research
Center (GRC). GRC provided the power and propulsion technology descriptions and trajectory analyses
for Earth-to-Saturn transfers. JPL provided study leadership, science coordination with the Giant Planets
Panel and other members of the science team, flight system modeling, a broad search of trajectory paths
and rough flyby dates for Earth-to-Saturn trajectories, hover orbit analyses, SOIl/pumpdown trajectory
analyses, and leadership of the study report generation task. The study process used a combination of
plenary sessions and individuals or small teams (two to three persons) working between the plenary
sessions. Technical analyses were performed almost exclusively in the individual or small-team
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environments. The plenary sessions were used to report and discuss intermediate and preliminary results
or problems, generate new candidate options for assessment in the study, and coordinate follow-on work.

Results from the analyses provide the basis for conclusions about the technology benefits to the various
implementation pathways for all four science levels. Preliminary conclusions were reported to the science
team and to Leonard Dudzinski, the NASA point of contact (POC) for the study. Final conclusions, and
the analyses that support them, are reported in this document.
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1.Scientific Objectives

Science Background

Although much has been learned of the dynamics of planetary ring systems by remote sensing
observations carried out by Earth-based facilities (chiefly stellar occultations) and by flyby and orbiting
spacecraft (Voyagers 1 and 2, Galileo and Cassini), most of the fundamental interactions in rings occur
on spatial scales that are unresolved by such techniques. Typical particle sizes in the rings of Saturn and
Uranus are in the 1 cm—10 m range, and average interparticle spacings are a few meters. Indirect
evidence indicates that the vertical thickness of the rings is as little as 5-10 m, which implies a velocity
dispersion of only a few millimeters per second. In Saturn’s A and B rings, the typical ring particle
experiences 3—10 collisions per orbit (Period = 10 hrs, roughly), with a mean free path between collisions
of 3—10 m. It is the cumulative effect of these innumerable gentle collisions that results in the outward
transfer of angular momentum, which is believed to dominate all collisional disks—circumstellar or
circumplanetary—and thus the gradual radial spreading of the rings. Theories of ring structure and
evolution depend on the unknown characteristics of these collisions, especially the coefficient of
restitution, and on the size distribution of the ring particles. At the present time, our knowledge of the
former is limited to a few laboratory experiments with cold ice. The latter is fairly well-determined by
spacecraft radio occultation experiments. Direct measurement of both the coefficient of restitution (by
monitoring individual collisions) and the velocity dispersion of particles would provide critical data on the
rings’ viscosity, enabling tests of the “standard model” that underlies most theories of ring structure and
evolution.

Numerical simulations of Saturn’s rings incorporating both collisions and self-gravity predict that the ring
particles are not uniformly distributed, but are instead gathered into elongated structures referred to as
“self-gravity wakes,” which are continually created and destroyed on an orbital timescale. Theory
indicates that the average separation between wakes in the A ring is of order 30—100 m, a result
supported by simulations. Cassini observations have produced abundant evidence for self-gravity wakes
in the A and B rings from stellar and radio occultations, optical imaging, and thermal-infrared maps, while
recent numerical models suggest that the wakes may also play a major role in mediating ring viscosity.
Direct imaging of self-gravity wakes, including their formation and subsequent dissolution over a period of
a few orbits, would provide critical validation of these models and might also shed light on many other
unexplained aspects of the way in which electromagnetic radiation interacts with the rings.

High-resolution observations of individual ring particles should also permit estimates of particle spin
states, which have a significant impact on the large-scale thermal behavior of the rings. Simulations
suggest that the largest particles should rotate at near-synchronous rates, with smaller particles spinning
faster (period ~1/r), but this is based on idealized models of spherical particles.

Finally, there is evidence in Cassini data of other organized structures in the rings at the hundred meter to
kilometer scale. These include “propellers” (thought to be the signature of sub-km moonlets embedded in
the rings), the “ropy” and “straw” structure seen in images of strong density waves and gap edges,
chaotic structure in the outermost B ring, and curious radial oscillations observed in radio and stellar
occultations of the inner A ring. The latter have been interpreted in terms of the “viscous overstabilities”
seen in numerical simulations of high-optical depth rings. Again, direct observations of these structures,
and their developmental time scales, would provide powerful tests of the numerical models, as well as a
solid basis for interpreting remote sensing data.

Observational Requirements

Most of the science goals identified above could be accomplished by high-resolution nadir imaging of the
rings from a platform that co-orbits with the ring particles; i.e., from a spacecraft in circular orbit above or
within the rings. In order to resolve at least the largest (1-10 m) sized particles, a minimum spatial

resolution of 10 cm is required (with 1 cm a desirable goal), corresponding to 30 microradians at a range
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of 3 km. A typical 1 megapixel CCD (charge coupled device) would then have a field of view (FOV) of 100
m, sufficient to encompass one or more self-gravity wakes and more than enough to cover the mean free
path between collisions. At a typical particle relative velocity of 1 mm/sec, a frame every minute should
suffice to characterize individual collisions, while also providing useful data on particle spins. A wide angle
camera (WAC) (FOV ~1 radian) would permit larger-scale surveys for propellers and maps of ring
structures such as wakes, ring edge structures, and unstable regions.

Other orbiter instrumentation might include a laser altimeter/range-finder (to measure the effective
thickness of the rings and the vertical component of particle motions), as well as a simple ultraviolet (UV)
or infrared (IR) photometer to measure optical depths via stellar occultations. In situ instruments to
measure the density and composition of the neutral and ionized ring atmosphere, meteoritic and
secondary dust fluxes, and local electric fields (especially in spoke regions) would also be of great value.

Science Objectives

The Saturn Ring Observer (SRO) mission would be a high-resolution study of the microphysical
interactions between particles in Saturn’s rings, at a spatial scale of 1-10 centimeters and over
continuous periods of order 10 hours (1 orbit), with the goals of:

1. Characterizing the coefficients of restitution, both radial and tangential, for typical collisional
interactions between ring particles

Measuring all three components of the ring particles’ velocity dispersion

Studying the development, dimensions, packing density, and eventual dissolution of self-gravity
wakes and similar structures

4. Studying the detailed structure of “propellers,” perturbed ring edges, density waves, etc.
5. Characterizing the size distribution and spin states of the larger ring particles

Ideally, the above should be done at several (at least three) representative locations in the A, B, and C
rings, plus several targeted features such as gap edges and strong waves, with continuous observations
carried out over time periods of several orbits (i.e., a few days) at each location.

With this in mind, the Giant Planets Panel identified four “regions of scientific interest” (science levels) and
the specific properties of these regions:

1. Science floor: 137,000—-130,000 km (Outer A ring)
A ring edge, density wave region, propellers, self-gravity wakes, and Encke and Keeler gaps

2. 130,000-120,000 km
Remainder of A ring, including optically thick inner region, outer portion of Cassini Division,
including Cassini Division ringlets

3. 120,000-100,000 km
Remainder of Cassini Division, outer B ring edge, and thickest portion of B ring core

4. 100,000-84,000 km
Remainder of B ring, C ring plateau, and gap region

Each region has unique properties that both challenge and constrain models of ring formation and
evolution. Thus, the science value increases with examination of every additional region. The spacecraft
resources required to observe a region are inversely proportional to the radius. For this reason,
observations of the regions of interest are identified with science levels with measurement of region 1
corresponding to science level 1.

Traversing regions 1-3 would span the full range of optical depths within the rings, from diffuse material
(Cassini Division, which is similar in many respects to the C ring) to the thickest core of the B ring.
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2.High-Level Mission Concept

Overview

The SRO mission concept is best understood by initially tracing it backward in time from its science orbit
to its launch from Earth, through three main mission phases: the science orbit phase, also called the
“hover orbit” phase; the Saturn orbit insertion (SOI) and “pumpdown” phase, beginning upon Saturn
approach and ending at hover orbit initiation (HOI); and the launch and transfer to Saturn. Each phase
has its own objectives that drive flight system requirements and operations strategies. Of course the
primary objectives for the hover orbit phase are the science objectives, so that platform, the “hover
spacecraft,” must support those functions, and its mass reflects what is necessary to carry out those
functions. The primary objective of the SOl/pumpdown phase is to maneuver the hover spacecraft from
Saturn approach to the state (position and velocity) for HOI. This phase would involve a challenging level
of propulsive delta-V, a complex tour of Saturn’s largest moons for gravity assists, and significant time.
The large delta-V requirement is achieved best with a dedicated SOl/pumpdown stage that performs the
maneuvers for this and then is jettisoned just prior to HOI. Finally, the primary objective of the
launch/transfer phase would be to deliver the combined mass of the hover spacecraft and the
SOl/pumpdown stage to Saturn approach, with the approach parameters (declination and V-infinity)
within acceptable limits and within an acceptable cruise duration.

The remaining mission description traces events in proper time order. This study covered many different
viable architectural options, not just a single point design; thus, the description of each phase and its
associated hardware options and operations covers a range of characteristics. There are limits to the
characteristics ranges, however, especially when mission duration is involved. A common mission design
technique is to buy greater delivered mass capability with longer cruise durations. But spacecraft
components, notably radioisotope power systems (RPSs), have useful lifetimes that the prime mission
duration should not exceed. For RPSs, that lifetime (from launch) is currently 14 years, assuming 3 years
from fueling to launch. If the processing period between fueling and launch could be shortened to as little
as one year, as has been suggested, then the post-launch useful life could be extended to 16 years. With
the SOIl/pumpdown phase lasting as long as 4 years, and reserving at least 1 year for the hover orbit
phase, transfer trajectories requiring more than 11 years can be ruled out. This study identified mission
architectures and associated trajectories that could accomplish an SRO mission within the current ASRG
lifetime limits. But, extending that lifetime by one or two more years could open up more opportunities,
providing added implementation flexibility, if other spacecraft components also have sufficient longevity.

A typical SRO mission option would begin with a launch and some combination of chemical propulsion,
gravity assists, and electric propulsion (EP) such as solar electric propulsion (SEP), to effect the transfer
to Saturn. The precise combination of launch vehicle choice and these post-launch options depends on
the required mass to be delivered to Saturn approach (see Section 3, Concept of Operations and Mission
Design), which is in turn a strong function of the required hover spacecraft mass, which is itself a function
of the level of science the hover spacecraft addresses (see Section 1, Science Objectives).

The SOl/pumpdown phase would begin at Saturn approach. Approach targeting would lead to the SOI
maneuver that could be achieved either by a Cassini-like propulsive maneuver series (formal SOI
maneuver followed by a critical periapse raise maneuver [PRM]), or a Titan aerogravity assist (AGA). The
all-chemical option’s large SOl and PRM is followed by an approximately 3.5-year pumpdown tour would
deliver the hover spacecraft to HOI. This tour would use multiple gravity assists from (in order) Titan,
Rhea, Dione, and Enceladus, along with “leveraged” propulsive maneuvers (totaling approximately 350
m/s delta-V), to deliver the spacecraft and the SOl/pumpdown stage to an orbit whose periapse is just
outside the F ring and whose apoapse is at Enceladus’ orbit radius. A large maneuver would then
circularize the orbit just outside the F ring. From there, two final maneuvers would “hop over” the F ring
and circularize the orbit between the F ring and the outer edge of the A ring. The hover spacecraft would
then be poised for HOI, and the SOl/pumpdown stage would be jettisoned, having provided ~3.5 km/s
total delta-V, from SOI to HOI.
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If instead a Titan AGA is used, the delta-V provided by that maneuver would replace the chemical
option’s SOI, PRM, and at least part of the pumpdown tour. The orbit state after the AGA is similar to the
chemical option’s orbit state after a couple of Titan gravity assists. In addition to saving significant
propulsive delta-V, the AGA would save pumpdown duration as well, though at some additional mission
risk. After the AGA, the pumpdown to HOI would be much the same as for the analogous parts of the all-
chemical option. The AGA itself is similar to an aerocapture maneuver, but is actually less demanding in
terms of heat loading. AGA maneuvers can be lift-dominated, drag-dominated, or a mix of the two. For lift-
dominated AGA, the lift provided by an atmosphere’s effects on an aeroshell, directed toward the
primary’s center, redirects the spacecraft’s velocity vector by an amount larger than possible using gravity
alone. In effect it uses aerodynamic lift to simulate a more massive primary. Some energy loss due to
drag is unavoidable, but that is secondary to the velocity redirection. A drag-dominated AGA relies
primarily on aerodynamic energy dissipation. An AGA for the SRO mission would most likely be a mix of
redirection to yield the proper Saturn periapse radius, with capture into Saturn orbit provided by a net
drag delta-V of about 1 km/s. That delta-V, a factor in the total heat load on the aeroshell, compares to
the ~4 km/s drag delta-V for a Titan aerocapture maneuver from a Cassini-like Saturn orbit. The drag-
dominated AGA also needs a lifting aeroshell, since that lift is the means of controlling the trajectory to
achieve the proper exit state. During the AGA maneuver the spacecraft periapse at Titan would be in the
300-400 km range, slightly higher than needed for aerocapture. Like aerocapture, AGA has not yet been
demonstrated in flight, and is subject to many of the same implementation and mission risks.

The primary objectives during the hover orbit are SRO’s science objectives and the observations and
measurements needed to achieve those objectives. These objectives define the functions the hover
spacecraft must perform. This platform must place the payload at a safe distance (2—3 km) from the ring
plane, co-orbiting with the ring particles “beneath” the platform. It must maintain that distance despite the
Saturn “tidal forces” (actually a natural result of Keplerian orbital motion) that would draw the spacecraft
into the ring plane. Much as a helicopter sometimes “hovers” over a point of interest on the ground, the
platform could use low-thrust propulsion to maintain a non-Keplerian “hover” over a point in the rings;
hence the terminology, “hover spacecraft.” In addition to the hover function, the spacecraft would perform
other necessary functions to acquire and return science data. It must point the science instruments
toward the co-orbiting ring particles, and store and downlink (possibly after significant compression) the
resulting science data. Since measurements would be needed at more than one location, it must also
provide “traverse”, or radial mobility across significant portions of the expanse of Saturn’s rings, in the form
of propulsive delta-V. Electric propulsion appears far more efficient and could enable a far greater science
return than chemical propulsion, which could provide very limited capability for hovering and traverse.

To establish the hover orbit from the circular orbit between the A and F rings, the hover spacecraft would
begin thrusting with its EP system perpendicular to the ring plane, pushing it to its non-Keplerian position
a few kilometers out of the ring plane, on the sunlit side of the rings. Then, either by starting an additional
set of EP engines or by gimbaling the already-operating engines and increasing their thrust, the hover
spacecraft would provide an additional component of thrust in the direction opposite its orbital velocity
vector, the “traverse propulsion.” This would decrease its orbital energy, thus decreasing its orbit radius,
moving toward Saturn and over the A ring. When its orbit radius reaches a point where detailed science
observations are desired, the traverse propulsion would shut off and the hover spacecraft would remain
hovering over the same small group of ring particles, imaging their shapes, motions, and clumping
behavior until sufficient data are acquired; traverse propulsion would then resume.

The science team described a limited set of potential hazards the hover spacecraft might encounter. In
some cases, especially near ring and gap edges shepherded by small moons, ring particles are perturbed
up to 4 km out of the usual ring plane. Some individual objects (“ring moons”) are so large that they
extend kilometers out of the ring plane. The hover spacecraft must “hop over” such hazards. Fortunately,
a relatively small amount of chemical propellant and small thrusters could provide this capability.
Appendix C discusses known hazards in Saturn’s rings.

Typical durations for the hover orbit would be one to two Earth years for EP hover implementations,
considerably less for chemical implementations. During system analysis (see Section 2), it was found that
there is a mass-optimal mission duration, which implies that a mission can be too long, or foo short. The
mission would end when the EP propellant is exhausted and the spacecraft sinks into the ring plane to
become yet another ring particle; see Section 3, Planetary Protection. Having the spacecraft co-orbiting
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with the ring particles within the ring plane is not a part of the SRO operations concept due to risks
associated with collisions with the larger ring particles and the negative impact on science observations
by perturbing the natural collisions of the particles.

This study did not consider mission science enhancements such as free-flying sensors that would be
released into the ring plane for radio tracking, yielding such information as collision frequencies and
typical random velocity magnitudes. Such sensors, if relatively short-lived (a few Saturn orbits or less),
would not be particularly difficult to implement. Future studies could better define the science value to be
gained from them, and might estimate mass and power levels needed.

Concept Maturity Level

Table 2-1 summarizes the NASA definitions for concept maturity levels (CMLs). The objective of this
study was to identify and evaluate, at a CML of approximately 2, technologies needed for SRO mission
concepts, especially technologies needing development in the 2013—-2022 timeframe for a flight mission
in the following decade. The study team included individuals representing the science objectives (from the
Decadal Survey Giant Planets Panel) and payload capability, and overall mission, technology, and
system expertise. To satisfy the range of science objectives, mission concept feasibility was assessed
across a wide range of trajectories and power and propulsion technologies. Impacts of the technology
options were assessed for feasibility and relative science performance, as judged by the radial extent of
the ring system that could be covered. Since technical feasibility based on alternative technology options
was the goal of this study, no quantitative cost analysis was performed. The results of this study provide
valuable information for potential follow-on trade space or point design studies.

Table 2-1. Concept Maturity Level Definitions

Concept
Maturity Level Definition Attributes
CML 6 Final Implementation Requirements trace and schedule to subsystem level,
Concept grassroots cost, V&V approach for key areas
CML 5 Initial Implementation Detailed science traceability, defined relationships, and
Concept dependencies: partnering, heritage, technology, key
risks and mitigations, system make/buy
CML 4 Preferred Design Point Point design to subsystem level mass, power,
performance, cost, risk
CML 3 Trade Space Architectures and objectives trade space evaluated for
cost, risk, performance
CML 2 Initial Feasibility Physics works, ballpark mass and cost
CML 1 Cocktail Napkin Defined objectives and approaches, basic architecture
concept

Technology Maturity

This study considered several technologies in two general categories: power and propulsion, and
operations. Power and propulsion technologies covered a variety of technology readiness levels (TRLs),
from currently flying Hall thrusters to small nuclear fission reactor power systems at a much lower TRL.
Two different parts of an SRO mission, the Earth-to-Saturn transfer phase and the near-Saturn phases,
would utilize different power and propulsion technologies. Operations technologies primarily focused on
the technologies needed to navigate and control the hover orbit, and include sensor technologies needed
to reliably detect the distance to the ring plane together with the algorithms to allow the spacecraft to
autonomously control its position based on the sensor input. Currently, both areas are at low- to mid-TRLs.

The Earth-to-Saturn transfer required no new enabling technologies, but SEP proves to be highly
beneficial in some cases. Notably, it would be useful for launch and transfer to Saturn in years when a
Jupiter gravity assist (JGA) is not available, greatly increasing the mass a given launch vehicle could
deliver to Saturn approach without the JGA. SEP is already demonstrated in space, with NASA’s Deep
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Space 1 (DS-1) mission and the currently flying Dawn mission, and the European Space Agency’s
(ESA’s) SMART-1 mission. Systems that operate only one thruster at a time are at TRL 6 or higher. SEP
systems of the size (i.e., power and propellant load) and complexity needed for an SRO application have
not yet flown and are thus at a lower TRL, but have been the subject of multiple studies, including the
recent Titan Saturn System Mission (TSSM) study [2].

Power and propulsion technologies for the near-Saturn phases were organized into four levels.
Technologies in the first level include ones needing minimal or no further development, such as advanced
Stirling radioisotope generators (ASRGs) and sub-kW Hall thrusters, and standard chemical propulsion
systems. TRLs for these technologies are at 6 or higher. The second level introduces more extensive
developments and include the “optimized” ASRG (aka the SRG-160) and the larger SRG-550, both with
lower TRLs in the 4-5 range. Aero-assist technologies enter at the third level with Saturn aerocapture and
Titan AGA into Saturn orbit. Aero-assist introduces more complexity into the topic of technology maturity,
separating maturity of component technologies from maturity of the system technology. Aerocapture and
AGA are system technologies, dependent on many component technologies such as aeroshell
geometries; thermal protection system materials; aerothermodynamic modeling; guidance, navigation,
and control (GNC) algorithms; and sensors and actuators for GNC. TRLs for all of these technologies are
high, at 6 or above, for Titan AGA. For Saturn aerocapture, some of these components, especially
aeroshell geometries, thermal protection system materials, and aerothermodynamic modeling, are at
lower TRLs. TRLs for aerocapture at the system level are currently a topic of debate in the community.
Some insist that single-pass, high-delta-V aero-assist techniques such as aerocapture and AGA cannot
be used without a flight demonstration. Many experts insist that at some destinations, especially Titan,
these techniques are ready for use now. The fourth technology level includes small (1-3 kWe) nuclear
fission reactor power systems, with component TRLs ranging from 3-9, and a system level TRL at
approximately 3.

The study science team identified four levels of science value that have implications for the power and
propulsion technology levels. One study result is that the science value of an SRO mission increases with
the range of radial traverse accomplished. Thus, for a given payload, technologies that provide greater
traverse capability yield greater science value. Assuming HOI at ~139,000 km Saturn-centric radius (in
the clear zone between the F ring and the outer edge of the A ring), the team identified four threshold
radii for progressively higher science value levels. Moving from one science level to the next higher
generally requires adopting more aggressive technologies and, presumably, increased risk to meet the
increasing delta V requirements for traverse of the rings.

A somewhat surprising finding from the study is that (assuming the availability of operations technologies
needed for the ring traverse) even with level 1 power and propulsion technologies, there appear to be
feasible missions using launch vehicles significantly smaller than the Delta IV Heavy. Thus, the
operations technologies could impose more of a constraint on mission readiness than the power and
propulsion technologies.

Key Trades

This study was intended to investigate a broad swath of the technological possibilities to identify
technologies needed to enable an SRO mission. Multiple techniques were employed to investigate the
impact of technology both on the core hover spacecraft and on the rest of the launch stack responsible for
delivering the hover spacecraft to HOI, the location, and velocity at which the hover spacecraft begins its
non-Keplerian hover orbit.

The SRO study presented both discrete and continuous dimensions in its trade space. Continuous
parameters described the mission and the technology metrics of the hover spacecraft. Discrete
parameters were used for the choices of launch opportunities, available launch vehicles, and
technologies such as SEP and Titan AGA.

The goal of investigating the mission architecture trade space was to identify which technologies could
potentially be enabling for Saturn ring missions of various levels of science investigation.
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Hover Design Space Exploration

There were two goals for exploring a continuous space of the hover spacecraft design parameters. The
first of these was to evaluate what levels of performance would be required of EP thrusters and their
onboard power source to achieve various science missions. The second goal was to evaluate which of
the mission science levels would be achievable by the family of concepts considered within this study.
These goals guided the exploration of hover spacecraft sizing parameters.

Examination of the hover spacecraft trade space was initiated with the selection of the input variables of
interest. There were successive iterations on the hover spacecraft analysis, but each iteration included
the variables listed in Table 2-2. All analyses used the variables in this table. The continuous trade space
exploration (shown in contour plots later in this section) used values within the minimum/maximum values
in the last two columns of Table 2-3. Separate sets of values were used for reactor- and radioisotope-
based power systems. Similar but smaller sets of variables were used for analyses of hover and traverse
by means of chemical propulsion; those analyses used discrete examples rather than continuous trade
space exploration. For those analyses, the spacecraft bus (with instruments) was assumed to require
350 We provided by ASRGs. Chemical propulsion systems for hover and traverse used typical current
state-of-the-art values for inert masses, lsp, etc.

Note that another parameter, “initial radius,” the radius at which the hover orbit begins, did not vary from
option to option and thus was considered a constant in the analyses. Each of these parameters was
assigned a range. For the final version of the continuous space exploration, which is represented in the
contour plots shown later in this report, the parameters and ranges used are listed in Table 2-3. For
further information on the specific assumptions of the hover spacecraft, see Section 3, Flight System.

Table 2-2. Design Space Variable Description

Variable Name Description
Final radius (km) The end point for a traverse radially inward over the rings
Specific power (W/kg) The output power of the main power source divided by its mass
Thruster efficiency (%) Jet power (mass flow multiplied by effective exhaust velocity, divided by
2) divided by the amount of power output from the power source
Payload mass (kg) The mass of cameras and LIDAR (for altitude detection)

Mission duration (months) | Time from start of the hover orbit until the end of the mission; assumes a
steady reduction in orbit radius over time

Hover duration (months) Time allocated to stop traverse and hover at a fixed radius over the rings

Hop delta-V (m/s) Amount of monopropellant delta-V allocated for clearing hazards
encountered along the rings
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Table 2-3. Design Space Parameter with Minimal and Maximal Values

Minimum Maximum
(value for NEP | (value for NEP
variant in variant in
Name Comment parentheses) parentheses)
Final radius The end point for a traverse radially inward over 80,000 130,000
(km) the rings
Specific power | The output power of the main power source 5(2) 11 (4.5)
(W/kg) divided by its mass
Thruster Jet power (mass flow multiplied by effective 30 80
efficiency (%) exhaust velocity, divided by 2) divided by the
amount of power output from the power source
Payload mass | The mass of cameras and LIDAR (for altitude 20 80
(kg) detection)
Mission Time from start of the hover orbit until the end of 6 24
duration the mission; assumes a steady reduction in orbit
(months) radius over time
Hover duration | Time allocated to stop traverse and hover at a 1 6-
(months) fixed radius over the rings
Spacecraft bus | Power needed to support spacecraft bus, 200 400
power (W) including instrument power
Specific Design specific impulse; used together with 900 1,600
impulse (s) required thrust and efficiency to calculate input
power to thruster

A vector with values between the minimum and maximum of each of these parameters forms a design
case. Six hundred design cases were run through analytical models, with the set of values within each
design case chosen according to a Latin hypercube scheme. The Latin hypercube sampling technique
was chosen in order to get a well-randomized draw of possible values within the design space. It was
chosen because the location of break-points in the design space were not well known, and also because
it was known that required delta-V for the ring mission and hover spacecraft masses would be highly
variable. The results were fit using an artificial neural network. The network was used to render a series of
dynamic curves and contours. The use of dynamism enabled examination of the highly dimensional
surfaces within the limitations of two- and three-dimensional displays and human cognition [3, 4]. The
design team used the contours to probe trends and interactions within the hover spacecraft concept and
make judgments about appropriate technology strategies. Some representative views from this
exploration are presented in Figures 2-1 through 2-5 to highlight the source of recommendations.

The view shown in Figure 2-1 depicts the calculated traverse range of the hover spacecraft. This captures
results with input values shown in Table 2-4.

The 800-kg hover spacecraft initial mass represents the maximum HOI delivery mass for a flight system
with all-chemical cruise and SOl/pumpdown stages, launching on an Atlas V 551. The shaded region in
Figure 2-1 corresponds to final radii greater than 120,000 km, i.e., not fully achieving level 2 science.
Figure 2-1 shows that this level of traverse is possible within the first technology level described in
Section 2, Technology Maturity. This involves the ASRG with a specific power of 5.6 W/ kg and a
propulsion system efficiency of 40%. As shown in Figure 2-2, level 1 science is easily reached with this

power system.
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Figure 2-1. Hover Spacecraft Traverse Capability, Mass at HOI
Constrained to 800 kg; Contours are Radius at End of Traverse

Table 2-4. Parameter Values for Figure 2-1

Payload | Mission Duration Hover Duration SC Bus Specific Hover Spacecraft
Mass (kg) (months) (months) Power (W) | Impulse(s) | Mass @ HOI (kg)
30 24 2 350 1,500 800
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Figure 2-2 presents an expanded view of Figure 2-1 with a wider span of values for specific power of the
power source and propulsion system efficiency. The area in pink now represents the traverse constraint
posed by level 1 science. It can be seen that the ASRG power technology could accommodate the
mission with a low efficiency propulsion system (25% efficiency from SRG outlet to jet power).

Additional assessments were made by examining multiple two-variable plots composed of pairs of the
input variables in Table 2-4 above. Other outputs were examined, such as required thrust and total
power, in order to judge which technologies were appropriate for the hover spacecraft. Multiple hover
spacecraft mass constraints were also examined to judge the impact of different launch vehicles and
cruise stage technologies.
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Figure 2-2. Expanded View of Figure 2-1 Showing
Level 1 Science Constraint
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Figure 2-3 shows a case similar to that in Figure 2-1. The main difference is in the available mass, which
is increased to 1,800 kg due to the use of a Delta IV Heavy to launch the flight system stack on a SEP-
assisted transfer trajectory to Saturn. The total power and required thrust contours are provided on this
chart for the benefit of technologists. For SRGs, the specific power increases with the size of individual
units (see the difference between the ASRG and SRG-550 in Section 3). Similarly, thruster efficiency
tends to increase with thrust for a given specific impulse level. Efficiencies of 50-60% are feasible for
either ion or Hall thrusters in the thrust range indicated in Figure 2-3. The SRG-550 concept that the
Glenn Research Center team identified has an estimated specific power of 8.5-9 W/kg while generating
~500 W at end of mission (EOM). This unit size would be most appropriate for the higher-power hover
spacecraft, such as the one indicated in Figure 2-3 with a power requirement between 2.5 and 3 kW.
These values (for these technology metrics) indicate that level 4 science would require both the SRG-550
(9 W/kg) and roughly 65—70% thruster efficiency to bring the hover spacecraft wet mass below 1,800 kg.

The development of a 600 W Hall thruster with a Thrust-to-Power (T/P) level greater than 100 mN/KW
and a thrust efficiency of approximately 60% would require investigating new discharge channel,
magnetic circuit, and anode configurations and materials. The new thruster configuration would result in a
600 W Hall thruster with minimal losses in the discharge channel and with efficient operation at low
discharge voltages (to get high T/P). To achieve the desired propellant throughput with minimal risk for
the SRO mission would also require adaptation of an innovative life-extending discharge channel
replacement mechanism that is currently being integrated into a flight-like 3.5 kW NASA Hall thruster. The
new 600 W Hall thruster design could use existing highly efficient power processing unit (PPU) topologies
and existing light-weight xenon propellant feed systems. It is projected that the desired performance
levels can be achieved in 3-5 years assuming a steady level of investment is directed towards such
activity. Given the performance levels and relevant physics governing the operation of state-of-art Hall
thrusters at low power, achieving thrust efficiencies higher than 60% might not be possible.
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Figure 2-3. Traverse Capability for Hover Spacecraft with Multiple
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To develop a higher power (100-300 W), high efficiency colloid thruster would require a robust and
sustained research/development effort for the next 5 to 10 years. Colloid thrusters have been
demonstrated for power levels up to 10 W. Preliminary research efforts and evaluation into scaling to
higher power indicates that a colloid thruster system efficiency of 65 to 75% is attainable for power levels
above 100 W. To attain such performance levels would require advancements in scaling of emitters,
demonstration of new materials for long duration operation, development of high efficiency PPU designs,
development of a higher-current propellantless neutralizer, and scaling the ionic liquid propellant feed
system to accommodate higher power operation.

Figure 2-4 shows what is needed to achieve level 4 science when both SEP and Titan AGA would be
used to bring the hover spacecraft to HOI. If the SRG-550 power source specific power value is found on
this plot, then a propulsion system efficiency (including a power processing unit [PPU]) of 60—65% is
sufficient to reach this science level. This represents the most capable hover spacecraft and delivery
system combination in the trade space considered for this study.
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