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ARTICLE INFO ABSTRACT

Keywords: The ice giant planets, Uranus and Neptune, are fundamentally different from the gas giant and terrestrial planets.

Uranus Though ice giants represent the most common size of exoplanet and possess characteristics that challenge our

Plane.tary science summer seminar understanding of the way our solar system formed and evolved, they remain the only class of planetary object

Ice giants without a dedicated spacecraft mission. The inclusion of a Uranus orbiter as the third highest priority Flagship

gzat?:oﬁisrl:“ concept study mission in the NASA Planetary Science Decadal Survey “Vision and Voyages for Planetary Science in the Decade
2013-2022” indicates a high level of support for exploration of the ice giants by the planetary science com-
munity. However, given the substantial costs associated with a flagship mission, it is critical to explore lower cost
options if we intend to visit Uranus within an ideal launch window of 2029-2034 when a Jupiter gravity assist
becomes available. In this paper, we describe the Quest to Uranus to Explore Solar System Theories (QUEST), a
New Frontiers class Uranus orbiter mission concept study performed at the 30th Annual NASA/JPL Planetary
Science Summer Seminar. The proposed QUEST platform is a spin-stabilized spacecraft designed to undergo
highly elliptical, polar orbits around Uranus during a notional one-year primary science mission. The proposed
major science goals of the mission are (1) to use Uranus as a natural laboratory to better understand the dynamos
that drive magnetospheres in the solar system and beyond and (2) to identify the energy transport mechanisms in
Uranus' magnetic, atmospheric, and interior environments in contrast with the other giant planets. With sub-
stantial mass, power, and cost margins, this mission concept demonstrates a compelling, feasible option for a
New Frontiers Uranus orbiter mission.

1. Introduction dedicated spacecraft. The only direct measurements of these planets’
environments were made during the Voyager 2 flybys in 1986 and 1989

The ice giants, Uranus and Neptune, represent the only major class for Uranus and Neptune, respectively. This brief glimpse of Uranus and

of planetary objects in our solar system that have yet to be targeted by a Neptune over 30 years ago revealed enigmatic worlds that demand
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missions singly devoted to unraveling their mysteries. Uranus in par-
ticular, with its tilted magnetic field, inexplicably hot stratosphere,
anomalously low heat flux, and puzzling interior, serves as an extreme
environment in which we can test hypotheses for the way our solar
system formed and evolved [1-3]. Ice giant-sized planets also represent
a large and growing category of recently discovered exoplanets [4].
Remote sensing and in situ measurements of the ice giants in our own
solar system would significantly aid our understanding of exoplanetary
ice giants, including the composition of their interiors, the thermal
structure of their atmospheres, and the surface processes of their sa-
tellites that may harbor subsurface oceans. Though most detected ice
giant-size planets orbit close to their host star due to observational bias,
comparisons between ice giant planets at different distances from their
host star could yield a deeper understanding of ice giant evolution and
potential migration within solar systems. Our understanding of these
exoplanets and their roles in their respective planetary systems would
improve through further investigation of the ice giants in our own solar
system. Therefore, if we hope to understand the conditions necessary to
produce the observed diversity of planets in our solar system and be-
yond, it is imperative that we return to this frozen frontier.

The NASA JPL Planetary Science Summer Seminar (PSSS) provides
early career scientists and engineers with hands-on experience in the
end-to-end mission design process. The participants respond to the most
recent NASA Science Mission Directorate New Frontiers Announcement
of Opportunity (New Frontiers 4 [5] for our study) and select a high-
priority mission target based on community recommendations provided
by the NASA Planetary Science Decadal Survey [6]. The seminar con-
sists of 11 weeks of preparatory webinars and group sessions during
which the participants design a preliminary mission concept for their
chosen target through continual development of a broad set of potential
mission goals, mission architectures, and instruments. The PSSS cul-
minates in a 5-day session at JPL where participants work with JPL's
advanced project design team, “Team X”, to refine the mission concept
through spacecraft design, instrument design, trajectory optimization,
and trade analyses to ensure the mission fits within predetermined
mass, power, and cost caps while achieving a preponderance of com-
munity-driven high-priority science objectives.

As participants of the 2018 PSSS, we selected Uranus as our mission
target and designed a Uranus orbiter mission concept within a New
Frontiers budget adjusted for inflation ($900 M FY18). A Uranus orbiter
is ranked as the third priority flagship class mission in the most recent
Decadal Survey after a Europa orbiter and Mars sample return mission.
Two flagship missions are currently under development, Europa Clipper
and Mars 2020, but the budget for NASA planetary exploration missions
is not guaranteed to support a third flagship class mission within the
ideal launch window of 2029-2034 for a mission to Uranus. Therefore,
if we want to investigate Uranus within this timeframe it is crucial to
determine whether a mission with a significantly reduced budget can
achieve sufficiently compelling science to justify the associated cost.

Several recent ice giant mission concept studies have been carried
out including the 2019 ESA study “A Mission to the Ice Giants - Uranus
and Neptune” [7], the joint NASA/ESA 2017 Ice Giants Pre-Decadal
Mission Study Report [8], and two Uranus orbiter concept studies,
MUSE [9] and OCEANUS [10], carried out during the 2014 and 2016
PSSS respectively. However, each of these mission concepts arrived at
costs greater than 1.2 billion dollars, and several of these studies de-
scribed as New Frontiers mission concepts include significantly in-
creased cost caps along with donated instruments that obfuscate the
true mission costs. In our study, we sought to provide the planetary
exploration community with a mission concept that adhered to the New
Frontiers guidelines as strictly as possible to present a realistic view of
the science achievable at Uranus for less than 900 M FY18$. We were
able to meet that goal through the choice of an optimal trajectory that
utilizes a Jupiter gravity assist for a launch in 2032, a mission archi-
tecture based significantly on the Juno mission, and a focused, sy-
nergistic set of goals. Additionally, we found it was necessary to focus
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Fig. 1. The QUEST mission logo designed by participant Baptiste Journaux
depicting the Uranus environment including its obliquity and unique offset
magnetic field. The heptagon design represents Uranus as the 7th planet and
was inspired by the New Horizons nonagon mission patch.

on the ice giant itself and limit the rings and satellites science to op-
portunistic measurements to fit within New Frontiers constraints while
achieving goals related to Uranus’ atmosphere, interior, and magneto-
sphere.

The New Frontiers program does not currently include the ice giants
as possible exploration targets; we support the recommendation made
by several planetary assessment groups [11,12] and the Ice Giants Pre-
Decadal Mission Study Report [8] that NASA should open New Fron-
tiers to all mission concepts that address high-priority science questions
from the NASA Decadal Survey. In our study, we found that, given the
dearth of knowledge associated with the Uranian system, even a
spacecraft limited to a New Frontiers budget equipped with a modest
instrument suite would yield valuable insights regarding the origin and
evolution of our solar system as well as a greater understanding of
physical processes critical to the sustainability of habitable environ-
ments.

In this paper, we describe our New Frontiers Uranus orbiter mission
concept, QUEST (mission logo shown in Fig. 1). Section 2 provides the
scientific background and motivation for our mission along with the
mission science goals and objectives. Section 3 describes our selected
instrument suite and spacecraft design. Section 4 describes the chosen
launch trajectory and observation schedule of the mission. Section 5
outlines the mission cost, risk, and mitigation strategies.

2. Science background, goals, and objectives

In this section, we provide scientific background and motivation for
a focused mission to Uranus along with the current state of knowledge
of Uranus’ atmosphere, magnetosphere and interior, and the open
questions that motivate the QUEST mission concept goals and objec-
tives.

2.1. Science background and motivation

Results from the Voyager 2 flyby during solstice at Uranus' southern
pole have provided significant insight into the nature of the Uranian
system [13]. Multi-wavelength imaging and occultation observations
revealed the thermal structure, bulk composition, and dynamics of the
atmosphere as well as the material and size properties of the ring
particles, satellite surface features, and new Uranian satellites. Ad-
ditionally, the Voyager 2 plasma, charged particle, and magnetometry
experiments gave a preliminary look into the structure and physics of
the magnetosphere, as well as the interactions of charged particles with
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the rings and satellites. In addition to the axial tilt of Uranus itself, the
magnetic dipole is both highly inclined (59° with respect to the rotation
axis) and off-center (generated 70% away from Uranus' center). These
properties, along with the relatively large observed quadrupole con-
tribution to the magnetic field, suggest a unique dynamo structure
potentially generated in “oceanic” regions of the planet [14]. Further-
more, the heat flux originating from the interior of Uranus is low when
compared to the other planets in the solar system, with a net energy
balance (ratio of emitted thermal flux and the absorbed solar flux) of
1.06 = 0.08 [15]. This implicates seasonal forcing as the primary
driver of meteorological activity [1]. Despite several attempts, a cur-
rently proposed model of the interior which agrees with all of the
Voyager observations does not exist [1]; thus, we do not have a clear
picture of how Uranus formed and evolved to its current state. A fo-
cused set of measurements investigating Uranus' atmosphere, magne-
tosphere and interior is therefore necessary to place Uranus in the
context of our solar system's formation and subsequent evolution.

Though Uranus and Neptune are both ice giant planets, they possess
many distinguishing physical characteristics. Uranus's extreme ob-
liquity leads to unusual seasonal processes not observed on Neptune,
and its complex magnetic field suggests an exotic interior dynamo.
While Neptune possesses interesting qualities worthy of a dedicated
mission, including its largest moon Triton which is currently hypothe-
sized to be a captured Kuiper Belt Object, Uranus is arguably a more
attractive target. Uranus is closer (19 vs 30 AU) allowing for a shorter
cruise duration and less massive camera designs due to light avail-
ability; it is the only giant planet whose interior has not adequately
been described by a simple 3-layer model [16,17]; its high obliquity
(98° compared to 28° at Neptune) produces a more extreme atmo-
spheric and magnetic environment; and it is the only planet for which
observations are consistent with zero internal heat output [15]. Focused
measurements of Uranus' environment would therefore provide ground
truth for the thousands of extreme exoplanetary environments observed
and yield a deeper understanding of the fundamental processes that
produce the observed diversity of planets in our galaxy.

The question as to whether Uranus formed close to its current lo-
cation or closer to the Sun before migrating outwards is still an out-
standing issue [18-20]. Further estimates of the bulk abundances of the
common elements (Carbon, Oxygen, Nitrogen, Sulfur) can provide
constraints on Uranus' formation location. Current knowledge of heavy
element (i.e., heavier than He*) abundances in the atmosphere of Ur-
anus is severely limited in comparison to the gas giants, especially
Jupiter, due to a lack of dedicated spacecraft observations of the ice
giants. Ground-based observations have constrained Uranus' C/H ratio
based on atmospheric methane abundance to 50 to 100 times the solar
value [21], and no firm constraints exist for Nitrogen, Oxygen, or Sulfur
[22]. In addition to Carbon, Oxygen, Nitrogen, and Sulfur, noble gas
(Helium, Argon, Krypton, Neon, and Xenon) abundances and their
comparison to solar, protosolar, and gas giant abundances would pro-
vide evidence to distinguish between formation hypotheses (i.e. disk
instability vs. core accretion) [3]. While they are uniformly mixed in
the upper atmosphere, noble gasses are not measurable via remote
sensing and would require an in situ atmospheric probe with a sensitive
mass spectrometer, which we deemed outside the scope of our study.
Similarly, models of the interior structure and dynamo inferred from
the observed characteristics of the magnetic field can constrain the
properties of Uranus' early formation environment and yield further
weight to hypotheses seeking to explain its axial tilt. Additionally, ob-
servations of Uranus' thermal structure at equinox and its latitudinal
and longitudinal variations can determine the localization extent of
convective activity, complementing the Voyager 2 observation at sol-
stice and providing a deeper look into Uranus' unique atmospheric
dynamics. The conditions of Uranus' formation and migrational history,
and therefore the formation and evolution of our solar system, can be
greatly elucidated through dedicated observations of temporal and
spatial variations in Uranus’ atmosphere, magnetic field, and interior.
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Fig. 2. Hubble Space Telescope image taken in September 2018 revealing
Uranus' vast polar cap and a bright, persistent storm. Credits: NASA, ESA, A.
Simon (NASA Goddard Space Flight Center), and M.H. Wong and A. Hsu
(University of California, Berkeley).

2.1.1. Atmosphere

Recent ground-based and space-based observations of Uranus' at-
mosphere have revealed a dynamic environment in stark contrast to the
serene world observed by Voyager 2. Recent discoveries include the
presence of persistent storm clouds [23,24] and significant methane
depletion at the poles, suggestive of seasonally-varying meridional
circulation [25] (recent observations of this dynamic atmosphere are
shown in Fig. 2).

In addition, surface winds observed by long-exposure near-infrared
imaging of Uranus near equinox show a banded structure similar to that
of Jupiter (Fig. 3), where the Juno mission has shown winds that extend
deep into the planet's atmosphere [26]. With imaging and microwave
radiometry capabilities, QUEST is well-positioned to elucidate the re-
lationship between these surficial features and the circulation and
thermal environment of the deep atmosphere, which is still largely
unconstrained in composition and dynamism [1]. Mapping of any
convective cells in the troposphere and in the interior of the planet's
atmosphere by measuring the spatial distribution of gas abundances at
depth could also aid in determining the source of the planet's oddly-
shaped and temporally-changing magnetic field, which may be linked
to turbulence in the planet's deeper layers [27].

Adding to the complexity of the atmosphere is the anomalously low
thermal emission observed by Voyager 2, which is almost equal to the
incident solar flux, and the cause of which is still unknown [15].

Fig. 3. High contrast Keck telescope observations of Uranus in 2012 revealing
distinct clouds and banded structures similar to the other giant planets in
contrast with the seemingly passive exterior observed during the Voyager 2
flyby in 1986. Credit: NASA/ESA/L. A. Sromovsky/P. M. Fry/H. B. Hammel/L.
de Pater/K. A. Rages.
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Competing hypotheses for the low thermal emission include the pre-
sence of thermal boundary layers in the atmosphere [28], a conductive
layer in the deep atmosphere [29], or internal stratification [17], pos-
sibly due to a giant impact that gave Uranus its unusual axial tilt [30].
To constrain these models, QUEST would use microwave receivers de-
signed to probe the deep atmosphere of Uranus for conductive or
boundary layers. From these measurements, the gas volume mixing
ratios of ammonia and hydrogen sulfide as a function of atmospheric
depth and latitude could be extracted, giving insight into deep atmo-
spheric circulation and the atmospheric lapse rate that may help ex-
plain the observed low thermal emission. Understanding the coupling
of the observed surficial atmospheric features to the deep atmosphere
and hypothesized supercritical layers is paramount to developing a self-
consistent dynamical model of Uranus, and this model can also be used
to inform models of the abundance of ice giant exoplanets already
discovered.

Voyager 2 radio and stellar occultations also revealed that the
stratosphere of Uranus was unexpectedly warm. The introduction of
various absorbers into the atmosphere, including methane and haze
layers, into radiative convective models was unable to attribute this
warmth to a single source, and it is possible that heat transfer from the
thermosphere would be necessary to achieve the observed atmospheric
structure [31]. QUEST would observe the high latitude thermal struc-
ture of Uranus during equinox via radio occultation, taking advantage
of the X and Ka band telecommunications subsystem to obtain further
constraints on the thermal structure of the thermosphere and upper
troposphere.

2.1.2. Magnetosphere

The Voyager missions revealed that the ice giants appear to have
distinct magnetic fields from gas giants and terrestrial planets (Fig. 4).
Voyager 2 measurements indicated that Uranus' magnetic field can be
characterized to first order as a tilted (59° with respect to the rotation
axis), offset (by 1/3 Uranus radii) dipole. In a spherical harmonics re-
presentation, the ice giants are dominated by quadrupole and octupole
components in contrast to the terrestrial and gas giant planets that are
dominated by dipole contributions [32]. The Juno and Cassini missions
have provided detailed mapping of the magnetic fields of Jupiter and
Saturn, respectively, and have shown that, despite the similarity of
Jupiter and Saturn as gas giants, these planets produce markedly dif-
ferent magnetic fields [33,34] These differences are currently being
explored through investigations associated with the planets' interiors,
but to gain a full understanding of dynamo generation in our solar
system would require similarly detailed mapping of the ice giants. The
Juno mission was able to resolve the internal field at Jupiter to order 10
after 9 orbits [35]. Our proposed mission would follow the same ap-
proach as Juno and would resolve up to spherical harmonic order 10 for
Uranus’ magnetic field.

The angle between Uranus' magnetic dipole axis and planetary ro-
tation axis is the largest of any of the planets in our solar system. This
offset results in a unique magnetospheric configuration that has a sig-
nificant effect on the resulting dynamics. Uranus' magnetosphere is
dominated by solar wind-driven magnetospheric convection, but the
planet's rapid rotation (17.2 h) for its size (4 times the size of Earth)
indicates that rotation-driven dynamics may be important as well
[36,37]. The complex geometry of the system (Fig. 5) results in a
magnetosphere that tumbles asymmetrically with respect to the solar
wind, and it is currently hypothesized that Uranus' magnetosphere
connects with this magnetized solar wind on the order of its ~17-h
rotation period resulting in a magnetosphere that opens and closes on a
daily basis [38]. Understanding how Uranus' magnetosphere is coupled
to the solar wind is critical to identifying energy transport mechanisms
within the system. Unraveling these processes, particularly in contrast
to the magnetic interactions ongoing at the other giant planets, will
provide further evidence to support current models of magnetospheric
dynamics. Additionally, the study of the solar wind-Uranus interaction
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Fig. 4. Relative harmonic content of spherical harmonic models of Jupiter,
Saturn, Uranus and Neptune compared to Earth, normalized to the assumed
core radius for each planet [32].

Fig. 5. Depiction of Uranus' complex magnetic field interaction with incident
solar wind from the ten-moment multifluid magnetosphere simulation (for
model details, please refer to Refs. [41-43]. The color contours depict the
proton density in cm-3. The magnetic field lines are presented in cyan. Open
and closed field lines on the dayside magnetosphere result from magnetic re-
connection between the interplanetary magnetic field and planetary magnetic
field. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

may also facilitate our understanding of the stellar wind-planet inter-
action of exoplanets with high magnetic obliquities [39,40] thereby
expanding our magnetospheric comparative planetology capabilities
beyond our own solar system.
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Additionally, Voyager 2 arrived when Uranus was near northern
summer solstice [44] and the proposed arrival date of 2045 for the
QUEST mission would be near the autumnal equinox. Uranus’ magne-
tosphere therefore provides an excellent laboratory for studying diurnal
and seasonal variability of magnetospheric dynamics in our solar
system and beyond.

2.1.3. Interior

While both the ice and gas giants have compositionally similar at-
mospheres (primarily hydrogen and helium), current models of their
interiors differ significantly. Current models of ice giant interiors em-
ploy a three-layered structure with a small rocky core, an inner en-
velope composed predominantly of water, methane, and ammonia
high-pressure ices, and an outer gaseous envelope comprising the at-
mosphere [20,29,45]. These models are constrained by measurements
of the total mass, the equatorial radius and the gravitational moments,
but are also additionally informed by other observables such as the
1 bar temperature, the luminosity, the angular velocity, the magnetic
field and the atmospheric abundances of volatile species. However,
structural models of Uranus in particular have failed to agree overall
with available gravity, magnetic field, and thermal emission measure-
ments [1]. It is worth noting, however, that the 1 bar temperature was
determined through Voyager 2 occultation measurements, providing
only a single data point in time and space, and additional measure-
ments provided by a dedicated mission would yield improved con-
straints for models of Uranus’ interior.

Uranus' magnetic field, like that of other magnetically-active pla-
nets, is thought to be generated by convective motions of conductive
material within the interior. A number of experimental and numerical
studies have shown that water becomes electrically conductive under
high pressure due to the mobility of protons, e.g. Refs. [46-48]. Thus,
the presence of a magnetic field at Uranus suggests that a layer of high-
pressure water - instead of conductive metals - serves as the conductive
material. In addition, theoretical and numerical calculations predict
that the magnetosphere at solstice would transform periodically be-
tween an open and a closed structure [38,49]. However, additional in
situ measurements are required to validate this hypothesis. Since Ur-
anus’ magnetic field is multipolar, however, the dynamo action region
is likely relatively shallow, unlike those of the Earth and the gas giants.
It has also been suggested that the fluid motions of the interior con-
ducting region could be dynamically coupled to the deep atmosphere of
Uranus, generating atmospheric wind features that would be seen at the
surface [27]. However, observational constraints [50] suggest that the
dynamics are limited to the upper 1000 km of the atmosphere. There-
fore, accurate measurements of Uranus' gravitational moments and
magnetic field are necessary to reconcile these discrepancies and to
further constrain models of Uranus' dynamo processes and interior
dynamics.

Finally, while the existence of Uranus' intrinsic magnetic field sug-
gests a warm interior driving convection, the equilibrium and effective
temperatures of the planet are nearly equal [15]. This implies that parts
of the deep atmosphere and interior of Uranus may not be convective,
and the interior structure may be more complicated than a three-layer
model [13,51]. Further constraints on the interior structure and solid-
to-gas ratio can inform our understanding of the formation of the solar
system and solar systems containing ice giant planets [20].

2.2. Mission goals and objectives

For our mission concept we developed a focused, synergistic set of
goals that would address the open questions outlined in the previous
sections. The top-level goals of the QUEST mission concept and the
respective science objectives are as follows:

@ Understand dynamos that drive magnetospheres in the solar system and
beyond.

10

Acta Astronautica 170 (2020) 6-26

O Distinguish between dynamo models for the generation of Uranus'
magnetic field.

@ Identifying the energy transport mechanisms in Uranus' magnetic, at-
mospheric, and interior environments in contrast with the other giant
planets

O Investigate the prediction that Uranus' magnetosphere field opens
and reconnects daily.

O Establish whether surficial winds and the banded structure of
Uranus' upper atmosphere are related to deeper internal dynamics.

O Determine the explanation for Uranus' low thermal emission com-
pared to Neptune and the other giant planets.

The QUEST science traceability matrix outlining our mission goals
and objectives along with the measurement, instrument, and mission
architecture requirements is provided in Table 1.

The QUEST mission concept goals and objectives directly address
the two highest priority science objectives outlined in the 2013-2022
period NASA Planetary Sciences Decadal Survey [6] for a Uranus or-
biter flagship class mission:

(1) Determine the atmospheric zonal winds, composition and structure at
high spatial resolution, as well as the temporal evolution of atmospheric
dynamics,

(2) Understand the basic structure of the planet's magnetosphere as well as
the high-order structure and temporal evolution of the planet's interior
dynamo.

In the following sections we expand on how the QUEST platform
would allow us to address these high priority Decadal Survey goals as
well as the goals and objectives specified in our science traceability
matrix.

2.2.1. Dynamo generation

The first major goal of the QUEST mission is to understand the
dynamos that drive magnetospheres in the solar system and beyond. To
achieve this goal, we aim to distinguish between dynamo models for the
generation of Uranus' magnetic field (e.g. Refs. [52-54]) by (1) mea-
suring the magnetic field magnitude and direction, (2) placing con-
straints on the global magnetic field configuration, and (3) determining
the depth of convective cells as a function of latitude and longitude. The
magnetometer would measure the magnetic field strength and direction
during the 9 primary mission orbits, and the Plasma Wave Receiver
(PWR) would identify the open field line regions from radio emissions
and measure electromagnetic fluctuations produced by charged parti-
cles captured in the local magnetic field. The PWR would therefore
provide information on the global magnetic field configuration (i.e.,
open vs. closed) while allowing for the separation of the magnetic field
produced by the interior dynamo from those of the charged particles.
The Juno mission resolved Jupiter's internal field to spherical harmonic
degree 10 after 9 orbits [35] and we anticipate a similar resolution with
our primary mission. Spherical harmonics to degree 10 would be suf-
ficient to distinguish the contributions from the interior dynamo and
the external perturbation resulting from, e.g., the solar wind interac-
tion, and determine the interior dynamo depth at Uranus as well as the
convective cell locations [53]. Therefore, the spherical harmonics in-
formation of Uranus would provide constraints on the theoretical pre-
dictions from different dynamo models and rule out inaccurate ones.

The Microwave Radiometer (MWR) would also provide measure-
ments of abundances of condensable species in Uranus's atmosphere
including ammonia and hydrogen sulfide. As a function of depth and
latitude these measurements would constrain meridional circulation,
and the overall abundance of ammonia at depths measurable by the
MWR (200 bar) could confirm and measure the localization of the
ammonia depletion observed by ground-based measurements [55,56].
This ammonia depletion is hypothesized to relate to the presence of an
ionic ocean at hundreds of kilobars [22,57], which would constrain
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models that attempt to explain the magnetic dynamo of Uranus [14,54].

2.2.2. Energy transport in Uranus’ magnetosphere, atmosphere, and interior

The second major goal of the QUEST mission is to identify the en-
ergy transport mechanisms in Uranus' magnetic, atmospheric, and in-
terior environments in contrast to the other giant planets. To in-
vestigate the energy transport mechanisms within Uranus' magnetic
environment (i.e., the magnetosphere) we aim to investigate the pre-
diction that Uranus' magnetosphere opens and closes daily [38]. Mag-
netic reconnection is a fundamental process that occurs in magnetized
plasmas throughout the solar system and involves the conversion of
magnetic energy into kinetic particle energy [58]. This energy con-
version is due to a topological rearrangement of the magnetic field.
Magnetic reconnection has been widely recognized to play an im-
portant role in energy transport throughout planetary magnetospheres
[59] and has been observed at Mercury [60], Earth [61], Jupiter [62],
Saturn [63] and Uranus [64]. Specifically, at a planetary magneto-
pause, magnetic reconnection occurs where the interplanetary mag-
netic field reconnects with the planetary magnetic field to form open
field lines with one end fixed to the planet and the other open to the
solar wind, such that the solar wind charged particles can enter the
planetary magnetosphere. Meanwhile, open field lines are dragged anti-
sunward by the flow of the solar wind, where they eventually reconnect
again and the resulting newly-closed field lines travel back to the
dayside where the cycle repeats. This process is known as the Dungey
cycle [65]. It is one of the two primary mechanisms that drive con-
vection in a magnetosphere, the other being the rotation of the planet.
The dominance of either of these processes determines the overall dy-
namics of each of the solar system's various magnetospheres.

By measuring the magnetic field vectors and components as a
function of time, we can identify plasmoids [64] and determine the
reconnection of magnetic field lines with the aid of reconnection-as-
sociated Whistler wave measurements [66]. Additionally, the magnetic
reconnection rate could be measured by dividing the normal compo-
nent of the magnetic field at the magnetopause (By) by the magnetic
field at the magnetopause (Byp). If no magnetic reconnection is oc-
curring, the field lines at the magnetopause would be closed and there
would be no normal component to the field. However, if magnetic re-
connection is occurring, there would be a magnetic field component
normal to the magnetopause magnetic field and by taking the ratio of
these magnetic field measurements (By/Byp) we could obtain a di-
mensionless rate of magnetic reconnection widely used in studies of
planetary magnetic reconnection as was done, e.g., in the MESSENGER
mission [67].

Due to the time-limited nature of our study, the instrument opera-
tions of our magnetometer and plasma wave instrument are not cur-
rently reflective of what is needed to identify reconnection events with
confidence, though potential detections could be possible. Our study
limits plasma wave receiver measurements to within 12 Ry (measured
from Uranus’ center) and high frequency (1/s) magnetometer mea-
surements to within 2 Ry with low frequency (1/100s) for the re-
mainder of the orbit. The whistler waves associated with magnetic re-
connection would need to be measured with the plasma wave receiver
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near the magnetopause at ~18 Ry, and high frequency magnetometer
measurements beyond 18 Ry are required to identify plasmoids pro-
duced by reconnection events. Further investigation is needed to de-
termine the effect of these increased instrument operations on com-
mand & data handling and power consumption. It is also worth
investigating the impact of replacing the plasma wave receiver instru-
ment with a plasma spectrometer instrument. A plasma spectrometer
would be capable of measuring electron and ion kinetic energy asso-
ciated with magnetic reconnection and could be used in conjunction
with magnetometer plasmoid detections to identify reconnection events
as was done, e.g., in the Venus Express mission [68] and could impose
less power and data requirements compared to a plasma wave instru-
ment.

To further compare Uranus to other giant planets, we would es-
tablish whether surficial winds and the banded structure of Uranus’
upper atmosphere are related to deeper internal dynamics by measuring
the distribution, depth, and concentration of NH; and H,S, and
searching for indications of the presence of H,O. The Juno spacecraft at
Jupiter used its microwave radiometer to discover distinctive dis-
tributions of ammonia gas that varied with depth and latitude. This
distribution of ammonia is indicative of some dynamics taking place at
depth and pointed to “a Hadley cell without rain” [26]. Similarly, at
Uranus, determining the concentrations of NH3 and/or H,S around
~5 bar with the 3 cm MWR band and at deeper levels in the atmosphere
(down to 200 bar) within the 10-50 cm MWR spectrometer band would
aid in comparing upper atmosphere dynamics to potential deeper dy-
namics. Additionally, we would observe the cloud structure and height
in the upper atmosphere using WAC visible images of high cloud fea-
tures and images in the 727 nm methane band, which would allow for
the calculation of atmospheric winds.

Lastly, we would investigate the origin of the low thermal emission
of Uranus relative to Neptune and the gas giants. Measuring the tem-
perature profile of the upper troposphere and lower stratosphere
through radio occultations would constrain the heat flux through the
upper layers of the atmosphere. Additionally, we would determine the
presence of a conductive layer in the atmosphere by analyzing the
MWR-measured spectrum from 10 to 50 cm. These MWR data would
potentially provide insight into the existence of compositional gradients
and conducting layers that inhibit heat flow. If there are no composi-
tional gradients or conducting layers, this would indicate that the
models for the lower atmosphere are incorrect [29]. The distribution,
depth, and relative concentration of NH3; and H,S down to 200 bar
would allow for testing of equilibrium models of the upper atmosphere
[69].

3. Science instrumentation

The instrument suite proposed for our mission concept was driven
by the mission science goals and objectives as described in Table 1 and
each instrument is based extensively on flight-proven designs. The in-
strument suite consists of five science instruments: a magnetometer,
microwave radiometer, plasma wave receiver, wide angle camera with
a methane filter, and a high gain radio antenna. The mass, power, data

Table 2
QUEST instrument suite mass, power, data rate, and heritage information.
Instrument Mass (kg) Power (W)* Data per orbit (Mb)” Heritage
MAGIC (magnetometer) 1.5 4 18 MAG (Juno)
PRESTO (plasma wave receiver) 6 6 3780 Waves (Juno), RPWS (Cassini)
MIRROR (microwave radiometer) 42 33 356.4 MWR (Juno)®
RadiAnt (radio antenna) 14.4 80.73 N/A New Horizons, Cassini
WAND (wide-angle camera) 10.5 7 2400 MVIC (New Horizons), JunoCam (Juno)®

@ Listed values are average power unless otherwise noted.

b Listed values are data per science orbit in megabits, uncompressed 3Peak power.

¢ Instrument is significantly modified from heritage design.
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rate, and heritage information for each of these instruments is provided
in Table 2.

The magnetometer, MAGnetometer investigations of an ICe giant
(MAGIC), would measure Uranus’ magnetic field magnitude and or-
ientation. The MIcRowave RadiOmeteR (MIRROR) would probe the
deep atmosphere by providing data on gas volume mixing ratios as a
function of depth and latitude and any patterns indicative of global
circulation. The plasma wave receiver, Plasma-wave Receiver Exposing
Structure of The dynamO (PRESTO), would provide information on
thermal plasma, dust, and lightning based on the electric and magnetic
fields measurements. Additionally, PRESTO would aid in interpreting
the magnetic field data obtained by MAGIC through the removal of
confounding signals produced by plasma waves. The Wide-Angle
methaNe Detector (WAND) would investigate the upper atmosphere,
providing a probe of cloud height in the upper troposphere and esti-
mations of wind speeds through cloud tracking. The high gain com-
munications antenna and associated transmitter/receiver hardware,
RadiAnt, would be used for radio science experiments. Radio occulta-
tions and gravity field measurements would provide further data on the
atmospheric and interior structure of Uranus. Each of these proposed
instruments and their capabilities are discussed in further detail in the
following subsections.

3.1. MAGIC (magnetometer)

MAGIC would measure the magnitude and direction of the magnetic
field as the QUEST spacecraft orbits Uranus. During the various phases
of the insertion and science orbits, the dynamic range of MAGIC could
be modified to obtain data at appropriate resolutions. MAGIC would be
capable of measuring a maximum field strength of + 30,000 nT at
highest dynamic range, which is well within the maximum observed
field strength during the Voyager 2 flyby (413 nT) providing substantial
headroom for greater field strength [14]. The magnetometer instrument
is based on the Juno magnetometer instrument with two magnet-
ometers mounted on the boom in a gradiometer configuration for
magnetic cleanliness. At its most sensitive, MAGIC could sample the
vector magnetic field with a resolution of 0.05 nT, which is comparable
to other flight-tested magnetometry experiments [70]. MAGIC would be
operated at the maximum sampling rate of 100 vectors/second, pro-
ducing 1.6 kbits/second, within 3 h of each periapse pass at 1.1 Ry, and
at a background data rate of 1 vector per 100 s for the rest of each orbit,
producing a total of about 18 megabits of data per orbit. All MAGIC
data would be transmitted to Earth uncompressed. Nine periapse passes
are planned during the primary mission, ensuring substantial long-
itudinal and latitudinal coverage for magnetic field measurements. The
Juno mission was capable of achieving a degree 10 spherical harmonic
model of the magnetic field at Jupiter after 9 orbits [35]. Our mission
architecture aims to mirror Juno, and so we anticipate the data pro-
ducts from the Uranus magnetic field investigation could be used to
constrain models of dynamo generation and fit magnetic field models to
harmonic degree of order 10 within our nominal 9 orbit mission. With
the aforementioned specifications, MAGIC would meet the objective of
collecting sufficient data to significantly improve our understanding of
Uranus' magnetic field environment.

3.2. PRESTO (plasma wave receiver)

PRESTO would be used to monitor the radio emissions from Uranus'
magnetosphere and measure the plasma waves inside Uranus' magne-
tosphere. The diversity of the emissions detected by Voyager 2 during
its brief flyby was unprecedented, and some observed phenomena still
lack sufficient explanation [71,72]. Voyager 2 observed intense radio
signals before closest approach at 58.8, 78.0, and 97.2 kHz, and similar
radio emissions were also detected up to much higher frequencies
(~800 kHz) by the planetary radio astronomy experiment [73].
Meanwhile, the plasma wave measurements by Voyager 2
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demonstrated that intense plasma wave activity developed only in the
inner magnetosphere (r < 12 Ry); this result is similar to that found at
Saturn [74,75]. Uranus’ inner magnetosphere is characterized by strong
whistler-mode emissions that occur below the electron cyclotron fre-
quency (f.. = 28|B|, where |B| is measured in nT, and f. is measured in
Hz, and thus f.. ~ 644 kHz). Since the maximum plasma frequency of
the dayside ionosphere is typically about 5 MHz, we have selected
16 MHz as the upper frequency limit for the electric field measurements
[76]. During the QUEST science orbits, PRESTO would be able to fur-
ther monitor the complicated emission spectrum from within the
magnetosphere, surveying over multiple Uranus days (requiring
PRESTO operation through a minimum of 3 orbits). PRESTO would
offer further insight into the nature of the correlation between solar
wind activity and wave phenomenon within the magnetosphere, de-
termine the plasma density in the magnetosphere of Uranus, and shed
further light on the dynamics of the most complex planetary magne-
tosphere in our solar system. In addition to the PRESTO primary science
observations, low frequency measurements of the electric and magnetic
fields could be used to remove confounding source observations from
the data obtained by the MAGIC experiment. Therefore, given that
MAGIC would be operated for 9 orbits to obtain the highest degree
spherical harmonic model, PRESTO would operate during 9 orbits as
well.

PRESTO would take advantage of the heritage afforded by the
Cassini Radio and Plasma Wave Science (RPWS) investigation (i.e., the
antennae, frequency receivers, data processing unit, waveform capture
procedure) [76]; the only modification includes shifted frequencies to
account for differences between the Uranian and Saturnian magnetic
environments. A coil antenna is used to make single axis magnetic field
measurements, and electric field measurements are made with a 5-m V
configuration dipole. As with Juno, the spin of the QUEST spacecraft
creates an effective second axis for the electric field measurement.
PRESTO would be sensitive to electric and magnetic fields from 1 Hz to
12 kHz, and the electric field could additionally be measured up to
16 MHz [76]. The frequency (~5% (Af/f)) and temporal (~4 s/sweep)
resolution of PRESTO would be limited by the sampling time, which
would be at a maximum closer to periapse. Background data rate for
PRESTO is expected to be around 1 kbit/s, increasing to 1 mbit/s during
the periapse pass, for a combined total of 3.78 Gbit of data per orbit.
These data rates are conservative estimates based on the upper end of
Cassini RWPS design data volumes. PRESTO data would be compressed
using a lossy algorithm for initial transmission during the 9 initial or-
bits, and a lossless version of the data may be transmitted subsequently
(Section 4.3.4).

3.3. MIRROR (microwave radiometer)

To probe Uranus' atmosphere at depth, we would use QUEST's
MIcRowave RadlometeR (MIRROR) instrument. MIRROR's capabilities
would allow it to collect data which, besides contributing to each of
QUEST's major science goals, would provide a highly valuable com-
plement for datasets obtained by missions at other giant planets and for
decades of ground-based observations. By sensing particular regions of
Uranus' atmosphere at multiple emission angles, we would be able to
probe the abundances of ammonia and hydrogen sulfide as a function of
latitude and depth; better understand what processes contribute to the
generation of Uranus' unique magnetic field; search for the source of
Uranus' anomalously low heat output; and test the theory of Uranus'
deep supercritical layer of water. The observed brightness temperature
as a function of altitude and emission angle provided by MIRROR would
also aid in the determination of the depth, stability, and structure of the
banded atmosphere.

MIRROR would work by measuring brightness temperature, a
characteristic that is dependent on both the pressure/temperature
profile and local opacity sources [77,78]. By assuming the deep tem-
perature profile of Uranus follows an adiabatic (which is routine for
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other gas giants) the opacity of the atmosphere at different pressure
levels could be derived uniquely from the measured brightness tem-
perature. Through knowledge of the absorption efficiency of Uranus’
atmospheric gases (especially ammonia and hydrogen sulfide), by using
thermochemical equilibrium models to predict the location of clouds
and opaque gas species throughout the troposphere [69], and by
measuring pressures above and below the predicted locations of such
clouds (especially the predicted ammonium hydrosulfide cloud at
~20 bar), we could retrieve the abundance of a gas whose opacity af-
fects the output brightness temperature [77,79].

MIRROR's channels were selected to probe those particular layers of
the atmosphere that would help resolve outstanding questions not only
for the Uranian atmosphere but for the system as a whole. Channel 1
would be centered on 2 cm (15 GHz), integrating over a 500 MHz
bandwidth with a ~500-km footprint on the planet at closest approach,
and would sound the atmosphere to a depth near 5-10 bar. This
channel would provide further context and validation for decades of
ground-based observations (including those made at the Very Large
Array and other radio telescopes) by providing unprecedented spatial
resolution as well as different viewing geometries at depth over the
course of QUEST's orbit. Channel 1 would also be able to probe the
region well above the theorized ammonium hydrosulfide cloud layer at
~20 bar. Depending on the relative amounts of ammonia and hydrogen
sulfide in Uranus' atmosphere, one of these gas species will dominate
the 5-10 bar region after combining to form the ammonium hydro-
sulfide cloud. Current observations point to the dominance of hydrogen
sulfide gas in this part of the atmosphere and a hydrogen sulfide cloud
within 3-5 bar [81,82], and Channel 1 could further confirm (or
challenge) these recent deductions. The dominance of hydrogen sulfide
could also allow MIRROR to indirectly probe the supercritical water
layer, as a hydrogen sulfide cloud at 3-5 bar would be indicative of
ammonia being readily dissolved in the water layer and consequently
depleted elsewhere in the atmosphere [57].

Channel 2 would cover a much wider bandwidth than Channel 1,
from 10 to 50 cm or 3 GHz to 600 MHz, with a ~530-900-km footprint
on the planet at closest approach and sounding depths of the atmo-
sphere from 20 to 200 bar. Channel 2 would comprise a single large
(nominally 1.6 m X 1.6 m) patch array antenna to enable the low-
frequency 600 MHz sounding, but would host improved receiver elec-
tronics including an 8-channel digitizer able to spectrally divide the
600 MHz to 3 GHz antenna bandwidth into eight separate simulta-
neously-measurable portions [83,84]. These discrete spectral channels,
as opposed to integrating over the entire band, would allow for inter-
orbit dynamic bandwidth shifts for SNR optimization at different levels
of the atmosphere following a first-orbit measurement. This digitizer
allows for, essentially, the separation of Channel 2 into several other
discrete channels, thereby creating a measurement analogous to Juno's
few lowest channels and allowing for better differentiation of the spa-
tial distribution of opaque gas species in the deep atmosphere. The
relatively quiescent radiation and synchrotron flux near Uranus com-
pared to Jupiter would allow for a more straight-forward antenna de-
sign than Juno's MWR patch array antennas [85]. In this region of the
atmosphere, Channel 2 would be sensitive to the combined opacity
from both ammonia and hydrogen sulfide. Since ammonia and hy-
drogen sulfide combine in equal parts to condense into an ammonium
hydrogen sulfide cloud, knowing the hydrogen sulfide abundance in the
region of the atmosphere as measured by Channel 1 would allow for the
extraction of the ammonia abundance at these depths.

Using Juno's orbital pattern as an example and its microwave
radiometer as a legacy instrument, the QUEST orbital geometry and
spacecraft rotation would enable measurements of the emission-angle
dependence of these opacity sources, allowing us to understand the
spatial structure of these opacity sources at depth [88]. At a spin rate of
3 rpm, the 100 ms integration time of MIRROR would allow for mea-
surements at 1.8° intervals, which is less than 1/10 of the beam size for
the largest beam width. The beam width parameters were based on
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achievable values of the MWR on Juno as well as the desire to sample
the atmosphere at a resolution of 2° in latitude during periapse. This
would also be supported by laboratory experiments of the microwave
absorption properties of the main condensable species (ammonia, hy-
drogen sulfide, water), as was done prior to the Juno mission [79].

While a single orbit of MIRROR data would be sufficient to measure
the distribution of opaque species in Uranus' atmosphere along a single
line of longitude, being able to compare changes in brightness tem-
perature across multiple longitudes would provide valuable insight into
patterns of circulation and temperature profile deviations in Uranus'
deep atmosphere. The 5 planned orbits dedicated to MIRROR ob-
servations would be sufficient to examine differences or similarities
between different regions of the planet and better understand how they
compare to those seen at Jupiter (MWR data from Juno's first 14
perijove passes have shown a deep ammonia abundance that is re-
markably consistent across longitude [80]). While the planned MIRROR
orbits are sufficient to achieve our science goals, further orbits in an
extended mission can always bolster the statistical significance of any
patterns observed in the deep atmosphere.

Each 16-bit channel, with a 10-ms sampling rate, would obtain 160
bits of data every second. Over the course of one sampling period (the
40-min periapse and 3-h sky-viewing), a single 16-bit channel would
acquire 39.6 Mbit/orbit. Channel 1 is a single 16-bit channel, but
Channel 2 is comprised of 8 16-bit channels due to the 8-channel di-
gitizer. Assuming all 9 16-bit channels are collecting data, we would
obtain 356.4 Mbit/orbit and therefore 5 MIRROR-oriented orbits would
allow us to collect a total of 1782 Mbit.

Combined, these two channels would provide information on the
vertical distribution of opaque gas species at depth as a function of
latitude. It is important to note here that computing the precise con-
tribution functions of MIRROR's channels and the exact ability of these
different emission angle measurements to measure the spatial dis-
tribution of opaque species at the depths mentioned here requires fur-
ther investigations that are beyond the scope and ability of this study;
however, we are confident that we would be able to measure opacity as
a function of emission angle at different depths, and this would enable
us to achieve our science goals as related to MIRROR. Juno's Microwave
Radiometer discovered ammonia gas distributions that were anything
but uniform; they were indicative of large-scale circulation in the deep
atmosphere [26]. Similarly, MIRROR would be able to observe changes
in opacity that could be used to constrain dynamical atmospheric
models.

Thus, our multi-channel radiometer would enable the study of
upper atmospheric dynamics (Channel 1) that would add crucial con-
text to current and future ground- and space-based measurements, and
also offer a unique glimpse into the deep atmosphere (Channel 2) to
answer fundamental questions about the potential supercritical layers
below. Such measurements of the water abundance are critical for
differentiating between formation theories for the ice giants [86].

3.4. RadiAnt (radio antenna)

QUEST would use its Radio Science Antenna (RadiAnt) to transmit
and receive radio signals to and from Earth. This instrument would
contribute minimal additional mass, power, and cost, because it capi-
talizes on equipment and radio signals already required for tele-
communications with Earth. The received amplitude, phase, and
Doppler shift associated with these communication signals could be
used to obtain ionospheric electron density and atmospheric tempera-
ture, pressure, and density profiles as well as measurements of the
gravitational moments of Uranus resulting from an unequal distribution
of mass across the planet [87]. The baseline technology for this in-
strument is the Voyager 2 radio antenna, which acquired data on Ur-
anus’ atmosphere from 0.3 mbar to 2 bars over an altitude of ap-
proximately 250 km and latitude range of 5°. The data allowed for a
temperature model with an uncertainty ranging from 10 K at 0.5 mbar
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to 2 K at 2 bar if the uncertainty in composition is assumed negligible.
This heritage instrument achieved a frequency resolution of approxi-
mately 0.1 Hz and amplitude change resolution of 100 parts per million
[77]. During atmospheric occultation of the spacecraft, the refraction
and attenuation of the signal could be used to deduce the upper at-
mospheric temperature profile. The QUEST platform would provide
four occultation opportunities allowing for improved latitudinal cov-
erage over the Voyager 2 flyby. Additionally, as the spacecraft would
enter the gravitational field of the planet, the Doppler shift of its radio
transmissions could be analyzed to obtain up to J6 gravity moments
with reasonable uncertainties, thus providing verification and im-
provements upon Voyager 2 gravity measurements. No data downlink
burden is associated with RadiAnt, because measurements are con-
ducted on Earth rather than at the spacecraft.

3.5. WAND (WAC)

WAND is proposed to be a visible light camera that derives its
heritage from the JunoCam aboard the Juno Jupiter orbiter [89]. The
camera would have a 1 rad field of view (FOV), a 0.672 mrad In-
stantaneous Field of View (IFOV), and four filters, including three for
visible light (R: 600-800 nm; G: 500-600 nm; B: 420-520 nm) and one
methane band (band center 725 nm with a 25 nm FWHM). The camera
would be mounted on the bottom of the hexagonal bus. Because the
spacecraft is spinning, time-delayed-integration (TDI) is employed to
shift images one row over a short period during the exposure to account
for scene motion due to the spacecraft's rotation.

WAND would be used to fulfill one primary science objective and
four secondary, opportunistic objectives, as well as imaging for public
outreach. The notional primary objective is monitoring cloud forma-
tion, structure, height, and motion with approximately monthly fre-
quency. Opportunistic secondary science objectives include (1) images
of upper atmosphere structure at spatial resolutions of up to 36 km at
closest approach; (2) images of the northern hemispheres of major sa-
tellites and rings at resolutions of 2-7 km; (3) survey for additional
small satellites within the ring system. WAND would produce 6 four-
channel images at 100 megabits per channel on each of the 9 science
orbits (see Section 4.3.4 for data transmission details).

3.6. Opportunistic measurements

There are several opportunities for QUEST to make observations of
the Uranian system that can address additional outstanding questions.
These observations are opportunistic and not a part of the baseline
science goals for the mission, but they would provide further in-
formation about Uranus’ mysterious moons, rings, and atmosphere.

While the primary purpose of WAND, the Wide-Angle Camera
(WACQ), would be to image Uranus' atmosphere, it could also be used to
examine Uranus' satellites and rings. Deducing the surface features and
color of Uranus' moons, especially those with evidence of surface ac-
tivity [90] would provide valuable insights into the evolution of the
Uranian system. The resolution of the images we would potentially be
able to obtain is on the order of kilometers/pixel which would only
improve on Voyager 2 images because a different area of the satellite
would be imaged. Additionally, imaging Uranus’ rings at various
viewing geometries and phase angles would help constrain the size of
ring particles, their ages, and their origins. The plasma wave receiver,
PRESTO, could also aid in determining dust concentrations in ring
plane crossings [76].

Due to QUEST's orbit, there would also be several opportunities to
take advantage of the visibility of the dark side of the planet. Jupiter's
aurorae were observed by Galileo's Solid-State Imaging camera in the
visible wavelength regime [91], and while Uranus' aurorae are not well
understood, the possibility to image them on the nightside of the planet
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remains. WAND could also capture lightning on the dark side of the
planet, providing information about moist convection in Uranus' at-
mosphere.

Even though we did not study these opportunistic measurements in
detail, they could add further science value to our primary objectives
but would not be focused on in order to reduce mission complexity and
cost. In our study, we found that our primary objectives could be
achieved at a significantly reduced cost compared to a flagship class
mission through careful selection of a synergistic instrument suite. In
the following sections, we describe our mission concept designed to
achieve these goals including the instrument suite, spacecraft design,
launch profile, and the associated cost, risk, and schedule.

4. Mission and spacecraft design

The following subsections outline the mission architecture, launch
vehicle, launch trajectory, orbital parameters, notional spacecraft de-
sign including configuration, propulsion and attitude control, power
and thermal management, command and data handling, and commu-
nications and science operations schedule proposed to achieve the
QUEST mission science goals and objectives.

4.1. Launch vehicle trajectory

The overarching objective of the mission design for the concept
study was to maximize the delivered mass into Uranus orbit within the
top-level constraints imposed by the New Frontiers 4 AO. The large
heliocentric distance to Uranus (19.2 AU) results in time of flight no
shorter than 10 years even using the Atlas V551 launch vehicle which
was the most capable available for New Frontiers missions. Use of a
Solar Electric Propulsion (SEP) stage to shorten the time of flight was
not a feasible option due to mass and cost restraints. Aerocapture,
which could shorten the flight time and increase delivered mass at
Uranus by reducing the spacecraft's approach velocity via atmospheric
drag, was also not considered due to an insufficient technological ma-
turation level, i.e. could not feasibly be brought to TRL 6 by Preliminary
Design Review (PDR), for use on a New Frontiers mission, which tends
to rely on high heritage mission critical technologies. Additionally,
study ground rules required a launch no later than December 31, 2032.
There was a 15-year maximum flight time constraint because the
radioisotope power system (RPS) had a design life of 17 years, and to
allow at least 2 years of science operations the transit time must not
exceed 15 years. The mission design we would implement, ~13 year
flight time and ~1 year of science operations (see below and Section
4.2), leaves plenty of margin for the RPS power to reduce risk, allow for
flexibility in operations and the potential for an extended mission. We
chose an orbiter for our mission architecture because our selected sci-
ence objectives require long duration, extensive spatial coverage mea-
surements that are not possible with a flyby architecture.

Based on these top-level requirements, the mission design team
evaluated ~100 potential gravity assist trajectories from a broad search
program, which were originally compiled for the NASA Ice Giants Pre-
Decadal Study [8]. Based on this survey, several trajectories to Uranus
launching in May 2031 and July 2032 were found to maximize deliv-
ered mass as the launch timing allowed a Jupiter gravity assist. These
trajectories and a few backup trajectories were analyzed using higher
fidelity tools, custom to JPL and Team X, to obtain more accurate es-
timates of their performance. We ultimately selected an Earth-Deep
Space Maneuver-Earth-Jupiter-Uranus trajectory launching in May
2032 and arriving at Uranus in May 2045 after a 13-year flight time.
The availability of a Jupiter gravity assist is enabling for a Uranus New
Frontiers mission because in the time frame when a Jupiter gravity
assist is unavailable the deliverable mass drops significantly, as shown
in Fig. 6. While past flagship mission concept studies [e.g., 8] have used
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Fig. 6. Arrival mass values for launch windows between 2025 and 2037 using
the Atlas V551 launch vehicle. A Jupiter gravity assist available between 2030
and 2032 launch dates yield a significant increase in deliverable mass.

a Jupiter gravity assist to get more mass into orbit around Uranus, this
trajectory window has not been used prior to this study for a New
Frontiers class mission. The smaller budget for a New Frontiers mission
limits the spacecraft mass even more strictly (compared to a more ex-
pensive flagship) and thus the gravity assist becomes even more critical
for getting a spacecraft with multiple instruments into orbit around
Uranus [e.g., 10]. For example, a previous Uranus mission concept
study that did not utilize the Jupiter gravity assist, OCEANUS [10], had
to rely on Solar Electric Propulsion (SEP) and therefore was only able to
carry one non-donated scientific instrument, a magnetometer, in order
to stay within the cost cap.

We chose the Atlas V551 as our launch vehicle because it was the
most capable option to maximize the delivered mass. We found that
maintaining healthy mass margins was a significant challenge because
the large heliocentric distance and desire to minimize flight time results
in high orbit insertion AV (change in velocity of spacecraft), which
means a significant portion of the mass is allocated to propellant for the
orbit insertion maneuver. However, the selected trajectory satisfied all
the study ground rules and constraints and delivered sufficient mass
into Uranus orbit to perform the QUEST science mission. Fig. 7 shows
the key events and dates for the selected trajectory. The proposed tra-
jectory has a launch C3 of 28.96 km?/s? and an arrival V.. of 5.96 km/s.
V.. refers to the speed of the trajectory with respect to a target and C3
refers to the characteristic energy, equal to the earth departure V..2.
The declinations of the launch asymptote and the arrival asymptote are
—15.94° and —49.69°, respectively.

4.2. Orbit design

The proposed high priority science investigations of the magnetic
field and atmosphere preferred a high inclination, polar orbit which
offers extensive latitudinal and longitudinal coverage similar to Juno's
orbit at Jupiter. If multiple close flybys of the Uranian moons were
desired, a near-equatorial low inclination orbit would need to be se-
lected. However, moon science was deemed a low priority objective in
this study and drove the selection of a high inclination, near polar orbit.
The selected inclination was ~80°, though a near 90-degree orbit was
desired by the magnetic field investigation science team. The quoted
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Fig. 7. 13-year EOEJU trajectory selected for the mission concept (0 indicates
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inclination is with respect to Uranus equator, and was driven by con-
straints emanating from ring plane crossing hazard. The orbit periapsis
of 1.1 Ry lies within the rings, so the inclination was chosen such that
the node crossings fell in designated gaps within the ring plane deemed
safe by the risk and programmatics. Ultimately, the ~80-degree orbit
satisfied the ring plane safety constraints over the mission duration and
was acceptable while the 90-degree inclination was deemed unsafe.
The orbital period selection is a trade-off between science require-
ments and engineering constraints. Some science requirements pre-
ferred a low Uranus circular orbit at 1.1 Ry, inside the innermost rings.
However, the AV cost to achieve this circular orbit would be prohibi-
tive, and so the team considered a high elliptical orbit (~180 days
period) with a low periapsis (1.1 Ry). However, the 180 days orbit
would be too long for the limited duration of the mission and the
spacecraft would not achieve sufficient latitude and longitude coverage
during the periapsis pass to accomplish the science objectives. The ring
plane crossing hazard was also a concern for a low periapsis orbit.
The compromise was to capture into an initial 100-day orbit with a
1.1 Ry periapsis to minimize orbit insertion AV. Analysis performed by
our perceived risk and mitigation strategy team (outlined in section 5.3)
indicated that our selected periapsis altitude would be sufficient to
mitigate the hazard of dangerous particle collisions with our spacecraft
during ring plane crossings. At the end of the first capture orbit, the
spacecraft would perform a Period Reduction Maneuver (PRM) to lower
the period to 30 days. The apopsis radius for the 30-day operational
orbit is about 76 Ry, The angle between the orbital plane and noon local
time plane is approximately 24°. A spinning spacecraft bus would be
employed (as opposed to 3-axis stabilized) to reduce the fuel required
for microwave radiometer scanning procedures and to provide an extra
effective dimension for monitoring low frequency waves by the plasma
wave receiver as well as providing multiple emission angle measure-
ments for MIRROR. This notional spinning spacecraft design ad-
ditionally allows for limited radiometer data collection during radio
science passes where the high-gain antenna is pointed towards Earth.
The proposed prime mission of one year starting from arrival date at
Uranus thus allows nine 30-day orbits with 1.1 Ry periapsis and was
deemed acceptable for the science team to perform the investigations
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Fig. 8. Baseline spacecraft schematic and summary table showing location of baseline instruments and spacecraft components.

outlined in Table 1.

The primary mission would end one year after arrival, but the only
major limiting constraint on extended operations is the radioisotope
power source (RPS) degradation and on-board propellant. With a
planned design life of 15 years for the RPS, this allows for at least one
year of extended mission with no power restrictions. Further operation
is likely possible, albeit with lower power available and the potential
requirement for instrument cycling to compensate for the limited power
output. At the end of the mission the spacecraft would be disposed of
into Uranus to prevent the possibility of contaminating moons, some of
which may harbor subsurface oceans or other habitable environments.
De-orbit AV is accounted for in the mission design to comply with
planetary protection policies.

4.3. Spacecraft design

The notional design and configuration of the QUEST spacecraft
(Fig. 8) and its associated subsystems were carried out in cooperation
with Team X, JPL's concurrent engineering mission design team. The
resulting proposed mission architecture was selected based on its ability
to achieve the specified science objectives while remaining within mass,
power, and cost margins as specified by the New Frontiers 4 An-
nouncement of Opportunity [5].

4.3.1. Structure and configuration

The potential science instruments and subsystems for the QUEST
mission would be housed within a hexagonal bus with a 2.75 m cir-
cumscribed diameter and a maximum stowed width of 3.7 m, well
within the capacity of the 5.4 m fairing of the Atlas V 551 launch ve-
hicle. The spacecraft could also fit in the 4-m fairing of the Atlas V 431,
but the scope of our study was insufficient to explore the trades be-
tween these fairings. The bus would contain four fuel and oxidizer tanks
thermally regulated by two Enhanced Multi-Mission Radioisotope
Thermoelectric Generators (eMMRTGs) mounted on the outer panels.
The MIRROR and PRESTO antennae would be body-mounted, and
PRESTO's antennae would initially be stowed. MAGIC would sit on a
composite boom that extends 10 m beyond the bus once fully deployed,
bringing QUEST's potential maximum deployed width to 12.5 m. The
notional layout of the fuel tanks, science instruments, and various
subsystem components is optimized to balance the total dry mass of
1210 kg evenly across the spacecraft.
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4.3.2. Propulsion and attitude control system (ACS)

QUEST would use a dual-mode chemical bipropellant system to
propel the spacecraft. It would consist of two bipropellant main engines
for the deep space maneuver (DSM) and Uranus orbit insertion (UOI),
four medium monopropellant thrusters for trajectory correction man-
euvers, and 16 small monopropellant thrusters for fine attitude control.
The thrusters are proposed to be arranged in orthogonal clusters at
corners of the hexagonal spacecraft bus. The interior of the bus would
contain two hydrazine tanks, two nitrogen tetroxide tanks, and three
helium pressurized tanks. The propulsion system would deliver the
required UOI AV of 949.6 m/s, where it would reach a peak power
requirement of 211 W. The proposed design makes use of off-the-shelf
engines and tanks along with standard lines and valves, and the design
maintains a 20% tank margin for propellant required for potential ad-
ditional maneuvers. The AV budget is provided in Table 3.

The attitude control system (ACS) would provide the positional and
pointing accuracy necessary to conduct targeted science measurements
and to accomplish required turning maneuvers. The ACS for the spin-
stabilized spacecraft would consist of two star trackers, six sun sensors,
and two inertial measurement units (IMUs). The sun sensors are in-
cluded to provide spacecraft orientation information if the star trackers
become misguided. Due to the hexagonal shape of the spacecraft bus,
one sun sensor is included on each face. It was necessary for the QUEST
ACS to be a spin stabilized system due to the requirements of the
MIRROR instrument (multiple emission angles). Spin stabilization also
removes the need for reaction wheels, which allows us to save on power
and cost while avoiding the risk of reaction wheel failure.

During the proposed long cruise stage of the mission, the spacecraft
would continually point the high-gain radio antenna X-band and Ka-
band toward Earth. QUEST would use thrusters to continually ensure
the spacecraft is pointed to within 0.5° of the desired path to Uranus.
The ACS also relies on the thrusters to maintain a spin rate of about

Table 3

AV budget.
Maneuver AV (m/s)
DSM 647.4
DSM Biasing & Flyby Targeting 42.4
uoI 949.6
Period Reduction 83.2
Disposal 15
Total 1737.6
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3 rpm and for spin up during initial orbital insertion. The pointing
control would be 900 arcseconds (~120 km resolution at Uranus
periapse), pointing knowledge would be 60 arcseconds, and pointing
stability would be 60 arcseconds/second (~8 km resolution). After
orbit insertion at Uranus, the spacecraft would perform maneuvers to
allow the MIRROR instrument to accomplish its associated science
goals. Two maneuvers during each of the five MIRROR orbits would
point the antenna back towards Earth after the necessary measurements
are completed.

4.3.3. Power and thermal management

The design of the potential power system is constrained by the solar
flux available at the distance of the Uranian system at 19 AU and the
power requirements of the science instruments and spacecraft sub-
systems. A solar array-only power architecture (without a radioisotope
heater unit (RHU) for electronic thermal regulation) was considered
impractical because it would require over 200 m? of solar panel area,
with an associated mass greater than 800 kg using current technologies.
Recent developments in thermoelectric coupler (TEC) materials, the
electronic component converting heat into electrical current, have en-
abled the potential development of enhanced multi-mission radio-
isotope thermoelectric generators (eMMRTG), with a power output
50% higher than current MMRTGs at the end of design life (EODL) [92].
Although this technology has not flown yet, it is a low-risk modification
of the MMRTG design [92] and therefore could be expected to have the
proper TRL during QUEST Phase A in the late 2020s.

Our design would require only two eMMRTGs with a 220 W total
output at the end of mission (EOM), 14 years from 238py fueling. With
this setup, power balance would be positive during cruise, cruise ap-
proach science (CAS), orbital science, and safe mode. The inclusion of a
single lithium-ion secondary battery of 20Ah is sufficient to accom-
modate peak power requirements in CAS + telecom, orbital sci-
ence + telecom, deep space maneuver and Uranus Orbital Insertion
modes, while being recharged during power positive orbital science
mode. The proposed timing of each mode was tuned to allow sufficient
recharging time during power positive periods. Our proposed design
considers a 14% degradation of the battery after 14 years, and still
provides a comfortable margin with at least 340 Wh altogether. The
power control system electronics would have a dual-string design in-
herited from the Mars Science Laboratory rover, and the power system
has an overall 43% margin in power generation.

The proposed thermal system is designed to maintain the internal
electronics, propulsion module, propulsion lines, and thruster packs
within operating temperatures throughout the mission. The spacecraft
bus would be insulated with standard multi-layer insulation (MLI) and
maintained in the temperature range of 253-323 K. The proposed bus,
containing the propulsion module and electronics, would be actively
heated from excess heat from the two eMMRTGs totaling 120 W and
passively cooled via Louver-covered radiators that are sized to discard
320 W of heat at UOL The propellant lines and thruster packs would be
maintained in the temperature range of 290-308 K via a 15 W electric
heater and 42 1 W variable radioisotope heater units (VRHU), respec-
tively.

4.3.4. Command and data handling

QUEST would use a dual-string command and data handling ar-
chitecture built around the Sphinx avionics system [93]. The Sphinx
avionics system coordinates data transfer between the science instru-
ments and spacecraft subsystems, data storage, and science and tele-
metry data downlink. Because on-board storage cards are capable of
storing 64 Gbit of data, the main limitation on the downlink of science
data taken on orbit from the spacecraft to a 30-m Deep Space Network
(DSN) antenna is the downlink data rate and time per orbit. Both of
these parameters would be limited by the distance of the spacecraft
from the Earth and the availability of the DSN antenna for commu-
nication. Using Ka-Band downlink, the nominal downlink rate would be
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Table 4
Per-orbit instrument data volumes.

Instrument Data volume per orbit Data volume per orbit
(raw, Mb) (loss compression, Mb)

MAGIC 18 18

PRESTO 3780 1890

MIRROR 356.4 356.4

WAND 2400 1200

RadiAnt N/A N/A

Total 6454.4 3464.4

Table 5

Mission total data volumes.
Mission data volume (9 orbits) Data (Mb)
Instruments, raw 57564
Instruments, compressed 29754
Available Ka-band downlink 36540
Available onboard storage (NAND flash) 64000

6.4 kbit/sec, and the available DSN receiving time would be nominally
8 h/day, giving a daily data downlink of 184 Mbit. QUEST would orbit
Uranus with a 30-day period following insertion and capture orbit
period reduction, and 8 of these days would be used for science data
collection, leaving 22 days for data downlink. This would give a per
orbit data downlink limit of 4.06 Gbit.

QUEST would produce 6.5 Gbit of raw science data per orbit, to be
compressed using a combination of lossless and lossy compression to
3.5 Gbit (Table 4). The majority of this, ~5 Gbit raw, would be pro-
duced in the hour surrounding periapse. A complete data archive using
only lossless compression for all 9 science orbits would be recorded in
the Sphinx NAND flash memory, with 27.5 Gbit remaining (Table 5).
The vast majority of QUEST data would be produced by PRESTO and
WAND, so compression algorithms used on these datasets would be key.
We would expect to achieve roughly 50% reduction in PRESTO data
volume using entropy coding [94], and wavelet-based compression on
WAND images. Compression would occur on the Sphinx FPGA, leaving
the CPU unburdened and preventing downlink backlog between science
orbits. The full lossless data archive would be downloaded subsequent
to completion of the primary mission, and some raw data records of
interest could be pulled each orbit once the lossy compressed records
have been successfully downlinked.

4.3.5. Communications

The proposed QUEST spacecraft is designed to carry one 3-m High
Gain Antenna (HGA), one Medium Gain Antenna (MGA), and two Low
Gain Antennas (LGAs) for communications. The HGA would receive
signals from the NASA Deep Space Network (DSN) 30-m antenna on orbit
and also downlink science data at orbit. The MGA would only be used for
communications with Earth during cruise and when the orbit of the
spacecraft around Uranus and the orbit of the Earth make the Earth and
spacecraft link close enough for communication. It could also be used to
listen for signals from Earth if the spacecraft enters safe mode. The LGAs
would only be used for communications during Earth flyby or for com-
munications at distances less than 0.5 AU. When QUEST is in Uranus
orbit, the HGA would be the only reliable link to Earth. QUEST would use
a Solid-State Power Amplifier (SSPA) and a Small Deep Space
Transponder (SDST) with a fully redundant design; both have been flight
proven by the Mars Science Laboratory (MSL) [95].

The communications system would use an X-band (7.1 GHz) uplink,
and Ka-band downlink (32 GHz) or X-band downlink (7.4 GHz). Note
that X-band downlink has a lower data rate, but lower mass and cost.
On the other hand, Ka-band downlink has about 4 times higher data
rate versus X-band, but higher mass and cost. X-band downlink is
mainly used for cruise phase and Ka-band downlink for science phase.
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Fig. 10. Notional QUEST mission schedule.

In addition to communication and data transmission, the communica-
tions system would also directly contribute to QUEST science in-
vestigations. Specifically, X-band downlink would be used for radio
occultations to complement the microwave radiometer measurements.
Radio science would only be performed during periapsis, and would
therefore minimally affect the science downlink capabilities of QUEST.
At the end of the mission, both X-band and Ka-band (downlink) would
be utilized for gravity science, which therefore requires more power
(46 W during transmission of one band at a time versus 69 W during
transmission of two bands).

4.4. Science operations

The QUEST mission science operations would be coordinated based
on the spacecraft's proximity to Uranus (Fig. 9). Science operations
would begin with WAND imaging of Uranus at successively higher re-
solutions during approach and continue during the insertion orbit and
successive 30-day orbits. Within 2 Ry for all orbits, all the instruments
would be active and collecting data at the maximum sampling rate and
with maximum dynamic range. MIRROR observations would cease at
distances greater than 2 Ry, and PRESTO operations would continue
until a distance of 12 Ry. In retrospect, we realize that PRESTO op-
erations would benefit from continuing to = 18 Ry in order to help
identify magnetic reconnection by measuring the reconnection-
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associated Whistler waves). The plausibility of this additional operation
would need to be studied further. Further from periapse, MAGIC and
WAND would continue to collect data at a lower sampling rate, and the
periapse data collected would be transmitted to Earth. The nine nom-
inal science orbits are divided into five MIRROR orbits and four Ra-
diAnt orbits; this is due to the pointing requirements of each instru-
ment. During the MIRROR orbits, QUEST would maneuver to maintain
nadir pointing of the MIRROR antennas at periapse. For the RadiAnt
orbits, the priority would be maintaining line-of-sight between the HGA
and Earth for as long as possible. MIRROR would still be collecting data
during these RadiAnt orbits, but the off-nadir pointing reduces the
precision of brightness temperature measurements. The pointing re-
quirements for the other instruments are not as stringent. The long-
itudinal coverage of dedicated MIRROR and RadiAnt orbits would
provide sufficient data and longitudinal coverage to accomplish the
mission objectives.

5. Programmatics

In the following subsections we describe the notional schedule of
our mission design, the Team X validated cost associated with our
mission design as well as the perceived mission risks and risk mitigation
strategy. All of the following cost information is of a budgetary and
planning nature and is intended for informational purposes only.
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5.1. Notional schedule

QUEST's notional schedule (see Fig. 10) is based on previous deep
space missions (Juno and New Horizons). Phase A (Concept and
Technology Development) and B (Preliminary Design and Technology
Completion) are 12 months each, Phase C (Final Design and Fabrica-
tion) is 22 months, and Phase D (System Assembly, Integration and
Test, and Launch) is 17 months. This timeline is within the median for a
Class A mission, as defined by the NASA Procedural Requirements for
Risk Classification. Phase E (Operations and Sustainment, not included
in the New Frontiers mission cost cap) is 167 months (155 months
cruise and 12 months of science).

5.2. Projected cost

We designed QUEST to comply with a cost cap of $900 M FY18
(New Frontiers 4 AO cost cap inflated to FY18 dollars) excluding Phase
E and launch vehicle costs. Our total proposed mission cost of $857 M
was rigorously validated through a Team X cost model that included
real time input from design and technical teams. This is well within the
$900 M cost cap and also includes 30% reserves (AO requires 25%). The
budget includes costs for a non-standard launch vehicle, eMMRTGs
(assumed to be the same as MMRTG) and RHUs ($99.7 M). Operations
costs (Phases E-F) are estimated to be $227.2 M, which is not counted
against cost cap and includes 15% reserves. Table 6 shows the total
projected cost summary for our mission concept and Table 7 shows the
Phase A-D cost breakdown. The proposed instrument costs shown in
Table 8 were determined through the NASA instruments cost model and
the spacecraft costs are provided in Table 9.

5.3. Perceived risk and mitigation strategy

Though there will always be inherent risks with sending a spacecraft
billions of kilometers away from the Earth, we assert that our simple,
high-heritage spacecraft and instrument suite design would sufficiently
mitigate these associated risks. The proposed QUEST mission design
was optimized to enable considerable scientific return from 2.6 billion
kilometers from Earth under a New Frontiers cost cap. To accomplish
this, a long cruise phase (13 years) was chosen due to limitations on
available power for propulsion. The 13-year cruise imposes several
risks, both technical and programmatic, that must be accounted for.
First, the baseline spacecraft power system, two enhanced multi-mis-
sion radioisotope thermoelectric generators (eMMRTGs), are nominally
rated for a 17-year EODL [92], which could cause early failure or un-
expected degradation that would impact the science portion of our
mission (year 13-14). Our proposed mitigation strategy involves the
inclusion of two eMMRTGs, such that a catastrophic failure of a single
unit would not cause mission failure, as well as a healthy 30% power
margin (eMMRTGs + Li-ion battery) for the highest-power mode of the
spacecraft at end-of-mission (EOM).

With respect to the programmatic risk, a long-duration mission

Table 6
Projected QUEST cost summary breakdown calculated from the Team X cost
model.

Cost Summary Team X Estimate

Phase A-D + Launch Ride + Nuclear Accommodation Costs 856.7 M
(NEPAY)

Launch Ride + NEPA costs 99.7 M
Development Cost 757.0 M
Phase A 42M
Phase B 75.7 M
Phase C/D 677.1 M
Phases E-F 2272 M

@ National Environmental Policy Act.
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Table 7
Projected QUEST Phase A-D development costs.
Total Development Cost (Phase A-D) 856.7 M
Project Management 30.9
Project Systems Engineering 29.7
Mission Assurance 23.8
Science 17.6
Payload System 54.9
Flight System 346.0
Mission Operations Prep 19.4
Launch Vehicle 99.7
Ground Data Systems 16.0
ATLO 30.3
Mission and Navigation Design 13.9
Development Reserves 174.6
Table 8
Projected QUEST instrument costs®.
Instruments 47.7 M
RadiAnt (Radio Science, part of telecom) oM
MAGIC (Magnetometer) 3.8 M
WAND (Wide-angle Camera) 83 M
PRESTO (Plasma Wave Receiver) 11.1M
MIRROR (Microwave Radiometer) 244 M
# Primarily based on Juno instrument costs.
Table 9
Projected QUEST spacecraft costs.
Spacecraft 306.4 M
Power 93.2M
C&DH 289 M
Telecom 419 M
Structures 41.8 M
Thermal 8.8 M
Propulsion 37.0M
ACS 199 M
Harness 13.5M
Software 20.0 M
Materials and Processes 1.4 M
Mission and Navigation Design 139 M
Development Reserves 174.6 M

would inevitably involve turnover of mission personnel and the po-
tential for failed transfer of institutional knowledge pertaining to mis-
sion operations. To mitigate this, during the long cruise phase there
would be monthly meetings of the critical operations team and poten-
tial personnel changes would be flagged early to allow for adequate
training of new team members and knowledge transfer. The 15%
margin in the operations budget could be used to carry out these mi-
tigation strategies, which include regular training, fresh crew cycling,
and proficiency tests. Gradual ramp-ups in staffing are anticipated be-
fore the critical events, which are Earth Gravity Assist, Jupiter Gravity
Assist, and Uranus Orbit Insertion. As was done for the New Horizons
mission, the Jupiter Gravity Assist is planned to be used as a full-dress
rehearsal (including operational exercises of instruments and ground
systems) for Uranus Orbit Insertion which would occur nine years later,
providing ample time to address issues that are unanticipated.

A crucial trade that was made during the mission design period was
the inclusion of the latest generation of JPL flight avionics (Sphinx
processor [93]) for command and data handling, which allowed for
continuous power savings of 33 W. The processor has been flight-qua-
lified and delivered for three Class B missions (NEA Scout, Lunar
Flashlight, and Peregrine), and would have 10 years of in-flight op-
erations on these missions prior to QUEST PDR (03/2029). As QUEST is
a Class A mission, we anticipate the potential for requalification of the
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Sphinx processor. We have allocated $1 million for Class A ground-
based testing prior to PDR to ensure flight-readiness of this technology.

Finally, as our proposed Uranus orbital insertion and subsequent
science orbits involve passing within the radius of the Uranus ring
system, we identified the ring-plane crossings as a potential risk to the
spacecraft. To find a safe location for ring-plane crossing, details of the
Uranian ring system were studied, and we decided on a ring-plane
crossing through the {cc ring, which extends from 27,000 km to
35,000 km in altitude and likely comprises sparse dust with an average
diameter of 1 um [96]. This ring is also constantly being depopulated
via atmospheric drag such that the particles have a 100-year lifetime
[97]. We compared the anticipated ring plane crossings at Uranus and
compared these to the Cassini Grand Finale and determined the risk to
QUEST was significantly less than during Cassini's ring-crossings given
that QUEST would be travelling at %% the velocity of Cassini (meaning
the kinetic energy of impact will be % for similar size particle), the
particle size for the QUEST ring crossing is 1/20th that of the Cassini
ring crossings, and QUEST would perform only half the ring crossings of
Cassini's Grand Finale. However, we would advocate for investment in
new Earth-based research to better characterize the ring-crossing ha-
zard and further constrain ideal periapse altitude orbit insertion op-
tions.

6. Conclusion

In this paper we described a New Frontiers Uranus orbiter mission
concept study carried out during the 2018 JPL Planetary Science
Summer Seminar. Our proposed mission, QUEST, is a high-heritage
mission architecture that aims to remedy the decades-long absence of
ice giant missions. The mission is designed to achieve two major goals:
to use Uranus as a laboratory to better understand the dynamos that
drive magnetospheres in the solar system and beyond, and to determine
the relationship between the magnetic environment, thermal environ-
ment, winds and deeper thermal-compositional structure of Uranus’
interior in contrast with the other giant planets. These goals would
directly address the highest priority objectives outlined for a Uranus
orbiter flagship class mission in the most recent NASA Decadal Survey
within a New Frontiers mission cost cap. The remote and in-situ sensing
opportunities only possible with a dedicated mission would provide
chemical, thermal, and magnetic markers that are coupled to the for-
mation and migration history of Uranus. These measurements would
also yield invaluable ground truth for comparisons to ice giant-size
exoplanets, considered the most abundant in our galaxy. In addition,
the idiosyncrasies of Uranus (e.g. its anomalously low thermal emission,
its oddly-shaped, chaotic magnetic field, and its extreme axial tilt)
provide a target that could lead to significant updates to long-standing
theories of planetary formation and the effects of planetary extrema.

The proposed QUEST mission concept demonstrates that compelling
science objectives can still be met under the significant cost and mass
limitations inherent to a New Frontiers-class ice giant mission. Our
notional mission architecture consists of a Juno-style spin-stabilized
orbiter with a magnetometer, plasma wave receiver, microwave
radiometer, wide angle camera, and radio antenna instrument suite
capable of investigating Uranus’ magnetosphere, atmosphere and in-
terior while also providing opportunities to reveal some information
pertaining to the system as a whole. We believe the instruments and
mission design approach described here are feasible within the
boundaries set by the New Frontiers program, but QUEST is by no
means the only possible architecture that could address high priority ice
giant mission science goals. We direct the reader to the Ice Giants Pre-
Decadal Study [8] for an extensive discussion of dozens of Flagship
mission architectures (e.g., flybys, orbiters, and probes) and their re-
lative scientific merits, and we suggest that the full solution space of
New Frontiers options be explored in the future as well.

The QUEST mission cost is estimated at $857 million USD (FY18;
excluding launch cost and Phase E-F costs) with 30% margin as well as
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an orbiter dry mass of 1210 kg. These values put the mission archi-
tecture under the New Frontiers cost cap and well within the required
mass margins for an Atlas V 551 launch vehicle. Further options for
mass-saving exist, including the use of a 4-m fairing for launch. This
mass margin enables mission augmentation, including the possibility of
orbital precession using additional propellant, the addition of new in-
struments, enhancements to currently specified instruments, or the in-
clusion of an atmospheric probe.

There is significant community support for a Uranus mission as
demonstrated by the inclusion of a Uranus orbiter as a high priority
mission in the most recent NASA Decadal Survey. As a direct result of
this community support, several potential flagship ice giant mission
architectures have been investigated [7-10,98]. However, funding for a
new flagship class mission in the near future is not guaranteed, and the
ideal launch window of 2029-2034 for a mission to Uranus is quickly
approaching. As the QUEST mission concept shows, it is possible to
design compelling Uranus mission concepts within a reduced budget
and mass framework, and further development of such concepts is ne-
cessary if we wish to visit either of the ice giant planets within the near
future.
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