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I. Priorities 
 
Summary of Recommendations. 
ROW advocates an Ocean Worlds (OW) program that utilizes different classes of 
missions (Flagships, New Frontiers, Discovery, and, as possible, smallsats to ride along 
with these missions) to address OW questions. These questions focus on 1) understanding 
where/why oceans are present, which allows for 2) characterizing ocean environments in 
these known ocean worlds.  With known ocean environments it becomes important to 3) 
characterize their habitability and ultimately 4) search for extant life. 
 
The extent of the Ocean World Roadmap. Search-for-life missions should take place at 
target bodies most likely to support life. Such missions should include science payloads 
that can yield a range of information - such as a broader context of the sample 
environment, characterization of prebiotic chemistry as a indication of how far toward 
life the conditions have progressed, or assessment of the habitability of the environment - 
even if life signatures are ambiguous or absent. If hints of biosignatures are found, an 
appropriate follow-on mission should be planned.  

 
In light of the open-ended nature of this exercise, the ROW team finds it most appropriate 
to derive a roadmap of initial suites of missions that advance all OW objectives as 
outlined in the Ocean Worlds Goals, Objectives and Investigations document, with 
follow-on plans to any one body entirely dependent on what is found during the initial 
missions and thus out of the realm of this OW Roadmap. In other words, in this Roadmap 
we do not plan for contingencies but rather focus on the important next missions to send 
to different bodies in the ocean worlds spectrum, along with the needed technologies for 
development. It is assumed that if a possible ocean world moves to the category of known 
ocean world, this Roadmap would be updated and steps would then be taken to 
characterize that ocean, its habitability, etc. In addition, a primary goal of ROW is to 
influence and provide inputs to the 2023-2032 Decadal Survey, so we focus here on 
priorities that can potentially be addressed in the next decade. 
 
Priorities: Summary 
The ROW team finds that the known ocean worlds Enceladus, Titan and Europa are the 
highest priority bodies to target in the near term to address OW goals. Triton is the 
highest priority possible ocean world to target in the near term. As such, we encourage 
the Decadal Survey (2023-2032) panel to include these as high priorities. 
 
 
1. Known Ocean Worlds 
 
Europa, Titan and Enceladus are known ocean worlds and each is a compelling target 
in different ways. As known ocean worlds, the next step on the OW goals list for these 
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bodies is to characterize habitability (as needed) and then, when/if habitability is deemed 
adequate for life, to search for life.  
 
Ganymede and Callisto are also known ocean worlds, of lower priority in the Roadmap 
in terms of characterizing habitability or searching for life. Oceans at Ganymede and 
Callisto should be better understood before exploring them as potentially habitable. This 
lack of knowledge limits their ability to support more of the Ocean World science 
objectives and thus they are lower in priority from other known ocean worlds.  
 
1.1 Target Summary and Recommendations 
Enceladus: The habitability of Enceladus’ ocean has been established using Cassini 
measurements, and thus to address OW goals, a search-for-life mission could be sent as a 
next step.  
 
Enceladus Recommendations for Decadal Survey and Survey Preparation: The ROW 
team recommends that a search-for-life mission at Enceladus be of high priority. 
Enceladus mission architectures that address the search for life could be studied in 
advance of the next Decadal Survey, in addition to the New Frontiers 4 technology 
development program ELSAH.  
 
Europa: Europa Clipper is a flagship mission in Phase B of development; the 
overarching goal of Clipper is to establish the habitability of Europa. An astrobiology-
focused Europa Lander mission has recently been studied (Hand et al., 2016).  
 
Europa Recommendations for Decadal Survey and Survey Preparation: The ROW team 
recommends that the Europa Clipper mission continue as planned for its importance in 
characterizing the habitability of Europa. The ROW team supports a Europa landed 
search-for-life mission, especially if a science payload can be included that can yield 
important astrobiological information even if biosignature results are ambiguous. Such a 
mission will advance the technologies needed to detect biosignatures at OW targets, 
especially from in situ measurements. 
 
Titan: The habitability of Titan’s subsurface ocean and any interfaces between the ocean 
and surface, along with the surface lakes and seas of methane/ethane, has yet to be 
established. Thus, a habitability/ocean characterization mission to Titan is a natural next 
step to advance OW goals at this body. Numerous types of missions at Titan are possible. 
Dragonfly is a candidate New Frontiers 4 mission that would help to characterize the 
habitability of regions of Titan. 
 
Titan Recommendations for Decadal Survey and Survey Preparation: ROW 
recommends that missions to characterize Titan’s subsurface ocean or assess the 
habitability of this ocean and/or its surface be of high priority. Even if Dragonfly is 
selected for NF4, additional Titan missions that advance the understanding of Titan as an 
OW should be studied prior to the Decadal Survey and considered by the DS panel. 
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Ganymede: The ESA JUICE mission is set to explore Ganymede.  This mission will 
characterize Ganymede’s subsurface ocean, located between layers of near-surface and 
high-pressure ices, to better understand the formation and evolution of this OW. It could 
place bounds on communication between the subsurface ocean and the surface, energy 
input into the ocean layer, and the habitability of oceans separated from underlying rocky 
mantles. 
 
Ganymede Recommendations for Decadal Survey and Survey Preparation: The ROW 
team supports the ESA JUICE mission. 
 
Callisto: This known OW remains to be fully characterized. Its deep subsurface ocean 
and its location on the edge of the Galilean satellite system limits not only 
communication between the ocean and the surface, but also vital energy input to the 
ocean. It may serve as an end member on the OW spectrum and help, along with Ceres, 
to characterize the limit of the ability of bodies to maintain oceans with sparse tidal input. 
In addition, because Callisto’s ocean is also located between two layers of ices, Callisto 
studies could inform studies of Ganymede’s ocean. 
 
Callisto Recommendations for Decadal Survey and Survey Preparation: The ROW team 
supports mission studies to characterize Callisto’s ocean and its sustainability.  A mission 
to Callisto should be studied to test if small mission classes can help advance OW 
objectives.  
 
2. Possible Ocean Worlds. 
 
Triton, Pluto, Ariel, Miranda and Ceres are among the possible ocean worlds in the 
solar system. Spacecraft data returned from these bodies suggest the possible presence of 
extant liquids in their interiors, but the size of any liquid reservoir is unknown. These 
bodies must be explored further to determine whether they have extant oceans and should 
be furthered studied as Ocean Worlds. The next missions to these bodies should establish 
the presence of oceans, perhaps using orbiting spacecraft (or multiple flybys) with 
magnetic, gravity field, libration, and/or topographic measurements of tidal flexing. 
Should extant oceans be found, future missions should characterize those oceans to 
establish their habitability and then potentially search for life. 
 
In ranking the priority of the above worlds, we consider two factors: the timing of 
geological activity suggesting the presence of an ocean, and the likelihood of this activity 
being endogenic (including tidal) as opposed to exogenic (driven by insolation or 
impacts). 
 
Other possible ocean worlds exist.  However, the bodies listed here represent the most 
likely targets on which we can confirm oceans in the near future. 
 
2.1 Target Summary and Recommendations 
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Triton: Of the above worlds, Triton is deemed the highest priority target to address as 
part of an Ocean Worlds program. This priority is given based on the extraordinary hints 
of activity shown by the Voyager spacecraft (e.g. plume activity; smooth, walled plains 
units; the cantaloupe terrain suggestive of convection) and the potential for ocean-driven 
activity given Cassini results at Enceladus. While the source of energy for Triton’s 
activity remains unclear, all active bodies in the Solar System are driven by endogenic 
heat sources, and Triton’s activity coupled with the young surface age makes 
investigation of an endogenic source important. Unlike other possible ocean worlds (such 
as Ceres or Pluto) observations of geologically recent activity make investigating and 
understanding its source of activity a priority. Furthermore, many Triton mission 
architectures would simultaneously address Ice Giant goals on which high priority was 
placed in the Visions & Voyages Decadal Survey. Finally, as Triton likely represents a 
captured Kuiper Belt object (KBO), some types of comparative planetology with KBOs 
could also be addressed in a Triton mission. 
 
Triton recommendations for Decadal Survey and Survey Preparation: Prior to the next 
Decadal Survey, a mission study should be performed that would address Triton as a 
potential Ocean World; such as study could be part of a larger Neptune orbiter mission. 
The Decadal Survey should place high priority on Triton as a target in the Ocean Worlds 
program. 
 
Pluto:  Pluto is the first large object visited in the Kuiper belt and it displays young, 
potentially cryovolcanic terrains indicating activity may have continued through much of 
its history.  As for Triton, the source of relatively recent internal heat on Pluto is not 
entirely constrained, but models suggest an ocean may persist into the present.  Studying 
large KBOs opens up a new regime for exploring ocean worlds in the solar system, and 
by comparative planetology helps us understand what is possible for icy moons that are 
not currently tidally heated.  
 
Pluto recommendations for Decadal Survey and Survey Preparation: Mission studies 
should be performed to address technology advances allowing exploration of the Kuiper 
belt or a return to Pluto with an orbiter (necessary to study a potential ocean).   Studies to 
explore a potential KBO rendezvous as an extended part of another mission to the outer 
solar system (e.g., to a gas giant) are also encouraged. 
 
Ariel and Miranda: After the Voyager flyby of the outer solar system, similarities 
between Enceladus, Miranda, and Ariel were noted. Only after Cassini’s arrival were 
Enceladus’ extant geological activity and ocean discovered. Miranda and Ariel both show 
evidence for recent significant tectonism that could indicate subsurface oceans. 
  
Ariel and Miranda Recommendations for Decadal Survey and Survey Preparation: 
Jankowski and Squyres (1988) suggest Voyager imaging captures thick surface flows 
(cryolavas) on Ariel and Miranda. A mission to the Uranian system as outlined in the Ice 
Giant SDT study should set as a top priority flybys of these moons to search for evidence 
of subsurface oceans.  
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Ceres: Ceres is a unique case, a hydrous dwarf planet in the asteroid belt. Ceres is ~50% 
H2O in volume and has a 40 km thick shell dominated by volatiles, with a density of 1.28 
g/cm3, but whether there is liquid water in its interior today is the subject of ongoing 
analyses of data from the Dawn spacecraft. Ceres is a small and heat-limited body, likely 
in the process of freezing, so it may provide an end-member scenario for medium-sized 
ocean worlds without tidal heating. Modeling and experimental research (utilizing R&A 
funding) in light of Dawn results would inform the understanding of ocean worlds as a 
whole. 
 
Ceres Recommendations for Decadal Survey and Survey Preparation: A Ceres mission 
with a primary objective to detect and characterize any liquids within Ceres should be 
studied to test if small mission classes can help advance OW objectives. 
 
 
3. Roadmap (Summary) 
 
Based on the summary of targets above and the ROW recommendations, a broad outline 
of high priority missions can be developed.  Here we group targets by priority and list the 
mission goals that advance Ocean Worlds science goals. If a mission is currently in 
progress or under study it is noted. Otherwise a current/future potential mission AO 
opportunity is listed. In some cases types of missions are identified if current activity or 
mission AO will not address the mission goals.  
 
Highest priority targets: 
Europa: Habitability mission– Clipper in progress; Lander study in progress  
Titan: Habitability/Ocean mission– possibility of NF4 mission selection 
Enceladus: Search-for-life mission  
Triton: Confirm/Characterize Ocean mission – Triton orbiter or Neptune orbiter with 
many Triton flybys (with magnetometer, gravity, thermal imagery, high-resolution 
imagery) 
 
 
3.1.  Recommended Mission Studies (Summary) 
 
Based on the list of missions above, mission studies to verify their feasibility is needed.  
Mission studies can identify which targets may be higher risk from a technology 
standpoint and can help further prioritize mission based on cost and schedule conflicts. 
Mission studies can also determine which science targets need technology maturation or 
development prior to being feasible.  Here we outline some of the mission studies 
recommended prior to the decadal survey. 
 

• Triton ocean confirmation and characterization mission 
• Regardless of NF4 selection outcome, Enceladus and Titan missions or joint 

mission should be studied 
• Ceres mission to characterize subsurface reservoirs (perhaps Discovery-class?) 
• Callisto mission to characterize subsurface oceans (perhaps Discovery-class?) 
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• Pluto ocean confirmation and characterization 
• Ariel and/or Miranda mission to confirm/characterize ocean (perhaps Uranus 

flagship mission with many Ariel/Miranda flybys) 
 
4. Suggested Decision Rules and Considerations for DS 2022: 
 
1. The next Decadal Survey should rank highly an Enceladus mission (whatever the 
class). 
 
2. The next Decadal Survey should place an especially high priority on a mission to study 
life/habitability at Enceladus and/or Titan. A mission that addresses both Enceladus and 
Titan should be considered (even if the Dragonfly mission is selected for NF4). 
 
3. If Europa Lander is in development, or if it is under consideration, by the time of the 
next Decadal Survey, the panel should recognize the criticality of exploration of 
additional ocean worlds and thereby place high priority on missions to Titan, Enceladus 
and Triton as well. Technologies developed for Europa Lander should be leveraged for 
the in situ exploration of other ocean worlds. 
 
4. Ice Giant missions under consideration by the Decadal Survey panels should prioritize 
ocean world science, particularly at Triton, Ariel and Miranda. 

II. Mission Scenarios 
 

A. Enceladus 

The next steps for exploration of Enceladus should build on the science achievements of 
the Cassini mission and leverage existing and developing technologies to best assess the 
habitability or presence of biosignatures (extinct or extant) on this moon.  The following 
sequence of missions is proposed, but not explicitly required, to achieve these objectives: 
 

1. Plume flyby (in situ analysis) –to search for complex organics indicative of life; 
and to identify the best way to capture and preserve a sample for sample return.   

2. Plume flyby + sample return – to enable higher-fidelity analysis by utilizing the 
latest laboratory techniques and instrumentation on Earth to search for evidence 
of life in the plume.  An alternative approach would be to use a Lander to access 
material for sample return. This would enable a much larger sample size to be 
collected, and would not rely on plumes being active for the sample return 
mission. 

3. Lander – this mission would look for markers (and potentially cells) in the larger, 
heavier plume fallout grains on the surface that can’t be safely accessed in a 
flyby. An option could be to combine this with a ‘crawler’ (below). 

4. ‘Crawler’ to access deeper into the Tiger Stripes (possibly to the ocean) –to 
test new technologies for accessing chasms of similar ocean worlds without 
drilling/melting. 
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5. Submarine to access the ocean (delivered via either ‘crawler’ or melt probe) – in 
this final phase, the ocean of Enceladus would be sampled directly in the search 
for microbial activity or other evidence of life. Depending on design, a 
submersible or similar might reach the ocean floor to verify the presence of, and 
collect samples from, hydrothermal vents. 

 
We note that any mission architecture must remain flexible to accommodate discovery-
driven changes.  From Sherwood (2016): “Among the many “ocean worlds” of our solar 
system, Enceladus appears unique in its combination of astrobiologically relevant and 
exploration-worthy attributes: extensive liquid-water ocean with active hydrothermal 
activity, containing salts and organics expressed predictably into space. The Enceladus 
south polar plume allows direct access to telltale molecules, ions, isotopes, and potential 
cytofragments in space. Plume mass spectroscopy and sample return, in situ investigation 
of surface fallback deposits, direct vent exploration, and eventually oceanographic 
exploration can all be envisioned. However, building consensus to fund such ambitious 
exploration hinges on acquiring key new data. A roadmap is essential. It could start with 
cost-capped onramps such as flythrough analysis of the plume, following up on 
Cassini measurements with modern instruments; and sample return of plume 
material for analysis on Earth. A methodical mission sequence in which each step 
depends on emergent results from prior missions would push in situ oceanographic 
exploration into the second half of this century. Even for this scenario, prioritization 
by the next planetary Decadal Survey would be pivotal.” 
 
Thanks to the pioneering work of the Cassini Mission, the first major steps in the 
astrobiological exploration of Enceladus have already been accomplished: (1) a global, 
subsurface ocean was identified and confirmed; (2) simple and complex organics have 
been detected in a plume that is sourced from the ocean; (3) multiple independent lines of 
evidence strongly suggest hydrothermal activity; and (4) the optimal landing region for a 
Lander has been established (the Tiger Stripes); further high-resolution reconnaissance is 
needed to fine a safe landing site within the plume fallout zone. This puts Enceladus in a 
pivotal role as one of the pathfinding targets where we may test our mission strategy to 
explore Ocean Worlds. The optimal strategy must minimize the number and scope (and 
therefore cost) of missions needed to address the question (is there life on Enceladus?) 
while still achieving the scientific rigor needed to test such a momentous hypothesis. 
 
One unique issue for an Enceladus astrobiology mission is that nearly all orbital 
trajectories to target this small moon must also include a Titan flyby. Instruments 
designed for ultrasensitive detection of organics must be adequately isolated from 
contamination during this Titan encounter; this may be a non-issue given that a flyby well 
outside of Titan’s atmosphere can be used for this purpose. Inlet covers and/or 
decontamination heaters may help to address this concern. 
 
 
Sherwood, B. (2016). Strategic map for exploring the ocean-world Enceladus. Acta 
Astronautica, 126, 52-58. 
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B. Europa 
 
Future exploration of Europa – suggested mission sequence 
 
The next mission to Europa follows up on the Galileo mission with a comprehensive 
remote sensing survey, including global mapping, magnetometry and radar to sound the 
subsurface to attempt to confirm the presence of and depth to a subsurface ocean. Such a 
mission is currently under construction at NASA, and the Europa Clipper mission will 
extensively characterize Europa’s surface.  Europa Clipper includes a radar sounding 
instrument and magnetometer to probe the subsurface structure of Europa, and in situ 
instruments to measure the composition of particles in Europa’s exosphere, lofted into 
space by impacts, sputtering, and/or plumes, if they exist.  
 
One science objective not well addressed by Clipper is gravity science.  A low-altitude 
orbiter mission like GRAIL can revolutionize our understanding of Europa, and may be 
achievable within the Discovery or New Frontiers program. 
 
The next Europa Flagship mission after the global reconnaissance mission should be a 
lander. Such a mission would be able to search directly for life on another planetary body 
but would also provide valuable information on the geological nature of the surface.  
Much can be done remotely to characterize Europa’s habitability, but likely a true search 
for life will come from a landed mission that directly samples Europa’s near surface 
material to search for signs of life.  The proposed lander mission would sample the 
subsurface and perform visual (microscopic) and compositional (GCMS or other 
instrument) analysis of materials that come from Europa’s near-surface. 
 
This first Europa lander would likely choose a landing site based on compositional 
heterogeneity as well as safety. Likely, the highest-priority landing site would be one 
where subsurface material has made recent (very recent, geologically) contact with the 
surface.  Such a landing site would likely be selected based on a complete orbital survey 
of the surface, to look for compositional indicators of recent activity (such as plume 
deposits), regions where communication between the surface and subsurface are likely to 
occur, as evidenced by high concentrations of non-ice materials (e.g., Shirley et al., 
2010), and/or regions in the ice shell where geological processes such as subsumption 
(Kattenhorn and Prockter, 2014) and ridge formation (Greenberg, 2010), among others,  
may facilitate the cycling of surface species into the subsurface . As warm ice diapirs 
may be habitable, and their movement through the crust will heat the surrounding country 
ice (Quick and Marsh, 2016), producing transient habitable environments that may last 
O(104-105 years) (Ruiz et al., 2007), chaos regions and lenticulae fields could also be 
prime targets for subsurface sampling. Engineering constraints would also come into 
play, as we consider what kind of surface a lander could successfully access. 
 
A Europa Lander mission concept is currently under study by NASA. Follow-on 
missions would likely depend on the results of the first Europa lander mission, and 
whether it detects clear biosignatures. Such future missions would likely include more 
capable landers, rovers, and eventually a submersible or melt probe that would directly 



	 10	

access the subsurface liquid ocean layer and might even return samples (Sherwood et al. 
2017).  Seismology on a lander would greatly facilitate future exploration into Europa’s 
ice shell or ocean. A Lander relay orbiter could include enhanced capabilities to add to 
Clipper science (e.g. geodesy). 
 
Innovative concepts for Europa exploration should be encouraged in Discovery and New 
Frontiers.  
 

C. Titan 
Titan is a diverse and multifaceted world that is arguably more complex than the other 
ocean worlds. Multiple missions will be needed to reveal Titan and how it fits in with 
other Solar System bodies. 
  
The complex photochemical synthesis of Titan’s methane-rich atmosphere leads to 
deposition of a wide variety of organic molecules, an active weather system, and fluvial 
and aeolian geological processes. The potential for exchange and contact of these 
organics with water creates the potential for chemically-rich environments in the deep 
subsurface ocean. At the surface, transient liquid water environments could exist 
following impact events and possible cryovolcanic eruptions, providing a short-lived 
habitat for life. The hydrocarbon seas and lakes may also serve as regions where prebiotic 
chemical processes could potentially evolve into an organized biochemistry.  If these 
organics reach the water ocean, then this world would be especially interesting. 
  
Future missions are needed to determine the origin of the atmosphere, the length of time 
the photochemical production cycle has been running, the complex organic synthesis of 
the upper atmosphere, the properties of the hydrocarbon seas, geodesy and 
geomorphology of the surface, chemical sampling of the plains, dunes, water-ice rich 
mountains, targeted sampling of locations where water has modified surface organics 
(e.g., impact melts), and perhaps even locations where the subsurface ocean has broached 
the surface (e.g., cryovolcanic flows). 
 
Multiple mission concepts are needed to fully explore Titan. Below, we list a variety of 
these concepts. Each concept could be proposed as a single mission (e.g., the TiME lake 
lander proposed to Discovery 12), or multiple concepts can be combined into more 
ambitious mission proposals (e.g., the Oceanus orbiter proposed to New Frontiers 4, 
which combines items 1, 2, and 3 below). It is also relevant to note that the Saturn system 
contains another high priority Ocean Worlds target, Enceladus.  Mission concepts that 
combine elements of the list along with elements of the Enceladus exploration strategy 
(see above) should be considered (e.g., the Journey to Enceladus and Titan Saturn orbiter 
proposed to Discovery 12). 
 
1) Titan orbiter: High resolution imaging, topographical grid, atmospheric chemistry, 
and weather monitoring from orbit. Mapping could be from IR imaging or SAR radar. 
Topography from radar or laser altimetry would determine the tidal love numbers and 
provide constraints on the thickness of the ice shell and interior structure (including 
information that will help determine if the interface with the rocky interior is liquid or 
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high pressure ice). Could include a search for near-surface water pockets and/or 
subsurface hydrocarbon reservoirs (may require a REASON style deep radar instrument). 
It could also include initial instrumentation to examine chemical synthesis in Titan’s 
upper atmosphere. Looking at chemistry from 1-1000+ amu, with Orbitrap mass 
resolution at 100,000, including ions and neutrals. For longer duration orbital missions, 
weather processes could also be tracked. It could include synoptic observation, 
microwave radiometer mapping, and monitoring of haze structure with UV.  
 
2) Lake lander:  Sampling of lakes (e.g., TiME). Short-lived mission would provide 
determination of bulk composition, trace dissolved species, sediment depths of lakes 
(sonar, radar). Initial mission would be a lander/floater. Longer duration mission could 
provide information of winds, currents, and tides. A lake lander can be included as an 
additional elements in an orbiter or flyby concept. 
 
3) Titan atmospheric probe: Instrumentation that would be able to examine polymeric 
materials made in upper atmosphere, and examine how concentrations, functionalities 
and structures vary with depth from 1450 km (exobase) to the condensation point (150 
km). 
 
4) Aerial mission: Titan airborne platform that could explore across multiple terrain 
types (e.g., Titan Aerial Explorer study or AVIATOR or Dragonfly mission concepts). 
Geomorphology and terrain classification at 1 m or better. A key component of this 
concept is the ability to sample multiple terrain types either with in situ spectral 
capability: UV-Raman or GCxMS (GCxGCxMSxMS even better). Titan airplane or 
helicopter would allow directed navigation to different terrain types. Directed targets 
could include potential cryovolcanic areas, lakebeds, impact craters, dunes, and plains. 
Similar to the lake lander, a balloon can be delivered by an instrumented orbiter or flyby 
element. 
 
5) Submarine: This concept would provide in-situ exploration of a Titan sea (most likely 
Kraken Mare). The submarine would measure the composition of the liquid (with depth), 
investigate surface and subsurface currents, look for mixing and layering, observe wind 
and waves at the surface, map sea bathymetry and bottom features, and determine the 
seabed sediment composition. Requires a significant amount of autonomy. Can be 
designed as either a Direct to Earth (DTE) concept or make use of an orbital relay. 
 
6) Drill for deep exploration of subsurface ocean in situ: This concept will need to 
fully understand the physical properties of Titan’s organic inventory. Thus, it will require 
the other landed elements to have returned data first. Initial drill could target cryovolcanic 
areas, or if found, shallow water diapirs or deep subsurface hydrocarbon layers. Full 
chemical package (for water: T, pH, ORP, dissolved oxygen, turbidity, microscope, 
metabolic tests. 
 
 

D. Triton 
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Future technology / research investments: 
In addition to the technologies that will benefit exploration of all Ocean Worlds (e.g., 

improved power systems (e.g., eMMRTGs) and larger launch vehicles (e.g., the SLS)), a 
Triton mission would benefit greatly from the ability to aerocapture at Neptune; this is 
discussed further in Sec III. It is worth noting, however, that great science is also possible 
with a Neptune-Triton flyby. Description of such missions already exist and rather than 
repeat that work here, we refer readers to the Argo white paper (Hansen et al., 2009) and 
the Ice Giants SDT report (http://www.lpi.usra.edu/icegiants/mission_study/). 

Like KBO and Pluto studies, Triton investigations will benefit from improved 
understand of the rheology of N2 ice and water-ice mixtures (water-ammonia, methane 
clathrates) at the temperatures expected on these targets. Additionally, lab work to 
understand the spectral signature and mixture of ices in solid solution would be beneficial 
as well.  Specifically, phase diagrams for mixtures of species such as N2, CH4, CO and 
CO2 are needed as well as optical constants in the NIR and IR. 

 
The next mission: 
The next step at Triton is to send a mission with the following two objectives:   
1. Determine if Triton has an internal ocean.  This could be accomplished by looking 

for the magnetic induction signature and/or gravity field measurements and/or searching 
for libration with high resolution images and/or LIDAR. 

2. Determine if Triton’s geysers sample a sub-surface liquid layer.  High-resolution 
images to look for ongoing eruptions are the minimal data set, but additional information 
on composition is important. The composition of the geysers could be assessed using UV 
spectroscopic imaging of solar occultations from a spacecraft at the Neptune-Triton 
system. The UV spectra can be used to derive density profiles of different species in the 
atmosphere. If the solar occultation probed a geyser, then we would have direct 
information about the composition of the geyser and therefore the subsurface source. 
Mass spectrometry could also be useful. 

 
There is tremendous additional science to be achieved by mapping surface volatile 

distribution, understanding the global geology and surface unit ages, etc. so the above 
two objectives just represent a minimum threshold. 
 

E. Ganymede & Callisto 
 
A Ganymede mission was studied for the Visions and Voyages Decadal Survey and that 
study still relevant. The JUICE mission may cover many of the goals of that concept 
study. Beyond that, the Jupiter System Observer (JSO) concept study ended with a 
Ganymede-orbiting architecture.  JUICE essentially accomplishes many of the Ocean 
World goals of JSO; JUICE is currently lacking mainly the Jupiter and Io observing 
aspects, which don’t fall under the Ocean Worlds umbrella (although both are relevant to 
understanding ocean worlds, such as tidal heating).  
 
Since JSO settled on a Ganymede orbiter implementation, it might be worth reviving this 
‘staying out of the system’ option, where the focus of the mission is at Ganymede and 
Callisto. Neither JUICE nor Europa Clipper are going to do much science at Callisto and 
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JUICE’s science goals for Ganymede are going to be impacted by the fact that they may 
not have the delta-v to get into the 200 km circular orbit they originally planned for. 
 
 

F. Ceres & Small Bodies 
 

This section focuses on Ceres since it is the only asteroid that offers any prospect for 
being an Ocean World at present, both from theoretical considerations and from 
observations returned by the Dawn mission.  
 

The next step in the exploration of Ceres is to develop observational strategies to 
approach the following objectives: 

1- Characterize the extent of the deep liquid layer inferred from models of Ceres’ 
relaxation and characterize Ceres’ thermal state.  

2- Assess the habitability of Ceres’ past and current ocean via the determination 
of its physico-chemical properties.  

3- Confirm the origin of organic material found in the Ernutet region and 
characterize the dark component throughout the surface, which is believed to 
be evolved from carbon species; determine the conditions under which these 
carbon-rich materials were formed.  

 
In-depth studies are needed to assess which mission architecture and payload are most 

suitable for this unique body, rich in salts and volatiles but with putative endogenic 
activity limited to only a few places. For example, one needs to identify which 
observational strategy is best suited when searching for a deep ocean (Objective 1) in a 
body not subject to tidal forcing.   

Objectives 2 and 3 require in situ exploration and would likely leverage 
instrumentation and operations developed for the Mars and Europa landers. Ceres is an 
airless body located at ~2.7 AU from the Sun, with surface temperatures up to ~240 K at 
the equator but ~170 K on average. These temperatures will impact mission lifetime and 
operational strategy, especially for missions at high latitudes (e.g., the Ernutet region is 
located at about 55 deg. latitude) and might call for radioisotope power sources.  

 
Answers to the above objectives will determine whether follow-on exploration is 

warranted to address ROW Goal IV’s “how life might exist at each ocean world and 
search for life”.  

 
Planetary Protection: Another important question to be addressed for future 

exploration of Ceres is under what Planetary Protection Category IV these missions 
would fall. Crater counting indicates most of the surface is older than 100 My and 
observations so far have yielded no indication that the surface communicates with the 
interior and that transfer of material to the putative muddy ocean is possible. However, 
the Dawn spacecraft was required to comply with Category IV planetary requirements 
(e.g., 50 year stable end of mission orbit). Planetary protection technologies developed 
for Mars or Europa may be applicable here.  This is discussed further in Sec. III. 
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Ceres as a Stepping Stone for the Exploration of Ocean Worlds: Ceres represents an 
important data point for understanding the chemical evolution of volatile-rich worlds and 
especially their potential for forming and preserving organic compounds. With it low 
gravity and relative benign environment, Ceres also offers easy surface access (in 
comparison to Mars or Europa) whereas the roundtrip light-time to/from Ceres requires 
the introduction of semi-autonomous techniques for advanced surface operations. Hence 
a long-term exploration program of Ceres is compelling, not just for the anticipated 
science return, but also because it will help us practice and hone new technologies of 
relevance to the future exploration of ocean worlds, such as surface operations, planetary 
protection, and end-to-end sample collection and return to Earth.  
 

G. Pluto/KBOs 
 
Visiting new bodies in the distant outer solar system as well as a return Pluto/Charon 
would be extremely informative for understanding the evolution of our solar system. As 
such it is informative to visit as many large KBOs as possible, for the following reasons: 
 

• Large, bright KBOs likely have the best chance of being ocean worlds.  The 
large size allows for more internal heat and the bright surface may be the result of 
geologically recent, or even ongoing, activity.  Higher density KBOs (only known if they 
have a companion) have more potential for radiogenic heating and are more likely to be 
differentiated.  The magnitude of tidal heating is unknown for multiple-KBO systems, 
thus visiting multiple-body systems, even if they are consist of smaller objects, will be 
important data points. 

• We do not currently have enough constraints on composition for KBOs (e.g., 
what makes up all the red material observed on KBOs, how much variety exists in KBO 
bulk interior structures, what is the distribution of bio-essential elements?).  Any 
missions/instrumentation that bear on such question would be prioritized for an ocean-
worlds focused mission. 

• Centaurs (KBOs relatively recently emplaced in orbits among the giant planets) 
could provide interesting targets of opportunity as they are closer/more accessibly 
components of the distant outer solar system.  They also have unusual and unexplained 
activity, with outbursts that can expose interior material.   

• Presumably orbiting any of these objects is technologically prohibitive, but even 
fly by missions would provide a wealth of information.  Some of the composition 
information could even be better sampled by a lander if such a mission were possible in 
the future. 

A return to Pluto/Charon is needed to reveal if Pluto has a present day ocean (a 
possibility given some of the young surface terrains and also an outcome produced by 
some models of interior evolution), and to characterize Charon’s past ocean.  An orbiter 
would significantly advance Pluto/Charon science and is likely needed for true 
characterization of the ocean (e.g., via gravity science), however an additional flyby 
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would also be useful.   Many unanswered questions remain about this double dwarf-
planet system, and New Horizons observed only ~40% of the surface area each of Pluto 
and Charon at moderate-to-high resolution. The Pluto-system provides an opportunity to 
study a two-body system where one world may have retained an ocean into the present, 
while the other world’s ocean froze. Furthermore, the Pluto-system is also unique in that 
it is not tidally forced today, and thus if a present-day ocean in Pluto would represent an 
different kind of interior evolution than those of the giant-planet satellites.   

 

Research into ways to optimize distant outer solar system missions is needed.  For 
example: 

• Are there opportunities to piggy-back on other missions to the outer solar 
system? (e.g., giant planet missions) 

• Can multiple large KBOs be visited with a single spacecraft? 

• Can multiple smaller/cheaper spacecraft be sent to visit different KBOs? 

• Are KBO orbiters possible with current technology and within cost constraints? 

• Are KBO landers possible with current technology and within cost constraints? 

• What opportunities do different launch vehicles and power sources enable?  (See 
also Sec III). 

H. Other Satellites 
 
Saturnian Satellites (Mimas, Tethys, Dione, Rhea, Iapetus) 
 
Some of Saturn’s medium-sized satellites have had gravity science flybys by Cassini, 
while others have not had any close flybys. In all cases, this class of satellite would 
greatly benefit from multiple close flybys dedicated to gravity science. Iapetus has only 
had one relatively close flyby by Cassini. In addition, the innermost mid-sized satellite 
Mimas has had no dedicated flybys. For ocean detection, future missions should focus on 
gravity and high-resolution imaging to measure librations (e.g. Tajeddine et al., 2014; 
Thomas et al., 2015), similar to what has been done at Enceladus (i.e. Iess et al., 2014; 
McKinnon 2015; Thomas et al., 2015), especially at Dione.  
 
 
Uranian Satellites (Miranda, Ariel, Umbriel, Titania, Oberon) 
 
At Uranus, a flyby mission to the whole system to image the regions of the satellites in 
darkness during the Voyager encounter would greatly enhance our knowledge of the 
system. However, a Cassin-style orbiter at Uranus would yield the greatest benefit for the 
system (Hofstadter et al., 2017). Such a mission should be outfitted with instruments that 
would be useful for analyzing the parent planet, rings and the satellites. For example, a 
magnetometer and a high-resolution imaging camera would be key. For the purpose of 
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gravity science and electromagnetic sounding, it would be necessary to perform multiple 
close flybys of each moon. Ideally a mission to Uranus would occur at equinox (2049) or 
northern summer (2028) to enable imaging of the hemispheres that were not visible 
during the Voyager flybys. Alternatively, having instruments that can analyze the dark 
portions of the satellites would help fill in any gaps, i.e. laser altimeter, active radar, 
and/or passive instruments sensitive enough to use “Uranus shine” or thermal emission to 
image the shadowed surface.  
 
 
Hofstadter, M., Simon, A., Elliott, J., Reh, K., and the Ice Giant Science Definition and 
Engineering Teams, 2017.  Ice Giants: Pre-Decadal Survey Mission Study Report.  JPL 
D-100520.  (Available on-line at http://www.lpi.usra.edu/icegiants/mission_study/.) 
 
Tajeddine, R., Rambaux, N., Lainey, V., Charnoz, S., Richard, A., Rivoldini, A., 
Noyelles, B., 2014. Constraints on Mimas’ interior from Cassini ISS libration 
measurements. Science (80-. ). 346, 322–324. doi:10.1126/science.1255299 
 
Thomas, P.C., Tajeddine, R., Tiscareno, M.S., Burns, J. a., Joseph, J., Loredo, T.J., 
Helfenstein, P., Porco, C., 2015. Enceladus’s measured physical libration requires a 
global subsurface ocean. Icarus. doi:10.1016/j.icarus.2015.08.037 
 

III. Technologies 
 

3.1	Overview	
Key to accomplishing the goals of exploring Ocean Worlds are technology advances that 
satisfy the environmental constraints of extremely low temperatures and often high 
radiation while meeting the stringent planetary protection requirements of Ocean Worlds, 
which itself requires novel methodologies be employed. Power sources and energy 
storage systems suitable for cryogenic environments and autonomous systems are 
required for all missions envisaged.  Since these missions will be far from Earth, 
autonomous systems and subsystems are key to enabling the aerial or landed 
functionalities and scientific measurements. To facilitate autonomy, there also needs to 
be improvements in computer capabilities.  Most Ocean World missions will have a 
requirement for cold-compatible, low-mass, low-power instruments, mechanism and 
electronics with the possible exception of those housed in radiation-hard containers, 
which double as warm enclosures.  For landers and plumes, the sample acquisition and 
handling mechanisms are at ambient, as are many of the instrument components. 
Additive manufacturing of complex and multi-purpose structures will enable mass 
savings without compromising performance.  
 
There are many common mission technologies to all Ocean Worlds missions.  
Communications and the need to have communication elements that have reduced mass, 
power and volume to efficiently transmit high data rates from/to landed elements. 
Electric Propulsion (EP) enables missions requiring large in-space velocity changes over 
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time and can often provide enhanced and enabling trajectories to the outer planets. This 
technology opens up mass and trip-time trades, offering major performance gains and 
significant improvements to mission capabilities. Development efforts are underway for 
NEXT, but flight verification is still required. Planetary Protection Technologies are 
continually evolving as we respond as our increased understanding of the Ocean World 
bodies. Astrodynamics is the application of celestial mechanics to the design of spacecraft 
trajectories and to the navigation of spacecraft.   Research in Astrodynamics can open up 
new types of missions, such as the Voyager Grand Tour or the Cassini Grand 
Finale.   Finally, Aerocapture is a technology that we have had available for over a 
decade, but have not used for a variety of reasons.  For a Neptune orbiter, and thereby 
Triton, aerocapture could be used to reduce the very high arrival velocity with propulsion 
requires more fuel than current launch vehicles can inject. In the present Ice Giants study 
it was not chosen but future studies might yet require it. 
 
Many in situ technologies for Ocean Worlds can be grouped into those needed for bodies 
that have a thick atmosphere (Titan) and those that do not, those that are within the 
radiation field of Jupiter and those that are not. However, the technologies developed for 
the Jupiter system bodies can be used in less demanding radiation environments but not 
vice versa.  In most cases (again excluding Titan with its thick, complex organic 
atmosphere and crust), and depending on the gravity of the body, the lander technologies 
are similar for surface characterizations, in situ life detection and sampling methods e.g. 
subsurface ice acquisition/handling and plume capture, planetary protection 
technologies and ice sample return with cryogenic preservation. Titan is very different in 
that a landed bio-signature detection strategy would be one of looking for a small amount 
of complex replicating molecules in thick deposits of a widely varying solid organics or 
in a hydrocarbon lake, while on most of the other bodies it may well be looking for small 
amounts of organics in an otherwise poorly characterized icy environment.  Depending 
on the architecture of each mission, technologies for survival and operation of both 
electronic and mechanical systems in cryogenic environments need to be developed and 
implemented.  
 

3.2	Mission	Technologies	

3.2.1		Power	Sources	
Outer planet missions, such as Voyager, Cassini, and Galileo, have typically used 
Radioisotope Power Systems (RPS). But, this is changing. For the first time, Juno, a 
mission to Jupiter, is powered by a solar power system and a planned NASA mission to 
Jupiter’s moon Europa, the Europa Clipper, has baselined the use of solar power. Figure 
1 illustrates the current status of solar power missions in the solar system.  
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Figure 1. Approximate relative applicability of power technologies to target body 
mission concepts showing solar power in yellow (outer rings for Orbiters and Flybys and 
inner rings for landers and probes)  
 
Stored energy systems in the form of batteries are also viable for short-lived missions and 
the Europa Lander concept is studying the viability of high specific energy batteries. 
However, RPSs are necessary for the more distant bodies in the solar system and/or 
complicated aerial or landed missions within the Saturnian system and beyond. Each of 
these technologies will be summarized below. For more details, there are two published 
reports on RPS: 
1. John Hopkins University, Applied Physics Laboratory. 2015. Nuclear Power 
Assessment Study, TSSD-23122. http://solarsystem.nasa.gov/rps/npas.cfm 
2. Next-Generation Radioisotope Thermoelectric Generator Study Final Report, JPL D-
99657.  
 
An assessment report on each of Solar Power and Energy Storage technologies for 
Planetary Missions has also been published and can be found at: 
3. Jet Propulsion Laboratory, California Institute of Technology, December 2017, Solar 
Power Technologies	for Future Planetary Science Missions JPL D-101316. 
https://solarsystem.nasa.gov/docs/Solar%20Power%20Tech%20Report_FINAL.pdf 
4. Jet Propulsion Laboratory, California Institute of Technology, Energy Storage 
Technologies for Future Planetary Science Missions, Report No. JPL D-101146, 
December 2017. 

Strategic Missions and Advanced Concepts Office  JPL D-101316 

Solar Power Technologies for Future Planetary Science Missions 8 

1 Study Overview 

1.1 Introduction 
Most of the planetary science missions conducted to date have used solar power systems, including 
some Mars missions, and all of the inner planet and small body missions. However, outer planet 
missions, such as Voyager, Cassini, and Galileo, have typically used radioisotope power systems. 
But, this is changing. For the first time, Juno, a mission to Jupiter, is powered by a solar power 
system and a planned NASA mission to Jupiter’s moon Europa, the Europa Clipper, has baselined 
the use of solar power. Figure 1-1 illustrates the current status of solar power missions in the solar 
system. 

 
Figure 1-1. Approximate relative applicability of power technologies to target body mission concepts as of 2015, updated in 

2017, showing solar power in yellow (outer rings for Orbiters and Flybys and inner rings for landers and probes)  
 

In order to plan for the future, NASA’s Planetary Science Division requested an assessment of the 
space solar power technologies required to enable/enhance the capabilities of future planetary 
science mission concepts (>2025). The study report is organized into five major sections: 
1) overview, 2) potential solar power system needs of future planetary science missions, 
3) capabilities and limitations of SOP space solar power systems, 4) status of advanced solar cell and 
array technologies, and 5) findings and recommendations. 
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https://solarsystem.nasa.gov/docs/Energy%20Storage%20Tech%20Report_FINAL.pdf 
 

3.2.1.1	Radioisotope	Power	Systems	(RPS)	
The MMRTG is available at present and has been used on Curiosity and is planned for 
the future Mars 2020 mission. This, and the eMMRTG which is expected to have higher 
available power at end of life and is currently being developed, can be used for 
orbital/fly-by missions and could also be used for surface missions where there is no 
atmosphere.  For use on Titan, modifications to the MMRTG design are needed to 
accommodate the environmental conditions.   
 
The next generation of RPS is currently being studied and the following summarizes the 
RTG concepts applicable to Ocean Worlds. Three concepts survived a 2017 study down-
select.  A Segmented1 RTG (SRTG), a Segmented-Modular2 RTG (SMRTG), and a 
Hybrid3-Segmented Modular RTG (HSMRTG). The study prioritized the selected 
concepts, from high to low, as SMRTG, SRTG, and HSMRTG. An analysis of the 
reviewed spacecraft and mission concept studies amplified this prioritization. It showed 
that about 80% of these notional spacecraft would operate in vacuum-only environments. 
Hence, 80% of the mission concepts studied could benefit significantly from an SRTG or 
SMRTG power systems.  
A summary of key findings includes:  
1. The SRTG and SMRTG would operate in vacuum-only environments. The HSMRTG 

would be able to operate in both the vacuum of space and in an atmosphere (e.g., 
Titan), and is thus regarded as a more complex system and hence riskier to develop 
than the SRTG or SMRTG.  

2. RTGs using the selected eight TECs have the potential to deliver the same amount of 
power as a GPHS-RTG using just 44% of the radioisotope fuel.   

3. The concepts include a series-parallel electrical wiring approach operating at 22–34 V 
to mate with a common spacecraft power bus.  

Note:   
1  “Segmented” refers to RTG concepts employing thermoelectric couples composed of 
segments.  
2  “Modular” refers to RTG concepts that scale with the number of GPHS. In this study, 
the smallest concept was an RTG fueled by 2 GPHSs. Variants of a concept could 
therefore be fueled with 2, 4, 6, 8, 10, 12, 14, or 16 GPHS   
3  “Hybrid” refers to RTG concepts using sealed housings so that they could operate in 
both vacuum and atmospheres (e.g., Titan).   

 
4.  Power generated by SMRTGs or HSMRTGs, both modular generators, using the 
selected TECs, is estimated to fall within an envelope of 50 We and 600 We, using 
between 2 and 16 GPHS for the smallest and largest variants, respectively. Such a range 
could make it possible for a Next-Generation RTG to support the power needs of both 
small and large spacecraft, covering the entire range of NASA planetary science mission 
concepts: Discovery class, New Frontiers class, and Flagship class.  
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a. Spacecraft requiring ~2 kW of power could use four Next-Generation RTGs. 
This is more than enough power to adequately power a large Cassini-like 
spacecraft or a radioisotope electric propulsion system.  

 
5. Power generated by an SRTG using the identified TECs is estimated to be fall within 
an envelope of 400 We and 600 We, as this generator is envisioned as being available in 
only one size.  
 
Notional requirements for specialized RTG concepts were also identified as part of this 
study. These requirements stem from very challenging mission scenarios; such 
requirements would burden most other NASA missions likely to fly in the next two to 
three decades. For example, exploration of the ice sheets and likely oceans of the ocean 
worlds (such as Europa or Enceladus) would require a pressure vessel to protect the RTG 
from hydrostatic and dynamic pressure levels. Such a vessel could add tens to hundreds 
of kilograms to the mass of an RTG, making this type of RTG unusable for most other 
spacecraft and associated missions. On the other hand, a pressure vessel could enable as-
of-yet un-attempted missions.  
  

3.2.2.2	Solar	Power	
The capabilities and limitations of the state of the practice solar power systems cell and 
arrays are given below.  

Solar	Cells	
 Through the 1980s, spacecraft used primarily silicon solar cells with efficiencies 
increasing from less than 10% to over 15%. During the 1990s, gallium arsenide (GaAs) 
solar cells began to replace silicon solar cells, and progressed from single junction to dual 
junction cells that were grown on germanium substrates (replacing the more expensive 
GaAs substrates). During the 2000s, triple junction solar cells became the standard for 
most space missions. Today’s space solar cells offer efficiencies of ~30% at 1 AU along 
with resilience to radiation (electrons and protons). Future solar cells are expected to 
reach efficiencies of ~38% at 1 AU by the mid-2020s.  Testing and improving these solar 
cells for under Low Irradiance Low Temperatures (LILT) conditions is critical and 
funding is needed to continue working with the commercial suppliers to optimize their 
cells for Ocean Worlds Missions. 
 
Solar	Arrays 
The types of solar arrays currently in use are: a) body-mounted arrays, b) deployable 
rigid arrays, and c) flexible fold out arrays. During the past 25 years, the specific power 
of solar arrays has improved from 30 W/kg to 100 W/kg. In the past decade, these 
advances have enabled several orbital/fly-by and surface missions to the inner solar 
system bodies.  
 

Limitations:	
In spite of these advances, SOP solar power systems are not attractive for the following 
future planetary mission concepts:  
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• Outer planetary missions beyond Saturn, because of limited performance capabilities 
at low solar irradiance and low-temperature environments;   

• High-power, solar electric propulsion missions to small bodies and outer planets, 
because such solar arrays would be heavy, bulky, and could not function in LILT 
environments.   

 
The major technical challenges for solar-powered outer planet missions are operation in 
extreme low solar irradiance and low temperature environments. The solar irradiance at 
Jupiter (5.1 AU) is 3.7% of that at 1 AU. At Saturn (9.5 AU) it is 1.1%, at Uranus (19.2 
AU) it is 0.28%, and at Neptune (30 AU) it is 0.1%. In view of these low solar intensities, 
missions would need solar arrays with high power capability (>30 kW) at 1 AU to 
produce the required power (>500 W) at such large distances (at >5 AU). In addition, 
Jupiter mission concepts require solar power systems that can operate in high radiation 
environments. Other important requirements include long-life capability and high 
reliability. Additionally, mission concepts using solar electric propulsion (SEP) would 
require high- power solar arrays (>50 kW at 1 AU).  
The major findings of the assessment team (Ref #4 above) on the solar power systems 
required for outer planet mission concepts to be considered in the next decadal survey are 
given below:  

• Ocean World missions require high efficiency (>38%), high voltage (>100 V) and 
high power (>20 kW at 1 AU) solar power systems that can operate efficiently in 
low irradiance, low temperature (LILT) environments. These missions would also 
require solar power systems with low mass and volume. Missions to Jupiter and 
its moons require solar power systems that can also operate efficiently in high 
radiation environments.   

• The use of solar power systems for missions beyond Saturn (Ice Giants missions) 
is highly challenging, and would require significant advances in solar cells and 
array technologies to reduce mass and volume and improve operational efficiency 
and life capabilities.   

 

3.2.2.3	Energy	Storage	Devices	
Outer planet missions pose several technical challenges for energy storage systems, 
which include: a) long life capability, b) radiation tolerance (Jupiter system missions), c) 
heat/radiation sterilization endurance and d) high reliability. The type of mission 
(flyby/orbital/landers/probes) is also critically important in deriving the energy storage 
system requirements for these long missions.  
Energy storage systems requirements (as determined by the assessment team in Ref 4 
above) for future outer planetary mission concepts are:  

• Outer planetary orbital/flyby missions likely require advanced rechargeable 
batteries with long calendar life (>15 years), high specific energy (>250 Wh/kg) 
and high energy density (>500 Wh/l) and should be compliant with planetary 
protection requirements.   

• Ocean World landers would require advanced primary batteries or primary fuel 
cells with high specific energy (>500 Wh/kg), long calendar life (>15 years), and 
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radiation tolerance and should be compliant with planetary protection 
requirements.   

 
The Europa Lander Pre-Project team has a goal to provide 20- to 30-day mission life for a 
100 kg battery package for the landed system which have to withstand high radiation and 
planetary protection sterilization.  In addition to power, the batteries dissipate heat that is 
harvested for thermal management. The study team have initiated early testing focused 
on Li/CFx-MnO2 chemistries and are including more extensive evaluation of Li/CFx for 
Lander going forward, focusing more on higher temperatures (0 to 60⁰C).  In addition, 
they are undertaking constant current discharge testing at relevant rates and temperatures, 
initial heat evolution testing and initial radiation testing (currently gamma radiation 
sterilization is proving promising).  However, this is not a comprehensive effort to 
investigate the proper PP protocols for batteries/cells in general, so that longer term we 
can make recommendations and develop any technology options required. The 
conclusions regarding the Europa testing are useful, but it is not clear how general these 
protocols will be to other cell chemistries, or what the long-term effects of such high up-
front radiation doses will be. 
 

3.2.3	Communications	
A successful Ocean Worlds mission depends upon the ability to send commands to the 
spacecraft to control the trip to the target, acquire the science data once there, and return 
the science data to the PIs and engineering data to mission control.  This process involves 
both the ground and flight sides of the communications links.  Technology investment to 
improve these will be key to improving science return as well as enabling new science. 
[Note that the uplink needs will ultimately be mitigated by autonomy for both navigation 
and instrument operations.] 
 
Increasing the data rate from the outer solar system by at least 10x, and potentially 100x, 
is eminently feasible, in some cases using proven or nearly proven 
technologies.  Historically, the data rate from deep space missions has increased by 
approximately one order of magnitude every decade, and projections for the next few 
decades suggest a similar increase in demand (Deutsch et al. 2016), driven in part by the 
exploration of Ocean Worlds.  Possibilities for maintaining this historical trend and 
increasing data rates substantially above those provided by Cassini and Juno (~ 0.2 Mb/s) 
are addressed below. 
 

3.2.3.1	The	Deep	Space	Network	
On the Earth side, the Deep Space Network (DSN) will support all of the Ocean Worlds 
missions and PSD needs to ensure its continued maintenance and upgrades.  The DSN 
should continue to deploy 34 meter antennas capable of Ka-band operation with the 
ability to array them for a larger effective aperture.  The current standard for deep space 
telemetry is X band (~ 8 GHz).  Changing to Ka-band (~32 GHz) (both ground and 
flight) would provide an immediate improvement of a factor of 4-6 dB, all things being 
equal, even accounting for weather effects.  The DSN should also invest in technologies 
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to increase uplink power at both X and Ka-bands through both arrayed solid-state power 
amplifiers (SSPAs) at each antenna and arraying of multiple antennas on the uplink.   
 
For the long term, the DSN should be investing in large aperture, e.g., greater than 10-
meter effective diameter, optical receiving ground stations and high power optical uplink 
transmitters—both optical high-power amplifiers and transmit telescopes. 
 

3.2.3.2	Flight	Telecommunications	Systems	
On the flight side, more capable transponders as well as technologies to increase the radio 
frequency (RF) power-aperture product, i.e., RF power amplifier output power times the 
area of the antenna aperture, are key to increased data return—as well as improved 
tracking and radio science.  Ultimately, the move up to optical frequencies will also bring 
improvement but over a longer time frame. 
• Fly more capable deep space transponders: Software defined radios that can be 

reprogrammed in space, capable of higher data rates on both the uplink and downlink, 
implementing the latest error-correction coding, incorporating more advanced 
tracking techniques, e.g., regenerative ranging and wideband delta-DOR, and 
designed with radio science in mind. Increased power efficiency in standby, receive 
and transmit modes will be key for Ocean Worlds missions. 

• Use larger antennas on spacecraft: In lieu of significant increase in spacecraft prime 
power, an increase in the RF power-aperture product implies use of larger antennas.  
The Cassini RF antenna was 4 meters in diameter and the largest flown in deep space 
to date, others being smaller, e.g., MRO at 3 meters and Juno at 2.3 meters. 
Nonetheless, larger antennas are being deployed routinely on commercial 
communications spacecraft and NASA Earth Science missions (with the SMAP (6 
meters) and forthcoming NISAR (12 meters) antennas being prime examples).  There 
may be some modest technology verification required to ensure that antennas 
developed for a near-Earth environment can operate in a deep space 
environment.  The magnitude of the improvement by using a larger antenna depends 
ultimately upon the (effective) diameter of the antenna, but, coupled with a Ka-band 
capable telecommunications system, improvements of 50x are realistic.   Given the 
benign, cold environment of the outer reaches of our solar system, the pointing 
requirements and stability of the spacecraft is not as difficult as one would imagine 
because thermal distortions due to sunlight impinging on the spacecraft are vastly 
reduced and a stable spacecraft can be well calibrated.  The ability to maintain Ka-
band quality surface while using large deployable technologies like SMAP and 
NISAR but keeping the mass down will be the keys to success. 

• Use efficient, reliable power amplifiers:  During mission design the payload is sized 
according to, and often limited by, the expected data rate and power consumption 
communication system.  Traveling wave tube amplifiers (TWTAs) have been the 
workhorse for deep space missions and currently are the most power efficient (> 
50%) approach at X and Ka-bands, particularly for > 50 W output.  In the 10-50 W 
output power category that would be appropriate for Ocean Worlds missions, Galium 
Nitride (GaN) SSPAs have the potential to surpass TWTAs in efficiency (currently 
25-30% at Ka-band in the lab), mass, volume and reliability. In addition, landers 
requiring small mass and volume as well as power efficiency, can suffice with < 50 
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W output power SSPA’s, which are also better able to handle the mechanical “shock” 
of landing. 

• Shift to optical frequencies: Use larger optical apertures and more efficient power 
amplifiers.  The Deep Space Optical Communications (DSOC) terminal manifested 
as a technical demonstration on the Psyche spacecraft uses a 22 cm in diameter 
telescope and 4 W average output power laser transmitter.  Per the argument above 
about power-aperture product, increasing the aperture size will be important.  
Apertures of 50 cm diameter based on straightforward extensions of the DSOC 
terminal are feasible but investment is needed to insure the lightest mass 
possible.  Higher output power amplifiers are also needed and significant investment 
is needed for efficiency improvement to improve the output power without increasing 
prime power.  For missions beyond the orbit of Jupiter changes/adaptations of the 
current DSOC pointing technique will be needed, including more efficient flight 
photon counting detector arrays, improved “blind pointing” and higher power optical 
signals from Earth.  

 

3.2.3.3	Delay	(or	Disruption)	Tolerant	Network		
Complex Ocean Worlds missions where planets rotate (taking landers out of view), 
orbiters get occulted by the bodies they are orbiting, science operations divert resources 
from communication, etc. will benefit from Disruption (or Delay) Tolerant Network 
development that is currently operational on the ISS. It is useful to obtain advantages of 
automation in an environment in which you cannot guarantee uninterrupted continuous 
end-to-end communication.  Currently, all flight mission communications are managed 
by mission operations staff.  This is labor-intensive, expensive, and mission-
limiting.  DTN enables automated flight mission communications by deploying a 
network, similar to the Internet, to reduce costs and scale-up operations.  The Internet 
itself won’t work for this, because the Internet protocols rely on brief round-trip 
communication exchanges; they cannot function over interplanetary distances and 
frequent connectivity lapses (between tracking passes). Delay-tolerant 
networking protocols solve the problem.  They are: 

• Robust: network automatically recovers from data loss and station hardware 
failure. 

• Secure: cryptographic measures for data integrity and/or confidentiality. 
• Capable: priority-driven transmission, file transfer, video streaming. 
• Interoperable: internationally standardized in CCSDS and soon IETF. 
• Mature: multiple implementations, and ISS is using DTN today. 

  
The technology is proven for Earth missions and the ISS and now needs to be 
incorporated into planetary science missions.  Currently, DTN technology development is 
mostly funded by the HEOMD AES program, which recognizes the need for a network to 
support human space flight operations. 
 

3.2.4	Forward	Planetary	Protection	
Planetary Protection (PP) technologies are key to Ocean World missions.  It is imperative 
to not only prevent contamination of the planetary bodies from Earth life but also to 
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ensure that a discovery of life on another body is not confounded by life brought with us. 
The Planetary Protection requirement for a Europa mission is not to exceed a 10-

4 probability of an inadvertent contamination of the sub-surface ocean or other liquid 
water. Note that this is different from the prescription for Mars and involves not only 
spores but vegetative cells as well. 
  
The current state-of-the-art technique is to use the NASA Standard Spore Assay, 
established in the 1970s, to determine the cleanliness of the spacecraft. The risk of 
microbial contamination of an extraterrestrial body is correlated with the amount of 
microbial reduction performed on a spacecraft prior to launch. It has been well 
established that organisms that are cultured by the NASA Standard Assay only account 
for <0.1% of the overall microbial population present on a given spacecraft surface. It 
does not give resolution on the identity/species of the spore former organisms it selects 
for given the protocol and, thus, the current practice is to assume all spore formers are 
hardy organisms.  NASA has approved cleaning and sterilization modalities using these 
worst-case biological indicators (hardy spore formers) as the standard to which these 
processes must clean and sterilize. With the advancement of hardware technologies, 
particularly in the area of electronics, it has become increasingly difficult to find 
compatible cleaning and sterilization solutions, especially given the limited approved tool 
set. In order to expand these capabilities, we need to improve the practical aspects of 
performing cleaning and sterilizing modern-day hardware (i.e. to expand the NASA 
Bioburden reduction technique toolbox) by e.g. examining: 

• Heat Microbial Reduction for expanded free, embedded and mated parts 
• Vapor-phase Hydrogen Peroxide scalability and parametric specification 

development – process standardization (without the use of process control 
indicator organisms) 

• Gamma radiation or other microbial reduction technologies 
• Interrupted and summed microbial reduction techniques 
• Compatible electronics and battery microbial reduction / sterilization approach 

  
However, there is another implementation approach to meeting PP requirements, without 
always utilizing the worst-case scenario approach, which is to enhance characterization of 
the actual microbial populations on the spacecraft hardware to determine the “true” 
worst-case for each piece of hardware so a refined implementation approach and risk 
assessment can be determined on a case-by-case basis.  Technology advancements in 
microbiology and molecular biology in the last decade can now be utilized to provide 
enhanced genetic resolution on specific biological contamination that is present on the 
spacecraft and semi-quantitatively determine how much is present. This emerging 
molecular biology based method is called Metagenomics. It provides an in-depth, 
comprehensive analysis of viable organisms on the spacecraft leading to a tailored, more 
efficient and cost effective microbial reduction plan for each hardware item on a 
spacecraft. In addition, utilizing this approach increases the resolution on the actual risk 
of microbial contamination for the targeted extraterrestrial bodies. The development of 
Metagenomic technologies from the current research-based environmental applications to 
a mainstream spacecraft application would be a leap forward in technology advancement 
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for the planetary protection discipline and benefit all future missions by appreciable 
increases in spacecraft functionality, reliability, and mission success. 
  
The 2000-2017 environmental genomic inventory based assessments [Bashir et. al. 2016, 
La Duc et. al 2009, Vaishampayan et. al 2010 and Venkateswaran et. al. 2012], from 
spacecraft associated surfaces are limited to a handful of Mars processing facilities (e.g., 
JPL, Lockheed Denver, KSC). The following summary observations have been noted: 

1. A common set of microorganisms, core microbiome, exists with about a ~75% 
diversity overlap from facility to facility 

2. Geographically different cleanrooms (e.g., California vs. Florida) have distinct 
resident populations 

3. Microbial populations are dynamic and tend to be ever-changing due to human 
and hardware activity levels in these facilities 

4. Unique microbial profiles exist between potentially viable organisms and the total 
microbial diversity in the samples analyzed. In other words, by being able to 
strategically eliminate the non-viable organisms (“noise”) signals in the sample, 
the low population viable organisms (“signal”) are able to be found. 

  
Given these observations, an increased microbial diversity assessment needs to be 
conducted to broadly understand microbial populations in a wide variety of cleanroom 
processing facilities. By further expanding the knowledge base for the core microbiome 
and distinct resident populations of a variety of facilities, PP engineers on missions will 
have an enhanced data set to make engineering judgements for development of the PP 
plan, tailored hardware specific implementation, and verification approaches.  
  
Metagenomics technology development for Ocean Worlds is extremely important 
because it allows us to assess the types, quantities and functionalities of microbial species 
(nucleic acid contamination) to feed into probabilistic risk assessments.  The objective is 
to develop a comprehensive tool for the quantification, identification and functional 
assessment of microbes on spacecraft associated surfaces to supplement/replace the 
NASA Standard spore-based Assay.  The approach is based on biological techniques 
which were not available in the Viking era, from whence the NASA Standard Assay is 
derived.  Technology advancements in microbiology and molecular biology in the last 
decade can now be utilized to provide enhanced genetic resolution on what specific 
biological contamination is present on the spacecraft and semi-quantitatively determine 
how much is present. It is a novel implementation approach to meeting PP 
requirements, without always using the worst-case scenario approach. Enhancing 
characterization of the actual microbial populations on the spacecraft hardware by 
determining the “true” worst-case for each piece of hardware, represents a refined 
implementation approach.  In this way, risk assessment can be determined on a case-by-
case, component-by-component basis. This would revolutionize implementation of PP on 
missions where biological contamination has traditionally been based on microbial 
reduction values derived from the hardiest known organism for a given modality of 
reduction.  
  



	 27	

Metagenomics will need further development in the upcoming years in order to answer 
the following questions: 

1. What are their potential metabolic capabilities? Is a given subset of organisms 
more likely to survive one microbial reduction modality over another? The goal is 
to be able to determine the characteristics of microorganisms or attributing 
functional gene expression solely based on Metagenomics analysis. 

2. Given an established engineering judgement and/or environmental survey, how 
can PP engineers best establish a process to determine hardware specific 
microbial reduction approaches based on that data? Susceptibility or resistance to 
a cleaning or sterilization modality cannot be determined by Metagenomics 
analysis – only the probability of risk can be determined. 

3. Given a specific mission profile, including environmental conditions in flight, on 
the surface of an Ocean World and during/after non-nominal events, what is the 
forward contamination risk posed by specific organisms?  As knowledge of 
Ocean World habitability constraints grow, metabolic capabilities that pose 
significant risks of forward contamination will become better resolved, permitting 
even more refined microbial reduction implementation. 

 

3.2.5	Astrodynamics	
Funding for application of the principles of celestial mechanics to the problem of the 
motion of spacecraft has been largely limited to the development and operations phases 
of flagship missions. Early funding for astrodynamics studies would produce new 
techniques prior to formulation of missions, which could lead to novel and exciting 
concepts. Astrodynamics research can also develop ways to apply other spacecraft 
technology developments to missions, e.g. leveraging the SLS heavy lift capability to 
enable missions to the far Outer Solar System.  Some examples of current research areas 
are: combining low-energy trajectory design techniques (e.g. three body problem, 
invariant manifolds, halo orbits, etc.) with low-thrust trajectory design techniques (e.g. 
electric propulsion and solar sails), orbital debris collision avoidance techniques, 
trajectory design for missions to small, irregular bodies, and developing better methods to 
reach the far outer solar system and the near interstellar medium.  Investment in 
Astrodynamics research would expand NASA’s capability for future robotic missions and 
develop new capabilities Ocean Worlds missions. 
 

3.2.6	Aerocapture	
An aerocapture demonstration is not needed to reduce risk prior to flight implementation 
(Ref JPL Study report, D-97058 2016). It uses high-heritage elements of previous 
spacecraft and hypersonic entry missions, but understanding the atmosphere of Neptune 
is presently the key unknown.  At any aerocapture destination a sufficiently accurate 
understanding of the atmosphere and its uncertainties is required. The atmosphere of 
Neptune, is less well characterized, and aerocapture missions there would benefit from 
further work on improved atmospheric models. Knowledge of an atmosphere’s 
composition and structure (temperature, pressure, and mass density vs. altitude) as well 
as the hypersonic aero-thermodynamics of the gas must be known, or sufficient margin 
added to cover the uncertainty. At Neptune entry speeds might be near 30 km/s and since 
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the atmosphere models carry much more uncertainty, the vehicle might need significantly 
greater control authority than possible with a rigid blunt body.  In addition, higher-
performance TPS materials are needed.  Fortunately, HEEET is being developed for the 
fore-body and PICA can be used for the aft-body.  Continued funding for the TPS 
technologies is needed to enable missions such as these.  Studying navigation options and 
their ramifications would also be very useful in our efforts to understand which are the 
most cost-effective approaches for reducing mission cost and risk; in particular, it would 
be beneficial to quantify achievable flight path angle errors at Neptune from practical 
approach navigation accuracies and planetary ephemeris uncertainties. 
 

3.3	Landing	and	Lander	Technologies	
Advances in a variety of spacecraft and instrument technologies are required to enable 
many of the investigations outlined for Ocean Worlds. In addition, there are many 
instrument-specific advances that will be needed.  The following addresses the general 
needs for access to specific areas on the surfaces of Ocean Worlds, operation in cold 
temperatures with limited power budgets, sample acquisition and preservation, some of 
which also applies to instruments. Instrument electronics and mechanisms share needs 
with other spacecraft electronics and mechanisms to operate at the ambient temperatures 
of Ocean Worlds, as well as to operate with a high degree of autonomy due to the 
limitations on communication with Earth. Key technology needs have been recognized in 
the following areas and are discussed in detail: 

• Precision landing and hazard avoidance 
• Subsurface ice acquisition and handling 
• Cold-capable electronics 
• Low Temperature Actuators and Mechanisms 
• Autonomy 
• High performance, low-power radiation-hard computing 
• Instrument technologies for Ocean Worlds 
• Cryogenic sample return 

 

3.3.1	Precision	Landing	and	Landing	Hazard	Avoidance	
These capabilities have been under development for over a decade for missions to Mars 
and the Moon. For these bodies, it is possible to create high resolution images and 
topographic maps of the surface from orbital reconnaissance. The orbital images and 
maps are used to detect most landing hazards during mission planning and landing site 
selection. The descent system includes a camera that images the surface in the same 
spectral band as the orbital reconnaissance. For precision landing, images from the 
descent camera are registered to orbital images onboard the spacecraft in real-time to 
provide position estimates, which are fused with onboard inertial measurements to 
estimate the evolving position and velocity (“state”) of the vehicle. Given the state 
estimates, onboard algorithms compute trajectories in real-time to the nearest point on the 
surface that was considered to be safe based on the orbital reconnaissance. This Terrain 
Relative Navigation (TRN) capability is now baselined for the Mars 2020 mission. Rocks 
and other small landing hazards that cannot be resolved from orbit are not detected with 
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this approach, but for Mars and the Moon the probability of encountering such hazards 
often can be shown to be sufficiently low that they can be ignored. Onboard landing 
hazard detection capabilities have also been under development, using LIDAR sensors to 
create high resolution topographic maps of the landing site onboard the descent vehicle in 
real-time. Precision landing and landing hazard detection systems are very 
computationally intensive, so FPGA-based coprocessors have been developed for them. 
 
This same approach to precision landing is applicable to airless Ocean Worlds with 
modest evolutionary changes, because airless bodies allow similar orbital reconnaissance 
at relatively high resolution. The surfaces of some Ocean Worlds, particularly Europa, 
are thought to be rough enough that onboard landing hazard detection during descent is 
essential. The Europa lander pre-project has already begun to address these needs, which 
are likely to lay groundwork for application to other airless bodies. The Intelligent 
Landing System (ILS) on the Europa Lander comprises algorithms and a sensor suite 
with a:  
•  Terrain-Relative Navigation (TRN) camera to determine map-relative position and 
    velocity and 
•  Laser Imaging, Detection and Ranging (LIDAR) sensor to map hazardous features 
   below map resolution and provide altimetry 
to enable pinpoint landing on Europa and detect and avoid landing hazards. The TRN 
camera must determine position <50m and touchdown velocity <0.1 m/s with 1200 krad 
TID and the LIDAR must generate 100m x 100m map with 5 cm ground sampling from 
430m at 0.5 Hz with 1200 krad TID. 
 
Titan is a unique case, because its thick, high, hazy atmosphere limits orbital imaging of 
the surface to spatial resolutions that are orders of magnitude lower than is possible for 
Mars and airless bodies. For orbital imaging from Cassini, resolutions are 100s of meters 
to a few kilometers per pixel, versus tens of centimeters for Mars; for future Titan orbital 
missions, the resolution currently contemplated is still only 10s of meters per pixel, and 
there is no guarantee that such a mission will take place before a lander that could benefit 
from the higher resolution orbital reconnaissance. Moreover, the hazy atmosphere highly 
absorbs and scatters visible and near infrared light, so wavelengths that provide the best 
surface imaging from orbit are infrared and radar. Descent cameras use visible to near 
infrared wavelengths, so onboard position estimation with descent images requires 
radically different methods than current precision landing systems. Therefore, precision 
landing on Titan needs a technology development roadmap this is distinct from other 
Ocean Worlds. These capabilities are relevant to other applications, including Venus 
landers and to autonomous navigation of aerial platforms for Titan, Venus, and Mars, so 
this is not purely Titan-specific technology.  
 
The only Titan lander to date was the Huygens Probe on the Cassini mission. It used a 
typical sphere-cone aeroshell for unguided entry, then began unguided parachute descent 
at 155 km above ground level (AGL), which took about 150 minutes (citation). The 3σ 
landing error ellipse was estimated to be approximately 400x50 km prior to arrival, with 
the long axis oriented east-west (citation). The dominant contribution to landing 
dispersions is high zonal winds at high altitudes, which vary with latitude (lower near the 



	 30	

poles) and with season (lower in the summer) (Lorenz et al., 2015). This has led more 
recent mission studies to focus on parachute deployment at lower altitudes and/or landing 
sites at high latitudes in the summer season. Nevertheless, the smallest estimated 3σ 
landing error ellipses have had major axes exceeding 100 km, and more often in the range 
of 200 km to 500 km (TLP citation; Lorenz et al., 2015). 
 
Over a decade of technology development toward precision landing on Mars has led to 
the recognition of three classes of improved landing site targeting capability, which are 
also applicable to Titan using different technical solutions for Titan’s different 
environmental conditions: 
• Class 1: smaller error ellipses than currently possible, landing anywhere in the 

ellipse. Achievable quantitative goals depend on season and latitude due to the zonal 
wind variation, but major axes under 100 km begin to enable new classes of landing 
sites, such as lakes and dry lakebeds in the southern hemisphere. This requires control 
authority to achieve 10s of km to 100 km or more of divert, plus major improvements 
in EDL navigation (position and velocity knowledge) over the current state of the art, 
but it does not require very precise guidance to one small touchdown target. 

• Class 2: precise guidance to one of many potential touchdown targets that are widely 
distributed in a larger overall landing ellipse (“multi-target” scenario). This can be 
achieved with modest divert capability (a few to 10s of km), accurate terrain-relative 
navigation (e.g. position error at touchdown of a few 10s to a few 100s of meters 
relative to nearby terrain features), and accurate terminal guidance to a site that is 
recognized autonomously onboard during descent. 

• Class 3: precise guidance to one specific landing target, with error of a few 
kilometers or less. This requires large control authority, accurate terrain relative 
navigation, and accurate guidance to the target. 

The potential need for landing hazard detection and avoidance is very dependent on the 
nature of the landing site. Some sites, such as lakes, seas, or plains, do not need this 
capability; others may, such as dry lakebeds.  
 
Landing sites and science benefits enabled by each of the performance classes defined 
above include: 
• Class 1: landing in southern lakes, with more diverse chemistry than in northern seas; 

landing in dry lakebeds, with access to probable evaporite deposits. 
• Class 2: landing on or between dunes in large dune fields, near shores, or in river 

valleys, allowing sampling of a wide range of organic terrain and study of 
geologic/climate history. 

• Class 3: landing in river deltas or at specific sites desired for sampling. 
 
The three performance classes defined above represent a logical progression of 
capability. An EDL architecture trade study is necessary initially to further define and to 
quantify expected cost/benefit of alternative approaches to improving EDL navigation, 
providing control authority, and minimizing error during any unguided portion of EDL. 
Pure ballistic descent to low altitudes (e.g. < 50 km) can reduce dispersions into the range 
of Class 1, but not Class 2. Improving the accuracy of EDL navigation requires some 
combination of onboard matching of descent images to orbital image mosaics for position 
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estimation, better velocity estimation through optical or radar sensing of the terrain, and 
onboard recognition of specific terrain features, such as lakeshores or dunes. In Titan’s 
thick atmosphere, steerable parachutes, parafoils, or other forms of aerodynamic control 
surfaces are natural ways to consider to provide control authority, and examples of 
autonomous precision landing with some of these methods exist at TRL 9 for applications 
on Earth now. It is plausible that a focused technology program could bring Class 1 
and/or Class 2 performance to TRL 6 in 5 to 10 years. Class 3-level performance may 
require longer to develop.  It is not clear at present whether the, Dragonfly, selected for a 
New Frontier’s Phase A mission study, will require precision landing, but if it does not 
then this technology will be needed for future missions. 
 

3.3.2	Subsurface	Ice	Acquisition	and	Handling	
Depth regimes can be divided into several distinct zones: near-surface (a few 10s of cm), 
a few meters (e.g. < 2 m), 10 m, 10 m to 1 km, and 1 to 20 km. Examples of near-surface 
excavation systems include the drill on the Mars Science Laboratory (MSL) mission, 
Luna 16/20 drills, and Venera/Vega drills. Other approaches such as scoops, harpoons, 
saws, piercing blades, etc. also fall into this regime. In the 1 m range, excavation systems 
are typically drills that do not need to be assembled in situ. Penetration to the 10 m range 
can be achieved in at least three ways: assembly of drill pipes, wireline drilling, and 
deployable stem drilling. The planetary MARTE drill used several drill pipes that were 
assembled robotically into a long drill string to enable penetration several meters below 
the surface (Zacny and Cooper, 2005). This approach requires significant additional mass 
as the depth increases. In wireline drills, all mechanisms required to create a hole are 
packaged into a long, slender tube that ends with an oversized drill bit, which is tethered 
to the lander (Zacny et al., 2016). The maximum depth these drills can reach is limited 
only by the length of the tether. The third approach uses a deployable stem (Zacny et al., 
2005). 
 
Beyond 10 m, a wireline system can be used in consolidated formations where borehole 
collapse is not an issue. If collapse is likely, a drill system would need a casing. Melt 
probes can also be used, provided that there is adequate power (presumably nuclear). 
Very deep drilling on Ocean Worlds cannot be achieved using conventional methods 
within the mass and power constraints of near-term missions. Novel melt probe concepts 
are being explored for this regime. 
 
Europa lander studies are addressing sampling depths up to 0.2 m with the following as 
key mission requirements and design principles.  
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Figure 2:  Europa Lander Key Mission Requirements and Design Principles for the 

Sampling Mechanism 
 
Beyond that, considering science objectives and potential technical solutions, three 
classes of penetration depth goals have been defined: 

• Class 1: depths of 0.2 to 10 m 
• Class 2: depths of 10 m to ~ 1 km 
• Class 3: depths greater than 1 km, all the way down to the liquid water ocean. 

Major hurdles to overcome are to develop system-level ice penetration and sampling 
capability to operate in extreme cold ~@100K, stay within plausible mass, power, and 
volume constraints (order of magnitude 100kg, 100W) of landed missions while meeting 
COSPAR requirements that the probability of forward-contamination of the ocean be less 
than 10-4 per mission. This requires technology advances in 
•  Low-power, low-mass excavation,  
•  Sample handling and transport, and  
•  Sterilization as needed to prevent forward-contamination. 
All of the penetration and sampling should be capable of autonomous operation since the 
round trip light time to most of the Ocean Worlds of interest is significant.  
Representative testbeds and simulators are critical in ensuring the success of these 
developments. 
 
Science objectives enabled by each class of depth regime depending on the body include: 
• Discovery of macromolecules indicating extant life may exist can be looked-for in 

water that periodically erupts onto the surface and freezes, or in convecting ice, or in 
the liquid water ocean.  

• Depths > 10 m enable sampling of pristine material, e.g. almost entirely unaffected by 
the radiation environment of Europa.  

• Exploring Enceladus plume vents, including down to liquid water. 
• Ensuring that a low probability of contamination of the sample during mission to 

meet COSPAR requirements eliminates the chance of misinterpreting earth life as 
alien life. 
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• Enabling sampling of liquid water from oceans covered by the shallowest ice 
thickness, or in convecting ice that has been in contact with the liquid oceans in the 
geologically recent past e.g. the convection zone on Europa likely to be at least one or 
a few km depth. 

• Sampling of potentially layered terrain on Titan. 
 
Class 1 capability is achievable by several means that have already seen some 
development for planetary applications, as discussed above. A detailed trade study is 
required to evaluate the alternatives and select one or more for further development and 
testing, with TRL 6 likely to be achievable in roughly 5 years through a focused 
technology investment. For Class 2 capability, wireline drilling appears to be a promising 
approach, which would require a substantial investment over roughly a decade to reach 
TRL 6. Class 3 capability is very challenging, with melt probes being methods currently 
under consideration that may have promise; this is a 15-year or more development. A 
KISS workshop was held to study the options for the deep access to Ocean Worlds. For 
all the deep sampling methodologies, it is critical to ensure that the power sources are 
effectively coupled with the mechanical/electrical system.  In addition, the materials, 
actuators and mechanisms must be compatible with the cryogenic environment of the 
surfaces over long periods of time with possible temperature cycling depending on the 
application.  
 

3.3.2	Cold-capable	Electronics	
This area includes: 
• “Cold survivable” electronics and electronic packaging technology that can survive 

high temperatures (for planetary protection sterilization) and wide thermal cycling (in 
flight) while not operating. 

• “Cold operational” electronics and electronic packaging technology capable of 
operating at the temperatures of Ocean Worlds. 

• Low temperature power and energy storage, particularly primary batteries that can 
survive non-operational storage at the surface temperatures of Ocean Worlds, and 
provide power after warm-up to somewhat higher temperatures. 

The state of the art for cold survivable electronics is defined by the Mars Temperature 
Resistant Electronics technology [Tudryn, 2006]. This is a chip-on-board packaging 
technology, now at TRL 9, that is capable of cycling between -120°C and + 85°C for 
2000 cycles, for missions of two Mars years. 
 
For cold operational electronics, the NASA Exploration Technology Development 
Program (ETDP) developed -180°C SiGe-based custom electronics in a currently 
obsolete 0.5 µm SiGe BiCMOS technology. The Mars Focused Technology (MFT) 
program developed a custom operational amplifier on 0.35 µm SOI CMOS, rate for -
180°C to +120°C and 300 krad. 
The DS-2 Mars mission flow low rate primary batteries that operated at -80°C. In low 
TRL research, JPL has demonstrated laboratory prototypes of primary cells that operated 
at -120°C. 
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Goals for each sub-category are: 
• Cold survivable: develop electronics and electronic packaging technology that can 

survive -240°C to +125°C thermal cycling. Develop localized heater and control 
electronics for -240°C operation, able to survive a total ionizing dose (TID) of 300 
krad (Si). 

• Cold operational: develop wide temperature range, rad-hard (TID = 300 krad (Si)), 
low noise, ultra-low power electronics (instrument mixed signal, imagers, ROICs, 
motor control, and models) capable of operating to -240°C. 

 
These goals would enable: 
1. Duty Cycled Lander or Probe for Ocean Worlds and Europa:  Small mobility 

platforms and science instruments that can remain in sleep mode at -240⁰C without 
sustained heating, relying on local heaters for “start-up” and self-heating during 
operation, that could reduce the required heater power by >95%. For a 1-meter 
diameter probe, this could result in 0.63kg/day mass savings for the mission from 
time of separation from the spacecraft (coast) to end of the landed 
mission.  Alternatively, this stored energy could be used to increase probe lifetime or 
functionality. 

2. Long-life Sciencecrafts, aerial or small distributed probes:  Surface missions to Ocean 
Worlds and Europa will require subsystems, arms, instruments, actuators, and 
appendages to operate at -240⁰C. Cold-operational distributed electronics for these 
platforms can limit the number of wires and length of cables between electronics and 
their associated actuators/instruments. This will drastically reduce mass, power, 
signal losses and noise, while increasing redundancy. The use of distributed motor 
control could reduce actuator harness mass by 90%.  Wireless and data-over-power 
line technologies could further reduce cabling mass and complexity. Additional 
technologies needed for these probes include high specific energy -80⁰C primary 
batteries that are able to meet the above technical goals. Such batteries can potentially 
extend mission life by 400%.   

Cold survivable electronics and low temperature energy storage are initial priorities, with 
potential development in a 5- to 7-year timeframe. Development of cold operational 
electronics would follow over a longer timeframe. 
 

3.3.3.	Low	Temperature	Actuators	and	Mechanisms	
Mechanisms capable of reliably operating at extremely low temperatures are required to 
enable efficient sample acquisition on Europa.  In the absence of improved technologies 
and/or approaches, thermal control of the acquisition mechanisms will require the use of 
heaters and advanced thermal insulation approaches.  These burdens can potentially be 
eliminated, or the impact reduced, through the development of low temperature 
mechanisms.  There are a number of potential pathways that could be pursued to realize 
the needed capability; for example, two of the most promising options include advanced 
lubricants or complete elimination of lubricants as a result of developing advanced 
materials not requiring lubrication. 
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Lander robotic arms, gimballed antennae and cameras requires a range of low 
temperature capabilities (lubrication, bearings, actuators and gearboxes), which could 
reduce the mass, power consumption (no heaters), and thermal losses (less cables) to 
ultimately extend mission life. Ice penetration and sampling on Ocean Worlds on 
missions in the mid-far term could be extended from a couple weeks to few months. If 
actuators do not need heaters to operate, more power would be available for instrument 
operation and would extend the mission life. e.g. on Mars 2020, it could take up to 3 
hours with energy as high as ~400Wh in order to warm up one of the arm actuators from 
-100C to -30C. Having actuators that operate at -240C would save energy and warm up 
time, which would increase science operating time and extend mission life. Thermal leaks 
could be reduced with no heater, PRT and control cables. For example, the heat loss for a 
1 meter 20AWG copper that links cold sink at -240˚C to a hot source at 10KC is ~0.2W. 
Reducing the number of wire from 20 wires to 10, would save about 2W power. Fewer 
heaters also help reduce thermal contamination of the area of interest. Although heaters, 
PRTs, and thermostat are low mass, savings from having little or no MLI could be 
considerable as the typical A142 20-layer MLI is 1kg/m2. Required MLI is highly 
dependent on the mission architecture but baseline area for MSL type mission is about 3-
4 m2. Another improvement very much needed is to increase target lifetime low 
temperature cycles of operation from 500-1000 cycles to a few million cycles for the 
actuators. As an example, for Mars 2020, the requirement for MOXIE is to run 3000 rpm 
for 10 hours; translating to about 4 million cycles testing needed (2x life). In addition, the 
percussion actuators requirement is 25Hz for 30 hours (or 5.4 million cycles if tested at 
2x life). 
 
Many of the current technology can survive -190˚C, but for very short time or few cycles. 
1.  Lubricants: Dry lubricants (e.g. PGM-HT, sputtered MoS2) and non-lubricated 
systems (e.g. bulk metallic glass (BMG) developed but further testing is needed to define 
their low temperature capabilities 
2.  Bearings: Many bearing types under development (gas, liquid, active magnetic, 
permanent magnet) as well as non-lubricated bearings (e.g. Bulk metallic glasses) are at 
various stages of readiness 
3.  Actuators: Piezoelectric, brushless actuators at -190˚C currently operational – shaft 
sensors are evolving rapidly, e.g. JWST 1-time deployable actuators were tested to -190C 
4.  Testing: Testing capabilities are limited. JPL has a liquid methane bath housed in a 
Titan chamber for component testing. 
 
The technical goals are:  
1. Advanced dry lubricant materials that can survive -240˚C to 125˚C temperature 
cycling and operate at -240˚C 
2. Lubrication materials that do not require lubricants such as bulk metallic glasses   
3. Bearings: innovative approaches that use either gas, liquid, magnetic, dry lubricant or 
lubricant free approaches such as bulk metallic glass that can survive -240˚C to 125˚C 
temperature cycling and operate at -240˚C 
4. Actuators that push performance of actuators to operate at -240˚C and exploit potential 
of sensor-less commutation and that can survive -240˚C to 125 ˚C temperature cycling, 
operates at -240˚C and radiation tolerant to total ionizing dose (TID) = 300 krad (Si) 
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Some of these lubricants, actuators, bearings and low temperature materials are <TRL 3 
and may have to be developed for the Europa Lander and/or Dragonfly, unless 
engineering ways around them are found (which could incur lifetime or mass-penalties. It 
is critical that Test Facilities are in place to rapidly test these components and materials. 
A notional technology maturation plan shows that a concerted effort to bring these 
critical components to fruition could be achieved in 5-10 years. 
 

3.3.4	Autonomy	
Autonomous planetary spacecraft systems have long thought to enable more complex 
missions and/or frequent launches by reducing operational costs.  This is especially true 
of long-duration missions on planetary surfaces, such as missions to the Ocean Worlds.  
Current spacecraft are sequenced, although autonomous capabilities have been 
demonstrated on terrestrial prototypes and in short-duration flight demonstrations. With 
the onset of cultural acceptance of autonomy in our daily lives, and the availability of 
increasing computation power, the time has arrived to transition our space missions from 
sequenced, ground-in-the-loop machines to self-driving space vehicles.  Various stages of 
planetary missions (e.g. descent and landing, science sequencing) have been evolving 
toward this goal, but the overall system level autonomy – the autonomous management of 
the vehicles and operations such as sub-surface drilling – has been lacking.  The future of 
Ocean World exploration will demand autonomous operations particularly for landing 
and exploring the deep sub-surface.  
 
As discussed earlier, the Europa Lander mission is envisioned to be a surface mission that 
is limited to 20 – 30 days based on the available energy stored by a primary battery and 
how the instruments and sample acquisition systems are employed by the science team. 
The baseline concept has a human in the loop to “decide” if evidence of life has been 
found.  This is a very difficult problem – will we recognize the evidence if we see it?  
Given that the mission has a very short duration (maybe only 20 days), the round-trip 
delay time is 45 minutes, and the communications relay is available for only 10 hours a 
day, autonomy could dramatically increase the science return of this mission if it could be 
used to speed up operations.  The level of autonomy could range from executing simple 
housekeeping functions, to autonomously executing commands based on once-per-day 
ground-based instruction, to complete goal-based autonomy. 
Two goals were identified at the Autonomy Workshop in Sept 2017:  

1. Demonstrate autonomous sample acquisition (look around, decide what's 
interesting, and choose subsequent samples based on the analysis of 
previous samples) 

2. Demonstrate "fail active" capability (if something happens with the h/w, deal with 
it e.g. fix it or move on) 

In the next decade, these autonomous operations will need to be expanded to include ever 
more complex maneuvers.   NASA will need to continue to fund autonomy research as 
well as hardware and simulation testbeds to enable Ocean Worlds missions of the future.  
Planned workshops will continue to refine the needs based on those that ROW identifies 
and recommends. 
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3.3.5	High	Performance,	Low	Power,	Radiation-Hardened	Computing	and	FPGAs	
High performance computing is required for a broad range of future missions. It will 
enable sophisticated autonomy processing technologies and applications, including: goal 
driven, model based situational analysis and decision making; deep learning and neural 
net-based recognition and “reflexive” control, science-data driven mission planning, 
including opportunistic science; and a sophisticated, operate through, fault and off-
nominal condition handling. It will also provide the capability to process science data 
onboard, both for the autonomous decision making cited above, and for missions that do 
not provide sufficient downlink bandwidth to transmit all raw data. Missions to Europa, 
Titan, Enceladus, the various asteroid belts, and beyond, will require these high-
performance computing capabilities in order to maximize science return and to provide 
the flexibility to deal with the unknown unknown as well as known risks. 
The HPSC Chiplet, currently in development, will provide the core processor hardware 
capability at TRL5, but will not produce flight ready software or a flight qualified board 
level product (e.g., a chiplet based single board computer. Nor will it provide a host of 
ancillary devices required for the board level product, e.g. SRIO switch/hub; instrument 
and subsystem controller and SRIO endpoint; smart, multi-output, point of load 
converter; flight qualified real time system software, middleware and support libraries. 
For these, additional funding will be required. 
 
One of the most pressing needs for future systems is radiation hardened, high capacity, 
high-performance memory. This is required, not only to support the HPSC chiplet, but 
also to support communications, instruments, and other subsystems throughout the 
spacecraft.  
Also required will be a radiation hardened, high capacity, high performance FPGA’s to 
implement ancillary processing and interfaces for instruments and throughout the 
spacecraft. 
 

3.3.6	Instrument	Technologies	for	Ocean	Worlds	
The Roadmap presents an ambitious and compelling vision for the study and 
characterization of ocean worlds, including the searches for bio-signatures.  These 
science goals will be accomplished only with spacecraft carrying a “suite of relevant 
instruments,” with a range of measurements including those for bio-detection, chemical 
analysis, crystallography, spectroscopy (remote sensing an/or in situ), and gravity field 
mapping identified as relevant for the various bodies.  Conducting these measurements, 
and being able to deliver the science data to the researchers, is consistent with the goals 
of this Roadmap.   
 
There are many types of instruments that can fulfill the measurement goals of Ocean 
Worlds, but all benefit from having low mass, power and volume. In general, the 
instruments also need to have high resolution and high sensitivity because the 
molecules/cells of interest are low in concentration, cover a small region of space or are 
simply spatially minute.  This section covers those instruments that could focus on 
Habitability and Life Detection, and defers to the community to continue development of 
chemical sensors, spectrometers, seismometers, cameras etc. that could aid in the goals 
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outlined in the Goals, Objectives and Investigations for Ocean Worlds document. The 
higher priority capabilities needed are: 
•  Identification of regions of concentrated potential biological material from orbit or 
flyby is needed to determine the most promising regions for further exploration by 
landers or rovers.   
•  Sample extraction from plumes and cryogenic ices, particularly if the sampling must be 
done at km depths. 
•  Sample processing, which is dependent both on the matrix being analyzed and the 
characterization technique being used.  
•  Spacecraft instruments that can characterize polymers – particularly polymers of 
arbitrary structure.    
•  Detection of microorganisms that are very sparsely distributed in a matrix 
•  Detection of chemical processes indicative of life such as information transfer, highly 
specific catalysis, and micro-environments in which the chemistry is tightly 
controlled.   Although alien molecules that perform these functions may differ from 
terrestrial, it is likely that they will carry out these functions.  
 

3.3.6.1	Instruments	to	Locate	Regions	of	Habitability	from	Orbit/Flyby		
Instruments are needed to identify regions on the surfaces of Ocean Worlds where 
biogenic molecules may be present on the surface in order to identify promising landing 
sites.  Instruments are also needed to regions within Icy Moons where the ice shell is thin 
enough to make penetrating to the subsurface ocean feasible.  Instruments are required 
that can, within the constraints of a spacecraft, determine elemental composition of a 
planetary surface with < 10 m spatial resolution and identify minor components with < 
1% abundance.  The remote sensing requirements depend on both instrumental 
performance and orbital/flyby parameters, and is driven by desire to identify regions 
suitable for landing or sample collection.  Instruments are required that can, within the 
constraints of a spacecraft, detect surface organic molecules on a planetary surface with < 
10 m spatial resolution at less than 10% abundance.  Instruments are required that can, 
within the constraints of a spacecraft, determine ice thickness with 10% depth resolution 
over 100 × 100 m area on surface. 
 

3.3.6.2	Technologies	to	Sample	Plumes	of	Ocean	Worlds	from	Orbit/Flyby		
Plumes erupting from the surface of Europa and Enceladus are thought to originate in 
their sub-surface oceans.  Retrieving material from the plumes would be a relatively 
simple way to access material from the sub-surface oceans and to assess their 
habitability/inhabitance.  Technology is required to sample such plumes without altering 
their content in a way that the original composition cannot be determined.  Technology is 
required to collect >10 µL samples of 1- 10 µm ice particles from an Europa or 
Enceladus plume with a density up to 105 molecules/mL travelling up from the moon at 
up to 600 m/s.  Technology is also needed to collect at least 106 sub-µm aerosol particles 
from the upper atmosphere of Titan. 
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3.3.6.3	Technologies	to	Extract	and	Process	Materials	on	Ocean	Worlds	for	Life	
Detection	
Technology is required to extract potential monomeric or polymeric biomarkers at < 1 
ppb/wt from ice, liquid (< 5 mL), or aerosol (> 106 submicron particles) without organic 
solvent within the constraints of a spacecraft.  Techniques are also required to process 
liquid or ice to separate or distinguish salts and minerals from biomarkers within the 
constraints of a spacecraft.  Technology is required to concentrate biomarkers to 
pmol/mL from 10’s of mL of ice or liquid within the constraints of a spacecraft.  
Technology is needed to amplify polymers with non-random repeating patterns, which 
may be biological information carriers or catalysts within the constraints of a spacecraft.  
There are many technologies, both on spacecraft and in development that have the goal of 
extracting and processing materials for life detection.  What is needed is improvements in 
extracting and processing lower concentrations using smaller volumes and in the 
packaging for operation in spacecraft on extra-terrestrial surfaces. 
 

3.3.6.4	Instruments	to	Identify	Biomarkers	from	Ocean	Worlds	
The identification of biomarkers similar to terrestrial, particularly in racemic excess, 
would be a strong indicator of habitability.  Non-random patterns of molecular mass or 
non-equilibrium isomeric ratios could be an indicator of metabolic activity.  Instruments 
are required that can, within the constraints of a spacecraft, detect and characterize <10 
fmol of biomarkers up to 104 Da in molecular mass in a volume < 100 µL liquid matrix.  
Instruments are required that can, within the constraints of a spacecraft, quantify 
enantiomeric excess with accuracy ≤ 5% in pmol samples.  Instruments are required that 
can, within the constraints of a spacecraft, map organic molecules composition to < 25 
µm spatial resolution.  Instruments are required that can, within the constraints of a 
spacecraft, sequence polymers with non-random repeating patterns with >90% accuracy. 
There are many instruments, both on spacecraft and in development that have the goal of 
identifying biomarkers.  What is needed is improvements in sensitivity, in the 
characterization of biopolymers, in the autonomy for multistep wet chemical techniques, 
and in the packaging for operation in spacecraft on extra-terrestrial surfaces. 
 

3.3.6.5	Instruments	to	Identify	Microscopic	Organisms	in	Ocean	Worlds	
The identification of structures with dimensions similar to terrestrial microorganisms 
with observed non-random mobility would be a very strong indicator of life.  The 
identification of terrestrial organisms in the sample would be strong indicator of 
terrestrial contamination.  Instruments are required that can, within the constraints of a 
spacecraft, characterize the dimensions of 100 cells/mL; with minimum sizes ≥ 0.2 µm in 
size.  Instruments are required that can, within the constraints of a spacecraft, detect 
organism motility of at least 10× that of Brownian motion.  
 

3.3.6.6	Instruments	to	Identify	Life	Processes	on	Ocean	Worlds			
The identification of structures with micro-environments very different from the macro-
environment would be a strong indicator of semi-permeable membranes, probably a 
requirement for life.  The identification of replicating, information-carrying molecules 



	 40	

would be a strong indicator of life.  The identification of catalytic activity carried out at 
the direction of information carrying molecules would be a strong indicator of life.  
Instruments are required that can, within the constraints of a spacecraft: 

1. detect enclosed vesicles that contain a chemical environment that differs from the 
macro-environment.   

2. detect the replication of information-carrying molecules.  
3. detect the catalytic action carried out at the direction of information carrying 

molecules.   
 

3.4	Ice	Sample	Return	and	Back	Planetary	Protection	
Returning ice samples from an Ocean World, such as from the plumes of Europa, 
requires a carefully thought out systems approach ensuring the sample acquisition 
methodology functions flawlessly with an Integrated Cryogenic Chamber (ICC) and a 
Back Planetary Protection (BPP) system – all designed to operate together. BPP 
technologies and procedures are currently under development for a Mars Sample Return 
(MSR) mission campaign, but without maintaining cryogenic temperatures. CAESER 
(the comet surface sample return mission selected for Phase A study under the New 
Frontiers Program) is also planning on returning samples at ambient.  Various approaches 
to BPP have been considered for the MSR campaign; all of them relying on the 
architecture of the return system. A leading candidate hermetically seals samples in tubes 
on the Mars surface and puts the tubes into an Orbiting Sample (OS) container for launch 
into Mars orbit. Since the OS may have Mars material on its exterior, an Earth return 
vehicle would later rendezvous with the OS and hermetically seal it inside a container 
that ultimately provides an Earth-clean exterior for handling on Earth. 
  
No mission has returned actively cooled samples. The Stardust and Genesis missions 
returned passively cooled samples to Earth, but allowed samples to reach 50°C (323K) 
during atmospheric entry. A Comet Nucleus Sample Return (CNSR) mission concept 
study analyzed requirements for sample temperatures and vacuum-sealing to preserve ice 
structure and volatile content during a two-year cruise back to Earth (Veverka). This 
study included a feasibility analysis of cooler designs with passive, active, and phase 
change material elements for maintaining different temperatures and states of sample 
preservation. It concluded that a sample storage temperature of ~125K was a good 
compromise for the goals and conditions of that particular mission concept. However, 
super-volatiles (e.g. CO, O2, N2) are released at temperatures above 30K and other 
volatiles (e.g. CO2) start to sublime at temperatures between 70K and 130K, so to return 
these they must be pumped off and saved separately. The ice sample container must be 
vacuum-sealed to prevent pressure-induced chemical changes to the sample, with a 
pressure relief valve to prevent inadvertent over-pressurization of the container due to 
sublimation on the return trip. Ice structure (amorphous vs. crystalline vs. clathrates) may 
begin to change at temperatures above 65K, so ideally the sample should be returned at or 
slightly below 65K (assuming no phase changes occur for the potential molecules of 
interest at those temperatures). 
  
ICC and BPP technologies are required to preserve samples for >6 years for 
transportation from an Ocean World, such as Enceladus, back to Earth. The preservation 
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state of ice and volatiles depends on temperature and pressure in the storage container. 
The system may need to pump off and save volatiles before vacuum-sealing the ice 
sample in a container with a pressure-release mechanism. Three different temperature 
regimes represent important boundaries of preservation state, technical difficulty, and 
therefore affordability; these regimes constitute a progressive set of goals in this area: 

• Class 1: sample temperature in the range 100K - 150K. 
• Class 2: sample temperature in the range 65K - 100K. 
• Class 3: sample temperature below 65K. 

Temperatures in the Class 1 range include equatorial regions of the surface of Europa and 
surface areas of Enceladus near the warm fissures that emit plumes. The Class 2 range 
provides better sample integrity for Enceladus plume samples. Classes 2 and 3 are also 
applicable to a CNSR mission with Class 3 preserving the structure of the ice sample. 
 

3.5	Technology	Recommendations	
NASA’s Planetary Science Division now has a Technology Office, PESTO, that can 
focus on the technologies required for an Ocean Worlds program. The community has 
input into the need and direction required for the technologies and provided inputs into 
roadmaps, so the only limitation now is funding.  In order to make substantial gains in 
understanding habitability and the possibility of finding life on Ocean Worlds, we 
recommend that NASA invest in the technologies described in this document. 
 
Disruptive technologies for miniature systems – CubeSats and SmallSats – can 
potentially be useful for exploring the outer planet, but most likely as ‘daughter-craft’. 
However, given the success of the New Horizon’s mission, which flew by the Pluto 
system and now onto the Kuiper Belt, it is possible to do a lot of scientific measurements 
with 478 kg (30 kg payload). Some of the newer SmallSat technologies will one day be 
able to reduce the mass of orbiting and landed missions in a similar fashion. 
 
The overarching need for many of the required technologies for Ocean Worlds is the 
ability to test the components/subsystems in a relevant environment.  This means that 
representative testbeds must be built to meet those needs.  Currently, there are some small 
testbed systems e.g. a Titan lake testbed that can test small components but larger, more 
general testbeds are needed for bodies with no atmospheres as well as Titan. One of the 
major efforts should be to develop representative test environments for the landers, so 
that sample acquisition and deep drilling can be demonstrated in an effort to develop 
these technologies and reduce mission risk. Similarly, autonomy testbeds need to be 
simultaneously developed to facilitate community development of new algorithms.  
 


