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Summary

One of the most significant discoveries made by the Cassini Mission was finding water ice particles containing organic compounds in the plume emanating from the south pole of Enceladus.  The active plume enables a way to sample fresh material from the interior that may originate from a liquid water source.  The plume contains water, CO2, CH4 and other organic molecules as well as dust size particles that contain Na, K and other elements [Postberg et al. 2009].  If the subsurface region is liquid water, then it provides a plausible site for complex organic chemistry [Matson et al., 2007] and even biological processes.  Several theories for the origin of life on Earth would also apply to Enceladus.  Therefore, it should be of utmost importance to NASA to return samples from Enceladus’ plume to Earth for comprehensive analyses since they will provide breakthroughs for understanding life in the outer planets and the nature of its current or past life markers.  
NASA has established three targets for “life search” in the outer planets – Europa, Titan and Enceladus.  Of the three satellites, only Enceladus ejects its subsurface material into a 200 km plume, enabling a low-cost flyby sample return.  Just like STARDUST learn of comet Wild 2, LIFE (Life Investigation For Enceladus) will capture and return samples of the Enceladus plume and Saturn E Ring to Earth, enabling in-depth analyses by the state of the art laboratory instruments.  Laboratory instruments have multiple order of magnitudes greater sensitivity and specificity than currently available space in situ instruments, and operated by various current and future analysts.  Given high complexity involved in these measurements dealing with extremely small concentrations of target species, these in-depth sample analyses are not possible with astronomical remote sensing or in-situ instrumentations.  With these new findings from Enceladus, NASA could greatly improve the cost effectiveness of future plans for outer planet “life search” missions.  
For LIFE, a trajectory to encounter the plume at less than 4 km/s with a less than 14-year mission duration was conceived, ensuring an even more gentle capture of organics than STARDUST at 6 km/s.  We envision that volatiles and particulate samples would be captured with augmented STARDUST instruments and kept below freezing at all times.  Since the duration of the Enceladus plume is unknown, it is imperative to capture these samples by the earliest flight opportunity.  LIFE must be launched before 2019 to take advantage of Jupiter’s gravity assist.  A mission opportunity such as LIFE is very rare while having comparable science to a Flagship mission but at a low flyby sample return cost.
Introduction

Ever since the Ion and Neutral Mass Spectrometer, the Cosmic Dust Analyzer and the Visual and Infrared Mapping Spectrometer (on the Cassini spacecraft) confirmed that water dominated active plume from the south polar region of Saturn’s moon [JPL 2005], the inspiration to search for possible signs of life on Enceladus began.  As Cassini continues to learn more about the composition and flux of the plume, the possibility of the existence of biomarkers or even microbial life has increased.  This plume provides a rare and unique mission opportunity like active comets within our solar system for a low-cost flyby sample capture mission.  LIFE is a focused flyby sample return of the Enceladus plume and Saturn E ring material.  This white paper makes the case for the urgency in bringing samples from Enceladus before the plume dwindles or ceases to provide the earliest possible samples to enable making more effective plans for subsequent “life search” missions in the outer planets.  The plans for LIFE’s payload with augmentations to STARDUST aerogel sample instrument [Tsou et al. 2003] and the concept for “design to cost” are described below.  

Importance of Returning Samples

Significant new knowledge of the Moon and comet Wild 2 came from the highly in-depth analyses of samples brought by Apollo and STARDUST.  These in-depth analyses would not have been feasible nor possible with astronomical remote sensing or in-situ instrumentations.  The returned samples can be analyzed on the atomic levels by the vast array of highly sophisticated and ever improving terrestrial laboratory instrumentations that cannot be flown in space due to their size and power.  With returned samples, however, numerous scientists can duplicate and verify findings by independent techniques, and a synergistic environment for discovering new analysis techniques and findings that have not been conceived at the time of mission proposals.  Since a consensus agreement on the definition of “life” on Earth has not been reached, the knowledge of “life” in the outer planets is even more limited.  Having samples in hand provides scientists from different disciplines the opportunity to synergistically question and define “life” to provide more relevant and effective planning for continuing space explorations to these outer planets.  


The recent confirmation of glycine (a fundamental building block of proteins) from STARDUST Wild 2 samples [Elsila et al. 2009] showed that an amino acid with a cometary origin can be captured and retained in a flyby mission, and the glycine can be distinguished from terrestrial contaminants.  This is one more evidence that life on Earth may very well be seeded by comets and asteroids that impacted Earth during its early formation.  However, it took three years of meticulous effort to perfect the instrumentations by using carbon isotopic measurements to show that the glycine was indeed extraterrestrial.  This observation indicates the presence of both free glycine and bound glycine precursors in comet 81P/Wild 2, and represents the first compound-specific isotopic analysis of a cometary organic compound.  Similarly, years of nanoSIMS development enabled the isotopic measurements of H, C, and O of STARDUST samples [McKeegan et al. 2006].  However these sophisticated instruments are room-sized, and need constant adjustments and maintenance which would make their space flights inconceivable.  
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Another example of such an instrument not amenable for space flight is the X-ray fluorescence from the synchrotron of Argonne National Laboratory measurement which covers acres of land on Earth.  This X-ray fluorescence measured the chemical composition of the entire Wild 2 particle track 19 (860 m long) captured by STARDUST in aerogel as shown [Flynn et al. 2006].  The intensities and distributions of multiple elemental compositions for the entire particle track are obtained (only four elements are shown here on the right).
Given the sub-femto-mole detections capability with the current terrestrial instruments, in two decades, when LIFE returns the Enceladus samples we should be able to reach detection limits of a singule molecule.  With these expected improvements in instruments, many of the measurements deemed desirable but not attainable today for life detection will be possible.  Separation of terrestrial and extraterrestrial biomarkers would be more definitive.  
Mandate for Early Sample Return

Although the Saturn E ring has been generated and sustained by Enceladus’ plume for at least the last 300 years [Mihaly et al., 2008], the continued duration of this plume is unknown.  Saturn’s E ring is a faint, diffuse ring that extends almost 1 million kilometers, from the orbit of Mimas out to the orbit of Titan.  The E ring was first detected in 1966 in photographs taken during Earth’s passage through the ring plane [Feibelman, 1967], and later confirmed [Kuiper 1974].  Spacecraft data on the E ring were provided by images and by charged particle absorption signatures obtained during the Pioneer 11 and Voyager flybys [Smith et al., 1981, 1982, Carbary et al., 1983, Hood, 1983, 1991, and Sittler et al., 1981].  If the plumes were to cease the E ring would slowly dissipate as well [Haff, 1983].  Therefore, the urgency for an early LIFE sample return is mandated.  Without the plume, we would not have easily discovered that there is subsurface liquid water on Enceladus, much less where those “subsurface oceans” are located.  Therefore, it is imperative to capture these samples by the earliest flight opportunity such as LIFE, akin to STARDUST, without the need to perform a costly surface landing.  

In order to capitalize on a Jupiter gravity-assist opportunity to reduce both the size of the launch vehicle and the mission duration, LIFE needs be launched by 2019.  This is another reason for the sense of urgency in LIFE.  The earliest flight opportunity for LIFE is NASA’s coming Discovery Mission, which also offers free radioisotope power sources, ASRGs, which are cost effective electric power source at 10 AU.  The next New Frontiers Mission opportunity is some half decade later, which would likely launch after the 2019 opportunity and require a much larger launch vehicle. 

Can Aerogel Retain Volatiles?


Silica aerogel has the unique property of having very high internal surface area that prevents the internal convection of air molecules.  Due to cost, STARDUST volatiles provisions were descoped, so we had low expectations for the retention of Wild 2 volatiles organics.  To our surprise, STARDUST retained even labile organics in spite of two years of high space vacuum, and aerogel-carried organics did not contaminate cometary organics.  The optical images of STARDUST Wild 2 track 4 and 6 are shown on the top and the corresponding false color IR images of the same tracks at the same scale are shown below (as shown in photos on the right).  Clearly, track 4 contains considerable organics and track 6 has none.  IR peaks are similarly measured at 3322 cm-1 (-OH), 2968 cm-1 (-CH3), 2855 cm-1 (-CH3 and -CH2), and 1706 cm-1 (C=O) but only 2923 cm-1 (-CH2) is shown here.  Infrared absorption bands extend beyond the visible edge of the particle track well into the surrounding aerogel.  This distribution suggests that the incoming cometary particles [image: image2.jpg]


contained an organic component that subsequently diffused into the surrounding aerogel.  This material is not believed to be an effect of impact-altered organics from the aerogel because tracks of similar lengths and geometries were found in the same pieces of aerogel that show essentially no IR-detectable organics beyond those found in the original aerogel (as shown for track 6).  All impacting particles with identical velocities and tracks of comparable length probably had similar impact energies.  Consequently, similar amounts of organics in all tracks would be expected if this material came solely from the reprocessing of carbon in the aerogel.  Also, if impact-driven oxidation of carbon in the original aerogel was occurring, the 1706 cm-1 C=O band might be expected to be seen in and around all tracks.  Instead, C=O features are only seen in tracks that produce the other organic features.  Finally, locations near tracks show no deficits of the -CH3 original to the aerogel, which would be expected if this aerogel carbon component was being efficiently converted to other forms.
Related Studies on Enceladus Sample Return Concepts

The Titan and Enceladus $1B Mission Feasibility Study [Reh et al. 2007] and the Enceladus Flagship Mission Concept Study [Razzaghi et al. 2007], prepared for NASA’s Planetary Science Division, addressed specifically the options for Enceladus plume sample return.  The $1B Study concluded that the potential value of science return for a Enceladus plume sample return is very high but the mission was considered high risk due to higher than 10 km/s sample capture speeds, longer than 18 years mission duration and greater than $1.3B cost.  The Enceladus Flagship Report also rank Enceladus flyby sample return to have very high potential science value, but the mission duration of 26 years was too long for a sample capture speeds of ~7 km/s, and the single opportunity for sample collection was judged to be too high in risk.  LIFE has conceived a trajectory design that reduces the encounter speed to half of STARDUST and a mission duration of about 14 years (which is within the design lifetime of the ASRG power sources).  

Science from Enceladus

NASA’s 2006 Solar System Exploration Roadmap and Science Mission Directorate (SMD) Science Plan stated that a unifying theme for the exploration of our Solar System for the next three decades is habitability — the ability of worlds to support life [NASA 2006].  Questions about life in the solar system are central to the Vision for Space Exploration and NASA’s pursuit throughout its history [SMD 2007].  For “life search” within the solar system, NASA has established three targets – Europa, Titan and Enceladus.  

LIFE, an astrobiological centric mission, will contribute to advancing scientific knowledge of Enceladus, which has shown a potential to harbor life.  The primary science objective of LIFE is then to capture and preserve samples from the Enceladus plume and the E ring material to enable scientists to determine if “life” ever existed in these outer planets by availing the vast array of sophisticated laboratory instrumentations and the large number of multidisciplinary scientists to perform in-depth analyses, some of which have yet to be developed.  LIFE will build upon the successful STARDUST mission approach and make significant augmentations to the sample collector to accommodate volatiles.  Thus, LIFE will offer NASA (for a small investment in a flyby sample return) a potentially tremendous scientific insight in understanding life in the outer planets, so that subsequent substantial mission investments would be relevant and cost effective.  

Specifically, LIFE will augment the STARDUST success on capturing refractories by 1) reducing the sample capture speed to less than 4km/s, 2) reducing the aerogel entry density by a factor of 4, 3) maintaining sample temperature well below (~100K) the sample ambient temperature, and 4) operating a volatiles trapping and sealing deposition collector.  The conceived trajectory can potentially enable multiple samples of the Enceladus plume at varied geometries and of the E-ring material of different age.  During the plume flyby, strategic in situ instruments will record events that cannot be sampled or preserved so meaningful correlations can be made with the return samples.  Since optical navigation necessitates an imaging camera, images of the plume will be another wise utilization of engineering resources (as was done in the STARDUST mission).  These images could provide understanding of the process of the jets formation and dynamics within the plume.  During the long cruise that will consist for nearly the entire mission time, the spacecraft would cover a 10 AU path to Saturn twice. Thus, a dust counter will not only provide real-time the samples encountered, but can fulfill a wish of STARDUST to collect the interplanetary dust flux foiled by instrumentation malfunction.

Life on Enceladus


Of the theories for the origin of life on Earth [Davis and McKay 1996], three could apply to Enceladus: 1) origin in an organic-rich mixture, 2) origin in the redox gradient of a submarine vent, and 3) panspermia [McKay et al. 2008].  To quote their words, “the most powerful method to distinguish between biogenic and abiogenic CH4 is to analyze the carbon isotope difference between the CH4 produced and the source of C and to analyze the pattern of carbon isotopes in non-methane hydrocarbons, such as ethane, ethylene, propane etc. [e. g., Sherwood-Lollar et al., 2002; 2006]”.  They propose that this would be easily achieved with samples in the laboratory but would be big challenge to implement in a spacecraft, and continued that “…if there are biological processes (a second genesis on Enceladus) occurring in a subsurface aquifer on Enceladus and material is carried out into the plume, this opens the opportunity for detailed analysis of the remains of these organisms.  Any microorganisms entrained in the plume would probably be dead but they would be organically intact.  Thus, a detailed analysis could reveal the biochemical nature of this life.  Such an analysis could be done with a sophisticated organic analyzer on a future astrobiology mission or on samples returned to Earth.”  McKay then concluded “…perhaps the most enticing aspect of the search for life on Enceladus is that fresh samples of interest are jetting into space ready for collection.  Drilling, scooping, melting or digging may not be necessary.  This argues for the plume of Enceladus as a target for a future mission to Enceladus even a mission along the lines of the STARDUST.” [McKay et al. 2008]  
Payload

The primary science payload of LIFE is the sample capture and return instrument.  Sample collection will be accomplished with the aerogel collector as in STARDUST but supplemented with the volatiles collector that was descoped from STARDUST.  As a baseline, we will carry the same in situ payload as STARDUST but with improved instrumentation: i.e. Rosetta’s ROSINA time-of-flight spectrometer designed for volatiles at comet 67P/Churyumov-Gerasimenko and acoustic impact counter like one used in the STARDUST dust shield.  It is also highly desirable to make definitive in-situ life distinguishing measurement in the Enceladus plume.  Although we have not yet identified such a flight qualified instrument nor an instrument with such a flight heritage, we will continue to examine the feasibility of such in situ measurements.  


In order to reduce the shock pressure on volatile samples, we will reduce the top surface aerogel density closer to the density of air (1.3 mg/ml), reducing by at least a factor of 4 the entry shock energy.  The lower density range is dependant on the practical handling limit and the ability for consistent fabrication.  The average top surface density of STARDUST is about 10 mg/ml.  Another significant augmentation is to maintain the captured samples at some temperature (~100K) below the ambient sample temperature at capture (~270K) for safe volatiles preservation. 


Based upon the number of tracks examined during the STARDUST Preliminary Examination experience, ~50 cm2 of aerogel will be more than adequate for a comparable sample flux.  For a smaller volume, it is more amenable to maintain at lower cryotemperature levels.  A smaller collector area will also make easier provisions for multiple samples at different plume altitudes and different E ring locations thus providing the erosion process of the ring material.


The volatiles collector provides a continuous deposition of multiple vaporizing materials onto multiple substrates to trap, seal impinging volatiles.  In order to provide for a wide variety of possible volatiles, several subliming materials (metallic and nonmetallic) made into filaments and several substrates (Al, Sapphire or Au) will be used.  
Trajectory

The two major challenges in designing a trajectory for LIFE consist of meeting the desire for 1) a low-encounter speed so higher degree of intact capture of the samples will provide greater sample preservation, and 2) a reasonable mission duration so as to reduce the cost of the mission and increase confidence for prolonged hardware life times.  We have conceived a novel solution to overcome both of these challenges.  A sample encounter speed of less than 4 km/s is possible—STARDUST was 6.12 km/s—along with total mission duration in the range of 13.5 years.  This encounter speed reduction decreases the impact energy by nearly a factor of 2.3, and will offer a gentler capture than STARDUST.  The 13.5 year total mission time will reduce hardware life time concerns, reduce operations cost and provide more rapid delivery of samples from Enceladus.  This trajectory could also permit multiple sampling opportunities, allowing sample captures of the plume from multiple altitudes and E ring material of several ages.  

Cost

Cost is a critical challenge in implementing LIFE.  The cost effective approach is to adapt the proven STARDUST design [Brownlee et al. 2003], rather than inventing a new approach.  The adaptation includes the use and control of a direct reentry sample return capsule, dust shield protection, spacecraft hibernation and safeing management, to name just a few adaptations.  As Saturn is three times farther from the Sun than comet Wild 2, the thermal control of the spacecraft and cryogenically cooled samples, communication with Earth, electric power, added spacecraft propulsion capability and the necessity for even more spacecraft autonomy due to more than 2 hour transponding time are some of the added challenges to LIFE.

Cost for any large endeavor is very dependant on the managing mindset.  The trait of any significant on-cost and on-schedule flight project will include deliberate and careful establishment and implementation of rigorous cost control objectives equal to any science objectives.  Whether LIFE is to be implemented as a Discovery or as a New Frontiers flight opportunity, staying within the project cost caps will require concerted discipline.  We are confident if the “design to cost” mindset practiced in STARDUST is judiciously applied to LIFE, another on-cost and on-schedule replication can result [Tsou 2009].  

Conclusion


Sample return missions are missions that continually yield results long after the design efforts have ceased and the samples have been returned.  After January 2006 return of the STARDUST samples, amazing results were reported in Science by December 2006 [Brownlee et al. 2006, Keller et al. 2006, Flynn et al. 2006, Zolensky et al. 2006, Sandford et al. 2006, McKeegan et al. 2006, Hörz et al. 2006].  Every year since 2006, many new findings are being reported [examples: Brownlee et al. 2007, Brownlee et al. 2008, Brownlee et al. 2009].  LIFE can make similarly important findings and profound scientific contributions to astrobiology in the outer planets as STARDUST did in Kuiper belt objects and the Solar System formational process. 


We recommend, a strawman mission and flight hardware concepts be formulated for LIFE to enable a meaningful and credible cost estimate.  A set of experiments at realistic plume and E ring conditions with ice particles be launched in hypervelocities into frozen aerogel and volatiles collector will make sample collection concept more realistic.  It is critical to validate the ability to maintain samples in cryotemperature from Enceladus to Earth laboratory.
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