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Introduction

The Satellites Panel Meeting for the Planetary Science Decadal Survey was a three-day event, organized by the Space Studies Board of the National Research Council (NRC). The committee met to formally discuss the format of the decadal survey and elucidate the changes between this survey and the 2003 Planetary Science Decadal Survey. The Committee heard presentations from NASA, NSF, and the Applied Physics Laboratory, Goddard Space Flight Center, and Jet Propulsion Laboratory regarding potential technical support to the survey.

The current report was prepared by a graduate-student rapporteur and a research associate of the Space Studies Board and captures the main topics discussed, but does not necessarily represent the specific views of any individual. An acronym list is attached. 
Monday, August 24
Lessons Learned from the 2003 Decadal Survey
 Alfred McEwen, University of Arizona

Under the title of “Large Satellites”, the 2003 Planetary Science Decadal Survey also had a panel focused on the satellites of the gas giant planets.  Their focus was on the Galilean satellites of Jupiter, Titan, and Triton with minor attention to the remaining satellites of the four outer planets.  Their analysis started with four science “themes” and additional subordinate science objectives for each theme.  It continued by then examining how a question raised by each theme could be answered through methods such as Earth-based observation or remote sensing from spacecraft.  Finally, they identified target large satellites and mission concepts that could resolve the questions raised by the science themes.  


The Large Satellites Panel then assigned categories of cost (“high” or “medium”) to candidate mission concepts based on generic expectations of the technical complexity and spacecraft size.  Dr. McEwen noted that, in retrospect, generous assumptions on technical developments and a lack of defined mission parameters on many mission concepts led to higher scores then were deserved.  

The Panel’s final report named Europa as the highest priority science target followed closely by Titan.  They recommended a “systematic, stepped” exploration program that involved dedicated orbiters followed by in situ landers or balloons.  


Dr. McEwen recommended that the current Decadal Survey improve mission cost estimates, focus on technological maintenance and development, and coordinate with other panels as well as other Decadal Surveys (e.g. astronomy) to leverage synergy and cost sharing.  

Important points of discussion following the presentation included

The 2003 Decadal Survey gave insufficient attention to the Deep Space Network (DSN) and its continued development.  It was assumed that Ka-band communications would continue to evolve, when in fact, development has slowed.  The DSN is now under the responsibility of the Science Operations Mission Directorate (SOMD) at NASA, in response to the Constellation program and expected resumption of manned exploration beyond LEO.  After December 2016, Ka -band will be the only supported communication method, although missions launching before then will be supported on X-band.  Many panel members expressed concern that X-band is still required in the outer solar system for safe mode operation and carrying two transmitters adds excessive mass and cost.  

There was consensus to give more attention to flyby missions gathering valuable science while also fitting within a New Frontiers (NF) cost cap.  The 2003 Survey gave little attention to flybys due to the impression that the “era of flybys” was over.  MESSENGER has shown that new technology makes flybys effective at gathering large amounts of high-quality data.  
Charge to the Decadal Survey Committee 

 James Green, Director for NASA’s Planetary Science Division


While the previous Planetary Science Decadal Survey has been fundamentally helpful to NASA and has been used as a foundation for major decisions within the Science Mission Directorate (SMD), it and other previous reports set high expectations that did not materialize in NASA’s budget.  Thus, the focus of the current Decadal Survey should be on setting priorities, not expectations.  This report should also present a fully integrated view of the entire solar system, rather than separating the Moon and Mars from the other planets and bodies as was done in the previous Decadal Survey.  Similarly, the report needs to address all aspects of the planetary science program, including technology development and R&A.    

The President’s FY 2011 budget, which will be released in February 2010, will be the first budget to reflect the new administration’s goals. The committee should use it in their future discussions of mission priorities.  NASA will also project the FY 2010 budget out to the end of the decade; this projection will only be an extension of the current proposed budget with no increases other than to account for a constant rate of inflation.  For the most recent budget, several things changed between FY 2009 and FY 2010: the Mars Science Laboratory (MSL, Curiosity) has been pushed back to 2011 and the Mars Sample Return studies have been delayed in favor of funding outer planet science studies.  However, the Discovery and NF programs are still healthy.  NASA is currently finalizing a draft Announcement of Opportunity (AO) for Discovery-12 that incentivizes the use of Advanced Stirling Radioisotope Generators (ASRGs) and imposes a launch date of no later than December 31, 2016.  Proposal submission was just announced for NF AO3, which will be launched between 2016 and 2018.  
Important points made during discussion include:


The shortage of plutonium-238 is a great concern to NASA and the Satellites Panel.  Unless production is restarted, demand will exceed supply by approximately 2020.  The 2010 budget for the Department of Energy (DOE) does include a $30M request to study restarting 238Pu production, but that is still being debated in Congress.  Expected use of 238Pu for Multimission Radioisotope Thermal Generators (MMRTG) in NASA’s manned lunar rovers would create heavy demand between 2020-2030.  ASRGs would help conserve 238Pu for unmanned exploration, but NASA is unwilling to risk the Europa Jupiter System Mission (EJSM) Flagship on that new technology. 

The Satellites Panel also expressed concern that the cost of the EJSM mission (currently approximately $3B) would force NASA to cut other robotic exploration programs or missions.  Dr. Green said all flagship missions in the past have been new starts and that he hopes EJSM will be identified in the President’s FY11 budget request.  However, the top line budget numbers may not change, and that will force NASA to rebalance priorities within a fixed cost cap.  
NSF and the Decadal Survey

 Nigel Sharp, Program Officer, Division of Astronomical Sciences 

National Science Foundation (NSF) presented as willing and eager to help the Decadal Survey panels in any way possible. Unfortunately, it is difficult to determine the total funding that NSF provides to planetary science because the funding is spread out across many areas. Dr. Sharp stressed that although NSF’s top-line budget has doubled over the past decade, the relative portion going toward astronomical facilities has fallen by approximately 20%.  NSF can only support one new observatory (e.g. Large Synoptic Survey Telescope) at once.  The committee discussed the possibilities of keeping the Arecibo telescope operational, and stressed that if they recommended continuing to fund it, the money must be taken from the planetary science program and not from astronomy and astrophysics. A plan for spending the current money for planetary science more effectively would be very useful to NSF.   

OPAG’s Goals and Priorities
 William McKinnon, Washington University


The Outer Planets Assessment Group (OPAG) meets semiannually and reports their findings and recommendations to NASA.  OPAG currently has reported three primary findings to NASA: the outer solar system continues to produce “compelling” science, a balanced, consistent strategy is required for exploration, and NASA is encouraged to conduct concept mission studies for outer solar system exploration. 
 In their deliberations, OPAG has found that limiting mission classes to Discovery, NF and Flagship handicaps outer solar system exploration.  Opportunities to advance science on a NF budget are limited in the outer solar system and Flagship missions are rare.  They encouraged NASA to develop a “small Flagship” or enhanced NF class of mission that would fly more frequently than current Flagship missions.  An approximate budget of $1.2B per mission would be expected.    
Technology development has been a focus of OPAG, and they made a dozen recommendations to NASA including expanding 238Pu availability while improving radioisotope generator efficiency, developing solar electric propulsion (SEP), and maturing Ka-band communications.  
The EJSM mission and the Cassini Solstice mission are both strongly endorsed by OPAG. 
Important points made during discussion include:


The panel emphasized the need for a focused technology development program that supports the next Flagship mission after EJSM, likely to Titan and Enceladus.   
How the Jupiter-Europa Orbiter Addresses Satellite Science
 Robert Pappalardo, Jet Propulsion Laboratory

The EJSM is a joint NASA-ESA mission to the Jovian system consisting of two parts: a Jupiter Europa Orbiter (JEO) provided by NASA and a Jupiter Ganymede Orbiter (JGO) provided by ESA.  In concert, the two spacecraft produce synergistic effects by providing two distinct vantage points to study Jupiter and its satellites.  However, JEO is capable of operating alone and producing Flagship-worthy science.  JGO is still subject to a downselect in ESA’s Cosmic Visions program and is in competition with two astrophysics missions.  Science themes for the mission are the determination of habitability on Jupiter’s satellites and broader characterization of the Jupiter system.  


Each spacecraft will carry ice-penetrating radar. JEO’s radar will be capable of peering 20 km deep in cold clean ice but only a few kilometers if the ice is thick and convecting.  Cold downwelling of ice could allow isolated areas of even deeper reach.  This capability will constrain the ice shell thickness and may be able to identify the ice/liquid boundary.  JGO’s radar will be weaker than JEO’s and will focus on the shallow subsurface.  


The Galileo spacecraft only imaged 10-15% of Europa at mapable resolutions (200m/pixel), but JEO will expand that number to 60% during the primary mission.  Higher resolution imagery during high-phase angles should allow possible geysers to be imaged, and improved spectroscopy will allow deterministic observations of probable salts on the surface.    


Important points made during discussion include:


JEO is baselined to have both Ka-band and X-band capability on an articulated high-gain antenna for communications and data relay with Earth.  



JEO will have four Io flybys, and that allows additional mass to be flown on the spacecraft at the cost of a higher radiation dose early in the mission.  The design will specify a 2.9 Mrad lifetime radiation dose survivability threshold, and the Io campaign is responsible for 400 Krad of that dosage.  Orbital insertion around Europa will add 1.3-1.4 Mrad.  

Reaction wheels will turn the spacecraft, but this will not create the instrument prioritization issues it has with Cassini.  Possible problems only occur during Io flybys, not Europa.  The articulated antenna will further marginalize this issue.    
Io Volcanic Observer Mission
 Alfred McEwen, University of Arizona


NASA’s offer of ASRGs and the launch vehicle as government-furnished equipment (GFE) on the 12th Discovery AO offers a unique opportunity to fly a Discovery mission to the outer solar system.  The need for pointing flexibility during flybys and Jupiter’s radiation environment drive the need for a nuclear-powered spacecraft to Io.  High-speed, high-inclination orbits limit the total radiation dose of the mission to only 115 Krads, allowing less radiation hardening and improved mass margins.  



Io Volcanic Observer’s (IVO) science goals are: understanding eruption mechanisms, Io’s interior structure, tidal heating mechanisms, and tectonics.  IVO will also be able to conduct Jupiter system studies that complement Juno.  Additionally, operating ASRGs within the Jovian radiation environment will provide proof-of-concept and lifecycle reliability to NASA, potentially allowing ASRGs to be flown on JEO.  An extended mission could validate the expected 14-year lifetime of the ASRGs.    

Important points made during discussion include:


Concerns were raised that flying an independent Io mission could encourage NASA to reduce Io science on JEO, thus reducing JEO’s payload mass by eliminating the initial Io flyby.  Dr. McEwen responded that each mission has unique instruments that provide complementary capabilities, and due to Io’s ever-changing nature, both missions would study new features and eruptions.


Several questions were asked about the possibility for IVO to do gravitational experiments during Io flybys, but the mission as currently designed could not gather sufficiently accurate data.  Rapid orientation shifts via the thrusters during flybys and borderline resolution on the camera to see shape changes would make gravity experiments inaccurate.   
  
How a Uranus Mission Concept Addresses Satellite Science
Mark Hofstadter, Jet Propulsion Laboratory


JPL conducted a Rapid Mission Architecture (RMA) study of missions to Uranus during 2008 and found that an orbiter focused on atmosphere and interior studies may be possible within the NF cost cap.  The RMA technique allowed a broad variety of options to be explored with limited mission cost fidelity.  The mission chosen by the study was within 10% of the $650M NF cost cap.    


A solar-powered orbiter in a polar orbit would allow the northern hemispheres of all the Uranian satellites to be imaged at 1 km/pixel resolution and Miranda to be imaged at 100 m/pixel.  Solar powering a Uranus mission is possible with a low data relay rate, cycling of instruments, batteries and radioisotope heating units.  The solar panels used in the study are Ultraflex panels being developed for the Orion manned spacecraft.  Mass was found not to be a significant limiting factor in the mission, and additional science payload could be accommodated if a foreign government or other agency paid for it.  Solar electric propulsion and ASRGs would also add capability for the tradeoff of higher cost.  


Uranus has several attractive attributes compared to Neptune in science and technical feasibility.  Uranus’ lack of an internal heat source, unusual axial tilt, and suite of original ice giant satellites make it distinct and scientifically compelling compared to Neptune.  The capture of Triton around Neptune likely stripped it of its original satellites.  Useful solar power is not available at Neptune and flight times to Neptune are substantially longer than Uranus.      
Important points made during discussion include:


Several panel members expressed skepticism at the mission cost estimates and questioned whether the marginal cost of the science gathered by a Uranus mission was excessive for the quality of the science returned.  Dr. Hofstadter agreed that the cost estimates were premature and noted that 30% is a standard figure assigned by JPL during their RMA procedure.  


An equatorial orbit would improve the quality of the satellite science gathered by a Uranus mission but would come at the cost of increased delta-V requirements and longer time to normalize the mission orbit.  However, several panel members noted that improved trajectory analysis software and a detailed trajectory study could produce an equatorial orbit with a comparatively small amount of delta-V.  The small satellites of the Uranus system limit their efficacy in adjusting a spacecraft’s orbit.   

Tuesday, August 25
Introduction to the Decadal Survey
 Steven Squyres, Cornell University and Chair of the Planetary Science Decadal Survey


The Decadal Survey aims to conduct a “transparent” poll of the broad planetary science community and represent the consensus view to the government and public.  Members of the community not included on the Panels are encouraged to submit white papers by September 15 and participate in one of several “town hall meetings” at upcoming conferences.  Several differences between previous and the current Decadal Survey’s were articulated and the mission of each panel and cumulative Survey were described.  
The primary difference is that this Survey will place increased emphasis on technological maturity of mission concepts and their probable costs.  These two traits will be developed through three available agencies to do mission concept development (APL, JPL, and GSFC) and an independent contractor to produce cost estimates of those missions.  Reasonably accurate cost boxes for missions allow the Survey to recommend a budget-appropriate roster of missions to fly in the 2013-23 decade.  Additionally, astrobiology is integrated into each of the panels rather than having an independent panel as in the previous Survey.     

Important points made during discussion include:


A lengthy conversation developed regarding additional detail on the mission concept study procedure and how each panel should utilize their allotted funds and studies.  The Steering Committee and NASA both recommend that each panel provide a “science champion” to guide each mission study in concert with the scientist appointed by the studying agency (e.g. JPL).  This person ensures that the panel’s science capabilities and priorities are being met and works with the local scientist to develop science goals for the mission.  However, panels have flexibility to appoint a small science definition team (SDT) from inside or outside their ranks to go into greater detail.  Freedom exists on how panels spend allocated funds for each concept study.  


Approximately two to three studies per panel are allocated with rough budgets of $.5 M per study.  Smaller, less expensive studies are available for much lower costs (e.g. JPL RMA), and even simple low cost trajectory analysis studies are possible.  Again, the panel has liberty to decide how to allocate funds.  


There are no hard dates for when panels need to assign concept studies, but all studies should be ending by early spring 2010.  Panels should prioritize studies and have higher priority studies recommended early so the burden of work can be spread over time and all three agencies.   


Previous studies done by NASA or outside agencies can be used by the panels (if publically available), but need to be put into a standard template for the independent cost estimator to evaluate.  The cost estimator will use the 80/20 point on the curve instead of 70/30, as is NASA policy.  That will produce more conservative estimates.  


Education and public outreach (EPO) will be part of the final report each panel produces and panels should look for opportunities to engage the public during and after the Survey process.  The Steering Committee will integrate and coordinate EPO efforts.  

Cassini Equinox/Solstice Mission and Satellite Science
 Linda Spilker, Jet Propulsion Laboratory


Cassini is nearing the end of its extended mission in good health with only minor signs of aging.  The Cassini team proposes a second extended mission that will continue through the northern summer solstice on Saturn in 2017.  The Cassini Solstice mission would allow over 50 additional flybys of Titan, 12 of Enceladus, several of the remaining inner moons as well as a mission-ending campaign of Juno-style proximal orbits that will skim past Saturn’s upper atmosphere to better analyze Saturn’s gravity field and magnetosphere.  


Continuing the Cassini mission through a full half of Saturn’s year will allow temporal changes in Titan’s lakes and seas to be studied and determine whether the high-latitude atmospheric vortex switches between poles seasonally.  Cyclic changes in Enceladus’ geysers can be examined and Cassini will search for possible activity on Dione.  Eight close plume flybys will be conducted at Enceladus during the Solstice mission, perhaps constraining the existence of a subsurface ocean.  
Titan-Saturn System Mission
 Jonathan Lunine, University of Arizona


Outstanding questions remain at Titan following the discoveries of the Cassini mission, and many new ones have been raised.  The Titan-Saturn System Mission (TSSM) lost the recent competition to be NASA’s next outer planet Flagship mission and no longer officially exists.  It consisted of an orbiter, a montgolfière balloon, and a lake lander.  Both in situ elements would have been provided by ESA with the orbiter provided by NASA.    

Titan’s organic cycle and the possibly resupply of methane from subsurface, the existence of a water ocean beneath the crust, frequency of precipitation and the possibility of cryovolcanism are all high priority questions to be answered by future missions.  The review board at NASA considered the science at Titan to be “excellent”, but TSSM was rejected on technical grounds.  The 2003 Decadal Survey rated Titan second to Europa in priority and recommended a follow-on mission to build on the information learned by Cassini.      

Important points made during discussion include:


The planning instrument payload for TSSM included a mass spectrometer with mass/∆mass of 104.  Recent research indicates that a M/∆M of 105 would be able to detect amino acids and other prebiotic molecules.  There was consensus that a higher resolution mass spectrometer should be sent to Titan.  A focused technology development program for mass spectrometers, near-IR imaging spectrometers and others is key to make a Titan mission feasible technically and scientifically.  
Several questions probed the possibility of breaking up a Flagship mission of three components into a mix of NF missions or a NF mission and a Flagship mission.  This would reduce and amortize the cost over time and simplify the mission.  The lake lander and orbiter could both fly independently, but the balloon needs the orbiter for data relay.  The imager and radar subsurface profiler have such high data rates that direct-to-Earth communications are unrealistic.  It would be desirable for the orbiter and lander to work in concert to provide critical context, but is not necessary, particularly for seasonally unchanging areas.    

The Titan penetrating radar would be valuable at Enceladus and could reach tens of kilometers deep in clean ice to find the ice/liquid interface.  The near-IR imaging spectrometer would also get accurate spectra of organic ices by extending detection past five microns.  The ratio of organic molecules observed by Cassini at Enceladus is inconsistent with a purely liquid geyser source.  A mixed ice/liquid source or biologic activity is required to explain the ratio.    
Titan Mare Explorer Mission
 Ellen Stofan, Proxemy Research


Cassini has confirmed that bodies of liquid methane and ethane exist on the surface of Titan.  Two distinct types of bodies have been observed, analogous to lakes and seas on Earth.  Lakes and seas on Titan are clustered near the pole, with the north pole currently having the majority of lakes due to seasonal precipitation and runoff.  The Titan Mare Explorer (TiME) will be submitted as a proposal for Discovery AO12 and utilize ASRGs.  The availability of ASRGs as GFE enables this mission through power, mass and cost, allowing it to be within reach of a Discovery class mission.  


High heritage instruments with limited, focused science objectives simplify mission planning and execution.  A mass spectrometer with a resolution of 500 Daltons will determine the chemistry of the lake liquid, and imagers and meteorological sensors will observe the physical properties of the lake and weather.  
Important points made during discussion include:


Temperature will be measured on descent, and pictures will be taken of the surface to provide context to the landed mission.  Humidity and wind sensors will not record data during descent.  


Communications will be direct-to-Earth, but having an orbiter for data relay and context would be desirable in a possible NF upgrade to this mission concept.  There is room for a three-to-five year slip in launch date with no effect in line-of-sight for communication to Earth.  There will also be sufficient sunlight to gather images during that window.  


A variety of questions dealt with possibilities for science if the landing occurs on a dry or muddy surface and is not floating in the lake.  The final Discovery mission proposal will go into greater detail to ensure the landing ellipse remains inside the boundaries of the lake.  The TiME team is confident the lakes are tens of meters deep, but a muddy or near-shoreline tilted landing would not result in mission failure.  Titan’s thick atmosphere will slow the lander sufficiently that landing will be gentle and a landing on dry ground will not damage the spacecraft.  The imager will be one meter above the lander on a mast, and it will still be able to collect imagery on a sloping near-shoreline surface or if the base of the lander is buried in mud.  As Titan moves into autumn, the lakes should fill and shorelines should expand rather than shrink as TiME approaches landing.  

During the nominal mission, TiME should drift close enough to shore to be able to image the surrounding land.  Cassini radar imagery indicates very low wave activity, but prevailing winds should push the spacecraft a long distance.  
TMC Review of Outer Planet Flagship Missions
Drs. Curt Niebur and Brad Perry


NASA and ESA conducted technical, management and cost (TMC) and science reviews of two competing Flagship mission candidates: EJSM and TSSM.  The TMC reviewed the NASA contributions to each mission only.  Science merit and science implementation risk were rated as excellent and low risk, respectively, for both missions.  The deciding factor came in mission implementation risk, where JEO was rated low risk and Saturn Titan Orbiter (STO) as high risk.  


The TMC found that the JEO concept built upon nearly $.5 B in previous studies and work on Europa missions, and the concept reflected that maturity.  Adequate measures were taken to address radiation in the concept, and there was sufficient mass margin to accommodate additional shielding if necessary.  The JEO proposal demonstrated excellent understanding of the risks involved.  


However, the TMC found several significant problems with STO’s technical readiness.  The SEP stage is complex and poorly developed at this time and the STO team did not sufficiently address that.  Additionally, the dry mass margin for the STO is insufficient at this pre-phase A stage.  Aerobraking around Titan was not adequately defined.  Systems engineering of the mission “lacked the rigorous necessary approach”.  Independently, an ESA review of their in situ elements also found significant technical challenges.   Both NASA and ESA found that a dedicated technology development program is required to enable a Titan Flagship mission.    
Important points made during discussion include:


NASA is currently funding technology development to address radiation hardening on JEO.  $1 M has been spent in the past month and $10.5 M is allocated over the next four years.  Researchers are willing to share their results with the Survey.


Although radiation is a significant risk for JEO, it was felt that the concept adequately addressed those risks and had a comprehensive, robust concept for addressing radiation.  It was felt that radiation will not be a significant cost driver because of this exceptionally detailed plan for a pre-phase A study.  Adequate budget reserves for radiation issues were included in the concept.  JEO uses tailored shielding for each instrument rather than a vault structure like Juno.  Following the TMC review, the technology development program for radiation hardening was defined.  


Although there is no heritage for operating instruments with that radiation dosage, the plan accounted for that sufficiently to allow a “low risk” rating.  The JEO team doubled their initial cost estimates to account for radiation and planetary protection concerns.  However, the TMC determined that their funding profile was backloaded and NASA wants to accelerate instrument AOs.  A two-step AO process is being developed to address radiation hardening that will allow another TMC review and a final downselect of instrumentation.  Accelerating the schedule of AOs and having a two-step process improves cost estimates and technical readiness.  


Heritage from Cassini instruments on the STO planning payload did not compensate for inadequate mass margins and would likely have resulted in a descope for the thermal infrared spectrometer (TIRS).  Power, space, and mass requirements for TIRS were all expected to increase significantly, and that reduced the strength of heritage from Cassini infrared spectrometer (CIRS).  


The TSSM team did not adequately describe SEP developments required to enable the STO.  SEP’s use on STO was complex and expensive and there are options for chemical propulsion available.  SEP development at NASA is ongoing with the Dawn mission, and a recent NASA Evolutionary Xenon Thruster test has been completed.    


NASA wants the Decadal Survey to identify areas to focus research on technology development for Titan missions.  The amount of money already spent on Europa missions was an insurmountable advantage for EJSM, and further research and technology will close that gap in the next decade.  A sustained program of concept research and technology development is key to Flagship missions.  

How a Neptune Mission Concept Addresses Satellite Science
 Candice Hansen, Jet Propulsion Laboratory


Argo is a concept ASRG-powered Neptune and Triton flyby mission for the NF AO4 with a 2019 launch and 2028/29 encounter in the Neptune system.  Using a New Horizons heritage payload and spacecraft (with the addition of a gimbaled antenna), technology development is not required, and the mission could gather valuable science through a six month science campaign.  The previous Decadal Survey, NASA roadmap, and other studies have highlighted Neptune and Triton as important science targets, but all studies have assumed that a Flagship-level orbiter is required to gather sufficient data.  Developments in imagery and data recording technology since Voyager allow flybys to gather large amounts of data sufficient to answer priority science questions. MESSENGER and New Horizons have validated this idea.    

Following the Neptune encounter, a wide variety of Kuiper Belt Objects (KBO) would be reachable for additional flybys.  Neptune’s higher gravity allows an order of magnitude larger accessible cone that includes 40 of the largest KBOs.    

Argo’s observations of Titan will last six days around closest approach to Neptune.  The near flyby of Triton will allow Argo to measure Triton’s moment of inertia and any possible magnetic field, answering critical questions about Triton’s interior.  Argo will be able to map more of Triton’s northern hemisphere that was in darkness during Voyager 2’s flyby.  Studies of the atmosphere and surface will also be conducted.    
Important points made during discussion include:


Depending on the trajectory of the Triton flyby, the accessible cone for subsequent KBO flybys will be narrowed significantly.  Still, the Argo team is confident that many interesting KBOs will be in range of the spacecraft.  The choice of KBO could define the flyby trajectory around Triton.  All trajectories allow for the full suite of Neptune science objectives to be met.  


Argo is a time-sensitive mission due to availability of gravitational assists from Jupiter.  There are possibilities for a 2019 or 2020 launch, but beyond that, that mission would have to wait 12 years until Jupiter gravity assists became available again.  More work is required to better define possible mission trajectories and develop a higher fidelity cost estimate for the mission.  Most costing was done by analogy, and possibly additional instruments could be flown if sufficient cost margin was available.    
Potential APL Technical Support to the Decadal Survey 

Paul Ostdiek, Applied Physics Laboratory

APL has significant experience with mission studies and NASA mission development, including five currently flying spacecraft (MESSENGER, New Horizons, TIMED, and the two spacecraft in the STEREO mission). APL has also built a number of active instruments on Voyager, MRO, Chandrayaan-1, Cassini, New Horizons, and TIMED/DMSP. Current spacecraft engineering efforts include the Radiation Belt Storm Probes that have recently been approved to start Phase C and will investigate the Van Allen Belts. In total, APL has completed about 30 mission studies in the last decade.  Some of these have flown, some are waiting to be flown, and some have not been chosen.  Examples of these studies and proposals include TSSM (the first Flagship mission for APL) and an interstellar pathfinder that has become IBEX.

Mission concepts are analyzed through APL’s Advanced Concept Exploration (ACE) laboratory.  ACE runs are preliminary proof-of-concept determinations.  In-depth point design studies involve substantial design and programmatic development.  Following an ACE run, the mission concept will have: science goals and priorities, trajectory design, mission architecture, technology assessment and development plan, operations concept, schedule and cost estimate. 


APL has developed missions which for every planet except Venus; however, most of their experience has been with Sun- or Earth-orbiting missions. APL’s largest mission was for the national security program, but most of their success has been with moderately sized missions.  APL also has a good track record; all of their missions except one (CONTOUR) have been successful.  They have a history of good cost estimation as well: only about 60% of their missions have had positive cost growth, and none of these increases have exceeded 22%.  Most of the missions with cost growth have occurred in recent history and were due to changes that were made after the CONTOUR mission failure.

Important points made during discussion include:

APL has a number of active firewall processes which prevent conflicts of interest between its advocacy role in the Decadal Survey and its role as a mission study contractor.  These processes are similar to the ones that APL is currently using for its NF proposals.

APL typically conducts mission studies with one or more lead engineers, who form a team and appoint subsystem managers.  Then the science requirements are established, enabling engineering specification development and then cost estimation.  This process is iterated several times over the course of about three weeks, with input from outside scientists and engineers.

Regarding APL’s thoughts on how the mission studies should be distributed between APL, JPL, and GSFC, APL has a wide range of mission studies that it does well, but its best record is with mid-sized missions to the Sun and the Earth and with advanced technologies like ASRGs and thermal protection systems.  APL conducted the TSSM study and worked with EJSM and has done numerous smaller studies.  APL expects to get the smaller studies initially due to JPL and GSFC’s larger capacity.  The upcoming Discovery AO12 will use some of their manpower.  
ACE runs typically take two weeks and in-depth studies can run two to three months.  Studies could be complete before December if assigned soon.  Cost estimates are part of the process, but APL doesn’t want to conflict with the independent cost estimator’s numbers and procedures.  ACE lab can handle one to two smaller studies at once while beginning a larger, in-depth study.  Once those two small studies are complete, another one to two could begin.  
Potential NASA Goddard Space Flight Center Technical Support to the Decadal Survey

Bill Cutlip

Goddard Space Flight Center has been involved with over 247 spaceflight missions and has built entire spacecraft as well as many instruments in-house. Goddard’s version of JPL’s Team X is the Integrated Design Center (IDC), which contains the Mission Design Lab (MDL) and the Instrument Design Lab (IDL). These labs have conducted over 470 studies, including about twenty recent planetary missions and missions for the latest earth science and astronomy decadal surveys. The MDL focuses on mission concepts that involve trade studies, technology, and grassroots and parametric cost estimates. The IDC is rapid, responsive, and has complete design capabilities for planetary missions, and its process results in several products such as cost modeling designs, schematics, and instrument scenarios. The cost estimation in particular has its own dedicated office experienced in a variety of mission sizes and maturities, from back-of-the-envelope concepts to phase A. Cost estimates are a natural product of the IDC process.

Goddard’s most extensive experience is with medium-sized missions, and can provide a list of study areas to which they are particularly suited. Partnering with other institutions will be necessary to avoid straining internal resources. It was stressed that it will be important for the steering committee to communicate particular desires for the mission studies, including resulting products as well as detailed instructions. The committee discussed the required level of definition on the input missions and asked about strategies that would help them avoid costing studies that result in missions requiring orders of magnitude of additional funding. The Lunar Reconnaissance Orbiter was given as an example of a mission that ended up actually costing less than the estimate given by the IDC.

Very small feasibility studies can also be done, but the products will depend heavily on the maturity of the incoming concept as well as just how small a step is required. If the input is a back-of-the-envelope concept, the output could be just slightly more mature and would not be very polished.  To investigate estimates for rare or new technology, a good understanding of the technology investment process is required. For large leaps ahead, sufficient time must be spent in the study to understand the current technology level.
Important points made during discussion include:


Depending on the maturity of the original mission concept and the desired maturity of the study output, an IDC study typically takes two weeks.  A more detailed study could take one to two months.  

Although GSFC will be working on the Discovery AO12, they don’t expect a reduction in capabilities during that time.  Internal management of resources will allow both efforts to be conducted in parallel.  

GSFC’s strength lies in delving deeply into one specific concept rather than broad trade studies, but such studies can be done as long as the goals of the Survey are articulated to GSFC.  

Potential JPL Technical Support to the Decadal Survey
JPL Technical Support to the Planetary Science Decadal Survey – Kim Reh
JPL Rapid Mission Architecture – Robert C. Moeller and Chester S. Borden 
Team X Support to the Planetary Science Decadal Survey – Keith Warfield
In-depth Mission Study Support to the Planetary Science Decadal Survey – Kim Reh
A four-person team from JPL gave a series of presentations to explain the different aspects of potential JPL technical support to the decadal survey. Dr. Kim Reh, the Deputy Manager of the Solar System Mission Formulation Office at JPL, presented four ways in which JPL can help the decadal survey panels:

· Mission formulation and cost estimation support to assist committee members in determining a balance of science missions that can be executed in the next decade within anticipated resources; 

· A consistent approach that spans diverse concept maturity levels 

· Input to the committees on mission technology needs that are required to maximize the science return from flight mission investigations

· Comprehensive documentation of results to ensure that dependencies, assumptions, and rationale underlying the products are well understood. 

Mission formulation and cost estimation support includes four distinct JPL capabilities: RMA, Team X, in-depth studies, and technology assessments. 
More mature mission concepts tend to have lower uncertainties in their cost estimates than less mature concepts.  The committee must therefore be aware of mission concept maturity levels in order to better understand a mission’s cost uncertainty, and the committee should strive to only compare cost estimates of missions that have the same concept maturity level (CML). This will help avoid prioritizing an immature mission with an attractive cost but large uncertainty over a mature mission with a more accurate but higher cost estimate.   Similar to the Technology Readiness Level (TRL) system, JPL has developed a set of ratings to quantify a project’s CML.  CMLs can range from 1 to 8, where 1 is a “cocktail napkin” idea, and 8 is a NASA preliminary design review (PDR). This language is advantageous over existing terminology because it establishes fine gradations in maturity levels of missions that are in the early stages of development, thus it can more precisely demonstrate how far short a particular mission concept is from PDR.  The decadal committee will most likely be focusing on missions with CMLs ranging from 3-5. Outputs from the RMA process are at CML 3, JPL Team X products have a CML of 4, and in-depth studies will produce a CML approaching 5.  The entry point for the independent cost estimator will be about 4 as well.   

RMA is designed probe the trade space and quickly produce the most promising architectures before proceeding to a detailed point design. This method will bring concepts at varying maturity levels in the CML 1 and CML 2 range to a common footing at CML 3. RMA is a way to identify preliminary cost class bins (e.g., Flagship, New Frontiers, Discovery) for a set of science mission architectures and to rapidly generate and assess low maturity concepts in a broad trade space that is driven by science objectives. RMA studies could provide decadal survey committee members the necessary information to identify best candidate architectures for detailed point design studies. 

Team X involves low-cost mission concept development that produces point design and total mission cost estimates with rapid turn-around. This method is designed to raise the concept maturity level to CML 4. Team X capabilities allow for high pre-phase A concept definition maturity and an examination of a wide breadth of mission concepts/disciplines. Team X studies are well-suited for all aspects of the pre-phase A design activities necessary for the decadal survey. Study results flow into larger, dedicated, in-depth study teams, meaning that once a concept has reached the level of CML 4, it becomes the subject of an in-depth study evaluated by a single, focused team. 

In-depth studies are baseline mission concept development studies that span several months and produce a more comprehensive understanding of mission implementation and total mission cost. This method raises the concept maturity level toward CML 5 with a lower cost uncertainty. Finally, technology assessments work in tandem with these approaches to identify and assess the readiness of needed technologies. 

Important points made during discussion include:


All studies don’t have to begin with the RMA process.  If an existing concept is already well-developed, it can begin directly with a Team X or in-depth study, or even be sent directly to the independent cost estimator once it has been input into the standard format.  


NASA will conduct a TMC review of all studies at Langley to ensure adequate margins.  Those will take approximately two weeks.  

Discussion of Technical Support to the Decadal Survey
Committee Members and Representatives of APL, JPL and GSFC

The discussion went into greater detail about concept studies and best techniques to implement them across the panels and three studying agencies.  Expectations need to be managed well by the panels when recommending a study.  The studying agency needs to be told specifically what the goals of a concept evaluation are by the panel recommending it.  Technical feasibility, shrinking a Flagship mission to fit within a NF cost, and highly realistic cost estimates are all possible goals, but they need to be laid out to the studying agency at the beginning.  

Several Panel members also saw utility in identifying “ground floor” requirements to get 100 kg of payload into orbit around an identified solar system body.  This “flying brick” idea allows a basic feasibility understanding for some missions and such a study could be done for possibly as little as $5-10K.  However, JPL noted that this would require good communication between the “science champion” on the panel and the studying agency since this is a unique type of request.   

There was broad agreement that the CML framework has excellent utility and NASA encourages APL and GSFC to use it as well.  Several speakers encouraged the Panel to examine the trade space of possible missions before proceeding to point design.  Even if a mission concept has already proceeded to a Team X-level study, more affordable and efficient mission designs might exist.  Previously-designed missions might also not have goals matching those defined by the Decadal Survey.  


Cost estimates at the RMA level should be used only for generic, order of magnitude level understanding.  RMA cost estimates should allow the basic class of mission to be determined: Discovery, NF or Flagship.  Reasonably accurate cost estimates aren’t developed until CML 5.  


There is more concern on the part of NASA and the studying agencies of a backlog and over tasking of RMA-level studies than ones that reach CML 4 or 5.  Panels were again encouraged to identify their highest priority studies early so the workload can be distributed across the three agencies and available time.  

The remainder of the conference was held in closed sessions. 
Acronym List 

ACE: Advanced Concept Exploration (APL)
AO: Announcement of Opportunity 

APL: Applied Physics Laboratory (Johns Hopkins University) 

ASRG: Advanced Stirling Radioisotope Generators 

CML: Concept Maturity Level 
CIRS: Cassini Infrared Spectrometer
DMSP: Defense Meteorological Satellites Program 

DSN: Deep Space Network
EJSM: Europa Jupiter System Mission

EPO: Education and Public Outreach
ESA: European Space Agency 

FY: Fiscal Year
GFE: Government Furnished Equipment
GRAIL: Gravity Recovery and Interior Laboratory

GSFC: Goddard Space Flight Center (NASA)
IDC: Integrated Design Center (GSFC) 

IDL: Instrument Design Lab (GSFC) IVO: Io Volcanic Observer
JPL: Jet Propulsion Laboratory 
JEO: Jupiter Europa Orbiter

JGO: Jupiter Ganymede Orbiter

KBO: Kuiper Belt Object
LEO: Low-Earth Orbit
MDL: Mission Design Lab (GSFC) 

MESSENGER: Mercury Surface, Space Environment, Geochemistry and Ranging 
MMRTG: Multimission Radioisotope Thermoelectric Generator
MRO: Mars Reconnaissance Orbiter 

NF: New Frontiers 
NSF: National Science Foundation

PDR: Preliminary Design Review

R&A: Research and Analysis 

RMA: Rapid Mission Architecture (JPL) 
SDT: Science Definition Team
SEP: Solar Electric Propulsion

SMD: Science Mission Directorate (NASA) 
SOMD: Science Operations Mission Directorate (NASA)
STEREO: Solar Terrestrial Relations Observatory spacecraft (NASA) 
STO: Saturn Titan Orbiter

TMC: Technical, Management and Cost

TiME: Titan Mare Explorer
TIMED: Thermosphere Ionosphere Mesosphere Energetics and Dynamics Mission 
TIRS: Thermal Infrared Spectrometer

TSSM: Titan Saturn System Mission
TRL: Technology Readiness Level
