July 11, 2008

To:  Dr. Chris Castelli, STFC (UK)

       Dr. Elizabeth Williams, NASA (USA)

From: Dr. Carle Pieters1 (Chair), Dr. Catherine L. Johnson2, Dr. Gregory Neumann3, Professor F.W. Taylor4 , Dr. Mark Wieczorek5  [1Brown University,  2University of British Columbia & Scripps Institution of Oceanography, 3NASA Goddard Space Flight Center, 4University of Oxford, 5CNRS & IPGP]
The NASA-BNSC Joint Working Group (JWG) identified the Moon Lightweight Interior and Telecoms Experiment (MoonLITE) mission as an important element of potential collaboration between these two space agencies. Subsequently a six member MoonLITE international peer review committee (the Panel) was formed to evaluate the science merits of this proposed mission and to provide advice on several aspects of the mission. A Pre-Phase A “Preliminary Science and Payload Definition Document (SPDD)” was prepared and distributed to the panel along with abstracts of science presentations presented at the 2008 LPSC in Houston and the JWG report on lunar cooperation. The Panel met with the MoonLITE pre-phase A team in London July 9, 2008 for a very full day of presentations and discussion on MoonLITE science objectives and the mission concept. The Panel spent the next two days discussing the science merits of MoonLITE based on interactions with the MoonLITE team and materials available. This letter and attachment are the result of the Panel’s deliberations.

The context of the MoonLITE mission is an invigorated and highly exciting decade of international lunar exploration. Five major remote sensing missions to the Moon have been or will be launched between 2007 and 2011 from Japan, China, India, and the US, most with a one to two year nominal lifetime and a typical one-year data release policy. In the 2012-2014 time frame the first serious global assessment of the Moon (topography, morphology, gravity, mineralogy, elemental abundance, thermal emittance, regolith sounding) will be accomplished with modern remote sensors. The international science community will harvest these data to understand much about the geologic evolution of this small differentiated planetary body that shares the environment with Earth at 1 AU. The exploration community will use these advanced sensor data to plan the next phases of human exploration. 

However, a key science element left undone by this international armada is probing the interior of the Moon to learn the present internal structure and thermal state, which is essential to constrain the early history of this small planetary body and neighbor of Earth. This characterization of the internal structure can only be accomplished by distributed “network” science, a series of coordinated landed instruments that will measure properties of the interior (see discussion below). Furthermore, by 2014 the question of the origin of the hydrogen detected in the extreme cold regions of the permanently shadowed regions at the lunar poles could remain unresolved since only remote sensing techniques have probed these areas. The possible presence of water ice in these regions has long term implications for human exploration.  Both of these fundamental science issues are well suited to be addressed by an approach that uses a distributed network of instrumented penetrators across the Moon. This is the unique capability potentially provided by the MoonLITE concept.

Several aspects of the lunar science proposed by MoonLITE stand out as scientifically compelling. The Panel considered the most important to be those associated with a geophysical network and in-situ investigation of polar volatiles. Both, or either, of these provide extremely valuable information about the Moon that is not accomplished by any of the current missions flown or in preparation. Both, or either, provide information that feed directly into long term planning of human activities. Both, or either, allow a clear pathway for training the next generation of scientists who are cognizant about planetary science processes and issues.

The Panel found the scientific potential of the MoonLITE penetrator network concept to be exceptionally high in the context of the international exploration activities. This exciting mission would provide a stand-alone cornerstone to the proposed International Lunar Network and is a particularly valuable contribution to the early phases of a broader Global Exploration Strategy (GES). 

It is recognized that the status of the MoonLITE mission is in pre-Phase-A. A detailed technical assessment of the straw-man instruments proposed was beyond the scope of the Panel’s terms of reference, as was evaluation of the technical aspects of mission architecture, complexity, and implementation. The scientific success nevertheless depends on the capabilities of the instruments, the actual lifetime of key components, and the data downlink and telecommunications mission constraints and these must be scrutinized during a phase-A study. 

The Panel considers the multifaceted MoonLITE mission as currently conceived to have the greatest scientific merit because it potentially could address both the geophysical as well as volatile and compositional science objectives. Such a combined mission is well worth serious consideration during a Phase A study. However, we recognize this may prove to be a serious and complex challenge to implement within reasonable cost constraints. Possible post-Phase A configurations of a MoonLITE network are discussed below in order of currently perceived scientific merit and rational descope options. Figure 1 illustrates the relation of possible MoonLITE configurations that result from a Phase-A study with various descopes as determined from technical evaluation and/or cost constraints. Descope options involve removal of one or more of the scientific packages on each penetrator, but not a reduction in the number of penetrators, since the Panel considered the proposed network of four penetrators to be essential to the scientific return.
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Figure 1. MoonLITE science configuration through Phase A with potential descopes.

Attached are more detailed discussions of (A) the Panel’s assessment of Scientific rationale for MoonLITE instruments and (B) the Panel’s recommendations for issues to be addressed during Phase-A Study.

Appendix A:  The Scientific Rationale for MoonLITE 

Context for a Lunar Network Mission using Penetrators 

By 2014, remote sensing will provide global maps of unprecedented detail, giving a synoptic view of the lunar surface. Topography and gravity data will reveal the crustal structure of the Moon, albeit in a non-unique fashion, and will provide new constraints on its planetary dynamics. The thermal environment, particularly of polar regions, will be better understood. Mission planning will have multiple datasets available to select targets. What will be lacking are several key measurements of the near-surface, humanly accessible environment that will determine the course of future exploration, along with measurements of the deeper interior that will resolve fundamental scientific questions of lunar origin and evolution. The required seismological, thermodynamic and compositional  measurements can only be performed in-situ, and require a widely distributed suite of sensors to obtain the necessary geometry and provide global comparisons.

The MoonLITE mission is uniquely suitable for obtaining near-surface geophysical and compositional measurements. The mission will likely be the first robotically deployed, global network and will include a dedicated communication orbiter. Its duration will necessarily be shorter than that of landed systems being explored internationally but the mission would be expected to overlap and enhance the scientific return of these efforts. The study of the lunar interior will require many years to fully understand its structure, but the MoonLITE concept is a pathfinder for robotic systems, with strong implications for planetary exploration. The inherent network concept and penetrator deployment render MoonLITE a unique and scientifically valuable mission. 

The baseline mission of four penetrators deployed from low orbit was evaluated for its ability to address first-order scientific questions. These questions include: What is the size and mass of the core?  What is the thickness distribution and stratification of the crust? What is the heat budget of the interior, and are there regional differences? What is the major element composition of the crust, and how does it compare to results inferred from remote sensing? In regions where volatiles may be frozen into the near-surface regolith, what is their composition, concentration and accessibility? 

As proposed a four-penetrator MoonLITE mission provides an adequate number of network nodes, while allowing for the case where one probe is compromised.   At least 3 stations are required to locate seismic events, and to investigate geographical variations in heat flow. 

The technologies proposed have sufficient heritage and maturity (Lunar-A and Deep Space-2) to evaluate their capabilities for answering these questions and to suggest paths for further development.  The penetrator device solves several problems at once: sufficient depth of deployment into the regolith is reached to achieve a relatively benign thermal environment; a suitable depth of sampling is obtained (for sub-surface volatiles); good contact is assured.  The manufacture and qualification of four nearly identical units should lead to greater reliability and reproducibility of results.

The U.S. is considering the development of four nodes of an International Lunar Network, two to be launched in 2014, and the remaining two in 2016.  The current goal is that there be 6 years of overlapping operations.  The inclusion of four working nodes from MoonLITE would provide scientific opportunities not possible with either the U.S. or UK nodes individually.  The resulting network would allow much improved epicentre locations and interior structure determination.  The deployment of heat flow experiments on both penetrators and soft landers will allow measurement of this quantity using different approaches as well as better assessment of global variations in heat flow.  

It will take many more years to fully understand the lunar interior structure, but the MoonLITE concept is a pathfinder for robotic systems, with strong implications for planetary exploration.   The inherent network concept and penetrator deployment render MoonLITE a unique and scientifically valuable mission.

Rationale for a Seismic Experiment

Fundamental outstanding scientific issues in understanding Earth’s Moon are the interior structure and seismic activity of that body.  The Apollo Passive Seismic Experiment (APSE) demonstrated the presence of shallow (< 200 km) and deep (~ 900 km) moonquakes.  However our understanding of lunar seismicity is severely limited by the near-side-only, geometry of the four Apollo seismic stations.  For example we have little to no information on whether moonquakes occur on the far side, or in the polar regions which are likely locations for future lunar exploration. Of particular interest to future exploration are increased monitoring of shallow moonquakes - these can have body wave magnitudes greater than 5.0 - and improved estimates of the lunar meteoroid flux. 

Surface geophysical data, satellite-based remote sensing information and sample data all indicate the presence of distinct lunar crust and mantle compositions.  Gravity and topography data indicate large relative variations in the crustal thickness geographically, however it has only been possible to seismically infer the absolute thickness of the crust in the vicinity of Apollo sites 12 and 14.  While several indirect geophysical measurements suggest the presence of a lunar core that may be partially molten, this has not been confirmed with direct seismological measurements and there are large uncertainties in possible core size and composition.  Improved knowledge of the Moon’s interior structure is essential to understanding its present state and its evolution. Measurements of absolute crustal thickness are needed to estimate the volume of the crust, which in turn is related to the early lunar magma ocean and subsequent differentiation.  Seismic measurements, when combined with other measurements from missions such as GRAIL, will allow definitive identification of a lunar core, measurement of its size, and information on its state, all of which are critical to bulk composition models (lunar origin), to thermal evolution models, and to the interpretation of the record of crustal magnetic anomalies.  

Rationale for a Heat Flow Experiment

Global compositional data for the Moon, namely Lunar Prospector results from 1998, have shown that the Moon’s early differentiation is more complex than previously thought. In particular, gamma-ray measurements from orbit appear to show that KREEP-rich materials (a geochemical component that contains a high abundance of heat-producing elements) are concentrated in a single geochemical province – the Procellarum KREEP terrane - on the nearside hemisphere, which is correlated with the locations of extensive mare basalt deposits.
Measurement of the surface heat flow at several localities is key to understanding the interior temperature of the lunar mantle and the distribution, the origin and petrogenesis of mare basalts. In addition, since the average heat flow of the Moon is related to its bulk abundance of heat producing elements, the average heat flow is related to the bulk composition of the Moon, which is currently not well constrained. 

Two heat flow measurements were made during the Apollo era at the Apollo 15 and 17 sites, both of which are on the Moon’s near side hemisphere. Unfortunately, these measurements suffer from several fundamental problems, such as their non-representative locations at the edge of the two main geochemical provinces.  MoonLITE would remedy this problem by measuring the heat flow at four localities far from the Apollo landing sites, including a first far-side heat flow determination. This would place fundamental constraints on the asymmetric differentiation of the Moon, the asymmetric distribution of heat producing elements, and the asymmetric distribution of mare basaltic eruptions. 

The heat flow determinations are to be performed by measuring two key quantities: the temperature gradient near the surface, and the in situ thermal conductivity of the lunar regolith. Both of these quantities could be determined by either embedding temperature sensors and heaters within the penetrator body, or by extending a short needle probe into the regolith surrounding the penetrator body. The measurements of the temperature gradient and thermal conductivity are both challenging, and it is likely that the needle probe approach has a higher probability of meeting the science requirements. Nevertheless, we recommend that both approaches be investigated in a Phase A study.

Rationale for Polar Volatile Detection

Substantial amounts of water may lie frozen in the permanently shaded regions of craters near both poles on the Moon. As a record of the inventory and flux of volatiles in the inner solar system, and as a potential resource for future lunar bases, the detection and measurement of frozen water in the polar regolith is a high scientific and strategic priority. 

The water is believed to originate primarily from the impact of comets with the Moon, producing a temporary atmosphere primarily of water vapour, some of which could be trapped in the polar shadows, where the temperature is less than 100K.  Some of it may have been exhaled, presumably long ago, from the interior of the Moon. Although the exposed upper surface is predicted to be very dry, water-bearing materials may accumulate in the sub-surface. Any ice present is probably mixed with regolith material, as a result of diffusion and/or  ‘gardening’ by micrometeorites, to a depth of several metres below the surface.  Penetrators are ideal vehicles for accessing the icy layers if they can be targeted into the coldest parts of the deepest polar craters. The strawman payload for MoonLITE includes a suite of five possible instruments to characterize the amount of volatiles in the material near the probe, and their composition and hence origin.   Such in-situ measurements are a necessary complement to satellite-based remotely sensed observations.  

Rationale for Compositional Measurements

Samples with a known geologic context have been obtained only from 9 locations on the near-side hemisphere of the Moon. A variety of sophisticated remote sensing techniques operating from orbit provide measurement of the surface composition far from these locations, and demonstrate that the Moon is more compositionally diverse than might have been expected from the sample data alone. The geochemical results from remote sensing data alone, however, are not always consistent in detail, and many suffer from calibration issues. For this reason, it is of fundamental importance to compare orbital measurements with known in situ compositional data to be assured that lunar compositional terranes are placed in the proper geologic context.

MoonLITE proposes to make geochemical measurements at four additional sites using in-situ experiments such as an X-ray spectrometer. In addition to obtaining major element compositions, this particular instrument can obtain information on some important trace elements as well. These in situ measurements would aid in the interpretation of orbital remote sensing data sets. In addition, geochemical measurements of selected high-priority science targets could have a high science return, such as from within the South Pole-Aitken basin.

Appendix B:  Recommendations on issues during or after Phase A Study

Programmatic

· It is important to assure broad peer-reviewed participation of the UK community in instrument selection and all aspects of the MoonLITE mission as it proceeds.

· To maximize the science return from the MoonLITE network, the MoonLITE team is strongly urged to closely coordinate site selection with international participants of the International Lunar Network.

· Similarly, it would be exceptionally valuable to plan and carefully target artificial impacts of the current and future spacecraft that orbit the Moon with the international community. The Apollo experience has shown such well defined and targeted impacts to be the most valuable seismic events for determination of crustal thickness.

System-level

· Investigate coordination with other international agencies, in particular NASA, for potential back-up assets to provide redundancy in communication capabilities

· Further testing of the penetration process and its effect on instrumentation should continue by performing multiple tests

· Investigate the possibility of increasing the mass of the scientific payload and battery longevity

Seismic Experiment and Instrumentation

· Instrument sensitivity:  As proposed, the MEMS seismometer has a theoretical noise level close to that measured on the Moon by the Apollo horizontal LP instrument.  The actual noise level measured by the microseismometer on the Moon will be larger than the theoretical level shown: how much larger has implications for event detection.  Telemetry and power constraints provided to the panel in an email indicate that 3-component 10Hz (possibly 25Hz) data from ~200 events, lasting 1 hour each, will be transmitted over the course of the 1 yr experiment.   During Phase-A instrument noise levels likely on the Moon should be verified to be sufficiently low such that the signal-to-noise ratio (SNR) for the P-waves recorded from these events is significantly greater than 1 (see triggering issue below).  Even in the Apollo data, secondary phases such as reflected energy from the core have not been identified to date, although recent studies suggested this may be possible in the future using deconvolution techniques.  These results strongly suggest that the seismometers that are ultimately selected for the MoonLITE mission should be as sensitive as possible.  

· Duration of experiment -  Power Trade Studies: Based on instrument noise levels that are comparable to, or slightly worse than the Apollo noise levels, the minimum seismic network duration that can yield scientifically meaningful results is 1 year.  All possible trades that can permit a longer (> 1yr) experiment duration should be examined: increased battery capacity, effects of the penetration impact on battery power, trades among different instruments and power required for downlinking data from the penetrator to the orbiter.

· Triggering Algorithm:  Many of the scientific results from the Apollo data have resulted from our ability to investigate the full continuous data set on the ground. The proposed MoonLITE investigation following the first month of operation, involves on-board event detection using a triggering algorithm on a single horizontal component to detect P-wave arrivals, followed by power-on of the second horizontal and the vertical components.  Thus three-component data will only be recorded at the time of an event.  Critical to the success of the seismological investigations then is the triggering algorithm.  Phase A studies should demonstrate successful triggering algorithms, in particular ones that can deal with the likely low SNR that will be characteristic of P-wave arrivals.  In addition, because a limited number of events can be uplinked to the orbiter from the penetrator (due to power and viewing constraints), it should be verified that the triggering algorithm also minimizes the number of false returns.  These studies could be performed using existing Apollo data.  

· Sensor Orientations.  Internal sensors will provide the tilt, but essential to the scientific return of the seismological data will be the ability to determine azimuth of orientation of the horizontal sensors by using the communication system radiation pattern as seen by the orbiter. This is particularly critical for techniques that might be applied to investigate crustal thickness.  

· Telemetry.  The importance of returning as much data as possible cannot be overemphasized.  Every effort should be made to incorporate low power, high bandwidth telecommunications to allow maximum data downlink from the penetrator to the orbiter, and ultimately to Earth. 

Heat Flow Experiment and Instrumentation

The success of the proposed heat flow experiment depends on measuring two quantities, the temperature gradient and the thermal conductivity, both with a precision of about 10%. Both measurements are challenging to perform, and the Phase A study should demonstrate that these measurement goals can indeed be met. One proposed approach (approach 1) to measure these quantities, as investigated in the Japanese Lunar-A program, is to embed sensors within the body of the penetrator. The other approach (approach 2) is to extend a needle probe sensor into the surrounding regolith a few centimeters away from the penetrator body.  The benefit of this approach is that needle probe experiments are well studied and are known to have a high accuracy. In addition, it should be possible to measure the undisturbed temperature gradient directly, without having to wait for the penetrator to come to thermal equilibrium with the surrounding regolith.  While both approaches should be investigated in the Phase-A study, it appears likely that the needle probe approach will prove to be more accurate.  

Specific recommendations follow:

· Approach 1 - embedded sensors:  Determination of the temperature gradient.  In this approach, the temperature at two ends of the probe are measured after the probe comes into thermal equilibrium with the surrounding regolith. As these temperatures are not equal to the initial undisturbed temperature, it is necessary to develop a complex modeling procedure to invert for the initial temperatures. This modeling will certainly be made more difficult if the probe is constructed out of a high thermal conductivity material (such as aluminum), and it may be desirable to instead use a probe constructed out of a different material (such as a carbon composite as with Lunar-A). In addition to accounting for the thermal short-circuiting effect of the probe, it is also necessary to take into account the disturbance of the surround regolith (i.e., compaction during the impact process), as well as the nature of any disturbed regolith that will likely collapses onto the top of the probe following the impact. Both of these affects are difficult to quantify, and it should be demonstrated that this fundamental uncertainty will not prohibit the determination of the initial undisturbed temperature gradient. A detailed numerical thermal model used for the retrieval of the initial undisturbed temperature gradient should be developed to address the following questions.
1. Should the penetrator body be made of a carbon composite instead of aluminum in order to increase the precision of the inverted undisturbed temperature gradient?

2. Does compaction of the regolith surrounding the penetrator during the impact process need to be accounted for in determining the undisturbed temperature gradient? And what is the magnitude of this effect?

3. Does the disturbed nature of the regolith overlying the probe introduce a fundamental uncertainty in the inversion of the undisturbed temperature gradient? And what is the expected magnitude of this effect?
4. Does the internal heat dissipation of the probe, and possibly heaters, interfere with the determination of the temperature gradient?
· Approach 1 - embedded sensors:  Determination of thermal conductivity. The thermal conductivity is to be determined by heating a sensor embedding in the penetrator’s body, and it will be necessary to develop a detailed numerical thermal model to extract this important quantity. This model should include the thermal linkages between the regolith, heater, and probe, and a possibly disturbed regolith zone just adjacent to the probe. The phase-A study should demonstrate that the analysis of data from a thermal conductivity experiment can extract the thermal conductivity to an accuracy of about 10%.
· Approach 2: needle probes: Determination of temperature gradient. A detailed thermal model that includes the needle probe and penetrator body should be developed to answer the following questions.

1. How far does the needle probe need to extend into the regolith in order to measure the undisturbed regolith temperature?

2. How long does one have to make the temperature measurements before the transient thermal wave associated with the penetrator itself affect the temperature of the regolith in contact with the needle probes?

3. How many needle probes are needed to extract the temperature gradient, assuming that the final penetrator orientation is not vertical?

· Approach 2: needle probes: Determination of the thermal conductivity.  Needle probes are commonly used on Earth to measure the thermal conductivity of particulate materials, and it is likely that such an approach will also work on the MoonLite mission as well. Nevertheless, several affects need to be investigated in order to determine if these measurements are representative of undisturbed regolith.  A detailed numerical thermal model should be developed to answer the following questions.

1. When can one perform the thermal conductivity experiment? Initially after the impact, or does one need to wait for the probe and surrounding regolith to achieve thermal equilibrium?

2. Does compaction of the surrounding regolith during the impact of the penetrator significantly modify the thermal conductivity of the regolith?

3. The high conductivity of the penetrator body invalidates the assumptions used in inverting needle probe data for the thermal conductivity (i.e., an infinite thin needle in a uniform media). Does the high thermal conductivity of the penetrator body affect or bias the thermal conductivity determined by the needle probe technique?

Volatile Experiment and Instrumentation

· Study targeting capabilities to establish the design requirements for the mission that will permit the precise targeting of penetrators so that they impact in the coldest areas (as defined by infrared mapping from LRO, for example) of the near-polar craters. An error ellipse of a few km will be required for this purpose.

· Study the physical properties of potential impact sites, including regolith simulants cemented together by about 5% H2O at a temperature of 100K, to ensure the safe deployment of the probe and instruments in a variety of possible surface components.

· Verify the availability of suitable RHU heaters for survival of batteries etc. in the polar night. (The ice detection experiment can be conducted fairly quickly, but the polar penetrator(s) are required to have a long life as part of the seismology experiment). 
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