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LunarEX — A proposal to Cosmic Vision

Executive Summary

While the surface missions to the Moon of the 1970’s achiewgreéat deal, scientifically a
great deal was also left unresolved. The recent pletbbraunar missions (flown or

proposed) reflects a resurgence in interest in the Modrmnty in its own right, but also as a
record of the early solar system including the formatibthe Earth. Results from recent
orbiter missions have shown evidence of ice within shaddovegersrat the Lunar poles.

We propose a highly cost effective M-class Lunar missiaat thill place 4 or more
scientifically instrumented penetrators into the Lusuanface.

LunarEX will address key issues related to the origin evalution of planetary bodies as
well as the astrobiologically important possibilitiessaciated with polar ice. LunarEX will
provide important information about:

* The size and physical state of the Lunar core

* The deep structure of the Lunar mantle

* The thickness of the farside Lunar crust

* The nature of natural Moonquakes, in particular the orifjyghallow Moonquakes

* The composition and thermal evolution of the Moon'’s interior

* The existence, nature and origin of polar ice — excitigntifically and key to future

manned exploration of the Moon and beyond

The penetrators will be globally dispersed (unlike the Apoiissions) with landing sites on
the nearside Procellarum KREEP Terrain, poles and farsmkewill operate 2-5m beneath
the Lunar surface for 1 year.

Each penetrator will include a suite of scientific ingtents including micro-seismometers, a
geochemistry package, a water/volatiles detector (forpttar penetrator(s)), a heat flow
experiment, and an impact accelerometer.

For an instrument to survive an impact at 300" issentirely feasible and a vast amount of
resource has been devoted to such conditions within a defentxtcdRenetrators’ are
common-place within that sector and instrumentation islablei off-the-shelf which will
survive impacts of >50,000g (LunarEX expects up to 10,0009g). Xpertse is by no means
purely empirical in nature; a very sophisticated prediatiegleling capability also exists. The
LunarEX project plans to tap this capability for a stfec end. Moreover, Mars 96, DS-2
and Lunar-A penetrator development programmes have overoamg key problems and
demonstrated survivability in ground tests.

The penetrator delivery to the Lunar surface will tpleee in two stages:
* The Penetrators will be transferred to Lunar orbithespayload of what will become
a polar orbit communications relay satellite
* Release, de-orbit and descent. Each penetrator will &a\agtached de-orbit motor
and attitude control systems (both of which are ejecttmdaenpact)

The mission is compatible with a single Soyuz-Fregat ladocha nominal 4 penetrator
payload with a 30% mass contingency.

LunarEX will fill an important gap within the proposedernational Lunar mission portfolio
and facilitate the future scientific and ultimately mashegploration of the Moon.



1. Introduction

1.1 The Moon

The principal scientific importance of the Moon is as@order of geological processes active
in the early history of terrestrial planets (e.g. planetdifferentiation, magma ocean
formation and evolution), and of the near-Earth cosmicrenmient (e.g. bombardment
history, solar wind flux and composition) throughout Solart&@yshistory (e.g. Spudis 1996,
Crawford 2004, NRC 2007). Some of these objectives are astrgio@l in nature, in that
they will enhance our understanding of the cosmic conditions wrideh life first arose on
Earth (Crawford 2006). However, although tBEementineand Lunar Prospectomissions
have in recent years greatly added to our knowledge of tehgmical and mineralogical
makeup of the Lunar surface, our knowledge of the interidrastiely relies on geophysical
measurements made during the Apollo programme. As canebefisen Figure 1.1, these
landing sites are all located at low to mid-latitudes elimsthe centre of the Lunar nearside,
and were thus unable to provide anything approaching globalageein order to build on
the Apollo data, and thus advance our knowledge of Lunancgi¢he_unarEXmission will

fly 4+ penetrators to the Moon for the purpose of conducimgnge oin situ geophysical
and geochemical measurements at widely separated lealiti

Apollo 15
- Apollo 17

Apollo 11

Apollo 12 Apollo 14

Apolio 16

Fig. 1.1. Locations of the Apollo landing sites on the nidaref the Moon (left); the farside

is at right.The Apollo seismic network occupied an approximate equilateral triaraglghty

1200 km on a side, defined by the Apollo 15 site at the northern apexpsApdlland 14
(close together at the SW apex), and Apollo 16 at the SE apex. Tigpdlo heat-flow
measurements were made at the Apollo 15 and 17 sites. No long-term gedphysic
measurements were made at the Apollo 11 site. Note the geographistilgted nature of
these measurements.

1.2 Penetrators

Penetrators allow key scientific investigations of afrleslar system bodies via affordable
pre-cursor missions. In fact, it is difficult to envisagey other method which allows globally
spaced surface exploration of airless planetary bodiegsthat prohibitively expensive.

(Kinetic) Penetrators are small probes which impact plapéadies at high speed and bury
themselves into the planetary surface. For the Moon wpopeo deployment of ~13Kg
penetrators that are designed to survive impact at high ¢pe®@D m/s) and penetrate ~2-
5m. The impact process generates decelerations of up to 10w0ky,together with the low
mass, restricts the type and capability of payload ¢hat be accommodated. However, a



surprisingly large range of instruments have already beestrocted and qualified for
penetrator use, and an ever widening range of scientifiuments have a robust nature
which lend themselves to the necessary ruggedisation. Ofeconudtiple penetrators allow a
natural level of redundancy.

Survival at these impact speeds has been demonstrateduydgests of NASA DS2 and
Japanese Lunar-A probes, and extensive military experieghinpacts into materials mostly
consisting of sand, concrete, steel and ice.

Figure 1.2 — Penetrator schematic

1.3 Current and Future Space Missions

Though there are several orbiter space missions withteearlaunch dates expected in the
2007-2008 timeframe (the Indian Chandrayaan-1, Chinese Changiadlthe Japanese
Selene), none of these will be able to address the maincscissues we propose that require
a seismic network, or provide in-situ ground truth invedton of water/volatile deposits in
the sub-surface Lunar polar regolith. The Lunar Prospeécioact produced no useful data
about the Moon’s composition. The NASA LRO (Lunar Reconaarss Orbiter) mission
includes an impactor (LCROSS) with a flyby investigatasrthe resulting material thrown
high up above the Lunar surface. This could be capable ettdw water, and with an
expected launch date of 2008 these results should soon become HRimn@nateployment of
multiple penetrators with LunarEX could provide ground treahroboration, and multi-site
guantitative characterisation of any LRO and other oisgsults.

LunarEX is based on the MoonLITE mission concept (Gad 20@7) which is presently

under funding review within the UK, but with LunarEX having a ensophisticated payload.
While there is clearly an international interest in &upenetrator missions, LunarEX could
be the first to be realised, (Lunar-A has been cancelléel, many years of study Luna-Glob
remains in an assessment phase, and the future of Mderd Kincertain).

In summary, LunarEX has the potential to provide excitingnar science; provide

information about the existence, concentration and fdramg water ice deposits important
for future Lunar manned exploration; provide a confidence builtkagnical demonstration
of penetrator technology applicable to cost effective pre-cunssitu exploration of other

solar system bodies; and enable development of a tethcapability with consequent
benefits to European industry.

2. Scientific Objectives

The top-level science objectives fannarEXfall into four categories: seismology, heat-flow,
geochemical analysis, and polar volatile detection. We noweasldhese four objectives in
more detail.



2.1 Lunar seismology

Seismology is the most powerful geophysical tool availablesttor determining the interior
structure of a planetary body. However, to-date the onlychbpéher than the Earth, where it
has been applied with some success is the Moon, where ik Apissions deployed a
network of four highly sensitive seismometers close ¢océntre of the nearside. The Apollo
seismometers remained active for up to eight years duringhwthey provided important
information on the Moon’s natural seismic activity, and strecture of the Lunar crust and
upper mantle (see Goins et al. 1981 and Lognonné 2005 for reviemsgver, the deep
interior of the Moon was only very loosely constrainedlmy Apollo seismology — even the
existence, let alone the physical state and composii@]unar core remains uncertain.

The main problem was that the Apollo seismometers wepoyed in a geographically
limited triangular network (between Apollos 12/14, 15 angFi§. 2.1) on the nearside. As a
consequence, the information obtained on crustal thicknesspged mantle structure strictly
only refers to the central nearside and may not be gloteghesentative. Moreover, seismic
waves capable of probing the deep interior had to originage ¢b the centre of the farside,
and were therefore limited to rare, relatively stromgents. Indeed, the tentative seismic
evidence for a Lunar core arises from the analysis ¢fgos farside meteorite impact that
was sufficiently strong to be detected by more than oaesie Apollo seismic station in
eight years of operation. This is clearly an unsatiefgcstate of affairs, and there is a
pressing need for a much more widely-spaced network ohrLseismic stations, including
stations at high latitudes and on the farside. Penetrdebvered from orbit are ideally suited
as a means of emplacing a global seismometer networkhwould address the following
scientific issues:

2.1.1 Size and physical state of Lunar core

As the Apollo seismic data were unable to constrairsibe or physical state of the Lunar
core, such knowledge as we have has been obtained from sifithesMoon’s moment of
inertia, physical librations (as determined by laser ectfir measurements), and
electromagnetic induction studies (see Wieczorek et al. 108 review). These studies
favour a small (R<400 km) partially liquid core, with suggdscompositions ranging from
iron-nickel, Fe-FeS alloy, or molten silicates. Whethés tlguid ‘core’ possesses a solid
inner core is currently unknown. Information on the size, coiippsand physical state of a
Lunar core would have profound impacts on our understandittiedloon’s origin, mantle
evolution, and magnetic history. The latter point, when condbwigh studies of remnant
magnetisation of surface rocks, will have important ingtians for our understanding of the
origin and evolution of planetary magnetic fields. For thessons, constraining the nature
(and even the existence) of a Lunar core is the top tsmepriority of the penetrator-
deployed seismic network.

2.1.2 Deep structure of the Lunar mantle

One of the main contributions that Lunar science can makplanetary science more
generally is an enhanced understanding of the internal diffetien processes that occur
immediately after the accretion of a terrestrial plahtgma oceans are likely to have been a
common phase in the early evolution of all rocky planets, iar@hntrast to the more evolved
mantles of the larger terrestrial planets, the struabirthe Lunar mantle may preserve a
record of these early times. Seismology may help elucidat® processes in several ways.

Most fundamentally, seismology may be able to determinenitial depth of the magma
ocean, and thus the fraction of the Moon’s volume thatimiaally molten. The Apollo data
appear to indicate a seismic discontinuity at a depthbofita550 km, which is sometimes
interpreted as the base of the magma ocean (see revieviebydiék et al. 2006). However,
because of the placement of the Apollo seismometers, dt isunrently known whether this
discontinuity is global in extent or exists only under thesida. A competing explanation is



that it represents the depth to which later partial ingelhas occurred which led to the
formation of the nearside mare basalts. As noted by abfrek et al. (2006), distinguishing
between these two possibilities is of key importanasniterstanding Lunar mantle evolution.

In addition, measurements of seismic wave speed as aofurmftdepth help constrain the
mineralogy of the mantle (e.g. Lognonné et al., 2003). Thisrmrmay be used to constrain
both the bulk composition of the Moon (and thus its origingl, thie crystallisation history of
the Lunar mantle and its implications for magma oceasiugon. Again, new, and more
widely spaced, seismic data are now required if newraxgare to be made over what has
been learned from the Apollo data.

2.1.3 Thickness of the farside Lunar crust

Reinterpretations of the Apollo seismic data have now tcainged the thickness of the
nearside anorthositic crust to about 30-40 km (Khan et al. 20af)obhoé et al. 2003,

Wieczorek et al. 2006). However, the thickness of the farsiggt has not been constrained
seismically at all. Estimates based on gravity data tgpically in the range 70-90 km

(Wieczorek et al. 2006), but these are non-unique, and in ydartidepend on whether the
Lunar highland crust should be considered as a single antichager, or as two layers with

the lower layer having a more mafic (Fe-rich) compositibarside measurements are
required in order to determine the average Lunar crustkiness which, because of its very
aluminium-rich nature, has significant implications foderstanding the bulk composition
(and thus origin) of the Moon.

In addition, there is considerable interest in the thickméshe crust (if any) remaining under
the giant South Pole-Aitken (SPA) impact basin on thedarsithe largest impact structure
currently known in the Solar System. Together with the r#&aRrocellarum KREEP Terrain

(well studied by Apollo) and the farside highlands, the flddhe SPA forms one of the three
main Lunar terrains identified by Jolliff et al. (2000qrfof the interest in the SPA lies in the
possibility that it may have exposed lower crustal or uppantle materials. Seismometers
located within the SPA will, for the first time, be alib make a definitive measurement of
the crustal thickness remaining under this important structure

2.1.4 Studies of natural Moonguakes

The Apollo seismometers detected four types of natural Bloae: (i) deep (700-1200 km),
relatively weak, Moonquakes which occur in ‘nests’ and whigpear to have a tidal origin;
(i) shallow (5-200 km), relatively strong, Moonquakes of unknowmiwyi(iii) thermal
Moonquakes due to thermal stresses in the near surfacefi\gndneteorite impacts
(summarised by Vaniman et al. 1991). Of these (i),afigl (iv) may be used as sources of
seismic energy to probe the Lunar interior, and a beftelerstanding of the causes and
clustering of (i) will provide additional knowledge of the phykipeoperties of the deep
Lunar interior.

However, it is the shallow Moonquakes (i) that are probably mmest interesting
scientifically. These were the strongest (up to magnituded)arest (only 28 recorded in 8
years), and currently their cause is unknown. Insofar esethesult from unknown tectonic
processes, our knowledge of present-day Lunar geologicaltgatiiti remain incomplete
until their cause and locations can be identified (eakashura 1979). Owing to the spatially
restricted locations of the Apollo seismic statioree Apollo data lacks the resolution to
pinpoint the precise epicentres or depths of these eventshich a global distribution of
seismometers will be required.

Understanding these events is also important in the cooftéxture Lunar exploration. For
example, a magnitude 4-5 Moonquake is sufficiently strongithabuld be prudent not to
construct a Lunar base at localities where they are likelypccur (Neal 2005). Some



scenarios for future Lunar exploration also envisage pla@tigab astronomical instruments
on the Lunar surface, and knowledge of Lunar seismicityddoeluseful in deciding where to
site such instruments. Thus, in addition to providing fomelatal information about Lunar
geophysics, a better understanding of the origins and losaifshallow Moongquakes would
make a significant contribution to future Lunar exploration.

2.2 Lunar heat-flow

Measurements of surface heat-flow provide valuable congramtthe composition and
thermal evolution of planetary interiors. To date, the onlpgitary body other than the Earth
for which surface heat-flow has been measimesitu is the Moon, during the Apollo 15 and
17 missions (Langseth et al. 1976). However, both these measutis were relatively close
together on the nearside (Fig. 2.1) and may thus not be refateseif the Lunar heat-flow

as a whole. Moreover, both these Apollo measurements beare subject to numerous re-
interpretations over the years, owing to uncertaintiegetermining the thermal conductivity
of the regolith, the extent to which the temperature sengere in contact with the regolith,
and the uncertain effects of local topography (both measemts were very close to
highland/mare boundaries).

Near Side Far Side
Th, ppm

BT TN

1 2 4 6 81012

Fig. 2.1. Concentrations of Th in the Lunar surfaceasueed by the Lunar Prospector
spacecraft. The PKT is the region of high Th concentraooand and to the south of the
Imbrium basin on the nearside.

One particularly important measurement would be to deterthie heat-flow as a function of
distance from the Procellarum KREEP Terrain (PKT) onnibr¢h-western part of the Lunar
nearside. Remote sensing measurements have determinedettregat-generating elements
(U, Th, K) are concentrated at the surface in thia af¢he Moon (Fig. 2.1), but a question
remains over whether this is a surficial effect (owing toaeaton of a global underlying
layer of incompatible element-rich material by the Imbriimmpact), or whether these
elements are indeed concentrated in the mantle belowKfe Fhe latter scenario would
predict a much higher heat-flow in the PKT than elsewhenel would have major



implications for our understanding of the early differentiatiod crystallization of the Moon

(e.g. Wieczorek and Phillips 2000). While the Apollo 15 andldfa do appear to indicate a
decrease in heat-flow away from the PKT (21+3 and 16+2 ni\Wmpectively; Langseth et
al. 1976), the experimental uncertainties are such thatfar from clear that this trend is
statistically significant. In addition, Hagermann and dlen (2006) have drawn attention to
fact that the Apollo results may simply reflect th&edent thicknesses of (U, Th, K-rich)

Imbrium ejecta at the two Apollo sites, and not the undeglynantle heat-flow.

For all these reasons there is a pressing need to ekesel iheasurements to new localities
far from the Apollo landing sites (e.g. the polar regions #madfarside highlands). Such
measurements would greatly aid in constraining modelsipar thermal evolution. Finally,
we note thatn situ measurements of both the temperature and the thermal ¢torigluaf the
regolith in permanently shadowed polar regions (which wbeldnherent in any heat-flow
measurement) would be valuable in constraining the pbsstifor frozen volatiles, which
are another of our key scientific objectives (see bel®gnetrator deployment of a global
heat-flow network would be an attractive means of achietiege objectives.

2.3 In situ geochemistry

The only places on the Moon from which samples have bedcten in situ are the six
Apollo landing sites (Fig. 1.1) and the three Russian lsamaple return missions from near
the Crisium basin on the eastern limb of the nearside.aNples have been returned from
the polar regions or the farside, greatly limiting our knalgkeof Lunar geological processes.
Although, statistically, many of the 50+ Lunar meteoriteast be derived from these
unsampled regions, the provenance, and thus geological cooftexty given meteorite is
unknown, which limits their value in interpreting Lunar geology.

Although sample return missions to a number of currambampled regions would be the
preferred means of furthering our knowledge of Lunar geolodiwatsity, this may not be
practical in the short term. An alternative would be r@ke in situ geochemical
measurements, at least of the abundances of the majeforming elements (e.g. Mg, Al,
Si, Ca, Fe and Ti). In principle this could be achielgdX-ray fluorescence spectroscopy,
using instruments similar to the X-ray Spectrometer (X&3igned for Beagle2 (Sims et al.
1999). Penetrator-deployed XRS devices therefore have the pbtemtidetermine the
composition of Lunar materials in regions remote froeaarsampled to-date. In addition to
providing a great deal of information about the geology of thécpéar sites visited, such
measurements would provide additional ‘ground truth’ for dhlkbration of remote-sensing
instruments on forthcoming Lunar orbital missions (e.g.ndhayaan-1, SELENE, and LRO).

2.4 Polar volatiles

As is well known, thd.unar Prospectomeutron spectrometer found evidence for enhanced
concentrations of hydrogen at the Lunar poles, which has tédely interpreted as
indicating the presence of water ice in the floors of pemntly shadowed polar craters
(Feldmaret al. 1998). This potentially very important result is @tilVaiting confirmation, but

if water ice is present it is most likely derived frohetimpacts of comets with the Lunar
surface (although solar wind implantation and endogenic souoricgg also contribute). The
confirmation of water ice (and other volatiles) would fpartant for at least three reasons:

(i) Even though the original cometary volatiles will haveetbeonsiderably reworked by

impact vaporisation, migration to the poles, and subsgqomdensation, it remains possible
that some information concerning the composition of ther@lgiources will remain. Among

other things, this may yield astrobiologically import&anbwledge on the role of comets in
'seeding' the terrestrial planets with volatiles and preebarganic materials (e.g. Chyba &
Sagan 1992, Pierazzo & Chyba 1999).



(i) As pointed out by Lucey (2000), Lunar polar ice deposimy e of considerable
astrobiological interest even if they do not preserve anygiesinformation concerning their
cometary sources. This is because any such ices will beee continuously subject to
irradiation by galactic cosmic rays and, as such, begxpected to undergo ‘Urey-Miller-
like’ organic synthesis reactions. Analogous reactions maympsrtant for producing
organic molecules in the icy mantles of interstellastdgrains, and on the surfaces of outer
Solar System satellites and comets, but the Lunar paesiach more accessible than any of
these other locations.

(i) The presence of water ice at the Lunar poles wdngch very valuable resource in the
context of future human exploration of the Moon (as a patlesiurce of oxygen, rocket fuel
and drinking water). Confirmation of its presence wotigrefore make a significant
contribution to the developing Global Exploration Strategy whies renewed human
exploration of the Moon as a key element.

We consider that volatile detectors, deployed on penetratmt landed within permanently
shadowed craters, would be a powerful and economical méaeseomining whether or not
scientifically and operationally valuable deposits of titda exist at the Lunar poles.

2.5 Conclusion

By deploying a range of instruments (e.g. seismometers,-floeatprobes, X-ray

spectrometers and volatile detectors) to diverse locatmmsthe Moon from which

geochemical and geophysical measurements have not yet bemedljiacluding the poles
and the farside), the LunarEX penetrators have the pdtémtraake major contributions to
Lunar science. At the same time, they will provide knowledgg. (of Lunar seismicity and
polar volatile concentrations) that will be of centralportance in the planning of future
human missions to the Moon, and will also demonstratelnodogy that will have wide

applications for the scientific investigation of airless ledhroughout the Solar System.

3. Mission Profile

One Lunarorbiter spacecraft is required, which carries all the desoedules (4+). Each
descent moduleis deployed from the spacecraft and compriseg-arbit motor, attitude
control systemandpenetrator, in-essence a micro-spacecraft in its own right. Just o
impact the descent module motor and attitude controlrayate ejected from the penetrator.
Penetrator releases will occur over a period of ~2 mombsng descent communications
from the descent module (including housekeeping and descent camages) will be made
via the orbiter using the penetrator's communication syst&fhen line-of-site contact
between descent module and orbiter is lost, informatidinoe stored within the penetrator
for later transmission. During surface operations thetarbwill relay the penetrator
information to the Earth.

Key Mission parameters are shown in Table 3.1.

Table 3.1 Key Mission Parameters

Mission Duration 1 year.

Orbiter height 100km.

Orbit inclination ~90

Mean data rate 30 kbits/day

Number of penetrators 4 (with an option to increasetto 8)

Penetrator location Widely spaced, including: shaded pole (e.g.
Shackleton), far side, and PKT (e.g. near
Apollo 12 site).




3.1 Launcher requirements

The nominal mass budget of 846 Kg for a nominal 4 penetratossnsin Table 5.1 is
compatible with a Soyuz-Fregat launch with ~30% free agpac

3.2 Orbit requirements

The orbiter is required to operate in a 100 km polar Lwnbit to deploy the penetrators in

sequence for impact into the Lunar surface near the,piblesearside and farside. Surface
operation across the Lunar globe requires the orbitectas a communication relay after
penetrator deployment.

i) LV Parking Orbit
2) TLO Injection

e

e TECH

Figure 3.1 Earth to Moon transfer

Using the MoonLITE mission design as a baseline (Gao 20@r), the spacecraft takes a
direct transfer trajectory to the final Lunar orbitilasstrated in figure 3.1, which combines a
low AV (reduced propulsion system costs), short Earth-Spdtedistances (simpler
communications system) and short transfer times (lowerations cost during transfer). This
transfer takes approximately 3 days. The descent strafethe penetrator and associated
trajectory are as follows (see figure 3.2):

1. Carrier spacecratft first enters a 100 x 40 km altitude iellgrbit.
2. Penetrator is released at periapsis.

3. Penetrator performs deceleration burn of approximately 1675ton/sancel orbital
velocity.

4. Approximate 3.5 minute free fall to surface
Surface impact
6. Orbiter moves to final orbit and provides communications fiedypenetrator to Earth.

o
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Figure 3.2: Penetrator descent trajectory

3.2.1 Penetrator Impact Error Ellipse

A knowledge of the error ellipse is essential when selgampact sites. When calculating
the size of the error ellipse a number of sources of enust be considered relating to the
complex sequence of propulsive manoeuvres required to detloebftenetrator. The most
important factors affecting landing accuracy are asvdl

* Magnitude of deceleration delta-V

» Direction of deceleration delta-V

» Accuracy of orbit of carrier spacecratft prior to perneiraclease
» Orbit accuracy of the carrier spacecratft.

These errors were individually applied to the nominal pertidgscent to investigate their
effect on the point of surface impact.

The error ellipse was estimated using the following er@ues: +2% error in delta-V
magnitude; and a delta-V alignment error in azimuth aclthation of +2 (Assumes VNC
reference frame for error analysis). In additionin@rtg error (position of deceleration burn
around orbit) was also considered. The results showthkatain errors come from delta-V
magnitude and azimuth. Of these, the magnitude error of theedsiomh delta-V is likely to
be significantly smaller than the +2% shown (a typicaleaduoted by a supplier is only
+0.16%). Therefore, the major error results from the aligrinoé the thrust vector of the
main burn. With a 2error, a landing ellipse of 28km diameter is achieveds Tbnservative
estimate can be compared with crater-targets at tharlpmles. Shackleton (diam ~20km)
would require only a modest increase in precision WwMdevson (diam ~51km) provides an
excellent alternative target. For non-crater targetdanding precision is more than adequate.

3.3 Ground segment requirements

Two ground stations would be suitable for LunarEX: E.qg. :-
SSTL (RAL Antenna): Lat: 51.5°; Long: -1.3°
South Point (Hawaii): Lat: 19.0°%; Long: -155.7°

10



The ground stations will be required to provide commandingCirbiter orbit and attitude
changes, descent module release operations (nominally 4nipsion, one every e.g. 2
weeks), and any non-nominal commanding. They will also dpginedd for downlink of orbiter
health and safety data, and penetrator science daardquency of contacts would be quite
low e.g. typically one contact every 3-4 days.

The ground stations will also be required to provide camus to the individual penetrators
via the orbiter. Such commands are needed to optimise thetiopesnd data return from the

payload. An externally referenced time signal is neededgeration of the seismometers as
part of a global network.

There is no ground communication requirements for diremhnounication with the
penetrators.

4. Payload instruments

4.1 Overview

The mission involves the delivery of a minimum of four penetsainto the Lunar surface at
widely dispersed location. The general characterisfithe penetrators are given in table 4.1.
Each penetrator comprises a scientific payload and suppdosysems (power,
communications, data management, structure). During tleenteshase a camera (Penetrator
Descent Camera) is used to provide impact site locatioea@mdxt information.

Mass (at impact) 13kg

Impact deceleration Up to 10,000 g.

Impact angle (between impact velocity vectof ~90° (not critical)
and tangent to surface)

Attack angle (between penetrator long axis gnek8° (critical)
impact velocity vector)

Penetration depth into regolith 2 to 5m.
Ambient penetrator operating temperature: -20°C to -50°C.
(50K to 100K in shaded polar craters)
Mean penetrator power (subsystems & 60mw.
payload)
Mission duration 1.2 years (1 year on surface)

Table 4.1 — Penetrator characteristics

The penetrator scientific payload is described in tdtite

Payload instrument Mass (g) Integrated power | Telemetry
Sub-instrument usage over 1 year | Allocation (over 1
mission (W.hr) year) (Mbits

Accelerometer and Tilt-meter 66 0.002 0.1
Geochemistry package 260 12.0 0.1
Water/Volatile Experiment 750 4.1 2.0
Seismometer 300 501.0 6.0
Heat Flow 300 1.0 0.6
Total Penetrator 1676 516.1 8.8
Descent Camera 160 0.05 2.0

Table 4.2 Penetrator Science Payload Elements
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Below each scientific payload element is considered agggr Note that the TRLs given in
this section do not include ruggedization necessary to sypeinetrator impact. This issue is
covered in section 7.

In the following sections it can be taken that unlessratiie stated: no special conditions
apply; calibration involves comprehensive ground calibration (aachtenance of a flight
representative unit on the ground during the mission); eviogemodes are simple (on and
off); there are no special pointing or alignment requirgse

4.2 Impact accelerometer and tilt-meter
The main goals of this experiment are:

1.To derive mechanical properties of the Lunar regolith vs.hdapteach impact site.
This is of interest for comparison with existing modelsLahar regolith, and to
provide context for the geochemistry experiment.

2.To provide key information for the other experiments, byheining:

a. the depth below the surface at which each penetrator doneesest. This is
needed for full interpretation of the thermal data for theat flow
determination.

b. the angle from the local vertical at which each penetiatditted. This is
needed to determine the orientation of the seismometer axksoahelp
measure the vertical temperature gradient for the hmatd&termination.

3.To provide a full dynamic history of each penetrator imp&mr comparison with
results from ground testing and simulations.

4.2.1 Description and key characteristics

The goals listed above require two types of sensorelemneters and tilt sensors
(inclinometers).

Accelerometry: two sets of 3-axis accelerometers will need to betdocanside the
penetrator close to its axis of symmetry. One set Bleathounted close to the penetrator tip,
the other close to the penetrator’s rear (upper) end. ihis derive the complete motion
history of the penetrator (position and orientation) andhpensate for the mechanical
response of the penetrator structure. The acceleronvateoperate during the impact event,
sampled rapidly enough to achieve sufficiently fine spatisblugion of the motion. Such
measurements are routine in military applications.

A resource / benefit trade-off will be required to seldetween 3 possible sensor
configuration options:

» 2x3-axis orthogonal configuration, aligned with penetrator axes

o 2x3-axis orthogonal configuration, with symmetric alignment

» 2x3-axis orthogonal configuration, with symmetric alignment phkialaensors

Tilt: a two-axis tilt measurement needs to be made to an abgokdision of 0.1° or better.
This is driven by the need to correct the measured teryver gradient for non-vertical
orientation of the penetrator and to properly interpeetraic data.

In addition, each sensor will require front-end analogleetronics (filter / amplification),
analogue-to-digital conversion and interface to the common &flunass memory.
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4.2.2 Performance assessment with respect to science ebgcti

Precise determination of the penetrator motion and foegpth requires each of the
accelerometers to have range, sensitivity, noise, offsgformance and frequency
characteristics that are compatible with the impact tevimee sampling rate should be high
enough to achieve sufficiently fine spatial resolution asfieed of impact. For 3 mm spatial
resolution at an impact speed of 300" ma sampling rate of 100 kHz is required.

4.2.3 Resources: mass, volume, power, OBDH and telemetry

Accelerometry Tilt
Mass [g] 56 for 8 sensors 10 for 2 axes
Volume ~1 per sensor, total ~8 25
[cm’]
Power <500 for a short period only (10s) <100 during measurements e pe
[mW]
OBDH 100 kHz sampling (equivalent 4ol Hz sampling with 12-bit resolution

3mm spatial) with 12-bit resolutionfor each of 2 axes, for the first minute
for 8 axes, into 0.1 s duration circulaafter impact, then a few times per
buffer, frozen on impact. Onboard.unar day thereafter.
processing to reduce data volume

Telemetry 0.1 Mbit total 1 kbit total

Table 4.3. Resource summary for accelerometer andetim

4.2.4 Pointing and alignment requirements

The accelerometers and tilt sensors will be moumtemninally, with axes aligned with those
of the penetrator.

3-axis accelerometers Penetra

7 N T

@ indicates sen« axis perpendicular t

Figure 4.1. Schematic diagram indicating position anehtation of accelerometry and tilt
axes inside the penetrator.

4.2.5 Current heritage and Technology Readiness Level

Accelerometry: TRL 8. COTS accelerometers available from companies inclugiigvco
(e.g. model 7570A flown on DS-2), Kistler and Bruel & Kjeer. rd

Tilt meters: TRL 6-8 depending on choice of sensor. Examples to eedioathis \'@
application include:
* Incline sensors from the Taiko Device Group (Japan), wirignate from
automotive applications but were space qualified for use in the
Lunar-Apenetrators. For each axis a cylindrical cell is pHedf
with a dielectric liquid and its level detected capstorely by
electrodes on the circular faces.
» Spectron L-series, as used by The Open University group
Huygensand theMars 96penetrators

Fig. 4.2 Mars 96
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* Analog Devices ADXL320
* Two-axis electrolytic inclinometer (e.g. from Frederickanpany)

Analogue front-end electronics: TRL 8 for the electronics themselves but TRL 6 for
integrated system with high-g (potted) survivabilityifar-A electronics: TRL 8).

Fast ADCs and solid-state data recordersTRL 6 from military applications.

4.2.6 Proposed procurement approach & international partners

Procurement of COTS sensors for accelerometry. Pnoanteof COTS or modified COTS
sensors for tilt. Integration and potting of electronpesformed centrally for the whole
penetrator payload. Experiment team expected to includearg European penetrometry /
accelerometry expertise from academia (currently at feastitutions) and industry.

4.3 Geochemistry Package

4.3.1 Description and key characteristics

The aim of the geochemistry element is to greatly impraveuaderstanding of global Lunar

geochemistry by performing in-situ analyses at globally edfisgd sites, and to provide

contextual information for related payload elements sigckhe Polar Volatiles detector and
accelerometer. The requirement is therefore for one oe teahniques that can detect and
guantify the major rock-forming elements e.g. Mg, Al, &, Fe, Ti.

The selected technique is X-ray spectrometry, for wkhehBeagle 2 X-ray Spectrometer
(XRS) provides the benchmark. Primary excitation wasigea by two®>Fe (emitting X-
rays of 5.90 and 6.49 keV) and tW8Cd sources (emitting X-rays of 22.16 and 24.94 keV).
Uniquely for an X-ray spectrometer, the sample was exclly two types of sources
simultaneously as opposed to sequential source eroitaBed in some terrestrial X-ray
Spectrometers (Potts et al., 1995) or single source exnitdiovith the APXS (Rieder et al.,
1997). The fluorescent X-rays are detected by a Si Pidcte The instrument utilises
excitation from radioisotope sources, identical to thiing landers XRS, but uses the solid
state detector as used by the APXS on Pathfiritiee. and'*Cd sources provide excitation
from primary X-rays of Mn (5.90 keV and 6.49 keV) and Ag (22.16 &all 24.94 keV). The
fluoresced X-rays are detected by a Si-PIN diode. Theument is sensitive to X-rays in the
1-27 keV range and the corresponding range of detectable elem&nis Na to Nb.

The baseline XRS is based on the Beagle 2 instrumentangrises two parts: the detector
head assembly (DHA) and the Back End Electronics (BE&.XRS will view the sample of
the Lunar regolith brought into the penetrator volume ey icro-drill (see 4.4 below).
Alternatively, a small x-ray transparent window with shutteuld be provided in the rear
wall of the penetrator.

4.3.2 Performance assessment
Expected accuracies and detection limits

Element Si K Ca Ti Fe Rb Sr Zr
XRS - 0.11 0.070] 0.099 0.034 0.1p 0.15 0.047
Table 4.4a XRS Accuracy
Element Si K Ca Ti Fe Rb Sr Zr
(Ho/g) | (Mo/9) | (MO/9) | (MO/9) | (Holg) | (MO/g) | (Ho/g) | (HO/Q)
XRS - 360 230 120 420 13 14 9.0

Table 4.4b XRS Detection limits
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4.3.3 Resources: mass, volume, power, OBDH and telemetry
Geochemistry Package
Mass [g] Detector Head Assembly DHA: 60
Back End Electronics BEE 100
Shutter, window and mechanism* 100
Total 260
Volume DHA: dia. 4.7 cm x height 4.7 cm
[cm?] BEE: 12.0x 8.0 x 1.5 cm
Total 160
Power 4000 for two periods of 3 hours each
[mW]
OBDH No special requirement
Telemetry 50 kb / spectrum, two spectra

* shared with volatiles detector
Table 4.5 Geochemistry package resources

4.3.4 Current heritage and Technology Readiness Level

Heritage for penetrometer-borne XRS is provided by the ANGSMRnstrument in the
aftbody of the Mars 96 penetrators. The LunarEX penetrat@fite from Beagle 2 heritage.
Hence we assign TRL = 7 but must bear in mind that theumsit will require qualification
at high-gee levels — see section 7.

4.3.5 Proposed procurement approach & international partners

Manufacture of XRS as a collaborative, international enu@av Discussion with
ANGSTREM team/descendents to learn lessons from Mars 96.

4.3.6 Critical issues
View of micro-drill sample volume vs window and shuttade-study to be performed.

4.4 Water/Volatile detector

The measurement of volatile content in the shade, palaarLregolith is a key mission
objective and so in order to provide unequivocal results stvailsuring redundancy in this
key area, an integrated suite of complementary instrismenproposed. The analysis
technigues and sample requirements are listed below:

Technique Method Sampling requirements

Mass spectrometry Direct Sample ingress / laser sitind-
Spectroscopic Direct Sample ingress

Mutual impedance spectroscopy Inferred Touch sensor

Pressure sensor Inferred Sample ingress

Calorimetric Inferred Sample ingress

Table 4.6 Water and Volatile detection techniques

Note also thain situmeasurement of regolith electrical properties for inttgiron of ground
penetrating radar results from orbit.

4.4.1 Sample collection & Thermal control:

Sample collection is achieved with a micro-drill meckanithat is activated after impact.
During operation the bit extends into the regolith and céimedlenaterial tailings into a cup
inside a sample collection container. Following the drillopgration, a pyrotechnic actuator
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is used to seal the sample container preventing the unwestage of evolved gases during
sample analysis.

A resistive heater is wound around the sample containemadle heating the collected
regolith sample. The temperature of the sample duringinge@nd cooling) is measured by
two sensors located inside the sample container. @msosis attached to the wall of the
container and the other is located on a thermally isoladetin the centre of the cup. Gases
evolved from the sample during heating are vented through twitacapubes to either the
mass spectrometer or the optical analysis instrument.

4.4.2 Measurement techniques:

Mutual Impedance spectrometédraboratory studies of Lunar simulants have shown that a
measurement of mineral dielectric constant is a suitablhod of detecting water to levels of
0.1 % (with possible lower detection limits of 0.001%). Thessrs are physically small,
simple devices and so can be incorporated into thendrithechanism allowing rapid in-situ
measurements to be performed.

Calorimetric analyserThe sample heater will be programmed to deliver a stegveagng
profile to elevate the collected regolith materialsliowee the sublimation point of ice, hold it
there for a pre-determined time before turning the heditemnd the sample allowed to cool.
During the heating-and-hold period, the recorded temperatudegaaver profile will reflect
sample cooling i.e. when ice sublimates more energy isregfjto maintain the programmed
heating ramp so the presence of ice can be detected inwlee profile of the heating cycle.

Pressure sensofs the stepped heating profile is conducted, evolved gafiesxpand into
the analysis chamber and re-freeze when the heater powentched off. The resulting
pressure increase / decrease will be measured by a ME#dSupe sensor. The presence of
water (and other volatile) ice will be detected in temgerature / pressure profile during
sample heating and cooling.

Optical detection systen#is the stepped heating extraction is conducted, evolved geélkes
expand into the analysis chamber. Spectroscopic asafygeconducted with a tuneable
diode laser scanning across a single water line in the h3ifegion of the spectrum. The
water vapour abundance in the chamber is calculated usents Bev €.9. May et al., 1993

Mass spectrometer:

Characterisation and analysis of the evolved gases priesent
the sample chamber is performed by a miniature ion tegsm
spectrometer. The measurement of the volatile composition
together with the release temperature of individual volaisles

an effective tool for the identification and characesiegn of

the minerals and rocks found at the sampling site. A
secondary mode of operation using a miniature laser as a
stand-off laser ablation device would allow characteosaaf
regolith material through the wall of the penetratotegitin
direct line-of-sight, or through a deployable fibre-optiblea

Figure 4.3 Prototype, ruggedized ion trap mass spectrometer

4.4.3 Description and key characteristics

The integrated volatile detection experiment consists afumber of instruments and
mechanisms. These are outlined below:
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Sample collection and thermal control will consist of:

* A micro-drill mechanism to retrieve solil / regolith sasl

* A sample container

* A pyrotechnic (one shot) seal

* Two miniature temperature sensors

« Aresistively wound heater element (max temp°8)0

» Acapillary leak to the mass spectrometer and opticalcttat

The drill is deployment-locked prior to operation. Thetfingns of the motor drill will
release the locks.

Mutual impedance spectrometer:

* Animpedance probe sensor is located on the outside pktierator
* Animpedance probe sensor is on the drill bit, or a legawbe

Calorimetric analyser:

The technique uses the heaters and temperature sengwsample collection and thermal
control system.

Pressure sensor:
* MEMS pressure sensor

Optical detection system:

* Miniature tuneable laser diode

* Thermal control system (heater and temperature Seiasdhe laser
* Detector

» Capillary leak to sample chamber (via an isolation Jalve

Mass spectrometer system:

* Miniature ion trap mass spectrometer analyser
* Field effect ion source

» Solid state detector

* Inlet capillary to sample chamber (via valve)

» Stand-off laser ablation

4.4.4 Performance assessment

A penetrator based water detection system utilising glsadrill, pyrotechnic seal, thermal
control and spectroscopic detection system was spacdiepidtir the NASA Deep Space2
mission.

Laboratory studies have shown that 0.1% water contenbeasetected in Lunar analogue
material using the impedance spectroscopy technique.

The MEMS pressure sensor is a low mass, very ruggsgl éafree, monocrystaline silicon
diaphragm device, which has been qualified and flown on Beagid2Ptolemy (Rosetta
Lander) instruments.

The ion trap mass spectrometer is an instrument basetabralready developed for the
Ptolemy instrument. Its small size, low mass and mriteruggedness lends itself to location
on a sub-surface penetrating device. Laboratory testingboéadboard mass spectrometer
system has demonstrated a mass range of 10 to 100 amu.
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Figure 4.4 — Rosseta Ptolemy FM ion trap mass spectrombieh forms the basis of the
proposed LunarEX mass spectrometer. Size approx 100x100x80mnmddeae for clarity.

4.4.5 Resources: mass, volume, power, OBDH and telemetry

Water/Volatile detector

Mass [g] Sample collection and thermal control 150
Mutual impedance spectrometer 40
Pressure sensor 10
Optical detection system 50
Mass spectrometer 200
Electronics 300
Total 750

Volume 1000

[cm]

Power 3000; duration 5000s in a number of stages

[mW]

OBDH 50 Mbits of data collected in a series of operationsy@ard processing and
compression required

Telemetry <2 Mbits

Table 4.7 Water/Volatile package resources

4.4.6 QOperating modes

A sequence of measurements is foreseen involving
Pre-impact checkout

Post-impact checkout

Sample collection (drilling)

Sample control (heating)

Water detection 1 (Mutual impedance spectrometer)
Water detection 2 (Heating / temperature)

Water detection 3 (pressure/optical)

Water detection 4 (mass spectrometer)
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4.4.7 Current heritage and Technology Readiness Level (TRL)

Heritage for the sample collection and thermal contralesyss based on the drill and the
pyrotechnic sample volume sealing device which flew on theANB&ep Space 2 instrument
(e.g. Smrekar et al., 1999). TRL 6/7

The pressure sensors are devices which are in use éhdleeny instrument on Philae the
Rosetta Lander (e.g. Wright et al., 2007). TRL 8

The heritage for the optical detection system is basethe@rhaser detection system which
flew on the NASA Deep Space 2 instrument (e.g. Smrekalr,et999). TRL 6/7

The impedance spectrometer is based on proven mutualampegrobe which have been
demonstrated on instruments flown on Philae the Rosetta Toggnon et al., 2007 and
Seidensticker et al., 2007) and Huygens (e.g. Fulchignoni,e2@)2) spacecraft. TRL 8.

The subsurface element is based on mutual impedance protie doesidered for mole

deployment (e.g. Simoes et al.). TRL 4 and can be exptztedrease as part of the HP3
instrument on ExoMars development.

The mass spectrometer is a compact version of the ion tess spectrometer system
currently flying on the Ptolemy instrument on Philae tlesda Lander (e.g. Todd et al.,
2007). TRL 4

4.4.8 Proposed procurement approach & international partners

Pressure sensors are COTS.

Optical detection system: COTS lasers and detectoiislalea

Mass spectrometer: Lasers are being developed under ESaatamhich may be applicable.
FED sources COTS. lon detectors COTS. Digital electsorether FPGA or ASIC
development required.

Other items to be manufactured.

4.5 The microseismometer

45.1 Sensor description

The microseismometer elements are MEMS-based. A miafomed silicon suspension is
used as the sensing element. This acts as a spring/passfaystem, converting any external
vibration to a displacement of the proof mass. This digphent is measured using a position
transducer which consists of a series of electrodes qordieé mass and fixed frame forming
a capacitive transducer together with sensitive readeatrehics. The signal passes through
a feedback controller and transconductance amplifigpsaguce currents in a series of coils
which form parallel electromagnetic actuators to mainth& position of the proof mass.
There are two feedback loops, one producing the signaltrendecond producing low-
frequency integral control. One further coil is used todpce actuation from an external
calibration signal. The design of the microseismometercatitig the sensor-head and
electronics subsytems is shown schematically in fig. Zltese subsystems are described in
more detail below.

The sensor head consists of a micromachined silicon sispemcorporating the moving
plates of the capacitance transducer and the feedbackondilse proof mass, sandwiching
machined glass plates, one of which supports the fixedsptditehe capacitance transducer,
and a magnetic circuit which sits around the glass-silgtass sandwich. Along one side of
the sensor head, which is 20mm square, accessed tra@agfity in the upper glass plate, the
electrical connections can be made to a series of Imethpads.
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Fig. 4.6 shows the silicon suspension of the microseismoifadtecated at Imperial College,
London. The suspension is formed by cutting through the 500pm thsc&hassilicon wafer,
using deep reactive-ion etching (DRIE). The clean profiedeat in the 30pm-wide flexures
are the result of a concerted programme of DRIE opétioa (Pike et al., 2004). In addition,
the dynamics of the suspension are optimised to produce veryrgmtion of off-axis
modes (Pike and Standley, 2005). The introduction of frantesbe the spring sets, and the
mass relieving of these frames is evident in fig. 4.6.

Sensor Head Electronics
’ L Suspension iti ’
Vibration input —| p Capacitive | | Readout | | Feedback Signal output
Transducer Electronics control —
Calibration Main
actuator Actuator Transconductance
amplifiers
Integral
Actutator
' |
N Calibration
% input

Figure 4.5. Schematic of the microseismometer

Figure 4.6. The silicon suspension of the
microseismometer. The die is 20mm square.

The capacitance displacement transducer is of
a novel design (Pike et al., 2006): the moving
electrodes on the proof mass are in the form of
an array which moves laterally over a similar
array of fixed electrodes on the glass capping
plate with the motion of the proof mass.
Hence as the electrodes move in and out of
registry with proof-mass motion, a periodic
cycling of the capacitive coupling occurs.
Optimisation of the design for this lateral
\ capacitive array transducer, including the
effects of stray capacitance, has been carefully

studied and verified (Overmaat, 2005).

The glass plates on either side of the proof mass botlasdgirotect the suspension and, on
one plate, carry the fixed electrodes of the capacitaansducer. In order to reduce damping
and to allow for singulation of the plates from the omgiglass wafers, these plates are
abrasively cut, from both sides. The silicon-glass sensat-sandwich is bonded together to
both seal the structure and provide the necessary intercmmsedb the capacitance
electrodes.

Finally, a magnetic circuit is mounted either side ofgarsor-head sandwich. This provides
the magnetic field for the feedback actuator. Thisudiftcas been designed, modeled by finite
element analysis, and tested against the modeling ttiex ttean 90% agreement. The circuit
consists of four rare-earth, rectangular magnets, fole pieces and two soft-iron yokes

which close the circuit.

20



The electronics consist of a readout for the capacittnacesducer, a feedback controller
which splits the signal into in-band and low-frequency componenémsconductance
amplifiers to drive the coils, and pass-through for taBbration signal. This circuit is a
variant on the electronics which have evolved over moretthamecades under Kinemetrics
for use in seismic sensors. As well as extensive watifin of the performance of these
electronics, Kinemetrics has detailed models which camdeel to adapt the circuits for
particular implementations.

45.2 Instrument Performance

The requirements for a seismic investigation of the Ma@nbased on data recorded during
the Apollo programme.
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Fig. 4.7. Comparison of the microseismometer’s performemégollo, Viking and terrestrial
(STS-2) seismometers

Low-noise, high-sensitivity, well-coupled, isolated from kaent noise. All our science
objectives require data with adequate signal to noise.Afjollo seismometers were able to
acquire such data, and hence the microseismometer vidhrttee performance of the Apollo
instruments (Fig. 4.7).

Broad bandwidthThe majority of the LunarEX seismology objectivesuieg|observations of
body-waves from moonquakes at regional and teleseismic distdieemicroseismometer’s
bandwidth will be comparable to that of Apollo’s

Three matched componentsThe identification of particular phases in body waveada
made more certain, and in difficult cases is only maasiple, by using three-component
data. A full three-component system is required, withichred horizontal components, in
order to identify source direction, and to undertake muae fualitative waveform modelling
and analysis. The determination of source depth, scextent, and anisotropy are all
dependent upon full three-component data for their compatesation.

Long operation timeTo measuring a sufficient number of shallow Moonquakebeip
elucidate their source requires a long duration. The onisBietime of 1 year gives a
reasonable expectation of sufficient Lunar seismic evientaeet the LunarEX seismology
science objective.
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Parameter Requirement

Noise < 1ngl(Hz)
Bandwidth 0.03to 80 Hz

Temp. coefficient 100 ppm full scale/K
Nonlinearity <1% full scale
Range 0.05¢g

Table 4.8 Seismometer technical performance requirements

Linearity. Determination of scattering and attenuation properéied, waveform modelling
for source depth, source extent, anisotropy, and coee sihtequire a linear instrument with
a known amplitude and phase response. Analysis of swkaes has similar requirements.

45.3 _Resources: mass, volume, power, OBDH and telemetry

Microseismometers

Mass [g] 3 axes, each 100, total 300

Volume 200

[cm’]

Power 53 single axis, 112 full operations.

[mW]

OBDH 10 samples per second / axis each 24 bit. Total data ratst3/20 Data only

transmitted when above a threshold, circular data budfeent detection
algorith’. Compression
Higher rate sampling tbd for short periods

Telemetry 6 Mbits (corresponding to ~0.5% time during events)

Table 4.9 Seismometer resources

45.4 Pointing and Alignment Requirements

In order that the components of the Moonquake-induced vibraggnsuorfficiently to the axes
of the microseismometer, the vertical microseismosnaetis; and hence deployment, should
be aligned to better than 10 degrees to the Lunar surfao@hadlhis requirement is only
applicable during single, vertical-axis, operation. Theraasabsolute requirement on the
azimuth, but knowledge of the azimuth will allow for complegetor determination of the
vibration.

455 QOperating Modes

Global network mode: 1-axis operation triggering 3-axis operation when a seisweat is
detected.

Figure 4.8 shows typical Lunar seismic events from Apollacaedhat the time scale interval
is 10 minutes. Note also the relatively larger signal sed¢me horizontal axes compared with
the vertical (z) axis. This is typical for the Moon but kelthe Earth where the vertical axis
normally dominates. It is therefore proposed to use adwmral axis trigger. The S-P travel
times of the phases are typically more than 100s (Nalkam®83, Lognonne, 2003) which
implies a requirement to initialize the other axes wmitthiat time — the microseismometers
will have an initialization time of 30s.

Full operation mode: 3-axis operation

For local seismic events the time-lag between axkbaiess and so it is proposed to operate
a higher power mode in which all axes are continuously adiiveonserve power this mode
will operate for one month at the beginning of the misgsioarder to characterize the local
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seismic environment. For the remaining mission the micsos@neter will operate in a
power-saving, ‘global network mode’.

Sampling will be 10 24-bit sps with a bandwidth of 4 Hz, widoliers most of the frequency
range of moonquake energy. The baseline on-board data compredsiba lossless and
achieve an approximate three-times data volume redudfiamshort periods a higher rate
mode can be considered (200 24-bits samples per second)

DEEP SHALLOW ME TEOROID
MOONQUAKE MOONGUAKE IMPACT

-
t_ve73.156.:n00 | Y1973 o72:0800 t_i972:134 0850  1Omin
Figure 4.8 — Typical Apollo seismic events

45.6 Current Heritage and Technology Readiness Level

The microseismometer was originally developed for Melés, a network geophysics mission
for Mars, and is currently accepted and funded as p#énecBeophysical and Environmental
Package of ExoMars. Currently the microseismometet R4 4 to 5, and the aim of the
ExoMars programme is that all instruments will béeast 5.

45.7 Proposed procurement approach

It is proposed that the microseismometer and electronicdeveloped, fabricated and tested
by Imperial and Oxford under research-grant funding.

4.6 Heat flow experiment

For measuring planetary heat flow, two parameters anaireelj the subsurface thermal
gradient and the thermal conductivity of the subsurface mb{ee. the regolith). The heat
flow experiment will measure the temperature gradienth@ Lunar regolith by using
temperature sensors on the outside of the penetratase il be accommodated at several
locations between nose and tail. The thermal gradiemtbeadetermined from temperature
measurements once the orientation of the penetrator is kinomrthe tiltmeter. A correction
will have to be made to deduct the thermal effect of the popetfrom the temperature
measurements. The thermal conductivity of the subsurfacathegdl be measured in four
locations using small plate heaters. Thermal conductivitg@s could be measured using
miniaturized needle probes.
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4.6.1 Description and key characteristics

The heat flow experiment will consist of a number of sensmcated on the outside of the
penetrator. These are in detail:
* a suite of 8 relative temperature sensor (thermocoupleshe outside of the
penetrator
* 4 absolute temperature sensors (Pt-100 or NTC thern)istorthe outside of the
penetrator
* 4 miniature thermal conductivity sensors (e.g. heater plaktetiaermocouple, or
miniaturized needle probe)

4.6.2 Performance assessment

The feasibility of a penetrator-based heat flow experinhast been studied in detail (e.g.
Tanaka et al, 2000). Based on thermal sensors withcamaay of 0.01K Tanaka et al. (1999)
estimated an accuracy of 10% for the gradient measutertdgsing plate heaters, thermal
conductivity can also be measured with an accuracy of N$édle probes increase this
accuracy into the 1-2% range.

4.6.3 Resources: mass, volume, power, OBDH and telemetry

Heat Flow
Mass [g] 12 temperature sensors: 120
4 thermal property sensors: 80
electronics: 100
Total 300
Volume 20
[cm’]
Power 25 normal ops
[mW] 300 peak
OBDH Temperature measurement: e.g. 1/hr., >18bit resolutionndeygeon chosen
sensor.
Thermal property measurement: 50Hz, 12bit resolution
Telemetry < 0.5 Mbit for thermal property
< 0.1Mbit for temperature

Table 4.10 Heat flow resources

4.6.4 Operating modes

Temperature sensors: temperature measurement
Thermal conductivity sensors: temperature measuremant gbwer) and thermal property
measurement (high power).

4.6.5 Current heritage and Technology Readiness Level (TRL)

COTS space qualified NTC thermistors are availablefeogn Betatherm
(http://www.betatherm.com)

Thermal sensors based on LUNAR-A flight heritage: TRL 8

The heat flow experiment on board the JAXA-ISAS LUNAR-Angteators had flight
readiness level.

Needle probe based on Mars-96: TRL 8

A needle probe for thermal measurement on board penetreerdeveloped for the Mars-96
penetrators.

4.6.6 Proposed procurement approach & international partners
Procurement of COTS thermistors or Pt 100, procuremefOatS thermocouples.
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Manufacture or development of thermal conductivity sen@m@sending on approach chosen)
International partners: Collaboration with JAXA-ISAS vBion of Planetary Science
anticipated.

4.7 Penetrator Descent Camera

4.7.1 Description and key characteristics

The Penetrator Descent Camera (PDC) does not havethstarid impact and so general
space qualified camera technology will be suitable. Fa tie space qualified Beagle-2
PANCAM which are also in development for ExoMars araéteqpossible at quite low
resource of 160g and 900mw, (Griffiths et al 2006), (theseegaduwe given as a baseline in
table 4.2), though we propose a lower mass based on a a&camex single chip’ 3 Mpixel
CMOS detector coupled to a 45° objective lel8 format) via minimal encapsulating
structure. The PDC will image the surface in RGB coloomf40 km down to ~ 1 km
altitude to determine landing site location and context; sapgorting the achievement of the
science objectives. Below 1 km the image blur due to mettoeeds the camera resolution.

The camera would interface directly to the penetrBtdt) transferring up to 32Mbit bits per
image (binning operations of 2x2 and 3x3 to 1 pixel couldnyg@emented in the DHU to
conserve on board mass memory). Therefore, 4 images atqlurang the 3 minute 42
second decent would require 30 Mbit of uncompressed stordgestdérage requirements
could be reduced by a factor of 15 by using lossy coraparege.g. wavelet).

4.7.2 Performance assessment

Expected PDC performance (based on a COTS mobile phone caoduke) is shown in the
following table.

Size (I x w x h) (mm) 10 x 10 x 3pLinear Resolution 120 (@ 40 km)
(m/pixel) 3 (@ 1km)

Array Size (w X h) 512 x 51P Pixel Size (um) 2.2x272

Output Format (Bayer Matrix) 10 bit RGBANngular Resolution 0.3
(mrad/pixel)

Signal to Noise Ratio (dB) 4P Spatial Resolution 0.3
(mat 1 Km)

Diagonal Field of View (°) 4% Drive Voltage (V) 2.8

Sensitivity 168 | Dynamic Range (dB) 50

(DN/s)/(W/n¥.str.pum)

Table 4.11 PDC Specifications

4.7.3 Resources: mass, volume, power, OBDH and telemetry

Descent Camera

Mass [g] 10 (160 for Beagle-2 camera)

Volume 3

[cm’]

Power 160 during descent (~220s)

[mW]

OBDH ‘Offline’ x10 data compression on 21 images (each 32 Mbits)

Telemetry 2 Mbits to be transmitted over 28 days, some transmittedgldescent(tbd)

Table 4.12 Descent Camera resources
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4.7.4 Pointing and alignment requirements
The optical axis to be within 1° of the penetrator axis

4.7.5 Calibration requirements

The PDC would be radiometrically calibrated to bethemt1% and geometrically calibrated
so that the relative alignment of the optical and petettang axis is known to better than
0.1°.

4.7.6 Current heritage and Technology Readiness Level (TRL)

Optical cameras for use in space are relatively comnaregcertainly TRL>7) which could
be employed here with modest use of resources, though wie aion to space qualify the
lower mass and power COTS mobile phone camera modules fon wte TRL is currently
low at ~2. An international team of German, Swiss Awodtrian collaborators would be
assembled to develop the instrument (c.f. the Pan Camraoanséor ExoMars)

5. Basic spacecraft key factors

One Lunarorbiter spacecraft is required, which carries all the desoedules (4+). Each
descent moduleconsists of a singlpenetrator attached to a@e-orbit motor and attitude
control systemwhich is ejected prior to impact.

5.1 Orbiter
The mass budget for the orbiter + descent modules is simihable 5.1. The Orbiter will
include for each descent module - accommodation, commandimy telemetry

communications (health status), power, and ejection mesrha

Table 5.1 LunarEX Orbiter Mass Budget for nominal 4 penetrator pay(Gao et al 2007).

ITEM Mass (Kg)
Structure 131.0
Communications 8.4
Power 28.7
Solar Panels 15.3
AOCS 44.1
Propulsion 66.1
OBDH 6.5
Environmental 16.6
Harness 30.0
Payload (4 descent modules) 158.4
System Margin (platform) 34.7
Total (Dry) 539.7
Propellant (Transfer, LOI, OM) 296.4
AOCS Propellant 10
Propellant (Total) 306.4
Total (Launch) 846.1

5.1.1 Attitude and orbit control required

The AOCS system of the LunarEX spacecraft is requmgekerform 3-axis pointing for such
tasks as orienting the spacecraft during the propulsivaamighases, antenna pointing for
communications, directing solar panels towards the sun andHang penetrators towards the
desired locations on the Lunar surface. After the deployofahe penetrators on the surface,
the orbiter will continue to operate and communicaté whie surface instruments and with
Earth until the end of the mission. During this tifi orbit maintenance will be performed
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to ensure adequate visibility with the surface instruments the Earth ground station. The
basic AOCS system requirements are summed up as beziow:

3-axis pointing accuracy: 1 degree

Array pointing accuracy (all phases): 5 degree
Lunar insertion pointing accuracy: 1 degree
Mission lifetime: 2 years

5.2 Descent Module

There will be four descent modules, each comprising péreetrator and aft de-orbit and
attitude control system which is ejected from the per@tratior to penetrator impact. A
descent camera will be mounted on the descent moduleoviénall mass of each descent
module will be 39.6 Kg.

Upon release from the carrier spacecraft, the penetraisir perform a number of propulsive
manoeuvres to safely reach the Lunar surface with aghea impact constraints. Typically
an impact velocity not exceeding ~300 m/s and alignment of brely @o greater thar® 8
from the velocity vector (i.e. attack angle). The penetras released from the carrier
spacecraft with a spin rate of typically 60 rpm to providigal stability, and a period of
typically 5 minutes is given to achieve a separation of 10on fur starting the sequence. Itis
currently assumed that a spin-up and eject mechanisneds liswever spin up of the carrier
can be investigated as an alternative. The spin rateiisd to that needed for initial stability
rather than that required to stabilize during the delia-\dérder to keep the mechanism as
simple as possible.

Following separation from the orbiter several manoeuvrepaarfermed during the course of
the descent. These are as follows:

1. Spin-up to ~500 rpm

2. Deceleration burn of approx. 1675 m/s
3. Spin-down to ~20 rpm

4. Spin axis precession

Propulsion for the penetrator is based on several technolegiested for each propulsive
stage of the descent. The deceleration burn will use d switor due to the short burn
duration required to reach the required delta-V (to mié gravity losses). However, several
technologies were considered for the other phases. Theseoll gas, mono-propellant
(Hydrazine) and small solid rocket motors. The combinatmfrthese technologies that were
considered are as follows:

» All cold gas (too inefficient)
» Solid spin up/Mono-prop spin down/nutation/precession
e All mono-prop

» Solid spin up/down, mono-prop nutation damping/precession (moreotoplex for
small nutation damping only)

The selected baseline is to use a Solid Rocket Motothto deceleration and a mono-prop
(hydrazine) system for the remaining manoeuvres. Thisingarily due to the mass/volume
saving over a cold gas system and the simplicity oh@lesipropulsion system for all phases
(excluding deceleration burn) opposed to solid/mono-prop combisatidihe motor
developed for Lunar-A and available from Japan is one option.
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Attitude Control of Penetrator with Effect to Attack Angle/Error Thereon

The attitude control system is required to stabilizepimetrator during the firing of the solid
motor, and then reorient to the local nadir to an amuof approximately 8 degrees and
maintain that to impact. The penetrator is very comsthin mass, power and cost, hence
these objectives must be met with a minimum of low casdweare.

The simplest option for stabilizing the penetrator during~th@second burn is to spin about
the longitudinal axis. This penetrator is prolate and hentationally unstable. Any nutation

will grow in the presence of energy dissipation, leading flataspin after a given period

(minimum energy state). The presence of propellant on beaadprime means of energy
dissipation, however the time constant of the nutation greavéixpected to be significantly

longer than the burn period. Active nutation damping will lggiired during the spin down

period to prevent nutation growth, and may also be appliedgispin up and the delta-V.

A fuller study of this issue is published in (Gao and Phipp87).

5.3 Penetrator

Each penetrator will be ~0.5m long and ~13kg mass (similannar-A) and will be a simple
“single-body” type (as opposed to fore-/aft-body types siscBeep Space-2). They will each
consist of a supporting structure, a power system, comstemsydata handling system, and
payload.

A preliminary study of penetrator structure options has baemed out by QinetiQ (Church,
2007). Four alternative materials were considered, staebjraum alloy, titanium alloy and
carbon composite. A summary of results from this studyshown in table 5.2.

Penetrator Shell \Wall Projectile |Projectile Filling  |Projectile All-up
Material Thickness (Internal Mass (kg) Mass (kg)

(for 720mm length)  |(mm) \Volume (1)

Aluminium Alloy 6.9 6.5 7.44 13.G
Steel 11.p 5.7( 6.5 27.4
Titanium 2.1 7.36 8.46 10.9
CFRP 7 6.4 7.33 10.5
Compression Moulding

Table 5.2 Penetrator Structure options

These figures should be compared with an estimated phytidame requirement of:

Scientific payload elements - 1.5 litres
Batteries - 1 litre
Electronics - 1.5 litre
Total - 5 litres
Occupancy factor - 50%
Total required volume - 10 litres

Therefore with Aluminium, Titanium and CFRP penetrabaisses below the 13kg allocation
are achievable. Indeed for Titanium and CFRP a furttes saving can be envisaged which
would allow the inclusion of additional batteries. This lowess c.f. Lunar-A arises largely
from the significantly lower mass of the seismometer (~3kbuomar-A).
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Figure 5.1 — Demonstration of a LunarEX sized ‘penetraabrQinetiQ Ltd. The impact
velocity was ~300ms-1. The photo shows the item emerging afssingathrough 2m
concrete — the final velocity was low and the impact wasrgépe=quivalent to LunarEX
situation.

Given the level of expertise available from the defence isaatbthe results of the Mars-96,
DS-2 and Lunar-A development programmes the TRL for thetpsor structure is estimated
at level 5.

5.4 Subsystems, Heritage and Technical Readiness Levels

Other than the details of the ejection mechanism the owawatiept of the Orbiter is not
unlike a simplified Mars Express. All Orbiter subsysterasehconsiderable heritage from
previous missions.

5.4.1 Onboard data handling and telemetry

(a) Orbiter: Prior to penetrator deployment, the orbiter will neegravide commanding
and power to each onboard descent module for a limitetber of occasions to enable health
checks. During deployment the orbiter will be required ¢oept descent module health
checks, and if possible descent camera images. Afjgloyment the orbiter will need to
provide regular (e.g. every 15 days) communications withptretrators for commanding
and uplink of data, and to relay this information totkarhe orbiter will also need to accept
commands from Earth and telemeter to Earth a smalliatrad housekeeping data to support
its own orbital manoeuvres and sub-systems.

(b) Penetrator. Because of the expected infrequent communication congtttshe orbiter,
each penetrator will need to operate autonomously, coligatompressing, and storing data
until each uplink opportunity. A small commanding capability necessary to allow
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optimization of seismic data selection and data voluedction. Because of the low
radiation environment an FPGA, small micro-controllemocro-processor solution will be
strong candidates for this mission with relatively higmsiy memory. The nature of the
scientific payload will naturally allow for a high degreésequential operation with initial
uplink of descent camera images and accelerometer dietedlduring impact. This will be
followed by geochemical and temperature data. Heat flowurements will not be possible
until after thermal stabilization possibly after a wholenar cycle or more. Seismic data will
be the only instrument required to operate more or desinuously throughout the whole
mission. Thus, this will naturally allow, as resourcesme a significant processing and
memory storage saving via natural prioritisation. Iditaah it will be planned to select only
the most significant seismic data for transmissiomiwithe resources available.

54.2 Power

Because the penetrator will be completely buried under wharLregolith, and the sun is not
visible in the permanently shaded craters, power wilett@ely supplied to the penetrator
systems by batteries. Initial studies for this prop@a&dlls 2007) indicate the use of Lithium
thionyl chloride primary cells, as planned or adopted for2Dehd Lunar-A, with an energy
density of ~275Wh/kg. The Lunar-A team report an energy deos#30Wh/kg (Mizutani et
al 2005). For these batteries, both the operating temperamar g-force survival levels have
significant margins over the LunarEX requirements. Th&irstudy indicates a battery mass
of the order of ~2.5Kg/penetrator, corresponding to a capeicitp50W.hr (depending upon
operating temperature). For non-shaded sites, operaftiarpenetrator comparable to Lunar-
A dimensions should achieve a similar 1-year operatioistiniie. For the shaded polar sites,
where there are much lower temperatures, extended operatidihgequire careful
consideration of insulation and could greatly benefit fuma of RHU's.

5.4.3 Communications

One contact/penetrator every 15 days, corresponds to aofot@W.hr for the necessary
90sec contacts (in a general 12 minute window). With a me@anrate of 30kbits/day this
corresponds to an uplink rate to the orbiter of 5 kbits/d.(Bwar A). A similar amount will be

required for the receiver leading to around 4W.hr whicheiE% of the total power budget,
with ~99% of the power left for payload and data handling

Following impact, each penetrator will be buried bene&itn tunar regolith, and the
communications system adopted will be based on Lunar-A wtalths on transmission
through the regolith. However, a detailed study will be mafdeegolith communication
transparency properties, and the possibility of a mguitintennae especially for the case of
immersion into regolith containing a significant proportadnce.

The baseline design is a body antenna mounted at theadihg@) end of the penetrator. The
antenna would be conformed to the surface of the peoettatensure a smooth, projection
free surface. As the body diameter is quite small faHE antenna, a helical or similar
antenna may be needed; alternatively dielectric loadingldoeilemployed at the expense of
mass. The dielectric properties of the regolith would neede taken into account in
designing the antenna in order to optimise performance tunméed. Testing would also need
to replicate these conditions. The ruggedised UHF transdaiMeby QinetiQ for the Beagle
2 mission to Mars, is proposed as a starting pointméss is approximately 600g, and its
design is based on the highly successful MELACOM transpondein siperation in Mars
Orbit. MELACOM would be a logical unit to deploy on the Qebi The design could be
updated and miniaturised for the LunarEX mission, witteanphasis on the engineering to
survive the high gee environment. Study of the link budget shows titaVel omni-
directional UHF transmitter on the penetrator can trangBdays of data to the orbiter in
~90s with a more than adequate ~30dB of margin. The catigmosf the Lunar regolith will
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have a significant impact on the achieved margin of theftinkvhich a minimum margin of
20dB has been assumed to account for possible regolithiaitemnon the link.

6. Science Operations and Archiving

It is assumed that the agency will be responsible gacecraft operations support including
telemetry, immediate health and safety monitoring, ang commanding that may be
included. The scientific consortium will be responsifle detailed specification of agency
operation requirements, more detailed health and safellysis, calibration, scientific data
analysis, and command generation.

6.1 Science Operations Architecture and share of
responsibilities

Science operations for this mission are envisaged lasviol

(a) Orbiting support spacecraft — Intense operational support will be required for the
launch, and early post launch phase, orbital manoeuearegel, and then at a low level for
regular spacecraft health and safety (housekeeping) monitbrmmgghout the nominal 1 year
mission.

(b) Penetrators — It is envisaged that there will be intense operatisugport for pre-
deployment health and safety checks, follow by orbital deplaynaed impact. Deployment
of penetrators will occur approximately every 2 weeks. t&nwith each penetrator is
expected every 15 days (more frequently for polar peoet)atAfter the initial 1-2 contacts
only the seismometer and heat flow experiments will be dpgraand operational support
will be reduced.

Data collected during operations should be made avaitablaptly to the science team for
analysis.

In summary, operational support during the first 3 montlise relatively intense with a co-
located science team assessing data and optimisingaitead operations. For the latter part
of the mission (following 9-12 months) operations will batigkly routine.

6.2 Archive approach

All scientific data should be archived. It is to beatbthat the total penetrator data volume is
expected to relatively small at ~30kbytes/day, generatingoyidd/yr * 4 penetrator mission
= 44Mbytes for a complete 1 year mission.

6.3 Proprietary data policy

All the scientific data shall be made public 6 montherafie end of the mission.
However, data of public interest from the descent cametfladevmade publicly available
immediately.

7. Key technology areas

7.1 Payload TRL level and technology development strategy

General Technology Readiness of payload instruments has Iseeissdid in section 4 for
each element. Here we discuss the suitability of eaaghesleto survive a peak impact
acceleration level of 10,000g.

Accelerometer and Tilt-meteAvailable off-the-shelf — no significant issue
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Geochemistry packag&ome heritage from Mars-96 ANGSTREM but further development
required. Package inherently robust due to solid stateenaft@lements.

Water/Volatile Experiment Mutual impedance spectrometer, heaters, sensors,upgess
transducers, laser diode, mass spectrometer, electramtairc no moving parts and are
therefore intrinsically rugged. The micro-drill concept HaS-2 heritage but will require
further development for LunarEX

Seismometer The MEMS based solution developed for ExoMars will requugher
development. A number of measures associated with algmpii the proof masses and
alterations to damping constants through design have bemmireed and will require
breadboard testing in the near term. These developmelhtbeapursued in collaboration
with, and build on, the expertise of the QinetiQ penetromgteup who have already
hardened lower performance silicon sensors for use ierqtiles.

Heat Flow Intrinsically robust with significant heritage from Lupr& and Mars-96, Philae
and HP project.

7.2 Mission and Spacecraft technology challenges

In many respects the mission is similar to other Playpetgssions (e.g. Mars Express) albeit
with a more local destination.

The key feature of the mission is the use of penetratodgeptoy scientific instrumentation
into the surface of a planetary body. This must be consideeegrincipal challenge of the
mission.

8. Preliminary programmatics/Costs

8.1.1 Overall proposed mission management structure

LunarEX is proposed as an ESA mission with internatioolaboration only occurring at the
level of the payload

8.1.2 Mission schedule drivers

Within the UK there is a presently funded penetrator detnation programme that is

expected to demonstrate a proof of concept penetratog fikithin 2.5 years. While the

penetrator technology is relatively mature in the defencersectd a great deal of experience
has been gained with the Lunar-A and DS-2 projects, nt lma expected that the main
schedule driver will be the penetrator development.

Proposed milestones in penetrator development:

Proof of concept demonstration for LunarEX mission - Dewr 2009
Qualification of LunarEX Penetrator design - Decenfiixl
Earliest launch of LunarEX - 2013

The above schedule is consistent with that proposed damMTE (as yet unfunded) which
is targeting a launch in 2011-12, based on a more modest gpayloa

8.1.3 Payload/Instrument Costs

It is proposed that the penetrators themselves showdbled by ESA nations with non-
ESA collaboration while the De-orbit motor and descent AGG&IId be funded by ESA.
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The following estimates assume 4 flight penetrators andtit pare
ESA Payload Costs - 20 M€
Non-ESA Payload Costs - 43 M€

8.1.4 OQOverall mission cost analysis

Table 8.1 shows a simple comparison between Mars ExpressiaacEX. Indeed MEX and
LunarEX appear similar in that both involve a planetary erbélement and a surface
element.

From a simple comparison it can be seen that LunarE¥ a®uld be lower than Mars

Express.

Table 8.1 Mars Express — LunarEX comparison

Aspect Mars Express LunarEX
Launch Mass (kg) 1223 846
Launcher Soyuz Fregat Soyuz Fregat
Mission Duration >4 years 1 year

Mass of Surface Element 60 kg 158kg

(33kg Beagle-2)

(4 x 13kg penetrators
descent modules)

+

Mass of orbiting payload 116kg Okg

Mass of fuel 426kg 306.4kg
Launch dry mass (i.e. launch mass - fuel) 797kg 539.7kg
ESA Costs (M€) 204 155*
National Costs (M€) ~100 43

*Scaling from 80% launch payload dry weight. Further reducticars be envisaged from
reduced operations costs. Note the additional cost ebrbie and attitude control units is
offset by the savings from the absence of an orbitentsittepayload.

The above estimate can be compared with an approximatslMicE UK mission cost
estimate of 140-160 M€.

9. Communications and Outreach

The Lisbon European Council Meeting in March 2000, in #lelrated “Lisbon Declaration”
recognized the important role of education as an intg@ara of economic and social policies
for strengthening Europe’s competitive position worldwide. Tieeting set the strategic
objective for the European Union to become the world’'s mgesamic knowledge-based
economy.

However in summing up the outcome of the recent Space EducattamFheld in June,
2007 at the international Space Science Institute in BeenExecutive Director Professor
Roger M. Bonnet remarked “that the aims of the Lisbon Dattn are pursued energetically
in the USA but apparently no longer in Europe”

Europe is critically short of young scientists and engme®f all the domains that have the
potential to inspire, Space remains at the forefront.

Within the Space domain, planetary science and exploratmmolisbly the most engaging to
the public.
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LunarEX has the potential to be a very high profile roigsit will be novel and exciting and
will take place at a time when Lunar exploration has rerged in the public eye. A general
sense of ‘Man returning to the Moon’ is growing and weegyect to see a dramatic increase
in interest. This will improve public awareness of the isghat the mission seeks to address
(origin of the Earth, implications of water ice on paét@nfor manned planetary exploration
and the origin of life).

The relatively short duration of the first phase wiltlude a number of significant events
(Launch, orbit insertion, four surface deployments and fatst ight’'s plus potential water

discovery and, later Lunar core discovery) which should maimpualiiic interest and media
coverage. While comparisons with Apollo will be made, il aito be noted that at least two
penetrators will impact in locations which were not adbésso Apollo (Far Side and shaded
craters): thus it will be easy to communicate significedvances being made by LunarEX.

Within this context it is proposed to plan an outreacbgmamme linked to key mission
milestones. Live coverage of impacts and first transmis@oa strong possibility since
through ESA ownership, confidence will be very high. Desamatges transmitted in near
real time will be reminiscent of the first Ranger photpgsa

Moreover, the high technology, and apparently highly challengatgre of the penetrator
concept offers a showcase for European technology.
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