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A PROGRAM ANALYSIS FOR LUNAR EXPLORATION

FOREWORD

-In 1966 NASA asked JPL to begin a continuing study of post-Apollo lunar
scientific exploration, to identify priority goals and to help to define needed develop-
ments. Initial results of the study were given (Ref. 1) at the January, 1967, NASA
Lunar Exploration Program Review. This report presents the conclusions derived by
the JPL group through mid-1967. The study has been jointly supported and monitored
by Office of Manned Space Flight {OMSF) and Office of Space Sciences and Applications
(OSSA) people, and is intended to yield program plans based on efficient combinations
of manned and unmanned missions to the Moon. The initial work has been kept
relatively unconstrained. In particular, NASA plans (as reflected in the annual OS5A
Prospectus, for example) have been treated as general guides rather than as specific
requirements to be met by the programs considered. The scientific and technical
opinions expressed are those of the JPL authors and are offered as independent
judgments based on our analyses and our flight program experience. We do not
intend to state policy or give commitments of future effort on the part of the Labora-
tory; we do present specific recommendations for future effort in areas where the
analysis shows work to be needed. The following members of the Advanced Lunar

Studies Team have been directly involved in preparing this document:

W. Ackerknecht J. Bruman W. S. McDonald
J. B. Adams J. D. Burke D. K. Rubin

V. Anthony R. B. Coryell S. Rubinstein
H. Bank J. Eyraud J. Stott

T. A. Barber A. R. Hibbs

R. G. Brereton V. J. Magistrale

Comments and suggestions by other members of the Advanced Lunar Studies Team,
the participating JPL Divisions, and the Surveyor and Voyager Projects are grate-

fully acknowledged.
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I, INTRODUCTION

The purpose of this study is to describe a logical group of goals and then to
examine the mission plans for a lunar exploration program directed toward under-
standing the nature of the Moon. Previous studies such as those of the National
Academy of Sciences (Ref. 2, 1965) and the President's Science Advisory Committee
(Ref. 3, 1967) have served to cutline the major objectives, scope, and pace of a post-
Apollo lunar program. In the present study the interrelationships among objectives
have been examined for their effect on experimental strategy, and development plans
have been studied to identify the combinations of existing and new systems that could
be used to carry out the.program. In order to emphasize questions of immediate
interest, attention has been focused on (a) priority questions in the scientific rationale
and (b) near-future engineering developments. Later goals such as exploitation of

lunar resources and operation of lunar bases are excluded,

The content of the study can be summarized as follows:

(1) Why--Priority scientific goals, reasons for program.
(2) What--Investigations required to reach goals.
{3) When--Logical sequence of initial measurements, later surveys, and

detailed explorations.
(4) Where--Likely locations on Moon.

(5) How--Experiments and carrier vehicles.

These subjects are taken up, in approximately the order listed, in the subse-

queht Sections of this report.
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1L SCIENTIFIC EXPLORATION PROGRAM

Using the Space Science Board's reasoning and the associated 15 questions
(Ref. 2) as a basis, the first step in the scientific part of the study was to devise
2 rationale that would display logical sequences of investigation. This work resulted
in the chart shown in Fig. 1. On this chart® there are identified 2 number of major
lines of investigation, each proceeding through characteristic phases ranging down-
ward from initial or gross measurements to later, more refined investigations. The
phases are, of course, somewhat related to assumed advances in technology, but they
2lso reflect the intrinsic ordering of any sequential scientific investigation. In the
present study we have confined our attention mostly to the early phases, since these
are the ones now influencing program decisions, and also since the needs of the later

phases are naturally more uncertain at this time,

The next step was to write down sets of measurements that could yield the data
required for each phase of each investigation. Of course, some arbitrary choices
were needed here, since, for example, we could not know in advance how many
rneasurements of a given phenomenon would be needed for a full understanding of 1it.

The resulting measurement lists were published in Ref. 1.

The next step in the study was to identify priority requirements. Up to this
point we had been considering a program dedicated to answering all recognized lunar
questions, without any ordering except that imposed by the investigative 10g1c itself.
To be useful for program planning, the study should yield a more selective output.
Rather than trying to weigh the relative merits of the several scientific dlsmplmes,
we elected to consider the questions and measurements in four categories:

(1} Critical Data

{2} Cosmogony

{3) Exobiology

{4) Astrogeology

These categories are arranged in priority from the specific goals of lunar
science to more general goals. 'Critical Data' refers to that group of experiements
whose results are needed for effective planning of a continuing program. These
experiments belong in general to Phase | in Fig. 1. For example, an early indication
of the presence or absence of seismic activity is essential for planning the lunar seis-

mological program.

%Fig. 1 is a slightly revised version of the chart presented in January as Fig. 9 of Rel.
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'‘Cosmogony' refers to those lunar questions and measurements which bear on
the Moon's history and constitution as a planetary body. These measurements are
accorded high priority because they may yield information pertinent not only to. the
Moon itself, but also to the origin and evolution of the planetary system. In view of
their special importance, these planetological measurements became the subject of a
separate study within the JPL effort. The results of this study are contained in Ref. 4;

their implications are discussed further below.

"Exobiology' refers to the class of experiments that can be done on the Moon in
support of either techniques or theories in the search for extra-terrestrial life. It
is ranked third on our list, not because its intrinsic interest is low, but because the
Moon is expected to be a less rewarding target than other bodies for at least the early

phases of the exobiology investigation.

'Astrogeology' is used here in a restricted sense, to refer to missions in the
late, detailed and extensive phases of a program, similar tc the fine~scale mapping

and exploitation of unpopulated regions on Earth.

By using these categories as a guide, it is possible to place the various investi-
gations in approximate priority order, and then to see whether or not a candidate

flight program results in timely achievement of the most urgent measurements.

As mentioned above, special attention has been given to the planetological
investigations. This was done, not only because both theory and observation indicate
that the Moon. itself may yield important planetological clues, but also because the
results of lunar experiments may be critically important in planning investigations on
other planets. In Ref. 4, five main questions were identified pertaining to the possible
evolutionary paths of the solar system. These questions are as follows:

Q-1. Are the present individual planets and satellites chemically uniform ox

non-uniform ?

()-2. Did final accretion result in the present array of planets and satellites, oxr
in a collection of bodies that were subsequently modified to yield the
present array?

Q-3. Was the (circumsolar) dust cloud homogeneous at the time of final

’ accretion?

Q-4. What was the state of the sun-cloud system when it first appeared as a
recognizable entity ?

(3-5. Were there large-scale elemental and isotopic nonuniformities in the

(initial) contracted nebula?
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The lunar investigations which bear most directly on th(::se evolutionary .
questions are: -
{1} Investigation of Moon's gross shape and mass distribution, including core
if any.
() Investigation of heat flow, magnetism, and interaction with parti¢le-and-
field environment.

{3) Investigation of Moon's isotopic, chemical, and mineral composition.

The rélationships between the major lines of investigation and the five evolu~
tionary questions can be seen in Figs 2 through 6. Five shading patterns are given,
each of which pertains to one of the five guestions as listed at the left of Figure 1,
and outlines those investigations expected to be most important for that question.
Fundamental to all investigations is an adequate mapping program to conlirm the

validity and show the interrelations of the other measurements.

Once the priority measurements in the 'c ritical-data' and 'cosmogony' classes
were identified, il was possible to begin the evaluation of the flight programes. This
process is described in the following Section. The main conclusions of the scientific
study were such as to require increased emphasis on {a) deep seismic probing,’

(b) selenodesy, (c) thermal, magnetic and particle-and-field experiments, and

{d) measurements of radicactive-element ratios and extensive sampling and analysis
of material collected on the Moon. By the same reasoning, relatiiely less impor-
tance was attached to local surface transport mechanisms, isolated tectonic effects.
cratering mechanics, or other influences affecting lunar surface details., However,
the study has continued to include consideration of these other efiects as necessary
elements in a complete program. Also special attention is being given to the
subjectl of volatile constituents, especially'water. because of the large effect that a
discovery of avail~*'~ water would have on the later phases of the 1m;ar exploxration

program.
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11 MIESION PLANNING

_ Given the explozation rationa.. _.... .._.-sity goals described in the preb'{ous
section, the next task in the stud% was to fit the required measurements into an
orderly flight program. As a pant of the previous work, mstrument lists {Refs. &
‘and 7) had been prepared, giving descriptions of the e:;per:arﬁental equipment comple
ments thap could be carried by orbiting or landing spacecraft. Wlt_h the aid of these
!1‘Ists and the measurement sets as listed in Ref. 1: it was possible to prepare a
Mission Planning Chart, Table 1. In this Table the fir'st column lists the Phases in
the major lines of investigation as given in Fig. 1. The ne;;t column lists the
measurement number, for cross-referencing with Ref. ‘1. The following columns
list the objectives, i nstruments, and spacecraft believed applmable for each measure-
ment, plus explanatory vemarks, and the final column indicates the Space Science

Board question or questions (see Table 2) to which each measurement is pertinent.

The ma.jc.)r conclusion that can be drawn from Table 1 is that there are some
high-priority lunar meaxsurements which will not be made very soon if p;resc'nt
flight-program plans are followed. " If near-future lunar flights are limited to Apollo
and modest extensions of Apollo, plus the remaining three Surveyors aad bne or two
Iunar Orbiters, there will be no early opportunity to perform the following types of
measureménts: ) : ' - .

(1) Simultaneous particle-and-field measurements on the surface and in

orbit, including accurate mapping of the lunar magnetic environment.

{2)  Operation of a long-baseline seismic net. + - ‘

(3) Surface sampling. with on-site analysis and/or sample return to Earth,

in Mocn!s polar regions and remote, rough areas.

{4) Subsurface probing in regions {e.g. polar areas) where theory or

observation suggests possibility of finding recoverable water.
(5) Topographic mapping of selected areas in ‘su!pport of the above and other

investigations.

The first class of measurements could be made by small orbiters {(IMP or
Pioneer-type spacecraft) operating in combination with ALSEP or Surveyor payloads
on the lunar surface. The IMP.or Pioneer spacecraft are preferable to larger
Fpacecrait because of {_a) their spin stabilization, which permits rapid measurerient
of field vector components, (b) their nonmagnetic design and construction, (¢} their
small mass and consequent small induced-radiation background, and {d} their °

.relative independence of other mission constraints such as illumination, rendezvon
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in low altitude lunar arbit.
Deguire long lifetime,

Spacecralt
Bl Scheduled Plannming
Unmanned Apolio AAP
Science Science Inatr ta
Measyrcment objective | (numerals indigate sable numbsrs) = - Remarks Majer Linee of invesclgation
I .
I H £
AN BEHBEREE R EEP
HEIRYEI R R R wl @
Elal L8} = ﬂ ] 'E ey ) 3 o
4 fe
s|slajdf=pz|d ﬁ.’aqaqg
1} | Three moments of Inertia - range BoOA 1-5 Tracking of Orbiter Measurement {3 being carried out 1¢a)
and doppler tratklng of erhater Radip or lascr ranging from
with transponder  Orbit ahoyld v Tracking of IMP/FPloneer ianders or ALSEP could provide
be inclined to equator additional data.
2}t K, Th, U ratsas of whole surface. | BDA  |1-7 Gamma ray specirometer [E3] May be carried out sn Orbiter &, lte}  &{a} 5{a)
but if not, will not be done untal
VH-5 Gamma ray spectrameter LT_E] early '10's with LM/55 or
Orbiter Block U
YUi-2 Gammu ray specirometsr
3){ Groas radialion environment - AD 1 Radiatien detectors = These experiments are not being He)
high and low encrgy particles done. Expeet te got dats from a
deteéiora such aa electrostatic Vil Radiation detectors combination of landers and
analyzers and gamma ray extrapolation of earth data,
datectors in lunae arbit, Desirs N
long Netime and elliptical orbit.

4} | Groas heat outfiow ~ beat done in BhA 1-9 Infrared radiometer Will not be dont before carly 2{b)

strvey mission by polar orbiter, . *70's on such vehicien an 6lay
1-I Microwayve radiometor Grbiter Block Il and LM/S5,
VI-6 Thermal mapping @
Vil-7 Microwave imager = )

3){ Ceneral suriace appearance AD I-iz Photo imaging . Meanurement 1 being carried out 3a) 4{a} Vial
Orbiter and Lander photographs Mb)  4{b) T(b}
with orbiter resohution of II-12  Survey camera . | 3e)  ale) e}
100 meters or better, 3 Hd

b)| Gronn magnetic fields - threo-axls AD Vil1-3 VYector magnetometer Gan be done on unmanned photo- 1ta)
magnetometer an orbiter graphie orbiter but IMP/Pioneer 2(d)

I-1 Heljum magnetomerear [ ] would do 1t beas,
y 1
|
7} Atmospheric prassure - red head A I-13 Red head or trigger pruge [E3] Unless flown an Orbiter Bloek II, 3{d)
- thiv tneasurement will not be s

accormplished; however, surface
measurements during Apollo and
AAP are scheduled,
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Spacaecraft

¥ Scheduted

X} Planning

Unmanned Apollo AAP
. Selence Sclence mrtrements
Phasc Meaguroment abjective | (murnerals andicate table numbera) : . Remarki Magor lance of Investigatien
EH
=13 K
wlwl 8t afnl ] e a1 -
AHBOHEEE BRI
AHEHHEIHE BRI
slela|3i&i<|8{413|2]<]3]4%| 4
1 8} Presence or absence of scismic ABD I1+5 Single axis selsmometer Will probably be done firat as part 2la}
activity - operaticn of tnstrument of Apelle (ALSED) k114)
over pericd of at least six months II-17  Passive seismic |F3}
and at several locations,
V-1 Paselvs seismic” [}
Ix-} Pagwive selamic @
H 9} | Higher harmenics of masra distri- BD i-5 Tracking of Qrbiter g‘hla mc‘nnuremcnt will probably 1{a}
‘bution, ¢ satisf(ed In the normal course .
i1.22  Radio and laser rapging = of the lupar program.
¥11-8 Gravity gradismeter &
.z Laser-radio ranging
10} | Radia)l mass distribution - three- BD IH-t7 Papsve seismic E Really need a net for this mean~ 1y
axis long-period seismometer net urement which allows stmuyltan-
if moon has clastic wave aource. V-1 Paszsive seisme [~ eous dats Ironi: widely scparated
geographic pointd,
IX-1  Passive seizmic
1} | B, Tk, U ratios area by area » oB 1-7 Gamma ray speciromcter It should be r.o‘!cd. that 1f Orbiter 6 lic)
detyd) study of gamma ray distri- does not {ly, this measurement S(a)
butfon, Deaire low=altitude polar VI-5 Gumma ray spectrometer may nat be accomplished.
arbit  Mcasurement {2} may have .
satlufied this
12} | Infall rates of solid particles - DAB i-4 Meteor dust detestar N Some {nformaticn {8 heing b
tong-life micrometeorite obtained by Orbiter Block I; how- THe)
dele(clors either in orbit or on -4 Micrometeorite ejecta i tl;vcl'. éhl: n;e}uure;m;:t ";:ll“"c-
surface, ata obtained from both orbiters
YlI-5 Micrometeorites and landers
IX.46 Micrometacoreoid {e)cctal

1X-13 Dust detector

(=R E]
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Spacecraft
P . B8 Scheduted Planning
Unmanned Apolle AAP
Bewcnce Science nstrunents —
Phase Measurement objestive | (numerals Indigate table numbers) " Remarks Mayar lines ol investigation
R
’ mbE Wl : g
Wiul Ol wlnd Bf e 5|
vl = e
glavlelsialslel@Illal=] |,
- AEHEBREHEEEEEE
&l8| Z|3|& R[S S15|3f <452
II 13) | Detarls of radiation environment - DaAg 1 Radiation expariments These experiment# are not betng 3e)
high and low energy particle, done, Wil make some ground
Detectors on orhiters and ground Radiatien experiments tmeasurements as part of Apollo
‘| atationy. Cround statione wauld ALSEP,
act as base for orbiter obaerva~ v Rydiatron axperiments |
tions.
v Radiation experiments N
x Radiation experiments %]
14} | Heat outilow in apecific regions « Do 1.9 Thermal mapping ! if not accomplished in Phase 1, (b}
this 12 a followup on measurement this ohservatien has high priority 5a)
No. 4, ncludes Loth arbiter and 1-11 Microwave surface EI hera,
ground measurcrments imager
VII.6 Thermal mapping
YI-7  Multilrequescymicrowave 1]
spectrometer
V-6  Hoat flow " |
IX-5  Hest {low in three-meter
. holaa
Xi-9 Subsurface probe
15) | Detar) surface appearance DA 12 Phato Imaging B Can be dene by unmanned Z{a)  3thy  4(a}  HdA) T}
< 1} maters resolution and mappet as Orbiter Block II, and  [a{c} 3(c) (b} a} 7{d)
sterea of whole moon, VI LM/5S camuras can be done by LM/SS  Data to Hal 3N el AW
be achicved and retrievad only
when needed,
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Spacecraft

. Scheduled

Planning

Unmanned Apallo AAP
Science Science instrumenta .
Phase Measurement objective | (numerals tndicate table numbers) : 3 Remarks Major lines of invesligalion
HNF
[ =1 v B
slul & 5l 2] B : 2] (E a,
HEEIFIH IR IR °
-1 R4 - 5 by =] &
A MER as E 2l s 3 § | m
slola| 3|2 <o Sf3|E|<|3|4a
II 16) | Identafrcation of lava and ash D I-6 Radar The ground truth for lhl; 4{c)
fields ~ surface componition measurement can come from
meastrements from Junar orbiter 1-7 Gamma ray spectrometot mineralogy-petrology measure-
to be correlated with {15} above ments by landers, rovera, Apollo
and ground truth data, 1-8 Thermal neutrons and MP]geo}:ngrdabnd lan:pled N
' detector return. It shou ¢ realized that
these features may be recognized
1-9 Thermal mapping [13] best by visual imaging,
1
1-10 X-ray fluorescence 5]
1-11 Microwave aurface m
imager
YiI-4 Imaging radav
VIl-5 Gamma and x=ray (4]
specirometer
¥YiI-6 Thermal mapping &
YI[.7 Multifrequency microwave |£3]
spectrameier
Y LM/SS'Lmnging systern [E
* I-12 Photo :maging experiment .

17} { Higher harmonics of magnetic D VIL-3 Magnetometer {vector} E Thiz measurement nf'mlt probably 1{b)
field = a three-axis magnetometer wili require an IMP/Pionecr 2{d)
mn palar orbat, IX-4 Magnatometar spacecraft in combination with bfc)

surfa¢e cbaervotions for base

It-9 Magnetometer control, Best denc by combina-
tion IMP/Pioneer plus ALSEP or

¥-2 Magunetometer . ] combination IMP/Pioneer plus .
lander,
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- ’ Spacecralt - .
f . .
) B S5cheduled {8 Planning
' B ’ Unmanned Apolld AAP
Sclance Selence instrumenis .
Pt’!ie Measurement objaetive | (numerdls fndigato table sumbaxe} . ¥ " Remarks Major Lnes of investigation
5 HBE
) b H
AR . G .
. - 18828 i A -i:._ & = o
HHHAERERERE
. sislaiael<|slai3|212(4 414
o td.’nunc.uun ot eroded surfaces B b Radayr I3 Most of the dara for thiy wilt e
and depasited layary - meapure- . M - prabdably come (rom visuat ALY
ments, [rom Iuhat orbiter to be I-7 Garnma, ray spectromete: = imaging. Much information s 1)
corrglated with {15) above and belng thtained by the Qrbiter
surface siudies, 1-8 Thermal nentrons E « |Bioek I serlex of apacecraft. Will .
- detector . necd ground-truth for corelating
arbiter data.
. L. -9 Thermil mapping [F4]
- . N I-10 ¥ cay fluprescepce - Xl !
. I-11 Microwave surface, @
imager - o
, 1-12  Photg imaging experiment, {08 (K]
vi Photo 1maging expeciment )
Vii-4 Imaging radaw [)3 . ’ g
. VII-5 Gamms, and x-ray ) -
speclromnter N s
* v YH-6 Thermat mapping . R
N Vil-7  Muftifrequency mierowave ) .
specirometer
19) jChemical anafysis of thg atmo= DB 1-13  Quadrupole mas %] The ground dafa far this measuze~ e
sphiere - Instruments (or this spectromeler el appears to be coming along; Ma
: #should be carried on low sltitude * - thowevar, orblter medturements 3}
polar orbitér plus emplaced ar i-14  das ehrotmatagraph = will be difficult from e manned S}
possibly two ground wites. E missjons becaune 6f oulgansing,
; 1-3F  Lunar atmosphere ] Thir fnepsurement {9 best done on
. 4 = experiment » combination of Drbitar Block i
. . . and ALSEF, Also, measurament
Vadq Jon detector B shbuld be done garly in fupnsr pro- -
- gram. . . -
V-5  Preasurc ghugt | 2¢4 . -
[¥I-4  Swmple retarn N1~ | . .
Y X+8  Jon masa spestrometer ° f
- - . r - . -
’ ! IX«11 Lunar atmasphdre :
expgariments . - - * M \
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KLI1 Lunar base studies

apecific minsion to obarrve con-
tact zones wili probably not be
accomplished unul AAP,

Spacecraft
Schedueled Planning
Unmanned Apollo AAP
Science Scicnce {natrumenta
Phave Meagurement lobjective |{numerals indicate table numbers) a Remarks Major liner of mvestigation
b H
2 o
- o
2 s fa |5 H
Ml h | [
HEITEIEIGISIRBE B
HEA R T e A A
&3 1228 E[RIEIR 443
I 20} | Location of eplcenters - threo BD I1-17  Paszsivc acistoic The three scheduled Apollec ALSER k1F)]
long-period, three axis seismom- masslons will give a start on thisg by
etery separated by hundreds of Val Paswive szismac n however, a reasomable solution to
kflometers and operating aimul- this measurement will roquire
taneously. j2. o Pasatve aciemic arrays many yt&re of aelsmic-net oper-
atiou Wil probably alwe require
a iripartiie not on backaide.
11 21) | Physical libration - DB .22  Rapging {radle asd X1
lasco)
IX-2  Laser-radio ranging ) Ha) Ie) &(n)
metwork

22} |Radial discontinuities in mass - BD H-17  Passive selamic If moon la sclsmically active and Ia)
ff moon is seismically activa, considering the long iietime far k(b)
sersmic measurements in Phase II V-1 Pavslve sciomic [- | both the Apolle and AAP ALSER, 1{e)
may thow the core-mantle diz- we should have good Information 2{a)
continuity, If moon 18 not sais- X-1 Fazaive selamic arrays E] oh thts messurement by the
mically active this measuroment middle '70's
will require large-seale active
selamie expariment and must be .
delsyed to 2 latsr phxge,

23) |Location of contact 2ones - viswal D m Roving vehlele science The data for selacting theee sites 4b)
examination from the surface of la probably avallable from ground 4(dj
sptcific regione selected on the Vi Apcllo-geology snmple . - | based telescopic obaervations and a)
baris of Phase [k maps, Roving return Orbiter I data; howevar, Orbiter b}
vehicla traverses probably Block I or LM/55 images will T(a}
required - fiold geology. X L5SM science fodl| certainly enhance slte sclection {a)

The Apolle geologizl may obactve 3h)
xI LEV sclence [} |ehis type of Teature; however, 3(e)
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expeviment

* Spacecraft
B Scheduicd [ Pianning
Unmanned Apello AAP
Sclence Science instruments
Phaze Measurcment objective | (numerals sndicate table nambere) i . Remarhs Major Mnes of wnveatigation

h
El 1

=] HEE

' sl Bt s etal & ol ol & n

si & HH E [

Bl el Mopel Rl =fulx] |,

ff;=sﬂ°5§]“3§5:

ClO|w 3 & 2|8 i E < &

Ii1 24} | Detalled examination of selgcted o it Roving vehicle #cience [)_Ej This measurement s only 3(b)
Craters - ground study of classie marginally within the eapabilities 3c)
Grater types. For the larger v1 Apollo-grology and [} of the AAP atay tirncs and the a{b)
eraters apd auyldcmﬂ agudy, i:hu tample return range of the LSSM and LEY, The S}
obuyervation will requlre consid- Apolle arironaut will aceomplish Hal
erablc mobility and long stay X LSSM seience 73] 1ome prelimingry obtervations on Te)
times ~ feld geology, small craters in the landing area

Xt LFY scicnee
X Lunar bape studics

25) | Location and identiffcation of D ul1 Roving vehitle scicnce ! = Orbiter mapping data for study of Ha)
volcanacs » includes ground . these sited can be provided from 4(c)
studics of select rtes rcho;cn X L1SSM selence = the Orbiter Block 11 or LM/SS 4(d)
frea Phase 11 mapa - fiel aft but ifie wit 'S E
g::al:ogyl ke 1 map ° x LEV scienca @ ;s:‘l.:::is!:e: b:’;’::’e ES:SMe: l’:n;' e

LE'WVs are avallable, Will hkely
Xii Lunar bare studics @ mvaive iraverse over rough
ground,

261 ] Location of 1gnegus extrumiona - ] I " Roving vehlele science [543 Samse a1 above, + Mal
includes grovnd studies of select 4ic}
sites choren (ko Phase 10 maps, X LS5M aclence 4(a)
fieid geology

.11 LFY science
X Lunar base stndics

27) | Lucation of gas vents - mefudes o Roving vehicle science [i] kocation of some sites fram Aa)
rround study of some siles - orbiter viswal data and remote {d}
fiald geology, x LSSM science senacra. In addition to the geo- . Ani

logy of ¢lassic arcar would also
XL LFY silence lke lo study any gas emiduions,
This latiee task wall probably
viI Lunar basc studice (%] | require the use of LSSM or more
prabably LFV to emplace inotru-
IX-8 Ion mass spesirometer ments.
iX-11  Lunar atmoaphere (%)

g-094



61

Table 1, Sheet 8 of 8

. . . .
l Spuc e radt
I Schedulcd Franning -
f
. panned Apalla AAP
L s .
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Table 2. Relation between major lines of investigation
and the fifteen SSB questions

Body Structure

(2} Mass Distribution (1, 2)

{b) Presence of a Gore {1, 3, 12}
{c) Gross Differentiation {1, 3, 10}

Body Activity

(a)  Seismic (1, 3, 5}

{b) Thermal (1, 3)

{c} Volecanic (3. 6)

{d} Magnetic Field (1, 3)

Surface Activity

{a) Volcanisma (3, 5, 6, 8)

(h) Iinpacts (5, 7, 13)

{c) Erosion, Transport and Deposition {7)
{d) Escape of Gases (3, 8)

{e) High Energy Radiation (14)

{£) Seismic Activity {5, 6, 11}

Surface Mc;rphblogy

{a) Appearance {front and back} {2, 5, 6, 7, 12, 13)

(b) Identification of Strata {l; 5, 6, 7, 10, 12, 13, 14)

{c) Liava, Volcanoces and Volcznic Rocks (3, 4, 5, 6, 8, 12)
{d} Crater and Rock Distribution {6, 7, 10, 13)

Surface Composition
(a)  Chemical (4, 6, 8, 9, 10, 12, 13, 14)
{b) Minexal {4, 6, 12, 13, 14, 15)

Body History

{(a) Thermal {3, 5, 6, 12}

{h) Inferaction with Earth (11)
(c} Magnetic {3, 15}

Surface History

(a) Stratigraphy {1. 5, 6. 7, 10, 12, 13, 14)
{b} Seismic Activity (5, 6, I1, 12)

(c}  Impact Rates {b, 10, 13)

(d)  Igneous Rock (6, 10, 12)

{e) Magnetic Remnants (}0,.15}

Organic Activity
(=) Carrent (9)
{t) Rewmnants {9)
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maneuver criteria, and so forth., Because of these advantages it has been
recommended that IMP or Pioneer-type spacecraft be carried aboard Apollo or
AAP vehicles and ejected after reaching lunar orbit. Also a study of the experi-

mental criteria for such missions has been made; the results are given in Ref, 5.

The second class of measurements requires (a) landings at three or more
widely-separated points on the lunar surface, and (b) simultaneous -operation of the
landed seismometers over a time period reasonably long compared with the {(now
unknown) frequency of natural seismic events. These requirements suggest use of
Surveyors in combination with ALSEP. Use of ALSEP alone would require manned
flights scheduled closely so that the lasi seismometer would be delivered while the

first one still had several months of life remaining.

The third class of measurements, surface sampling, presents special prob-
lems. Apollo and AAP flights are expected to yield adequate sampling data within
their areas of access. For Apollo these areas will be equatorial, flat mare sites
selected primarily for safety, with sample collection limited to a region within about
one kilometer of the landing poinf. For AAP the constraints are less definite at
present. There is a possibility of reaching the middle latitudes of the Moon, and algo
a possibility o‘f landing close enough to steep, rough or unique features (e.g. Coper-
nicus) so that, with the aid of transport vehicles, astronauts can reach the sites of
interest. The two kinds of transport vehicles being considered for AAP are the
Local Scientific Survey Module (LSSM) and the Lunar Flying Vehicle (L¥V), whose

expected radii of action are a few km and a few tens of km, respectively.

It now appears likely that Apollo and early AAP sampling data may not be
definitive for the whole Moon, because of tl'le limited regions and durations of
access. Therefore the concepts of longer-range surface exploration vehicles have
been examined. These vehicles fall into two classes: (1) manned, traveling labora-
tories (MOBEX, MOLAB) and (2) unmanned, instrumented, sample-collecting mobile
machines. Vehicles in the first class would require so much advancement of tech-
nique that many years would pass before they could be in use upon the Modn. Vehicles
in the second class would also require significant new engineering development but
could be available sooner and at much smaller cost. For example it may be possible
to develop an automated version of the LSSM. (An automated LFV is conceivable but
appears impractical because of navigation and guidance problems). Possibly even

more useful, for reasons to be outlined in the next Section, would be a machine
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somew}}at smaller than the present LLSSM design. Such a machine would fulfill the
role of a 'field assistant" as discussed in various conferences on the geological

explcration of the Moon.

The fourth class of investigations listed above (subsurface probing and séarch
for aquifers) may require 2 major engineering development in deep drilling on the
Moon. Alternatively it may merely require that a-Surveyor or Apollo-class space-
craft, carrying one or another of the drills already being tested, be landed in a
high-latitude mare-border region. (See, for example, photographs from Lunar
Orbiter 4, such as Frame 157-H, right.) If conditions are favorable ice may be
trapped within a few centimeters of the surface near the poles, However, a slight
reduction in trapping efficiency {or a major shift in the orientation of the Moon's
poles during geologic time) would be enough to place the ice boundary deep below the
surface. Therefore, preliminary experiments, such as neutron spectrum measure-
ments from orbit (see Ref. 5),polar exploration by 'field assistant" rovers, or the

previocusly-mentioned polaf landings of instrumented Surveyors, should be considered.

The fifth class of activities (metric mapping), though not firmly specified in the
approved program plan, is recognized as a necessary adjunct to surface exploration.
It may be partly achieved through AAP lunar-orbital flights carrying cameras such

as the Lunar Mapping and Survey System (LMSS). However, an extension of the

present Lanar Orbiter series, with some engineering and calibration improvements,
also appears necessary for the econornical achievement of the required rmapping
coverage. Development of a new unmanned photographic orbiter is feasible but not
essential; the present spacecraft design (adapted, if necessary, to Centaur launch if

Agena is phased out) could be modified and used.
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Iv. PROGRAM IMPLICATIONS OF THE STUDY

The JPL study to date has not identified any items in the current, approved
NASA flight program plan that are unnecessary or scientifically undesirable for the
lunar exploration rationale represented by Fig., 1. It has--as described in the
previous Section--identified some additional lunar missions, not included in the
present approved program, which would be highly desirable on scientific grounds.
Some of these missions (&.g., Surveyor seismic and IMP /Pioneer particle-and-field
-experiments) would be only minor extensions to the present program. Others {e. g..
orbital metric mapping and Surveyor polar landings) would involve substantial space-
craft procurements but could and should be done as straightforward applications of
existing technique. Still others (e.g., remote-area roving sampling, and deep
drilling if required) would require new engineering developments. In order to gain
an understanding of the problems presented by the remotely-controlled rover or
tfield assistant" mission, the JPL group has started an engineering study of surface
vehicles. In order to put reasonable bounds on the rover configurations to be studied,
the following logic has been applied:

(1) The most urgent remote-area sampling investigations can probably be
done by an instrument payload (see Ref. 7) similar to the payloads
ori'g‘inally intended for Surveyor; namely, a coordinated group of collec:
tion and sensing devices with an aggregate weight of 100 to 200 pounds.
Some of this weight would be devoted to imaging and on-site chemical,
mineral, and isotopic sensing, but some of it would also be used for
storing collected samples which the rover would eventually bring to a
rendezvous site for retrieval and return to Earth. In the present study
the return is assumed to be carried out by a manned vehicle; uamanned
sample-return systems, as previously studied for Surveyor, could also
be considered if necessary.

v {2) Previous studies indicated that a separable rover, delivered as payload
by Surveyor and hence limited to a total mass of 100 to 200 pounds,
could be useful in local surveys, and prototype vehicles (called SLRV)
were built. However, it was recognized that such small vehicles, with
a payload mass of only 10-30 1b., would have marginal performance for

the long-range sampling mission.
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(3) A reasonable upper limit on size for an automated rover would be that of
the L.SSM, whose mass is about a thousand pounds and whose size is such
that it must be delivered to the lunar surface by a Saturn-V-launched,
unmanned Lunar Module, as a part of the AAP dual-launch mission
concept.

(4) Between these lower and upper size limits, there is probably a feasible

vehicle design which can perform the most urgent sampling measure-

ments, while still being small and light enough to be delivered (a) as an
integral package ('Surveyor-on-wheels') launched by Centaur, (b) as

payload zboard a single-launch, manned AAP mission, or (c) as a

separable payload item aboard an unmanned soft-lander launched by a

vehicle intermediate in size between Centaur and Saturn V. (A fourth

delivery mode--launch from an orbiting AAP-class manned spacecraft--
might be of interest but has not yet been considered in detail.) Each of
these three delivery modes is compatible with a roving vehicle in the

600-800 pound mass range, with the requisite instrument payload of

100 pounds or more; i.e., with an investigative capability similar to

that originally planned for Surveyor, but augmented by (a) the ability to

deliver material samples for return to Earth, and (b) the ability to take
the samples from particular selected spots along a traverse, rather

than just from a single, random point.

Though all of the three delivery modes mentioned above would give about the
same gross mass (600-800 1b.) for the roving vehicle itself,there would be signifi-
cant differences in performance, cost, and development time. The first mode
(integral vehicle design, Centaur launch) is the least costly and represents the
smallest departure from existing technique. But the performance of the rover is
constrained by (a) Centaur injection mass capability and (b} incorporation of the
guidance, control and propulsion subsystems required for transit to and landing on
the lunar surface. The parts of these systems which can not be used after landing
for navigation or locomotion become surplus and have either to be jettisoned or

carried as excess burden during the roving mission.

The second delivery mode (rover as payload on manned LM) eliminates the
need for transit and descent subsystems on the rover, enhancing the payload
potential for any given gross rover mass. But it does couple the rover to the

manned flight schedule, it requires the solution of new interface problems on the
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LM, and it competes with other LM payload items such as a drill or other
instruments, or expendables for lengthening the astronauts' stay on the Moon. The
cost of this mode is likely to be higher than that of the first mode, unless the LM-

associated costs are excluded.

The third delivery mode (rover as payload on an unmanned lander about three
times the size of a Surveyor) offers the greatest flexibility in design of the "field-
assistant' rnission but it requires not only the new engineering development'of the
rover itself, but also the development of a new lunar-soft-landing spacecraft and the
adoption of an intermediate-size launch vehicle (such as a Saturn I or Titan III with
upper stage) not previously used in the lunar program, and so is likely to be the

highest-cost option.

In addition to the cost differences, there is another effect that must be con-
sidered in comparing modes. In each lunar project to date, as development diffi-
culties were encountered, scientific objectives were compromised. This experience
suggests that any future projects having primarily scientific goals should incorporate
only a minimum of new engineering development. For the '"field assistapt” mission,
there is no escaping the need for locomotion and navigation on the Moon. These are
new engineering requirements, and the development program should be Iaid out so
that they have a chance of being met with a minimum compromise of mission goals,
and so that after the technical problems are mastered, enough resources remnain to
complete the scientific program. Of the modes considered, the Centaur-launch mode
appears least demanding of new development and hence has been selected for the
haseline rover design to be analyzed in the JPL study. The automated LSSM might
also be a candidate, but it does require the development of the unmanned LM and
the dual-launch AAP mission profile. If a satisfactory sampling mission can be exe-
cuted by the smaller rover with only one Saturn V launch {to return the collected
samples to Earth) it is clearly the least costly and the least demanding of new devel -

oprents, of all the options examined.

To determine whether or not a rover near the baseline size is practical for
the mission considered, some design studies have been ‘made. Results of these
studies are given in the following Section, and also have been summarized briefly
in Ref. 8. It does appear that a useful mission can be achieved by a spacecraft com-
patible with present Centaur performance; if planned Gentaur improvements are

effected, significant enlargements of rover payload can be made. The next step in
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the study is intended to include a variation of parameters about those of the baseline

design, and a further investigation of the salient technical problems of small vehicles

roving on the Moon.
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v, MOBILE VEHICLE DESIGN STUDY

A Mission Objectives

The primary objective of the roving mission is the collection of lunar material
samples for return te Earth. The samples must be identified as to location and as
to the geologic situations in which they are found. A minimum goal consists of (a)
collection of 20 to 100 samples of naturally particulate lunar matter, each having a
volume of 1 cc, over an extended traverse, (b} imaging (with Surveyor TV resolution
and photometric fidelity) of the surroundings at each sample site, and (c¢) transport
of the collected samples to a point suitable for retrieval. In present studies this

would be a manned landing site; unmanned sample return is another possibility,

To the above minimum goal, if circumstances permit, the following additional
goals should be added:
(1) On-site chemical and mineral analysis.
{2} Collection from sources (e.g. rocks) that are not already parti;:ulate,
and hence need to be chipped or drilled,
{(3) Collection from beneath the surface,

(4) Detection of veolatiles, e.g. water vapor ox ice,

In order to perform the above mission the rover must have telecommunicatio
and navigation subsystems. These can be used for additional benefit to the scientific
mission., For example, incorporation of an S-band ranging transponder, as used in
Lunar Orbiters, will permit precise location of points on the lunar surface and—

during times when the rover is not traveling—measurements of lunar motions.

By using the navigation subsystem in combination with the imaging subsystem,
local surveys can be made during the traverse missions, for such purposes as selec-
tion of additional areas for manned landings and manned surface expeditions. When
taken together with the primary goals listed above, these requirer.nents suggest that
the imaging system should provide sterec views (either via muitiple sensors or by
vehicle motion) from as high a vantage point as practical and that the navigation sub-
system should permit absolute location of the rover to within a few km, and relative
location (i.e., with reference to previous overhead photo coverage) to within tens of

meters with respect to known prominent objects in the rover field of view.
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B, Lunar Model for Rover Design

In order to make progress with a baseline design some limits must be set on
the surfaces that the vehicle is expected to traverse reliably. It is recognized that
much more analysis can be and will be done, now that Surveyor and Lunar Orbiter
data are in hand; therefore for the initial stage of the present study only 2 simple and

rather general lunar model has been assumed.

The main property easily seen in the data is that finely divided granular mate-
rial is dominant on the surface of the Moon. There is no definite indication of large
bedrock outcrops in any of the photos now available. Fissures and cavities appear to
have been filled by the granular material, Though some of the boulders observed on
the surface may be merely impact-compacted, friable clods, others are surely large
and hard enough to be real obstacles. For example two instances were found of large
(house sized) boulders strong enough to survive rolling down the inner wall of a
crater. Clearly there is no reasonable small rover design that could traverse &
strewn field of such boulders without detours. Therefore climbing over large, steep
objects, across crevasses, and so forth, is not 2 dominant requirement; the rover

must instead be guided around such obstacles,

The machine should routinely and safely travel up, down, or across reasonably
steep slopes; not only because such regions (e.g. central peaks in craters) are
expected to be scientifically interesting, but also because moderate slopes will be

encountered at random along any traverse.

There appears to be no point in attempting to traverse the Moon's steepest
slopes, some hundreds of which can be seen from Earth to be greater than the angle
of repose for dry, granular, non-interlocking materials (about 34 deg). The reason
is that no vehicle design could give positive protection against avalanches on such
slopes., Pending more accurate analysis and tests, the baseline vehicle has been
designed for static stability on slopes up to 40 deg, giving a probably realistic slope-
crossing limit on soft soils in the region of 20-25 deg. This is sufficient for most of
a normal traverse without special command and control. In steeper areasprogress
would be made only after deliberate decisions by the operator. In order to avoid
detouring around small obstacles, the mac:hine_ should have good bump or dip and

straddle clearances; the baseline design has a nominal clearance greater than 30 cm.

Since large, steep objects, which the vehicle can neither climb nor straddle,

"are expected to be of scientific interest, the sample-collection equipment must reach
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not only beneath the vehicle but also cut in front of it. A Sugrveyor-type sampler could
he nsed, or two separate SPLCial-I"GTPOSE devices {-e.ig A central drill and an end-
mmounted percussion sampler) could be devised, For either case the appropriate lupar
model is assumed Lo be snnply a verftical wall of indefinite extent, from which sam-

ples are desired up to the greatest practical height.

Surveyor data indicate that soil bearing strength should pose no sericus mobility
problems; surface temperature extremes do present difficulties in wheel design, and
for present purposes the design study is being based on the maximum temperature

excursion observed in the equatorial regions of the Moon.

C. Design Criteria for Mobile Vehicles

In order to establish the preliminary mission objectives and_ design requirements
for an unmanned lunar roving vehicle it is necessary to consider appxopnate science
and technology of the roving vehicle to be used in combination with the various lunar

delivery systems available for lunar exploration.

The cislunar transport and soft landing delivery modeas baing considered are:
(1) Unmanned spacecraft carrying rover as payload.
2) Integrated unmanned spacecraft incorporating transit, descent and

mobility subsystems.

(3) Manned Lunar Module (LM) carrying rover as part of payload.
(1) Unmanned version of LM carryying larger rover (e. g autornated LSSM).

(5) Unmanned rover launched to lunar surface from orbltmg spacecraft

. Recogpizing the importance of {lexibility to the Tunar program, it was decided
to explore the possibility of an adaptive roving concept, variations of which could be

used in combination with any of these modes of delivery,

In order to take adx_raritage of previous roving vehicle developrnents 2 review
was made of the Surveyor Lunar Roving Vehicle (SLRV), 2 six wheeled minimal ;ype
of roving vehicle (See Fig, 7) which was to be attached to the side of the Surv-eyor )
as its full payload (about 100 1b). Upon release this vehicle was capable of roving -a
few lum in the landing area to provide limited local information. Its purpose was'to
extend the lunar science and Apollo site certification capability of the statiomary
Survayor. This rover was first studied in 1964 as a parl of the Surveyor follow-on
program and its develoi)ment was carried through the working model evaluation phase.

The SLRYV prototypes were designed to be highly mobile over unknown ferrain.



7 Surveyor Lunar Roving

30

®

. '.""l\'\:};fl; A

o

Vehicle (SLRV) during

test




760-5

They were, however, very limited in science capability (about 10-15 1b. of
instruments including imaging). Study efforts were then made to improve this condi-
tion by eliminating some of the duplication of subsystems which occurred within the,
Surveyor and SLRYV combination. This improved integration {(mainly of communica-
tions systems) increased the roving weight to about 200 1b., giving a somewhat
increased capability of the roving vehicle. However, the effect on payload was not

accurately evaluated before the study was halted.

.In considering the results of these studies it was concluded that even the
tmproved SLRV approach was marginalfrom the science standpdint and that considera-
tion should be given to concepts having increased capability. Previous studies had
shown that a2 desirable payload range was approximately that of the Surveyor (50 to

100 1b. ), and ways to use up to 200 1b. could be foreseen.

To achieve this capability it was decided to explore a totally integrated design
concept adapting the appropriate Surveyor transport and descent systems to soft land
_a roving vehicle on its wheels. At the same time it was considered desirable to pro-
vide for the detachment of these transport and descent systems for adaptability to the

*arious lunar delivery modes mentioned above.

It was decided to first explore a reference or base line design based on Sur-
veyor technology., This size was chosen since accarate and detailed performance
information was available on the flight tested transport and descent systems of the
Surveyor. Also, extrapolation from the hundred pound SLRV indicated that a 450 to
500 1b. integrated rover as indicated in Fig. 8 could probably provide an adequate

payload capability for this roving mission. This figure presents.the weight of th=

5 600 [— ! __,-—""”KTOTALLY
= e INTEGRATED
é 500 - } ROVER
> 400 — | ¥ —— PARTLY
Zz 30— ! INTEGRATED
3 200 [ SLRV SLRV
“ 100 i
g ] | . i

2200 2400 2600 2800 3000
INJECTED WT (ATLAS CENTAUR), 1b

Fig. 8. Rover weight extrapolation .
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various desi‘gns of integrated roving vehicle as a function of the injection capability of
the Atlays-Centauf. Of course, the totally integrated concept as well as the partially

_integrated SLRV's could benefit from any of the performance improvements now being
considered for the Atlas-Centaur, ‘some of which would result in injected weights well

above 3000 pounds.

Configura.tions considered included walking as weil as 3, 4, and 6 wheeled
designs. The 4 wheel contept chosen was considered very desirable from the roving
performance and descent systems integration standpoint, to serve as a baseline

design. More detailed investigation could change this choice.

The following discusses the design criteria developed for the delivery sysﬁerﬁs
considered. It should be noted that the delivery by the integrated (méde 2 ahove)
system is presented in some detail since this approach requires the most extensive
descent system for landing the roving vehicle, Delivery of this same lunar roving
vehicle by the separate automated lander or by manned spacecraft essentially involves
the following variations of the descent system plus adaption to the booster, LM, or
CSM constraints,

(1) Manned LM or automated lander-The same lunar rover with the descent

systems detache':d.

(2) Descent from CSM in Orbit- The same lunar rover and Surveyor type

descent system incorporating a pitch turn programmer and substituting

a smaller main retro motor.

D, Baseline configuraticn

1. Integrated spacecraft design. The design configuration developed for this

vehicle adapts the major transport and descent systems of the Surveyor to soft land
a four wheeled roving vehicle on the lunar surface. See Fig. 9. It uses the Surveyor
propulsion systems {vernier system and main retro motor) in combination with Sur-
veyor radar systems {AMR and RADVS) for the descent requirements, However, it
repackages the other Surveyor equipment into a single compartment above the rnain
retro motor rather than distributed around it as in the Surveyor. This design pro-
vides an efficient body and chassis for the roving vehicle with a low center of gravity

for good landing and roving stability.

This central equipment compartment also provides a thermally controlled

environment for the experiments and electronics and supports four wheels with
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independent springing for landing and roving. For launch these wheels are rotated to
a stowed position around the main retro motor to fit within the Centaur shroud. A
separable "A" frame, located on top of the central comparfment, carries the major

descent systems including:

{1} Vernier Propulsion System - Incluciing appropriate

. electronics - (aute pilot, etc.)
(2} Radar Descent System - Antennae plus appropriate ’
electronics

{3) Canopus Sensor

The articulated solar panel and antennae (high gain and omni) are located above
the central compartment. These are arranged to permit the detachment of the "AM
frame and its descent systems equipment from the rover for the LM or CSM delivery
modes, This also permits the jettisoning of this expended equipment after landing
for the unmanned delivery mode, The mazin retro motor; which is jettisoned during
descent in the normal Surveyor fashion, is located below the corﬁpa,rtment. It con-
tains the altitude marking radar (AMR) in the nozzle in the normal Surveyor manner
along with the flight controls (electronics and gas attitude control system) which
become expended equipment at the start of descent. Both are ejeéted upon start o

the main retro motor as in the standard Surveyor AMR ejection.

Stereo imaging sensors plus a ranging sensor are located above the compart-
ment for prime data and roving navigation while the other experiments are located

within the compartment with access to the side or bottom as required.

A preliminary estimated weight brealsdown‘of this design cqncef)t is shown o
Table 3. This estimate indicates that the rover payload is generally comparable t
that of the Surveyor. However, it should be emphasized that these are only initial
exploratory estimates and that accurate performance will be determined from the

more complete study now in progress,

To provide a gross performance ﬁerspective of this unmanned class of roving
vehicles, rough performance estimates were also made of larger roving vehicles.
This result is shown on Fig. 10 which presents roving payload as a function of

injected or roving weight capability of the launch vehicle..
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2. Flight profile. Although this concept is considerably different from the

Surveyor in configuration, the general sequence of events during flight and lunar

descent of these two vehicles is essentially the same. The various phases of opera-
tion are as follows:

During launch the spacecraft is contained within the Atlas-Centaur shroud and
supported on the Centaur tank dome in the normal Surveyor manner (See Fig. 9,
Boost Configuration), In this phase the solar panel, antennae and wheels are in their
stowed position. After standard shroud ejection and just prior to spacecraft separa-
tign the scolar panels and antennae are erected and the wheels spring to their roving
position, Events after separation through midcourse and to lunar arrival are then
identical to the Surveyor with the configuration as shown on Fig. 9, Cruise Config-

uration,

The descent phase is essentially the same as for the Surveyor in that the main
retro and vernier motor plus the AMR and RADVS descent systems provide the stan-
dard controlled descent to a soft landing on the lunar surface. (See Fig. 9, Cruise
and Landed Configuration.) However, a variation is introduced into the final touch-
down phase just prior to surface contact for the purpose of softening the landing
impact. This is accomplished by continuing the constant 5 ft/sec final Surveyor
deSCer:t velocity (controlled by the vernier motors) to contact., Motor cutoff is then

actuated by a surface contact switch (similar to that previously considered for both

Apollo and Surveyor). This variation, which eliminates the 18 ft (maximum) free fall
period of the Surveyor, minimizes the rover wheel and carriage weight penalties due
to landing impact loads. At the same time this eliminates the need for the cold gas
attitude control system for the free-fall descent and permits its early jettisoning
along with the AMR.

3. Vehicle performance. There are two possible configurations being con-

sidered for the roving phase. Cne is the as landed condition (Fig. 9, Landed Config-
uration). Here the descent systems are retained during roving, and could be used

for emergency 'hops' in the fashion planned to be tested on Surveyor. This results in
a greater traverse weight, less obstacle clearance, and an increase in traverse power

as compared to the minimum weight configuration.
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The other configuration, having a smaller traverse weight, involves the jettisoning
of the expended descent system after landing. This is accomplishedby releasing the
hinged and spring attached "A" frame which flips off to one side. The purpose of this

operation is to minimize the roving weight and reduce power requirements.

This roving vehicle is powered by an electrically driven motor in each wheel.
Center point steering is also electrical; motion and steering are ground commanded.
Immaging systems, including stereo TV and a ranging sensor, provide navigation
information for directing the vehicle along its route. To limit demands on the control
system and the Earth-based operators, internal hazard-sensing de;rices (e. g. tilt and
obstacle detectors) are provided. Operation of the vehicle during roving is intermit-
tent in that power is first supplied to travel a short distance (approximately 1, 000 ft)
and then stop. Power is then supplied to perform a new visual survey and where
appropriate to make a series of experiments and to transmit the information to the
receiving stations. This intermittent roving and experimenting sequence is then
repeé.ted.

In keeping with the philosophy of using as much Surveyor hardware as possible
the baseline design has a "Dry Landed Weight" of:

642 pounds Dry Landed Weight for
66 hour nominal flight
30 meter per second midcourse
25° or less approach angle
2670 meters per second approach velocity
1300 pound retro propellent

177 pounds useable vernier fuel

660 pounds Dry Landed Weight for
20 hour nominal flight
30 meter per second midcourse
25

2540 meters per second approach velocity

o

or less approach angle

1300 pound reiro propellant

182 pounds useable vernier fuel

The following weight estirnate is based on using known Surveyor equipment

where applicable and on estimates for the remaining equipment (Table 3).
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Table 3. Weight breakdown for lunar rover
Charzcteristies Flgha f::i::é Travel
conliguraticn confipuration <cenfligaration
Navigation Equipment 50 09 50.00 50.00
Flight Gowtroi 57.13 17.00
Data Lank 35 07 a5 o7 35.97
Central Command Deceder 5.73 5 73 5. 73
Central Signal Processor 5.93 5.93 £.93
RADVS 34 0o 34.06 -
Boost Regulator 8.22 B8.22 8.22
Enginesring Signal Processor 5. 99 5.99 5 9%
Engineering Mechanisma Awxiliary 4.70 4 70
Battery Charge Regulator 4T 147 347
Power Switch 1. ag L.og 1 00
Electrical Paower 106,40 106 40 106 40
Bartery 46 40
Solar Panel 30 00
RTG 30 00
Mechaniams 18 05 18 05 18,05
Pin Puliers 2.00
Separdte Sensor and Arming 1.05
Positionars 15. 40
Basic Vehicka 149 49
Basic Structure 5¢ Qo 45.00 40 0B
Equipment Attach Hardware 20 oo 18.00 10 00
Pauit I g0 1. o0 5 b0
Landing and Traverse Gear 83.00 85,00 85.00
Wiring 25.00 23,00 20 09
AfC Lines .00 1.00
Retro Releane Mechapiam 1 8¢ irso
Centaur/Spacecraft Laich 0. 60 0 66
Vernier Propeliang Sysicm B0, 54 50.84
Vernier Propellants 182 o t62 Q0
{Unuseable Vernier Progetlants 212 2.12
"A" Frame i5.00 §5,00
Contingency 30.00 30.00 30 00
Retro-Rocket 1312, 94 1342, 94
Case, Insulstion, Release, Wiring 142. 94
Propellant 1300, 00
Alutude Merkmg Radar 1.74 11 74
Buoyaney 1.00 0.90 D 50
Total Weight Less Payload TZB6 1% 2216 62 325 96
{90 hr trajectory)
Expendables
Wilrogen CGas 4,.5C 1627. 73
Altitude Marking Radar 1L, 74
Helium Gas 2,4
Useable Vernler Fuel 162.52
Unuaeable Yernfer Fuet 212
Retro Case 142 94
Hetro Propeliam 1300, 0
Ballusi-Relro 1,00 .
Buoyuney 0 50
Dry Landed Weaght Less Payload 588.89
Masxmume Dry Landed Weight 650, 00
{20 hr trajectory)
Maximum Paylead {30 hr trajectory) FEIL T1.1E .1l
LRY Traverse Gross Weaght 497 07
{90 hr trajectory} |
Total Separated Wesght at TIFTET
injection {99 hr trajectary)

appropriate.

nWeight! are prelmunary, decimals ere carried in table merely to permit entry of actual Surveyor item weighls where
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Drawing on the power requirements for the known Surveyor egquipment and
estimating the power requirements for the new equipment, the LRV System Peak power
demands. for the various mission phases are: )

Stabilization, Sun Orientation

and Canopus seeking 180w, reg.
First Cruise 110 w, reg.
High Power Interrogation 180 a. reg.
Mid Course Maneuver 310 w. reg.
Second Cruise 110 w. reg.
High Pow.e'r Interrogation 180 w, reg.
Terminal Maneuver and RADVS 890 w. reg.
Traverse 150 w. reg.
Traverse Stall FPower 290 w, reg.
Experiment Opération & Communication 150 w. reg.

All LRV operations will be initiated by ground command except those which are
so time constrained, by elapsed time or time sequencing accuracies, that they must
be initiated by on board automatic means. All automatic operations will be capable
of being backed up by ground commands whenever possible, The current Surveyor,
command system uses 256 commands having a hamming distance of 4 between them
to avoid acting on errors in sent commands, It would require a 4 bit error to put a

wrong command into the LRV.

4, Guidance and Navigation. All LRV operations will be solely ground com-

manded except for:
{a) Terminal retro and landing sequence,
{b) Automatic sun acguisition at injection.
{c) Obstacle avoidance.or other hazard alarm.

(d) Maintenance of Earth view.

The LRV equipment for guidance, control and navigation falls into two
categories,
(1) Flight Control.

(2) Lunar Traverse.

The flight equipment is, for this study, considered to be the same as that used
on Surveyor. The flight control subsystem controls the LRV velocity and attitude

during the transit phase of the mission., This phase covers the period from separation
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of the LRV from the Centaur vehicle to touchdown on the lunar surface. The basic
functions performed by the flight control subystem include: (1) attitude stabilization
and orientation during the entire transit phase, (2) midcourse trajectory correction '
based on radio command data, and (3) terminal phase retro maneuver and vernier
descent for landing of the LRV in an upright ‘position on the lunar surface, Three
principal forms of reference — celestial reference, inertial reference, and RADVS

and AMR control — are used.

The flight control sensor group, which is composed of a group of optical and
inertial sensors and the flight control electfonics, controls LRV velocity and attitude
during transit. This is accomplished by providing thrust commands to the verniex
engines, main retro engine, and cold gas jets, and position commands to the roll

actuator.

The specific functions performed by the flight control sensor group include (2}
sensing angular velocity for attitude stabilization, {b) control of a sequencé of LRV
maneuvers for initial sun and Canopus acquisition, (¢} generating error information
from the primary sun sensor and Cancpus sensor to slave the spacecraft attitude to
the sun and Canopus references, (d) providing angular information to maintain an
inertial reference during midcourse velocity correction and the initial stage of the
terminal descent maneuver, (e) supplying angular memory for precision attitude
maneuvers, (f) providing precision acceleration control for midcourse velocity cor-
rection, and (g) procéssing range and velocity information from the radar altimeter
and doppler velocity sensor to generate thrust commands for landing. The flight
control sensor group is composed of the following subas semblies: (a) the inertial
reference unit for inertial sensing, (b) automatic sun acquisition sensoi', primary
sun sensor, and Canopus sensor for optical sensing, (c) retro accelerometer and
snertia switch for acceleration sensing, (d) control circuits and (e} timing and mode

selection,

After landing, remote guidance of an unmanned lunar roving vehicle can be
accomplished in a variety of ways. One method being considered, based on a mini-
mum of on-board navigation equipment, involves a sequence of short discrete com-
manded ""steps', Each step consists of a position-determining-and-decision period
and an automatic traverse period, Navigation aids will include but are not necessarily

{imited to one or more inclinometers, one or more accelerometers and an optical
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ranging device. In addition there will be automatic obstacle avoidance equipment and
equipment to assure that the LRV is.in view of the earth in order to maintain the com-

munication link,

The LRV wheels will be driven by electric motors and the surface speed of the

vehicle will be evaluated based on the following mission requirements:

(}) The vehicle lifetime will be one year.

{2) The sum of the great circle distances travelled by the rover during its
lifetime will be approximately 1500 km.

(3) The vehicle will be "driven' by operators at one location. Prime opera-
tion will be via Goldstone but limited operation through the other Deep
Space Net stations will be possible., The normal operating mode will
consist of (a) determining vehicle location and orientation by visual
inspection, (b) orienting the rover, (c) commanding a traverse of distance
W, and (d) monitoring engineering telemetry until the vehicle signals it
has stopped again. This procedure, repeated throughout the rover's
journey, may be altered for short periods, as when the traverse path
contains nurmnerous obstacles or during investigation of interesting areas.

(4) The vehicle will be capable of detecting obstacles and hazardsbut will not
automatically avoid them. Normeal ope‘ration upon detection of a dangerous
situation will be to stop and wait for operator intervention.

(5) Navigation aids carried on the vehicle will be a simple ranging device
such as a laser (range about 100-1500 m. ), one or more odometers, one
or more inclinometers, and a real-time panoramic stereo/monoscopic

imaging system,

The feasibility of any traver se capability rests mainly upon a reasonable average
speed for the vehicle, To derive the expected average speed one must first anticipate

the amount of time spent actually moving the vehicle closer to its ultimate destination.

A number of factors influence the allowable average vehicle speed. Several of
them reflect in an increase in the actual distance traversed., The remainder serve to

decrease the actual traverse time.

The factors affecting traverse distance {and their assumed magnitudes) are:
Non-spherical surface (5%)
Terrain ruggedness (10%)

Navigation and guidance errors (10%)
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Feature investigation {5%)
Obstacle avoidance (5%)

The factors affecting traverse time are:
Lunar day travel only (45%)

Goidstone operation (33%)

Remainder DSN operation (50%)
Feature investigation (5%)

Obstacle encounters (10%)

Non-spherical surface refers to relatively slow altitude variations while terrain
ruggedness involves more abrupt changes such as craters, mounds etc. DNavigation
and guidance erroxrs will result as the LRV departs from a straight path during a
traverse, At the end of each '"step'' it will probably be displaced from the desired
destination. This displacement will have to be corrected in the succeding step(s).
Feature investigation accounts for the extra movement and ""poking around" required

at each sample-collection site.

Turning now to the factors affecting traverse time, it will probably furn out
that some traverse will be possible at night if solar-independent power is available,
.However, with traditional conservatism and because the availability of a large solar-
independent power source is not assured, we have anticipated daytime travel oniy.

It was further assumed that travel would be inhibited, or at least difficult, when the

solar elevation was less than 10° or when the LRV was "looking" into the sun.

Operation via Gbdldstone is possible of course for only approximately one-third
the time. It was assumed that operator capability will be slowed by 50% for the
remaining two-thirds time when the other DSN stations are in view of the LRV. This
is a reasonable assumption particularly if high-resolation pictures must be relayed

to the central control point in the U. S,

The factor for feature investigation allows fox time (other than that required
for rover travel) for operators' and scientific inves'tigators' dacisions at sampling
localities. The factor introduced for obstacle encounters covers expected periods of
operator familarization and decision whenever a signal is received that @ hazard has

Been encountered,
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Final values for traverse distance and time can now be obtained, Traverse

distance is found from:;

Traverse distance = D

1500 + 1500 (, 05+. 104, 10+, 05+. 05)
1500(1. 35) = 2025 km.

The time factors are combined differently. First the total available lunar day

time is found:

Available lunar day time = T

g = - 45 (8700) = 3920 hr.

The DSN limitations and other time elements can then be factored in:

Traverse time = T

d
.9 (.67) T = .6(3920) = 2350 hr.

[.33T + .5 (.67) Td] (1 - .05 - ,05)

It

The total traverse time is divided into periods of movement M and stationary

S periods during which operator decisions are being made. The majority of the LRV

active lifetime will consist of alternating periods of M and S. The final step in

obtaining the LRV average speed is to determine the average values of these two

quantities.

The following activities will probably typify one S period:

L.

(2)
(b)

(d)
(e)

()

Determination of vehicle position and orientation,

A quick monoscopic sweep of the area,

Move vehicle to nearby level surface (or level camera base).

Detailed horizon sweep with operator examination of features. Assume
5-10 pictures. If pictures are monoscopic they may be viewed simulta-
neously on a number of screens, If they are stereoscopic they will be
viewed sequentially and the operator will be able to recall any stereo pair
for additional study,

Locate observable features on lunar maps.

Range to at least three features. Aiming direction of the ranging device
will be displayed on the operators’ viewing screens. Airming accuracy
will be 1.0° and ranging accuracy will be ten meters,

Triangulate on lunar maps, Laying off lines in the ranging directions and
marking distances, the operator can determine with acceptably small

error where the LRV is and the direction it is facing.
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2. Tactical decision for next step.

(2) Choose traverse path fo correct deviations from planned path. Draw new
path on map.

(b) Stereoscopic examination of new path. Look for obvious dangers and
adjust path accordingly.

{c) Choose step distance as a function of path character and pasi operator
experience. '

{d) Reorient LRV in direction of path,

(e} Command traverse.

Time durations are assigned to each of the above activities. These are average
times. Obviously, initial operator efforts will be slower. Of course, if the LRV
winds up in the bottom of a crater when it stops, the operator will require longer than
usual to start the next step. There will probably be times when no identifiable fea-
tures can be seen and the direction of shadows and the Earth will have to provide
clues to the vehicle's orientation and traverse path. But there will also be times
when features are immediately picked out on the first TV sweep and path deviation is
negligible. Furthermore, the time durations indicated below are based on the assum-
tion that the step size is short enough so that the LRV terminates a traverse at a point
that has been visible from the previous location. Thus features should be easy to
identify. Therefore, we assert that the times stated are reasonable averages over
the entire traverse, " Later it is shown that the step size is indeed short enough for

this conclusion.

ACTIVITY DURATION {(minutes)

la., area sweep 1/2

b, leveling 3/4

¢, detailed view 2

d, feature indent. 1/2

e. ranging 13

f. triangulation 4
Za. new path choice 1 .

b, new path exam. 1

c. step dist, choice 1
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ACTIVITY DURATION {minutes)
d. vehicle orient. 1/2
e, traverse command 1
total S = 13-1/4

With p as the total number of steps we can write

T
and D

p (M + S)
pWr-pMVA

n

where W is the average step size and Va is the average LRV velocity. Combin-

ing the two equations results in

M
A M75

With D, T and S known, V 5 may be plotted as a function of M. The graph is

D=1V

shownin Fig. 11. Numbers atthe plotted points are the corresponding calculated values
for W, the step size. Every point on the curve satisfies the above equations. Any
reasonable combination of VA' M and W may now be chosen to justify the previously
stated assumptions, For instance,

Vv, = Average speed = 1.25 kmm/hr. = .684 ft/sec., _

M = Average step time = 0.5 hr.
W

Average step distance = . 625 km, = 2050 ft.

5. Rocket propulsion. The propulsion subsystermn components supply the

thrust forces for maneuvering the spacecraft during the midcourse correction and

lunar landing phases of the mission.

The propulsion subsystem consists of three liquid-fueled, variable-thrust,
vernier engines for midcourse velocity vector correction an\.d landing phase maneu-
vering, and a solid propellant retro rocket engine for supplying the principal decele-
ration force during the landing maneuver. FEach portion of the propulsion system is
controlled by the flight control system through pre-programmed maneuvers, com-

mands from earth, and maneuvers initiated by flight control sensor signals.

Vernier propulsion supplies the thrust forces for midcourse maneuver velocity
vector correction, attitude control during retro rocket engine burning, and veloc-
ity vector and attitude control during terminal descent to i;h-e lunar surface. The
vernier engine system consists of three thrust chamber assemblies and a propellant

feed system. The feed system is composed of a fuel tank, an oxidizer tank, a
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high-pressure helium tank, propellant lines, and the necessary valves for system
arming, operation, and deactivation, The arrangement of the tanks on the spaceframe
is illustrated in Fig. 9. Tanks, and some segments of the propellant lines, are elec-
trically heated to maintain the propellant temperature above 0°F, Thermal sensors
on all tanks, all engines, the helium tank, and the three propellant line segments
permit telemetering thermal data. Fuel and oxidizer tanks each contain positive
expulsionbladders which deflate around a central standpipe to permit complete expulsion
and assure propellant delivery under zero-g conditions, Helium release and dump
valves are squib-actuated upon command, The helium tank stores gas under pressure
to force the propellants into the thrust chambers. Valves permit release of helium

to the system, rggulation of pressure, and dumping of residual helium.

The thrust chambers are located on the ""A' frame on the top of the main
structure. One engine is hinge (swivel) mounted on an electro-mechanical roil
actuator motor to rotate the engine about an axis in the spacecraft x-y plane for roll
control. The roll actuator positioning lock is released subsequent to boost by a
squib-actuated pin puller. The LRV control moment arm of each engine is approxi-
mately 38 inches in length. The specific impulse and total impulse®vary with engine
thrust.

The thrust of each engine can be throttled over a range of approximately 30 to
104 peunds by a bipropellant throttling valve using control signals supplied by flight
control, Engine firing is accomplished by solenoid-controlled, helium-actuated on/
off valves controlled by the flight control electronics, Throttling valves are con-
trolled individually while the on/off valves operate collectively from a single signal,
The oxidizer is nitrogen tetroxide (N204) with 10 percent by volume nitric oxide (NO)
to depress the freezing point. The fuel is monomenthyl hydrazine monohydrate
(72 NZHS(CHB) - 28 HZO)' Fuel and oxidizer ignite hypergolically in the thrust

chamber,

The thermal control design of the vernier engine and feed system maintains the
temperature of all portions of the system between 0 and 100 F during non-thrust
periods (from launch to touchdown) preventing propellant freezing or overheating by
a combination of active and passive thermal controls utilizing surface coatings and
electrical heating. Other system components are thermally isolated from the struc-

ture to ensure that the LRV structure acts as neither a heat source nor heat sink,
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The main retro rocket, which performs the major portion of the decelerationof
the LRV during lunar landing maneuver, is a spherical, solid-propellant unit with a

partially submerged noZzzle.

The unit is a.tt‘ached at three points on the main structure with explosive nut
disconnects for post-firing ejection. Friction clips around the nozzle flange provide
attachment points for the altitude marking radar and portions of the flight control
system not used after retro-ignition. Retro rocket igniter gas pressure ejects the
altitude marking radar and flight control equipment when the retro firing sequence is
initiated. Retro rocket ignition squibs and retro release explosive nuts operate from

a pulsed 19~ampere constant-current source. Commands are initiated by the flight

control system.

The retro rocket safety and arming device has> dual firing single-bridgewire
squibs for firing the retro rocket igniter, In addition, provisions for local and remote
safe and arm actuation and 'remote indication of inadvertent firing of the squibs are
included. Both mechanical and electrical isolation exists between squib initiator and

pyrogen igniter in the safe condition.

The retro rocket with propellant weighs approximately 1443 pounds. The engine
thrust may vary from 8000 to 10, 000 pounds over the temperature range of 50° to
70° F.

Two thermal sensors are installed for monitoring retro rocket nozzle temper-

ature before ignition,

The thermal control design of the retro rocket engine is completely passive,
depending on its own thermal capacity, insulating blankets, and surface coatings to
maintain the "cold Spé)t” propellant temperature above 17° F at the time of ignition,
Because of the thermal gradient through the engine and the prelaunch engine temper-
ature, the 17° temperature will be reached at the three engine attachment points only.

The bulk temperature of the propellant grain will be above +50° F,

The engine utilizes an aluminum, ammonium perchlorate, polyhydr9car50n,
case-bonded composite-type propellant and conventional grain geometry. The nozzle
has a graphite throat and a laminated plastic exit cone. The case is of high-strength
steel insulated with an asbestos and silicon-dioxide-filled buna-N rubber to maintain

the case at a low temperature level during burning.
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6. Telecomununications Subsystem. The telecommunications subsystem

consists of three interconnected groups which provide command reception and
decoding, telemetry signal processing, transmission, two-way coherent doppler
tracking and LRV to Barth base range determination. These groups are: (1) a data
link group that provides RF transmission and reception, (2} a command decoding
group that provides decoding logic functions for all Earth commands, and (3) a signal
processing group that provides commutation, analog-to-digital conversion, and
modulation functions for processing of analog, digital, and video {T.V.) data channels.

A telecommunications system block diagram is presented in Figure 12,

The data link group provides a two-way communication link bei:ween the LRV and
DSIF tracking stations throughout the mission. The data link group receives command
signals transmitted from DSIF stations to the LRV and transmits sig.nal data from the
LRV to DSIF tracking stations during launch, injection, transit, landing and lunar
' operations. The data 1link group consists of a transponder (RF receiver and RF trans-
mitter), a command decoder, an engineering and scientific signal processor, a cen-

tral signal processor, and telecommunications antennas.

The S-band transponder provides the functions of a double supe‘rheterody'ne
command receiver, a phase-coherent transponder, a turnaround ranging transponder,
and a telemetry transmitter. It employs three loops, the Ranging, Automatic Gain
Control {AGC), and Automatic Phase Control (APC) locops. In the absence of a
received signal from the DSIF, the spacecraft telemetry information is modulated on
an RF signal whose frequency is controlled by an auxiliary oscillator. When a signa’
from the DSIF is present in the transponder receiver, the APC loap will lock to it,
and AGC voltage is developed in the AGC loop. This voltage, besides controlling the
receiver gain for proper operation, also produces a command voitage which turns off
the auxiliary oscillator and caunses the VCO to be switched to the transmitter input in
its place. ' In this manner, closing the APC loop provides an exact ratio of 240/221
between the transmitted and received frequencies. In addition, the AGC voliage is

telemetered to provide received signal strength information.

The signal received from the DSIF may have either ranging information or
command information phase modulated on it, The second mixer provides two outputs,
one to the narrow-band command and APC channel, and another to the broad-band
rang{ng channel. The ranging code is demodulated, filtered, limited, and remodulated
onto the transmitted signal along with the telemetry. The command information is

demodulated by the phase detector in the narrow-band channel.
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The transponder considered above is of a unique class in that it provides for
a turnaround ranging capability that is compatible with the NASA -DSN tracking. sta-
tions. This type of ranging transponder has been used previously on such programs
as Mariner, Lunar Orbiter, and Apollo, The Surveyor transponder was not considered

for the LRV since it does not have ranging capabilities.

Three telecommunications antennas are provided on the LRV; two are omni-
directional antennas for command reception and transponder operation, and the third
is a high-gain, directional antenna used to radiate sufficient effective power for real-
time television transmission. An antenna switching function is included to allow use

of alternate antennas for transmitting and receiving.
The basic functions of the LRV command system are:
{1l) Accept a command subcarrier from the LRV receiver.

(2)  Demodulate the comnmand subcarrier and receive the digital command

information.

{3) Provide timing, decoding of the digital command information and

error detection,

{4) Issue commands in a form suitable for execution by the appropriate‘LRV

subsystems,

The nature of the mission to be perforn;ed by the LRV is such that it requires
initial control of each step by command from Earth, The LRV Command Subsystem
will be exercised to a great extent thl:oughout the vehicle lifetime. In choosing a
command subsystem it is therefore important to make sure that its 0pera,ti6n will not
plaée any limitations on the performance of the mission. The command pai'amet_ers
that are most important to the LRV operation are the command word time, the com-

mand word error rate, and the operational complexity involved in sending a command.

Since the mission consists of many discrete steps and each step ma.y‘ require
several commands, it is imporiant to keep the command time short to minimize mis-
sion time. It is anticipated that no provisions will be made for the verification of
correct command reception through the telemetry system prior to command execution.
Because of Earth-Moon propagation times and decormmutation delays such verification
would add significantly to mission time. It is therefore important that a command be

received correctly on the first try, both to minimize mission time and to increase
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operation confidence. Finally, because the command function is to be exercised so

often the procedure for sending commands must be made as simple as possible.

An estimate of a satisfactory upper bound on the command word titne can be

obtained by the following argument.

The approximate time required to get a command from the mission operations
control center (MOCC) into the LRV's command decoder is the command word time
plus the MOCC -Moon propagation time. A conservative estimate of the MOCC-Moon

propagation time is 3.5 seconds with a breakdown shown below.

{a) Transmission to remote tracking )

station by ground communication

circuits, & 2.0 seconds
(b} Error checking, reformatting

and transmission to LRV J
{c}) Earth-Moon propagation time 1.25 seconds
(d) LRV decoding time 0.25 seconds

3.5 seconds

To minimize the overall command transmission time, it is desirable to make

the command word time short compared to 3.5 seconds.

This is quite possible with a command channel bit rate of 100 bps, such as the
current Surveyor design., Assuming a library of 256 commands, a command word
must contain 8 information bits, Assuming 6 more bits for word sync and parity
c?heeks, the total cormmmand word becomes 14 bits long. At 100 bps this translates

into a word time of about 0. 14 seconds, which is short compared to 3.5 seconds.

The signal processing group gathers the engineering and verification signals
from various subsystems and provides the appropriate signal conditioning, The
signal processing group comprises the engineering signal processor and a cenfral

signal processor,

The engineering signal processor processes data from the LRV and in con-
junction with the central signal processor, puts it in a suitable form preparatory
to being transmitted to Earth. This processor handles all data required to assess

the performance of the basic bus (engineering data}.
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The engineering signal processor is composed of the following major com-

ponents: commutators, current sources for thermal measurements, a command
enable and reject channel, accelerometer channel (if required), and a gyro speed

channel for the inertial reference subsystem that is required during transit between
the Earth and the lunar surface.

The engineering signal processor contains a commutator capable of several
modes of operation for priority engineering data as a function of mission phase (i.e.,

launch, transit maneuvers and cruising, and lunar roving).

The central signal processor combines the outputs of the engineering signal
processor and other units, These signals are processed and sent to the frequency or
phase modulation inputs of the transmitter. The subsystem has the capacity for
handling analog data and converting it to digital data for subsequent transmission.
Synchronizing patterns, parity digits, and timing signals for controlling commutators

are generated in the central signal processor.

The design of the telecommunications subsystem for a Lunar Roving Vehicle
involves the identification and analysis of several tradeoffs. The most fundamental
to the subsystem design are the tradeoffs which affect the gain-power product. Since
it is anticipated that the most severe communications requirement will be for high
resolution television, the tradeoff between television quality and gain-power product
becor‘nes important. The term '""television guality' refers to the two parameters of
image resclution and frame transmission time. Another tradeoff of interest is
antenna size versus the problem of pointing the antenna at the receiving DSIF station.
This problem is compounded as the LRV mission moves away from the sub-Earth

point.

The need to obtain engineering and science telemetry and television from the
LRV is obvious. Itis also desirable to obtain the telemetry data or television frame
in a minimum length of time, or in other words, transmit from the rover to Earth
;sing a high data rate (or bandwidth}). The cost of a high data rate is measured in
terms of the amount of transmitting power and antenna gain required. This is
referred to quantitatively as gain~power product and is usually expressed in decibels
referenced to 1 milliwatt {dbm). The cost, or disadvantages, of a high-gain antenna
are essentially greater weight and more antenna pointing problems. The cost of
high transmitter power is measured in terms of the weight of the raw power source
required to drive it. If we assume high power transmission only when the LRV is at

rest, the locomotion power becomes available for the transmitter.
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Figures 13 and 14 are plots of required gain-power product versus telemetzy

bit rate and communications base bandwidth.

An imaging system is réquired on the rover as a navigation aid. It is also a
science obje;:tive to obtain high resolution pictures of the lunar surface. To meet
these requirements the communication system must be capable of transmitting the
video data to Earth in a relatively short time so as not to impair the overall efficiency’
of the LRV,

) The speed with which a television picture can be transmitted from the Moon to
BEarth is a function of the picture re solution and the available bandwidth, Maximum
available bandwidth is a functipn of the LRV's gain-power product and is shown in

Figure 14 for a typical set.of link parameters.

Figure 15 is a plot of television frame transmission time versus gain-power
product for several assumed resolutions., Assumptions include phase modulat{on at
_the optimum modulation :‘L;".Ldex with'narrow band phase:lock loop detection on the
ground. - Video band signal to noise is 36 db pedk-to-peak signal to RMS noise. Use
of a.n‘85 foot tracking antenna with a maser front end is assumed, An a.:i-bitr'a:cy mar-
gin of 6-db was sélected. If a 210 foot tracking antenna is used, the curves of Figure 15

would be shifted about 8 db to the left, reducing transmission time by a factor of 6

It should be noted that for transmission of a stereo pair, transmission time
would be doubled,

" In order to satisfy the mission requirements and constraints there"a.re 3 antenna-
configurations that must be considered, These are: (1) omnidirectional, (2} direc-

tional, and (3) 2 combination of omnidirectional and directional.

Some of the missi'on requirements (e.g., command reception, telemetry, and
ranging) make an omnidirectional antenna confi;guration appear to be the most desir-
able, ﬁoxvevgr_, other mission constraints and requirements (e.g., LRV opeiation
over the Barthside hemisphere of the Moon and a direct LRV communications Tink
with Earth-based tracking stations) coupled with the present capabilities of tele-
communications hardware {e. g , available RF transmitter power} make a direciional

antenna configuration mandatory.

) 'I‘.herefoi'e, it is concluded that a combination of omnidirectional and directional

antenna configurations will satisfy the mission requirements and constraints
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To obtain a high reliability in the antenna system, the omnidirectional antenna
should be rigidly mounted to the LRV, The present Surveyor omniantenna concept is
adequate for the LRV application. The Surveyor antenna has a radiation pattern
which is relatively uniform over a hemisphere. If the antenna were placed on the
LRV such that the RF axis is perpendicular to the lunar surface,-one antenna would
be satisfactory., However, if the RF axis is parallel to the lunar surface, two omni-

antennas would be needed as presently used on the Surveyor spacecraft,

Hemispherical coveragebya directional antenna necessitatesthatthe directional
beam must have some form of steeriﬁg. Three classes of steering are feasible:
(1) electronic steering, (2) mechanical steering, or (3) a combination of electronic
and mechanical steering. Kach class of steering may be divided into two basic types:
(1) closed-loop, or automatic steering, and (2) open-loop steering. Due to the com-
plexity of the LRV mission, the open-loop steering system appears to be a likely
choice. The open-loop system would require no Earth sensing system on the LRV,

thereby reducing the antenna complexity, weight and power,.

For an open-loop pointing system, assume the following model for an analysis
of a simple antenna pointing scheme. The LRV moves from point A to point B by
several discrete steps. At the end of each step, the following activities are performed

to prepare for video transmissions:

(a) Rover heading and attitude are sensed by the navigation system sensors

and the readings telemetered to Earth,

{b) Data from (a), along with other necessary data, are fed to a ground com-

puter which calculates the correct antenna position.
(c) Antenna position commands are encoded and transmitted to the rover.
() Commands are decoded by the rover and the antenna is repositioned.

The total time needed to point the antenna is the sum of the times to complete
the four functions described above. The average or expected value of the antenna
pointing time increases as the antenna gain increases. As the antenna gain increases,
the beamwidth decreases, and the probability that a DSIF tracking station is ‘within
the antenna beamwidth at the end of a traverse step decreases. Therefore, for
higher antenna gains it is more likely that the antenna will need repositioning which
involves steps (c) and (d) above. This argument assumes that when a DSIF tracking

station is within the beamwidth, no positioning is required and the pointing operation
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; completed after step {(b). Figure 16 is a plot of expected antenna pointing time
ersus antenna gain for a set of assumed lunar parameters. From the above dis-
ussion, it may be seen how a simple Earth sensing system on the LRV could greatly

implify the antenna pointing problem.

A mechanically-steered directional antenna that will satisfy the above scheme
s a parabolic reflector. This antenna would be mounted on a mast above the vehicle
nd could be made of light weight material to decrease the inertial-movement prob-
erns associated with mechanical steering systems. The beam could also be steered
.lectronically through use of a phased-array antenna. However, simple arrays are
10t capable of being steered over a hemisphere. FEither a combination of electronic
steering and mechanical steering could be used, or a more complex array could be
leveloped. If the combination form were used, the array could be mechanically
sointed in large steps and electronically pointed in fine steps. In this manmner, it is
ikely that the mechanical pointing would be required only occasionally. More com-
slex arrays are available which could be steered over a hemisphere. However, the
associated electronlcs conswme a large amount of power and weight, and therefore
this type of system should be considered as secondary to the mechanical steering o1

comblnatlon systems.

For the level of antemma gain and complexity indicated above, a parabolic reflec-

tor which is mechanically steered is a logical choice.

Dne possible operating philosophy would be to transmit low data rate engineering
telemetry while the vehicle is moving by using the low power transmitter and omni-
aptenna. When the rover stops, a portion of the power used for locomotion becomes
available for the high power transmitter. The high gain antenna is now positioned,

making available a high capacity channel for transmission of high data rate telemetry
or television,
Since the average locomotion power is expected to be about 100 watts, a 20 watt

high power transmitter appears to be a reasonable selection. Sizing of the antenna is

now based on the results of the previous analysis for determining the expected time

required for antenna pointing.

In order to optimize the traverse made of the rover, it is desirable to minimize
the total time required to take and transmit the television pictures used for navigation.

The expected total time required for obtaining television pictures is shown graphically
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in Fig. 16 as a function of antenna gain. The curve is the sum of the expected antehna
pointing timme and tiine required for transmission of five 600 1ine pictures. Assump-

tions mclude a 20 watt power a.mphfler and a number of ty’plca.l 1una.r parameters,

Based on the results shown in Figure 16, a logical. choice for a higl ge..
antenna would be one of at least 10 or 12 db gam. Since a small antenna involves
less of a pointing pro'bl‘em, a 12 db gain antenna was chosen for this example, "This

could be achieved phys:.cally with a para’bohc reflector of about one foot dlameter

7. Power subsystem. The LRV power subsystem is. required to provide

electrical powerx dunnn’ both the ilight and lunar traverse phases,

The standard transit operations power proflle (Figure 17) shows that tha peak
loads are as much as eight times the cruise power loads. Since these peak loads are
short in duration it is wasteful to meet them except by a storage device such as a
battery, The LRV is therefore constrained to carry a battery as a portion of its

power subsystem,

Traverse power requ;lrements were estimated in the following manner. Landed
vehicle earth WPlght is 480 b. This is equivalent to 81.5 Lunar pounds or 20.4 1b..
per wheel, The force transmitted to each axle is composed of three components
They result from the rolling friction at the wheels. {R,), soil deformation in and .
around the area of contact (Rm) and nonhozrizontal terrain (RS) While these com-

“ponents are influenced by such presently unknown factors as wheel design and terrain
character, representative-values have been determined empirically in studies with
the SLRYV, R.r is given as 7% of the weight at a wheel, Rm is ZRr, and 'Rs equals the
weight on a wheel multiplied by the sine of the average vehicle slope. The latter is
assumed to be 10°, Thus

w
I

0.07(20.4) = 1.428 1b.

2(1.428) = 2.856 1b.

;

e
1

0.174(20.4) = 3.55 1b.

The force per wheel is the sum or 7.8 lb. /wheel. The electrical input power
to each wheel, asswuming a vehicle speed of 0, 684 ft/sec. {1.25 kmm/hr,) and overall.

electrical/mechanical efficiency of 30% is:

746 0. 684
7.8.x 550 X 0.3 ° 24 wa.tts/wheel.
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Total locomotion power is therefore 96 watts. Approximately 50 watts is the
anticipated demandAof the low-power transmitter, command receiver, obstacle and
hazard detection electronics, control electronic s, power conditioning equipment and
battery charging. .The total avérage power demand is therefore on the order of 150
watts, independent of whether the vehicle is moving or stationary during normal day-
‘time operations, Power tq the wheels in a stall condition is estimated to be 2-1/2
times the a.veré.ge locomotion power or 240 watts. Maximum locomotion power for
vehicle movement will be that required to negotiate the maximum slope of 25°, Adding
a 59 contingency for stones or other surface irregularities, the maximum R, = 10.2
1b. , the maximum force at each wheel is 14,5 1b. and the total maximum locomotion

power is 180 watts,
Figure 18 shows a typical power profile during lunar traverse operations.
For the power subsystem, any of the three following configurations is

feasible.

(1)  Solar Cells and battery 160 pounds
(2) RTG and battery 145 pounds
{3} - Solar Cells, RTG and battery 130 pounds

Since the LRV is weight constrained, the third configuration is chosen for the

baseline design.

For this arrangement it can be considered that a solar panel will supply half the
average power, one RTG will supply the other half and the battery will supply peak
loads.

4

Figure 19 shows weight vs. power for the RTG, fixed solar panel and pointable

solar panel.

Peak power demand is during terminal maneuver when as much as 940 watts
are drawn. During this time 300 watt hours must be provided by the RTG and Battery.
The traverse demand is 150 watts,therefore the RTG provides half that or 75 watts.

The total terminal time is one hour; thus the battery supplies 225 watt hours.

8. Surface drive and steering., Various conc':epts are being considered for

driving the wheels including scaled up versions of the design studied in the SLEV
program, This study investigated various types of mechanical as well as electrical

driving systems. The electrical concepts appropriate for the requirements involved

64



POWER, w

240

200

160

120

80

40

760-5

CAMERA SLOPE DUE TO
iﬂ SWEEP CHARGING BATTERY
[ ’ i
o ji____ﬁf L] -
l | r '
\ ' !
—_— e . l _ -1
1. : Vs —] r_-fh..
j.——r’ L
4 7
LOCOMOTION ‘ ! ' Ny
POWER - ]
VEHICLE - VEHICLE Ji i
MOVING : STATIONARY .
| l
1
[ i

TOTAL
POWER

Fig. 18. Roving power profile



140

120

100

WEIGHT, Ib

co
(=}

(=
L]

40

20

60

B8O

100

Fig.

19.

] 1 L] 1 | -
120 140 160 180 200
POWER, w

Power supply weights vs power

1
220

240

[
260

280

§-09L



760-5

AC and DC motors (standard and brushless) used in combination with: spur, plan-
etary and "hunting tooth' (harmonic) type of gear reduction drives. The preferred
design for the smaller SLRV vehicle was a sealed DC motor in combination with a
planetary gearbox. This design incorporated a simple clutch design to permit
individual free wheeling or drive of any of the six wheels. Besides providing for
selective wheel driving and wheel release for motor failure, this provides the gear-
box with protection during landing. Critical problems with this approach included
the sealing problem for brush arcing and the heat dissipation problem which is

aggravated by the wheel contact with the hot lunar surface.

A cénventional Ackermann steering lit:lkage with a 30° maximum steering
angle is being considered for the baseline design. This configuration provides a wall-
to-wall turning diameter of 30 feet, Both front and rear pairs of wheels are con-
sidered to be steered independently to permit normal leading wheel steering during
forward or rearward travel. Steering is accomplished by electric actuators com-
manded from earth. Center point steering is provided to minimize the torque
requirements of these actuators. The steering linkage also incorporates an extension

lirk to permit wheel swiveling to the stowed position.

9. Structure, The major structural element of the roving vehicle is the
central equipment compartment. It provides the body of the roving vehicle which
contains the exp:eriments and electronics in a thermally controlled environment,
Attached to it are: the landing/mobility undercarriage, the descent systems HAY
frame and the solar panellhigh gain antenna mast, ‘E[‘he structural concept ;)f this
octagonal body consists of sides of aluminum or magnesium alloy sheets which are
tied together by a framework of corner angles, plus appropriate fittings as necessary
for undercarriage and mast attachment. The concept of electronic installation con-
siders the module design similar to the Mariner B approach with attachment to the
snside of the box sides. The central portion of the compartment is available for

experiments,

Integration of landing and roving functions into a single vehicle imposes
relatively severe requirements on the design of structural and mechanical
subsystems. Normal lunar surface roving operations will impose only nominal
loads on the structure; however, provision must be made to absorb or dissipate the
kinetic energy associated with the residual velocity of the vehicle at the instant of

touchdovwm.
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In establishing the baseline configuration, an attempt was made to minimize
the landing loads on the structure by minimizing the impact while providing for

large deflections on the undercarriage at touchdown.

However, for the configuration considered, the geometrical constraints (e.g.
the Centaur shroud) limit the undercarriage deflections, and landing loads were

found to constitute design loads.

Previous analytical and experimental investigations of mobility over soft soil
and rough terrain have demonstrated desirable performance characteristics of
relatively soft flexible wheels, Consideration of the lunar surface environment

further suggested the use of all-metal wheels.

Several all-metal elastic wheel concepts were considered, including those
developed for othex*lunar mobility applications (SLRV, Prospector, MOLAB, and
L.SSM). A wire mesh wheel concept was adopted for the baseline configuration
since it appears to exhibit the desirable soft soil and irregular terrain mobility
characteristi‘cs typical of flexible wheels. In addition, its ability to accommodate

relatively large lateral deflections is advantageous in the landing process.

The investigation of wheel concepts was not exhaustive, and further study or
test results may suggest modifications to this dgsign, or the adoption of another

flexible wheel concept.

In order to provide for landing impact absorption as well as for smooth riding
characteristics on irregular terrain, three basic suspension system concepts were
reviewed, namely: {1) swing axle; {2) single link trailing arm, and (3) four bar
linkage, Evaluations of performance characteristics (roving as well as landing
impact), weight, positioning for stowage in the shroud, ground clearance, and
design simplicity led to the selection of the four bar linkage for the baseline

configuration.

10. Temperature control. Since the thermal environment of the flight,

descent, and landed conditions of this rover and the Surveyor are eSSenfially the
same, the gross temperature control concepts are considered to be similar as
follows: '
For the transit and descent, passive temperature contrel concepts are con-
sidered for propulsion and RADVS consisting essentially of insulating blankets

and thermal coatings.
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For roving, temperature control concepts of the central compartment are
considered to be similar to that of the landed science and electronics com-
partment of the Surveyor. The bottorn and sides of this compartment are
thermally insulated using external thermal coatings with insulating mylar
inside these surfaces, Temperature control is then maintained by thermal
switches contacting the special reflective glass surface of the compartment
top or sides. Special precautions will be necessary to thermally insulate

the wheels which are in contact with the hot {or cold) lunar surface, It
should be pointed out that the thermal problem of the wheels and their drive
motors is one of the critical new areas requiring further study. Overheating
problems have already been encountered in preliminary wheel drive testing.
Another major problein area concerns the repeated nighttime survival
requirement for the one year lifetime mission duration, The heating problem
for this condition may enhance the value of a nuclear source for the rover

power system or may introduce the need for local isotope heating pads,

11. LRV Scientific payloads, Table 4 shows a sample list of instruments

which could be carried by the LRV in various combinations as permitted by the

weight and power limitations of the LRV system and its operating modes,

a. Photo~imaging. The objectives of the photo-imaging instrument are as

follows:
(1)  Provide real-time images that can be used to guide the roving vehicle;

(2)  Acquire dimensionally stable and photometrically faithful imagés from

which topographic maps can be made by photogrammetric methods;
(3) Provide reconnaissance eye-type geological information;

(4) Provide near~-field information on surface structure and texture, with th

capability to detect particle sizes down to at least 1 mm,

A variety of sensors and camera systems could be adapted to the roving
mission; however, the selected system should meet the following requirements esse

tial to the objectives of the roving vehicle mission,

(1) A stereographic baseline of the camera system of preferably 3 feet but

no less than one foot, The baseline may be vertical or horizontal,
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Table 4. Example instrument payload for geological reconnaissance

Weight in

Instrument/Experiment Ibs Objectives

1. Photo-Imaging 8 Provide images for guidance and displaying the
surface topographic form, structure, stratifi-
cation and texture., Provide high resolution
images of acquired sample material,

2. Hard-Rock Drill & 17 Acquire samples.

Particulate Sampler
3. Sample Processor/ 5 Prepare sample from drill for the fixed-analysis
Transporter instruments.
4, X-ray Diffractometer Identify the types and relative abundance of cry-
20 stalline phases present in lunar samples.

5, X-ray Spectrometer Provide information on the elemental composi~
tion of lunar material.

6. Petrographic Microscope 15 Identify lunar rock types and determine their
genesis -- detection and composition of glass --
examination of particulate material as to texture,
etc,

7. Gas Chromatograph 10 Identify some of the volatile constituents in
lunar surface material,

8. Gamma-ray Spectrometér 14 Identify characteristic gamma-ray lines for

radiogenic isotopes of potassium, uranium,
thorium,
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{2) At each position of the roving vehicle from which an image is obtained,
a measurement should be transmitted that gives the orientation with

respect to the local vertical within 0,5 degree,

{3) The resolution of the imaging system should be at least 6 minutes of arc

at 20~-percent sine wave response.

{4) The imaging system should be able to scan in elevation at least 40 deg

above and 60 deg below the horizontal axis of the LRV.

{5} The system should provide images with at least a 36-~decibel peak-~to-peak
signal-to-rms noise ratio, for scene highlight luminences ranging from
25 foot lamberts to 2500 foot lamberts; also, it is desirable that the sys~-
tern have a 24-decibel peak~to-peak signal-to-rms noise ratio for
operating in lunar shadows where the scene highlight luminences may

range down to a few foot-lamberts,

{6) The system should provide for 360 deg panoramic coverage or coverage
of a select sector,
{7} The imaging system should be able to distinguish at least 13 grey

levels.

{8) The total system weight including spacecraft attachments will be

about 8 pounds, and it can be packaged infto about 0.4 cubic ft.

b. Hard Rock Drill and Particulate Sampler. It is desirable that a hard-

rock drill technique be used for sample acquisition on this mission. This is because
of the probability that the Rover will find hard-ground outcrops, flows, or perhaps.
large pieces of consolidated ejecta, and it would be very desirable to analyze thé

mineralogy and petrology of this type of material,

Under development is a small, low-powered rotary impact sampling drill
which will produce. the fragmented rock powder required by the analytical instruments
from rock as hard as dense basalt. Since the drill is not an efficient sampling device
in highly vesicular rock and some underdense particulates, attempts willl be made
to incorporate into this drill a particulate acquisition device. Should this not prove
feasible, two separate samplers would be used. In hard rock the drill would require
about 20 minutes to produce samples for all the instruments, use about 100 watts
peak power, have a depth capability of about a foot, and weigh approximately 10 pounds.

The particulate sampler would acquire and transport samples in less than five
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minutes, draw about 25 watts of power, and weigh'approximately 7 pounds. Both
devices could be packaged into a volume cf 1,5 x 0.5 x 0,5 £t,

C Geosampler /Transporter. This instrument consists of a small, very

lightweight sampling device, suitable for lunar surface and near-subsurface sampling
conditions, and a simple transporter arrangement for presenting sample material to

an array of fixed analysis scientific instruments. Thus, the geosampler {transporter

will perform two basic functions:
(a} Sample acquisition from a fixed point under the roving vehicle
{b)  Sample distribution from the various sample devices to an analysis point,

A study of the soil properties of the lunar surface as portrayed by the
Surveyor and the Luna landing dynamics and experiments suggests a granular
surface with a bearing strength of perhaps 5 psi that can be perforated without a

great deal of energy and hard drilling.

A number of lightweight devices would be applicable for this purpose

especially if hard-rock piercement could be handled by another separate device.

For exaimple, a so-called rigid helical conveyor, with drill tip, could satisfy the
requirements, The instrument would weigh less than 5 pounds including deployment
mechanism and sample chute and tray., It would be capable of sampling the "typicall
lunar soil to a depth of perhaps 5 inches. It size-sorts particles so as to diminish
the content of those over 500y and largely reject those over 1000 1 below 500 p it
does very little sorting. The instrument has drilling capability in weakly consolidated
material and pumice-like rock, The device requires access to the hard rock drill
and particulate sampler and also to the fixed-analysis instruments. It can be

packaged into about 0.5 cubic ft.

d. Combination X-Ray Diffractometer and Spectrometer. The X-ray

diffractometer will be used to conduct mineralogical analyses of lunar surface
material acquired at a number of fixed points on a roving vehicle traverse. The
primary objective of this instrument is to identify the types and relative abundances
of the various crystalline phases expected to be present in a lunar sample. The
instrument will provide diffraction data of sufficient quality to identify any of the

major rock-forming and accessory minerals.

The X-ray spectrometer will be used to conduct an elemental analysis

of lunar surface material acquired at a number of fixed points on a roving vehicle

72



760-5

traverse. This mode of analysis can detect elements from sodium through uranium;
however, only those elements from sodium through nickel are expected to be present
in sufficient guantity to allow detection. In general, the instrument should be capable

of detecting elements with the following limits of sensitivity {by weight):

Element Limits of S%Jnsitivity
Sodium 0.5
Magnesium 0.2
Aluminum 0.1
Silicon 0.1
Sulfur 0.1
Chlorine 0.1
Potassium 0.05
Calcium 0.05
Titanium 0. 05
Chromium 0.02
Manganese 0.02
Iron 0.02
Nickel _ 0,02

The combipation of these two instruments represents a powerful tool for
understanding lunar geology. ' It should be used in conjunction with imaging system,

which should bhe capable of detecting the textural properties of lunar material to a

resolution of at least 1 mm,

This combination experiment will weigh about Z0 pounds and as a fixed-
analysis instrument it would receive its samples from the hard rock drill and partic-
ulate sampler and also the geosampler/trans_:porter. The complete experiment can
be packaged into about 0.6 cubic ft, and in operating mode, it will require about
5 watts of power, It should be physically located on the LRV near the geo sampler/
transporter. Also, lunar surface sample material should be viewed by the imaging

System either before or after analysis,

e, Petrographic Microscope. The petrographic microscope is designed for

remote observation of crushed rock samples in transmitted light, The objectives are
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Identification of lunar rock type and genesis thereof, by:

identification of rock texture.

identification of shapes and relative sizes of different mineral grains
determination of relative abundances of minerals in sample

detection of glass and estimate of composition of glass by refractive index

determination of particle size and shape distribution of particulate
“surficial material

identification of phases present in small amounts

The petrographic microscope system was conceived as an experiment of
low weight and power which could provide textural information on rocks and particulate
material from the lunar surface. The type of data provided by this system would
preclude ambiguities in the interpretation of other petrological experiments. The
objectives listed abové are of considerable impocrtance in the scientific exploration
of the Moon. Except for determination of bulk mineralogy, and analysis of returned

samples, these data will not be forthcoming from other instruments.

In operation, a sample of lunar material consisting of sized particles in
the range of 10 to 300u is delivered to the microscope from the spacecraft sample
processor/distributor system, The microscope system separates these particles
into fine-grained and coarse-grained fractions, Each fraction is then immersed in
a clear isotropic medium of known refractive index. The pa..rticles form a mono-
particle layer with their tops in a plane. The sample is transported to the field of
view of a lens system which displays its magnified image onto the optical sensor of
a television system. The immersed sample moves in steps across the field of
view of the objective lens. Several images individually focused at different design
depths in the particle layer are obtained for each field of view. The operation

sequence during viewing involves:
(L) Movement of some immersed particles into field of view;
(2) Individual images at several planes of focus taken;

{3) Movement of more immersed particles into field of view and

imaging sequence repeated,

Every particle is viewed in both plane-polarized and cross-polarized

light. The samples are stored and are available for recovery and review.

74



760-5

The imaging subsystem consists of:
(1) A light source capable of narrow-bandwidth output, and a light condenser;
{(2) An objective lens to project a magnified image to a television camera;

(3) Polarizing filters which will allow particles to be viewed in both plane-

polarized and cross-polarized light;

{4) A television camera capable of recognizing 10p particles at any spot

over a field of view of 0,5 x 0,5 mm.

The total system weight including television camera is approximately 15
to 18 pounds, It can be packaged into about 0.5 cubic ft and it would require about
3 watts of power. This is one of the fixed analysis experiments. Therefore, it is
operated in conjunction with the hard rock drill and particulate éa.mpler and also the

geosampler/transporter.

f. Gas Chromatograph. The objective of the gas chromatograph experiment

is to provide an analysis of the volatile constituents in lunar surface material., It

should detect the following compounds and elements to a specified resolution even

when their quantity is as low as 10710 mole of sample gas within the ovén structure.

1, Hydrogen (Hz) 15, Butyric Acid (C3H7COOH)
2. Oxygen (OZ‘.) 16. Formaldehyde (HCHO)

3. Nitrogen (NZ) 17. Acetaldehyde (CI—I3 CHO)

4, Carbon Monoxide (CO) 18. Propionaldehyde (CZHSCHO)
5. Water vapor (HZO) 19, Acetone (CH3COCH3)

6. Methane (CH4) 20, Acetonitrile (CchN)

7. Ethane (CZHE)) 21, Benzene (C6H6}

8. Propane (C3H8) 22. Toluene (66H50H3)

9. Butane (C4H10) 23. Ammonia (NH3)
10, Methanol (CH3OH) 24, Acrolein (CH2=CHCHO)
11, Ethanol (CZHSOH) 25, Acetylene (CH = CH)
12. Propanol (G3H70H) 26, Carbon Dioxide (COZ)
13, TFormic Acid (HC OOH) 27. Hydrocyanic Acid (HCN)
14, Acetic Acid (CH3COOI-I) 28, Hydrogen Sulfide (HZS)

In operation, a sample of lunar crustal material is collected by the

appropriate sampling device on the LRV and placed in the sample processor/
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distributor for delivery to the gas chromatograph. The delivered sample is passed
through a funnel in the top of the chromatograph into a small oven. The oven is

then sealed by a pneumatically opérated mechanism and heated to release gaseous
material that may be present in the sample. The gases thus liberated are injected
into a helium carrier gas stream in the form of a tight slug. The sample gas is then
divided and swept through analytical packed columns, The constituents of the sample
ga; will have more or less affinity for the packing material in the columns, Through
the mechanisms of absorption and/or chemical equilibrium, the pas sage of each
constituent through the columns is impeded for a distinct, reproducible time interval
unique for each unknown. This retention time is measured at the effluent end of each
column by a signal from a detector which senses the presence of any unknown material
other than the helium carrier gas. The outputs from the detectors are fed into the
LRYV for data processing and transmission back to Earth., From this transmitted
data, the identity and approximate quantity of each unknown volatile constitutent in

the sample can be determined,

This is one of the fixed analysis experiments. Therefore, it is operated in
conjunction with the hard rock drill and particulate sampler and also the geosampler
transporter. As long as the individual particles have dimensions of less than about
5 mm, sample grain size is not important. Oven temperatures can be selected to one
of three temperatures: 150, 325, 500° C + 10°C. The instrument is capable of cycling
through analyses of a large number of selected samples; however, a maximum of
thirty minutes should be allowed for each complete cycle. The instrument weighs
about 10 pounds.

g. Gamma-ray Spectrometer. The gamma-ray detector will be a scintillation
crystal of .sodium iodide coupled to a photomultiplier tube. A shell of plastic scintil-
lator will surround the inorganic c}:ystal for the purpose of eliminating an unwanted
response to the charged particle flux. After suitable shaping and amplification, the
analog output signal from the photomultiplier is digitized and stored in a memory.

The contents of this memory will be read out periodically and transmitted back Lo the
spacecraft for relay to Earth., Much of the electronics can he time-shared with a non-
dispersive X-ray spectrometer, if the mission profile permits. Allowing for a 3 x 3-
inch crystal of Nal, the total weight of the instrument will be 12 to 14 1b and 6 to 7 lb
if nondispersive spectroscopy is included on a time-sharing ba‘Lsis. Power require-

ments will be aboul 4 watts for a complete instrument and 1 to 2 watts for the detector
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and its associated electronics. The gamma-ray detector should be deployed away frorx
the main mass of the roving vehicle at a height of 0.5 to 2 feet above the surface. The.
vehicle must be clean of interfering sources of radioactivity. An RTG power supply

will make the experiment impossible.
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