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FOREWORD

This document is Volume III of the MIMOSA Technical Report, which constitutes part
of the final report on the Study of Mission Modes and Systems Analysis for Lunar
Exploration (MIMOSA). This study was conducted by the LMSC MIMOSA team for the
George C. Marshall Space Flight Center under contract NAS 8-20262. The entire
final report covers work performed from 3 January 1966 to 3 February 1967 and com-

prises the following parts:

MIMOSA Summary Digest
MIMOSA Summary Technical Report
MIMOSA Technical Report:
Volume I — Lunar Exploration Equipment and Mode Definition
Volume II — Candidate Lunar Exploration Programs
Volume III — Recommended Lunar Exploration Plan
® MIMOSA Planning Methodology:
Volume I — Planners' Handbook
Volume II — Exploration Equipment Data Book

Volume III — Scientific Programs

iii
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INTRODUCTION

The objectives of the MIMOSA study were twofold — to produce a methodology for
generating lunar exploration programs and to generate a recommended lunar explor-

ation plan, using the developed methodology.

The MIMOSA study was divided into the following three phases:

@ Phase I — compilation and generation of data for the later phases (these
data are contained in the Exploration Equipment Data Book.)

@ Phase II —development of the planning methodology that includes a com-
puter program for the mechanization of data handling, generation of a
broad spectrum of candidate programs, and comparative analysis to
answer certain planning questions

@ Phase III — formulation of a recommended plan of lunar exploration,
generation of three selected lunar exploration programs for implemen-
ting the plan, and intensive design effort for the equipment used in these

three programs

Generation of the recommended lunar exploration plan is described in the MIMOSA
Technical Report. The methodology is presented in three volumes under MIMOSA
Planning Methodology.

This volume describes (1) planning approach, (2) the integrated scientific program,
(3) the equipment selection, and (4) planning considerations.
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Chapter 1
PLANNING APPROACH

The recommended plan for post-Apollo lunar exploration, described in this volume,
was realized through a series of analytical steps. First, equipment candidates and
representative scientific programs were defined within the MIMOSA methodology
(MIMOSA Technical Report — Vols. I and II). Next, a broad spectrum of candidate
lunar exploration programs were generated (MIMOSA Technical Report — Vol. II) to
answer a specific set of planning questions. The analysis of these candidate pro-
grams provided answers to the specific questions, yielded a general philosophy of
exploration based on evolutionary increases in equipment capability and identified
three critical decision points that must be addressed by planners. The final step
consisted of narrowing down the analyses to a more detailed investigation of these
decision points with a limited set of selected equipment in mind. The consequences
of assuming the available program options resulted in three alternate exploration

programs that constitute typical examples of implementing the exploration plan.
1.1 GUIDELINES FOR PLAN FORMULATION

The guidelines given below were approved by NASA for the final phase of the
MIMOSA study. They reflect the information gained from the previous planning
phase and also the conditions imposed by a realistic planning environment. These

guidelines are as follows:

® Maintain program options through an awareness of the possible use of
alternate equipment capabilities; in particular ensure adaptability to any
major Saturn V uprating that might be available from a future planetary
program

e Demonstrate potential to accommodate an increasing demand for scientific

capability

1-1
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Assume no major R&D commitment before FY 1970
Plan on a funding level less than $1. 5 billion per year for lunar operations
Strive for commonality of equipment with other potential space programs

Ensure maximum use of developed equipment

Assure modest launch rates — three to four per year through 1970's and

six per year through 1980's

The prevailing theme expressed by these guidelines is the recognition of a need for
(1) flexibility to future changing demands through the selection of adaptable equipment
and (2) cost effectiveness and low risk through maximum use of well established tech-

niques coupled with efficient utilization of developed hardware.
1.2 APPROACH TO PLAN FORMULATION

The approach adopted for the formulation of a plan of lunar exploration is summarized
in Fig. 1-1. It represents a synthesis of the conclusions drawn from the candidate
program analysis (MIMOSA Technical Report— Vol. II); in particular it incorporates
answers to the postulated basic planning questions. This information is assimilated
into a general exploration plan under the NASA -provided guidelines. The step increases
in capability and their associated decision points that were developed in the broad

spectrum analysis are maintained to allow for alternate program options.

The Saturn Apollo Application (S/AA) equipment is representative of a number of
possible candidates that can be introduced at decision point 1, and no attempt was
made to optimize performance in this area. The augmented LM (ALM) is used for
delivery of two men to the surface and the logistics LM (i.e., a stripped LM ascent
stage) is employed for logistics delivery. The Saturn V rating is the minimum re-
quired for delivery of the ALM within the MIMOSA operational ground rules. Mission

staytimes are limited to 14 days.
At decision point 2, two options are available; exploration either is continued with the

S/AA equipment (continued S/AA) or a capability increase to the medium level is

possible. At the medium capability level, three-man surface operations with a large

1-2
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rover for mobility are assumed, and a single stage direct lunar logistics vehicle (LLV)
is introduced for logistics. The LOR delivery of crew is maintained and the Saturn V
uprating is the minimum required by this flight mode. A conservative approach to
crew return is assumed by use of an additional crew pickup launch for mission times
in excess of 14 days. This obviates the need for a long staytime deactivated CSM in

orbit with possible reliability problems.

If medium capability is assumed, a further decicision point is eventually encountered
(decision point 3). Medium capability equipment can be maintained, but additional
equipment in the form of a six-man shelter and a nuclear power supply is required for
the support of extended base operations. Possible use of a large Saturn V launch
vehicle provided by a manned planetary program is accommodated by a stepup to large
capability. In this case, direct delivery of a six-man crew to the lunar surface is
possible and should be utilized when required from operational considerations. To
minimize new equipment developments, the LLV stages associated with the Saturn V
used at the medium and large capability levels should exhibit commonality. There-
fore, a two-stage LLV is suggested at the higher Saturn V uprating that utilizes two
of the single stages of the medium capability level. The actual value of the Saturn V
uprating at the large capability then depends on the requirement for six-man direct

delivery with the compromised performance of the two-stage delivery system.

In keeping with the guideline for responsiveness to increasing evolutionary scientific
demands, a scientific program must be postulated that allows for part, and eventually
all, of the scientific objectives to be achieved with the increasing equipment capability
options. This integrated scientific program is described in Chapter 2.. Selection of
the actual equipment designs for use in developing the lunar exploration plan is the
subject of Chapter 3.
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LMSC-A847942
Vol. III

Chapter 2
INTEGRATED SCIENTIFIC PROGRAM

The example scientific programs up to this point of the study were generated with the
primary intent to provide a wide range of requirements by which to test and compare
the capabilities of many different exploration system concepts. With the reduction of
the spectrum of candidate-system concepts to a select few, it is now proposed to
capitalize on the experience gained from many test cases and formulate an integrated
scientific program to serve as the basis for a recommended lunar exploration plan.
In contrast to the example programs, which were conceived without any particular
exploration systems in mind, the integrated program is tailored to the capabilities of

a prescribed evolutionary pattern of lunar exploration hardware systems.

This chapter discusses the general approach to the formulation of the integrated
scientific program, itemizes the contents of the program and summarizes its

accomplishments.

2.1 GENERAL APPROACH

The integrated scientific program represents a synthesis and refinement of the example
scientific programs generated during the development of MIMOSA methodology. The
basic pattern of the integrated program is indicated schematically in Fig. 2-1. It
comprises three phases.

The first phase begins in the immediate post-Apollo period with an exploration feasi-
bility and lunar surface reconnaissance phase. The scientific objectives during this
phase are confined to the goals identified by the 15 basic questions about the Moon
proposed by the Space Science Board of the National Academy of Science at the Summer
1965 Woods Hole Conference. The level of scientific effort is compatible with 28-day

LOCKHEED MISSILES & SPACE COMPANY
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manned lunar orbital missions and 14-day locale-type lunar surface missions with

surface traverse operations limited to a radius of 10 km about the landing site.

The second phase of the program anticipates equipment capability that permits long-
range surface traverses and extended surface staytimes. This is the mobility phase
of the program in which emphasis is placed upon surveys along paths of regional
geological interest. Scientific goals are still those of the 15 basic questions, but the
degree of sophistication of the experiments, the level of scientific effort, and the

rate of acquiring scientific data are at least an order of magnitude greater than for the
first phase of the program. As an example, the techniques of active seismology are
used to probe the lunar subsurface structure to depths of several hundred kilometers
in contrast with the potential penetration of several hundred meters anticipated during

the first phase of the program.

The third phase postulates a second stepup in system capability permitting the estab-
lishment of large lunar bases. The base exploration phase introduces a significant
broadening of scientific objectives to encompass extralunar goals beyond the scope

of the 15 basic questions. The emphasis is now upon exploitation of the advantages

of the Moon as a base for astronomical observatories, for long-term biomedical,
geochemical, and materials science research in an extraterrestrial environment, and

as an engineering technology development facility.

There is, of course, the option to continue indefinitely with the S/AA level equipment
and the more austere objectives associated with that capability rather than advancing
to the medium level capability with its more aggressive desires. In a like manner,
between the second and third phases of the program the option exists for extending the
second phase to the conclusion of the program with the medium level of system capa-
bility. Both options have been considered as subsidiary parts of the integrated

science program.

The integrated scientific program and the subsidiary optional branches are described

in the next two sections.
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2.2 PROGRAM DESCRIPTION

A complete description of the integrated scientific program and its associated options,
together with the postulated missions, is presented in Appendix A. The surface

exploration patterns are shown in Figs. 2-2 and 2-3.

Throughout the program, emphasis is placed on manned exploration. However,
unmanned systems, e.g., emplaced scientific stations, automated telescopes, geophone
arrays, and orbit-to-surface probes are used where applicable. In particular unmanned
orbiters are utilized for communications and site reconnaissance before and after the

detonation of seismic charges.

The main objectives of the first phase of the integrated program are to survey the
entire surface of the Moon from manned lunar orbiters and to acquire ground truth

data essential to the interpretation of the orbital surveys.

The scientific experiments included in the orbital survey missions are capable, for
the most part, of automatic operation. The principal role of men on these missions
is to monitor and repair equipment. However, some experiments can best be done
under direct control of men on the orbiter. For example, experiments in ultra-high
resolution photography require a high degree of judgement in selecting targct view

angles and skill in compensating for the high rate of angular motion of the target.

For reasons of safety, the first manned 28-day lunar orbital mission will probably
be in a nearly equatorial plane so as to permit emergency return to Earth throughout
the mission. The equatorial orbit mission will be of particular value in calibrating
photometric experiments on the sunlit side of the Moon and thermal radiation experi-
ments on the lunar dark side because the same sites will be observed repeatedly
under a wide range of view angles and solar illumination angles and at various times
during the lunar night. These observations combined with ground truth data derived
from Apollo and early S/AA missions to equatorial sites will provide the basis for
interpreting the results from polar orbital missions covering the entire lunar

surface.

2-4
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It is recommended that the second and third manned 28-day lunar orbiters be placed
in polar orbits and timed relative to the lunar month so that one mission will observe
the surface just before sunrise and sunset while the other will view the surface just
after sunrise and sunset. In this way the entire range of exposure of the lunar surface
to the cyclic variation of environmental conditions will be observed and, at the same
time, photographic surveys of the entire surface will be obtained with favorable solar
illumination angles from both the east and the west, except for the polar regions,

which are never favorably illuminated.

The first four locales for S/AA surface missions are selected to provide ground truth
data representative of the major portion of the lunar surface. The first locale

includes the Ranger VIII impact point near the southwest edge of Mare Tranquillitatis,
an example of a '"blue' mare area, so called because of a bluish cast in its reflectance
spectrum. The Ranger VIII impact crater is of special interest as a means of calibrat-
ing the energies of natural cratering processes on the Moon, inasmuch as the Ranger

VIII impact was an event of known mass, momentum, and energy.

The second locale is near Capella M, an example of highland terrain with evidence of

tectonism that may have exposed some of the subsurface structure.

The third locale is in an undisturbed and presumably uncomplicated area of Oceanus
Procellarum. Measurements of gravity, magnetism, seismic activity, and subsurface
thermal flux are expected here to be free from perturbations by local structural

anomalies and therefore typical of a large part of the Moon.

The fourth locale is near Moltke B in the contact area between Mare Tranquillitatis
and the central highlands. The slumping of highland material along the edge of the
contact zone is of particular interest at this locale as an example of erosion and

material transport processes operating on the Moon.

At this point of the integrated program there is a step up to the medium level of sys-
tem capability. The principal objective of this second phase of exploration is to
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acquire regional geologic data with more emphasis on determining lunar interior struc-
ture through long-range surveys. However, two more locale-type missions are per-
formed before undertaking an extended surface traverse. One mission is to Hyginus
Rille, a feature strongly indicative of volcanic activity and possibly still seismically
active. The other locale mission is to Grimaldi, a smooth dark mare-like crater

near the western limb of the Moon slightly south of the equator. The increased level

of system capability approximately triples the available manhours for scientific
activity. Hence, these last two locales are investigated much more thoroughly than

were the preceding locales involving S/AA mission hardware.

The mission to Grimaldi represents the first admission of intent to commit the
program to extralunar scientific objectives beyond the scope of goals identified by the
15 basic questions. Grimaldi is to be the site of an astronomical observatory with a
variety of radio, optical, and X-ray telescopes and a permanently staffed 12-man

base. The intent of the first mission to Grimaldi is primarily to verify the environ-

mental suitability of the site for the proposed astronomical equipment.

The path approach to lunar surface exploration (Fig. 2-3) begins with a mission to
Copernicus from which a 400-km traverse is made to a group of dark halo craters
southeast of Copernicus. Copernicus is a very large, recent impact crater in
Oceanus Procellarum and is presumed to expose the lunar crustal structure to a
depth of several kilometers. The dark halo craters southeast of Copernicus are
probably volcanic and are expected to yield data on the subsurface composition of

the Moon at depths perhaps as great as 40 km, according to terrestrial analogs.

Subsequent missions in this phase of the program undertake increasingly ambitious

traverses one of which amounts to 1,600 km with a staytime of 2-1/2 mo.

With the advent of long surface traverses, the emphasis in lunar geoscientific explora-
tion shifts from limited area surface geology to regional geology and geophysical
probing of the subsurface structure by means of gravity surveys and active seismology.

It is estimated that chemical explosive charges with masses up to 6,000 kg will be
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required to generate seismic signals sufficiently intense to be useful at ranges up to
600 km. The integrated program uses hard landing probes from logistics launch
vehicles to deliver the largest explosive charges directly to the desired detonation
points after appropriate arrays of geophones have been deployed by surface missions.
The precise detonation points of the large explosive charges delivered by probes is
determined by using lunar photographic orbiters to locate the craters formed by the

detonations.

Although direct delivery by hard landing probes is the most economical way to place
large explosive charges, the corridor of low-energy trajectories for lunar logistics
compatible with the Saturn IB launch vehicle permits use of this mode only for points
within the western hemisphere of the Moon as viewed from Earth and a limited range
of eastern longitudes on the lunar nearside. Explosives delivered to the poles and all
points from 20°E to 200°E are soft landed and manually deployed by surface missions.

In these cases only a few hundred kilograms of explosives are used.

The emphasis upon nearside locale and path missions is primarily a reflection of
present familiarity with nearside topography, which makes selection of significant
targets easier than for the farside. It is anticipated that improved knowledge of the
farside through current lunar orbiter photos will lead to a better distribution of
mission locations. However, farside missions lack the convenience of a direct line-
of-sight communication link to Earth, so lunar orbiting communication satellites are

provided as a part of the support of farside missions.

The objective of the third phase of exploration is to provide semipermanent base
capabilities for more intensive investigations of lunar and extralunar goals. This
third phase of the program begins in the early 1980's with a step increase in capability
permitting a dual-launch mission to accomplish an 1, 800-km traverse, core drill a
300-m hole, and maintain a temporary base for 3-1/2 mo. The traverse in this case
is from the center of Mare Imbrium to the center of Mare Serenitatis and it is expected
to yield basic information about the history and mechanism of mare basin filling,
whether by a single catastrophic event or by a series of successive mare material
flows. The temporary establishment of a base heralds the beginning of the base

exploration phase of this program.
2-9
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A second visit to Grimaldi in the mid-1980's begins the establishment of a permanent
astronomical base that is carried through to completion in the late 1980's by a third
mission to Grimaldi in which a complex array of radio, optical, and X-ray telescopes
is set up in conjunction with a 12-man permanent base. The path approach to lunar
surface exploration is carried through the base exploration phase by missions to the

poles and to the farside.

2.3 PROGRAM OPTIONS

The total integrated scientific program, that is compatible with the increasing equip-
ment capabilities that evolve from S/AA through medium to large capability, is referred

to here as Scientific Program III.

As was mentioned in paragraph 2.1, the option to continue indefinitely with the S/AA
level of capability must be considered. The compatible branch of the integrated
scientific program is called Scientific Program I. In this program, locale-type
missions are carried on for a total of 14 surface missions, the last two missions in
the mid-1980's being to the center farside and to the South Pole. The lunar surface

exploration pattern is shown in Fig. 2-2,

This option provides no practical means to accommodate major scientific equipment,
such as 2-m optical telescopes and 300-m drills. The staytime and payload limita-
tions do not permit use of more than a 100-m drill. However, with visits to a wide
variety of major lunar features and with the orbital surveys, the low level option
does effectively attack the 15 basic questions about the Moon, but not to the degree of
assurance that would be provided by geophysical surveys along extended paths on the

lunar surface.

Another program option occurs after the step up to the medium level of system capa-
bility by assuming no further increases in exploration system capability. This branch

of the integrated scientific program is Scientific Program II (i.e., continued medium

2-10
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level of capability). The scientific objectives and the lunar surface exploration pattern
are the same as for the total three-step integrated program, but the scientific effort is
cut almost in half. The difference consists primarily in the establishment of a 6-man

semi-permanent base at Grimaldi under the continued medium level program while the

large program concluded with a 12-man semi-permanent base.

Programs I, II, and III of the integrated scientific program are presented in Appen-
dix A.

2-11
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Chapter 3
EQUIPMENT SELECTION

The analysis of the candidate lunar exploration programs (MIMOSA Technical Report—
Vol. II) provided answers to a number of questions regarding the choice and perform-
ance requirements of exploration equipment to be utilized in the post-Apollo exploration
of the Moon. These conclusions were used (Chapter 1) to formulate a general planning
approach within the specified guidelines. In the approach, summarized in Fig. 1-1,
certain broad categories of exploration equipment were associated with the various
equipment options available at three key decision points, together with the operational
constraints to be applied in their utilization. The subject of this chapter is to define the
specific design requirements for each item of equipment to be used in the exploration

plan.

The underlying principle for the selection of the equipment was to ensure (1) evolution-
ary development, (2) adaptability to program changes, and (3) a minimal number of

new equipment items.

The Saturn Apollo Applications (S/AA) equipment items were suggested by NASA as
representative of the type of hardware that will be employed in the initial phase of
lunar exploration; no attempt was made during the MIMOSA study to make an assess-

ment of the various candidate concepts for the S/AA Phase of Lunar exploration.

The equipment design specifications were based on the following requirements:

® One major failure shall not abort the mission; two major failures shall
not prevent a safe return.

® In an emergency, a manned system shall be capable of supporting a crew
for 14 days.

® Apollo state-of-the-art technology shall be used wherever possible;

advances, if required, must be realistic.

3-1
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3.1 TRANSPORTATION SYSTEMS

Transportation systems are required for the delivery of personnel and logistics and
are composed of the basic launch vehicle and its associated flight systems. The
discussion of transportation systems is given below in terms of the related launch

vehicle.
3.1.1 First Saturn V Uprating

The results of the analysis of the candidate lunar exploration programs showed that
logistics requirements could be satisfied by a relatively modest uprating of the
Saturn V vehicle and that the critical initial uprating would be governed by the per-

sonnel delivery requirements.

During the S/AA phase of exploration the Augmented Lunar Module (ALM) is used for
delivering two men to the lunar surface. The ALM configuration chosen combines
the functions of delivery and ascent with that of a shelter with up to 13 days staytime.

A mass summary is given in Table 3-1.

Maximum use is made of Apollo hardware. Additional life support, environmental
control, and electrical power equipment required for the longer staytime is attached
to the descent stage. Primary power is provided by solar cells and batteries, which

restricts the concept to daytime missions.

At the medium level capability, the same ALM concept is used to deliver three men to
the lunar surface, but only a short time (~ 1 day) shelter capability is provided since

the crew live in the roving vehicle and a pick-up launch is used for crew return.

Table 3-2 summarizes Saturn V performance requirements for the delivery of the
ALM under various operational conditions. The values quoted are based on the
MIMOSA flight/performance ground rules described in MIMOSA Technical Report —

Vol. I. These ground rules stipulate a capability for + 1 day leeway for launch from

3-2
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the lunar surface. For two-man delivery, complete lunar surface coverage would
result in a requirement for 120 percent uprating. However, the restriction of missions
to the lunar equator results in a reduction of this requirement to 109 percent. This
condition is acceptable for the early S/AA missions; however, complete surface cover-
age is desirable later. If the conventional (single launch) personnel delivery mode is
replaced by the "pickup" concept (delivery and retrieval of personnel by separate

launches) all missions can be performed with the 109 percent uprating of Saturn V.

Table 3-1

AUGMENTED LUNAR MODULE MASS SUMMARY

Stage Mass (kg)
Descent Stage
Structure 1,021
Propulsion 628
Guidance & Control 23
Environmental Control 232
Power 343
Telecommunications 11
Expendables 10, 393
Miscellaneous 200

Ascent Stage

Structure 525
Propulsion 234
Guidance & Control 310
Environmental Control 129
Power 339
Expendables 2,530
Miscellaneous 296
Total 17,214
3-3
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At the medium capability level, a three-man ALM is employed for crew transportation,
and the pickup launch (using a four-man CM) is required because of the long mission

durations. Under these conditions the required Saturn V uprating is 110. 4 percent.

In view of the small difference between the requirements, and to ensure equipment
commonality between exploration phases, a 111 percent Saturn V launch vehicle was
selected for both S/AA and medium capability phases of the exploration program.

This 111 percent Saturn V provides a capability for placing 50,350 kg (111, 000 1b)
on a lunar transfer trajectory and a corresponding capability to inject 132,000 kg
(292, 000 1b) into a 100-nm earth orbit.

During the S/AA phase, the logistics LM (a stripped LM ascent stage) is used for de-
livery of logistics via the LOR mode. Manned logistics delivery to lunar orbit is
assumed, but descent to the lunar surface is automatic. At the medium level, the
direct LLV is employed for logistics delivery. The conceptual design of this vehicle
is strongly dependent on requirements associated with a larger Saturn V uprating

and is discussed below.

3.1.2 Second Saturn V Uprating

The lunar exploration plan calls for the use of a direct lunar logistics vehicle at the
medium and large capability levels, and for direct delivery of six men associated
with the higher capability. The similarity of these transportation modes offers a
certain degree of commonality in the designs resulting in the reduction of the number

of new hardware developments.
There are several ways of approaching this commonality. One approach embodies the
"multi-mission module" concept where only the propellant tank capacity is tailored

for each application, with the remainder of the stage undergoing minimum changes.

Alternately a two-stage concept may be adopted where one stage is maintained constant

3-5
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while allowing the other stage to have various tank sizes, depending on the application.
A third approach, which was chosen for MIMOSA, involves using the same basic

stage and tank size in all applications, but off-loading for particular applications.

The assumption of a single tank size results in compromised performance at either
the lower or higher level of Saturn V uprating, and the LLV design becomes an im-
portant factor in the selection of the higher Saturn V uprating. The critical require-

ment for the higher uprating is that it must provide a six-man direct delivery capability.

Three solutions to the problem are illustrated in Fig. 3-1. The alternate design
concepts for the LLV involve (1) single stage optimized for the 111 percent Saturn V
and two of these stages used with the higher uprating, (2) single stage optimized for
the higher Saturn V uprating and used off-loaded at 111 percent, and (3) two stages
optimized for the higher Saturn V uprating and one stage used at the 111 percent level.

The figure indicates the size of the second uprating required to provide the six-man
direct capability under the three conditions and the logistics capabilities at both
levels of uprating. The configuration chosen was the one that involves single stage
optimization at the 111 percent level of Saturn V uprating. This concept provides
the highest logistics capability with the 111 percent Saturn V, which is likely to be
used over a considerable time period at the medium level, and still maintains good
performance at the second level of uprating. This choice results in a requirement

for the second uprating of 188 percent of the basic Saturn V.

The second uprating corresponds to a lunar transfer injection capability of 85, 300 kg
(188,000 1b) and a corresponding capability to inject 224,000 kg (494, 000 1b) into
100-nm earth orbit.

The LLV design characteristics, in its various applications, are summarized in Table
3-3. Good propellant fractions are indicated throughout, despite the fact that only
minor modifications are made to the stage for each application, with the exception of

the Earth return stage, where the tank size is reduced.
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