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SYNERGISM OF 3He ACQUISITION WITH LUNAR BASE EVOLUTION
T.M. Crabb and M.K. Jacobs

Astronautics Technology Center, Madison, W1

ABSTRACT

Researchers have discovered that the lunar surface contains a valuable fusion fuel
element that is relatively scarce on Earth. This element, 3He, originates from the solar wind that
has bombarded the surface of the Moon over geologic time. Mining operations to recover this
resource would allow the by-product acquisition of hydrogen, water, carbon dioxide, carbon
monoxide, methane, and nitrogen from the lunar surface with relatively minimal additional
resource investment when compared to the costs to supply these resources from Earth. Two
configurations for the 3He mining system are discussed and the impacts of these mining
operations on a projected lunar base scenario are assessed. We conclude that the acquisition of
3He is feasible with minimal advances in current state-of-the-art technologies and could support
a terrestrial nuclear fusion power economy with the lowest hazard risk of any nuclear reaction
known. Also, the availability of the by-products of 3He acquisition from the Moon could
significantly reduce the operational requirements of a lunar base and increase the
commercialization potential of the base through consumable resupply of the lunar base itself,

other components of the space infrastructure, and other space missions.

INTRODUCTION
The 21st century will see great advances in the exploration of space. Beginning with a

space station in low Earth orbit and moving toward the settlement of the Moon and Mars, the



exploration and development of space will broaden mankind’s horizons. The establishment of a
permanently manned lunar base would create an excellent stepping stone to future space
exploration missions. These advanced missions may support development of a large inexpensive
power system on Earth through the evolution of a very attractive fusion reaction involving
deuterium and an isotope of helium, 3He. The advantages of this reaction versus fission
reactions and conventional D-T fusion include: reduced radioactivity due to a reduction of
neutrons emitted; improved safety over other fusion reactions and all fission reactions; increased
efficiency; and lower electricity costs. Because terrestrial quantities of 3He would not support a
fusion energy economy, researchers are looking to the Moon as a source of 3He (Wittenberg et
al, 1986). It has been estimated that the Moon contains approximately 1,000,000 metric tons of

3He from solar wind bombardment over the past 4 billion years.

Here we show how acquisition of 3He affects Lunar Base development and operation.
We summarize a four-phase evolutionary Lunar Base scenario with initial equipment mass and
resupply requirements. Requirements for various 3He mining operations are shown and
available by-products are identified. Impacts of mining 3He on Lunar Base development include
increases in equipment masses to be delivered to the lunar surface and a reduction of lunar base
resupply based on availability of by-products. We conclude that the mining of this valuable

fusion fuel element greatly enhances the commercial potential of a lunar base.

EVOLUTIONARY LUNAR BASE SCENARIOS
To determine requirements for the establishment of a lunar base, various phases of base
development must be identified. Subsystems required for base operation must be defined. Mass,
- power, and resupply requirements for these operations must be determined to address overall
transportation requirements and cost of operations. A four phase evolutionary lunar base

scenario was created from previous work on lunar base concepts and from current technology



projections (Crabb and Jacobs, 1987). This scenario is used here to assess impacts of integrating

3He mining into lunar base development.

The four phases of the evolutionary lunar base scenario include: (1) a man-tended science
base; (2) a manned science and technology base; (3) a manned science and manufacturing base;
and (4) a manned science, manufacturing, and export base. Each phase builds on an
evolutionary operating capability. The base’s manned capability grows from 4-6 crew members

to 15-20 crew members over a period of 23 years.

The initial lunar base scenario can support 4 to 6 persons for a 10 day mission. Missions
performed at this lunar base would be mainly science oriented. Science missions include
geology, life sciences/medicine, astronomy, technology testing, and study of energy systems.
No provisions for processing lunar regolith for rocket propellant or other resources are provided

in this stage of lunar base development.

The next stage of lunar base development would allow for continuous occupancy of the
base by 4 to 6 persons. General science operations would be expanded to include specific
studies of geology, life sciences/medicine, and technology testing. Oxygen would be produced
in this stage via chemical processing of lunar regolith by hydrogen reduction of ilmenite using
Earth-supplied hydrogen. A small scale mining operation would be initiated to supply the base

with the needed regolith for oxygen production (6.6 MT lunar regolith per 1 MT oxygen).

In the third stage of lunar base development, continuous support for 10 persons is

- provided. Carbothermal reduction is added to hydrogen reduction to expand regolith processing
capability allowing for production of lunar resources beyond oxygen [29.2 MT lunar regolith per
1 MT oxygen + 1 MT silane (SiHg) + 0.4 MT silicon for carbothermal reduction]. The

additional lunar resources produced can be used for fabrication of structures, solar panels and



various other products useful to the base. Provisions for the manufacture of these type of
products must be provided in this stage of base development. Mining operations are expanded to
provide the needed additional lunar regolith for manufacturing and production. This expanded
mining scenario may include the initial development of a conveyor network to enable acquisition

of larger quantities of lunar regolith.

In the fourth stage of the evolutionary lunar base scenario, the base is capable of
supporting 15 to 20 persons continuously. To increase the self-sufficiency of the base, a process
similar to HF acid leach would be added to the chemical processing facility to obtain aluminum
and provide the potential to obtain other elemental resources for structures (8.7 MT lunar
regolith per 1.0 MT oxygen + 0.6 MT aluminum). Magma electrolysis is added to obtain iron
for structures (132.5 MT lunar regolith per 1.0 MT oxygen + 0.8 MT iron). Shiftable conveyors
would be added to the mining scenario to provide the additional regolith needed for
manufacturing and production. Shiftable and permanent conveyors could be added as the

demand for regolith increases.

Lunar Base Subsvstems

The required lunar base subsystems are determined from the three major operations to be
performed by a lunar base which include science, manufacturing and production, and
infrastructure/support. These operations expand differently as a lunar base scenario evolves.
Table 1 summarizes mass delivery requirements for each subsystem of the evolutionary lunar

base scenario.

Science missions are an important part of any lunar base scenario. These missions are
needed to provide information on lunar geology, life sciences/medicine, astronomy, technology

testing, and the study of energy systems. The science system for these lunar base scenarios was



TABLE 1. SUBSYSTEM MASS REQUIREMENTS FOR THE
EVOLUTIONARY LUNAR BASE SCENARIO

LUNAR BASE SUBSYSTEM

PHASE OF EVOLUTIONARY
LUNAR BASE SCENARIO

Surface payload delivered (MT)

1 2 3 4
SCIENCE 25 125 175 200
MANUFACTURING & PRODUCTION|  -- 12 431 1115

INFRASTRUCTURE

28 58 133 590




modelled from the current space station laboratory modules (NASA/JISC, 1986). In the early
stages of lunar base development, one module might support small scale experiments for many

of these science missions. As the base grows, modules dedicated to a specific type of science

mission may be added.

The manufacturing and production system is the main contributor to self-sufficiency.
While emphasis on this system is low in the early stages of base development, it has the highest
priority in an evolved base configuration. Manufacturing and production operations include
chemical processing for lunar resources, fabrication of hardware or structures from lunar and
terrestrial materials, and mining operations for acquisition of regolith. Chemical processing may
only involve extraction of oxygen from lunar regolith in the early stages of base development.
As the base grows, processing for additional lunar resources will be required. Fabrication of
hardware or structures will only be required in fairly evolved lunar base scenarios, because
larger scale structures and hardware are required before the additional mining and processing
operations become cost effective. Mining operations eventually include surface transport
vehicles, permanent and shiftable conveyor systems, and beneficiation systems to remove

specific grain size fractions and to remove specific ores from the regolith.

The lunar base infrastructure consists of habitats, surface transportation, launch/landing
facilities (includes a mass driver system), maintenance facilities, and power. The infrastructure
can be thought of as a base on which all lunar operations are built upon. It must provide all
resources (mainly life support and regolith processing consumables, electrical and thermal
energy, and life support for crew members) to support science and manufacturing operations.
The power plant within the infrastructure can be thought of as LP&L (Lunar Power and Light)

and must provide sufficient power for all community needs.



The lunar base is capable of utilizing lunar resources after initial operating capability is
reached for the second phase of development. Initially, production will be centered on
acquisition of lunar oxygen. As the base evolves, structural materials would be needed to ease
expansion requirements by using lunar-derived materials. Figure 1 shows the production
capability of each phase of base development. The results from science activities may not be
quantifiable products, but would contribute to advancing knowledge and technologies for future

systems to improve operating efficiencies.

Lunar Base Resupply

Resupply mass requirements include mass for hardware refurbishment, as well as for
consumable replenishment. Resupply requirements have been divided into the three major
subsystems. Figure 2 summarizes operational resupply requirements for each lunar base

subsystem and for each phase of base development.

Resupply for the science system is partly made up of hardware for refurbishment of
laboratory modules but is mainly made up of science payloads that are delivered from Earth to

conduct scientific experiments on the lunar surface.

Over 75% of the resupply in the manufacturing and production system is to replenish
unrecycled reactants used for processing regolith. Some hardware resupply is required to
refurbish failed mining system components. Required resupply for unrecycled
reactants/consumables and hardware refurbishment is not assumed to be from a lunar source,
although many of the consumables required for regolith processing may be made available from
- extraction of 3He and other solar wind gases (discussed later). The major contributor to resupply
requirements for the infrastructure\support system originates from life support consumables.
Water, the largest consumable in the life support system, may be available in sufficient quantities

as a by-product of a 3He mining operation.
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A major advantage of 3He mining at a lunar base is to make quantities of many
consumables that would need to be delivered from Earth available from local resources. To
identify these benefits, specific quantites of consumable resources required by a lunar base must
be identified. Consumable resource requirements can be obtained from analysis of resupply
requirements for the manufacturing and production system and the infrastructure\support system.
Resupply breakdowns for these lunar base systems can be found in Table 2. These resupply
requirements determine transportation requirements for normal lunar base operation without
expansion considerations. 3He acquisition may increase hardware mass supply requirements but

can relieve the requirement for consumables to be transported to the lunar surface from Earth.

LUNAR 3He

Lunar sources of 3He were first discovered in 1970 by R.O. Pepin (Apollo 11 Lunar
Science Conference). In 1986, a study conducted by scientists at the University of Wisconsin
(Wittenberg et al, 1986) estimated the potential 3He reserves on the Moon to be one million
metric tons. Terrestrial sources of this resource are from the decay of tritium and are estimated
at a few hundred kilograms per year. Terrestrial quantities of 3He are not sufficient for a large
scale fusion power industry which would require up to 10 metric tons 3He per year (Kulcinski et
al, 1988). This section defines requirements of a lunar 3He mining operation and potential by-

products that could be acquired with minimal additional resource requirements.

The advantages of fusion energy utilizing 3He are many (Wittenberg et al, 1986;
Kulcinski et al, 1988). Approximately 600,000 GJ of energy, or 19 MWy, is released upon
burning 1 kg of 3He with deuterium. Thermal to electrical conversion efficiency for the D-3He
fusion reaction is high, approximately 70%. This would yield an electrical energy content of
11.4 MWy per kg of 3He. Lunar 3He production levels are estimated to start at approximately

10 kg per year and would increase to several thousand kg’s annually within 30-40 years of the



TABLE 2. BREAKDOWN OF CONSUMABLE RESUPPLY

LUNAR BASE SUBSYSTEM

PHASE OF EVOLUTIONARY

LUNAR BASE SCENARIO

Resupply payload to surface
(kg/yr)

1 2 3 4

PROCESS CONSUMABLES
H2
CH4
HF

LIFE SUPPORT CONSUMABLES
Ho O

G2

No

- 186 372 558
60,000 60,000
33,000

3,350 1,834 3,668 4,280
450 247 493 570
250 137 275 323




start of lunar JHe mining. The impacts are very significant on North America energy production

and may prove even more significant on future energy requirements in space.

Lunar 3He sources originate from the solar wind that has bombarded the lunar surface
over geologic time (approximately 4 billion years). Analyses of lunar samples returned from the
Apollo missions show helium concentrations in lunar mare regolith of about 30 ppm (Williams,
1980). The concentration of 3He in the total helium content has been estimated to be about 300
ppm (Pepin ez al, 1970). Although the degree of homogeneity of the mare regolith is yet
unknown, 1.11 x 108 kg of unbeneficiated lunar mare regolith would contain about 1 kg of 3He.
Because the mare regolith samples collected to date show a high degree of homogeneity, it is
assumed that these concentrations are consistent to at least a 3 m depth. Thus, a volume 3m deep
by 25,370 m2 would contain 1 kg of 3He. Although these estimates are based on lunar sample
analyses, further sampling would be required to provide a stronger basis for estimates of 3He

concentration in specific sites on the lunar surface and at various depths in the mare regolith.

Because the heat capacity of lunar regolith is so low (0.784 J/g K), regolith should be
beneficiated as much as possible to reduce the quantities that must be heated. Because the solar
wind is implanted near the surface of each grain in the regolith, smaller grains, which have a
higher surface area to volume ratio, appear to have higher concentrations of implanted solar
wind gases. Thus, beneficiation to remove larger grains can yield reductions of lunar regolith
that must be heated by almost 50% while maintaining acquisition of 70-80% of the total 3He

available.



Requirements for 3He Acquisition

3He and other solar wind gas constituents can be removed from lunar regolith through
heating. Regolith is collected, beneficiated to a specific grain size fraction, and heated. After
heating to approximately 700 C, many of the adsorbed solar wind gases are released. The
processing temperature was chosen to optimize the release of helium without release of
implanted sulfur which begins at approximately 750 C (Williams, 1980). Further processing of
these gases would remove 3He from the solar wind gas mixture. Alternative technologies for the

various systems required for lunar 3He acquisition are included in Fig. 3.

Two scenarios have been conceptualized for the mining of lunar 3He. The first envisions
a mobile miner that would collect the regolith, remove larger -grains, and provide thermal energy
to release the solar wind gases. The gases would then be collected and stored in storage vessels
which would be transported to a central facility for further processing. The second scenario is a
centralized mining concept where sufficient quantities of bulk lunar regolith would be collected
and placed on a conveyor system which would transport the regolith to a central facility for
processing. A summary of mass and power requirements for each of the 3He mining scenarios is

provided in Tables 3 and 4, respectively.

Both 3He mining scenarios are based on an annual 3He production rate of 1 metric ton.
Thermal energy requirements for solar wind gas evolution are based on the heat capacity of lunar
regolith and assume 85% heat recovery. The major difference in the solar wind gas extraction
subsystem designs among the alternatives is the source of thermal energy. The mobile miner
uses a solar collector/concentrator of smaller thermal output, while the centralized system
- utilizes the high thermal energy output of a nuclear SP-100 reactor. It should be noted that the
requirements for the centralized mining concept depend upon movement of the regolith
collection subsystem from a mined area to a different unmined area. Surface preparation

requirements for this transportation are not included in either concept. Also, storage



MINING SYSTEM SYSTEM ALTERNATIVES
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FIGURE 3. HELIUM-3 MINING SYSTEM ALTERNATIVES



TABLE 3. MASS SUMMARY FOR HELIUM-3 MINING SCENARIOS

ALL MASSES ARE IN METRIC TONS

LUNAR HE-3
MINING
CONCEPT

REGOLITH
COLLECTION
REGOLITH
BENEFICIATION
SOLAR WIND GAS
EXTRACTION
SELECTIVE
CONDENSATION
ADDITIONAL

MOBILE MINER - 1000 kg Hed/yr
BUCKET WHEEL

—_
(9))
[AV]

INTERNAL REGOLITH TRANSPORT

o
w

GRAIN SIZE SEPARATOR 20
THERMAL POWER FROM DIRECT SOLAR 242
SELECTIVE CONDENSATION UNIT 180
GAS STORAGE VESSELS 67

GAS STORAGE VESSEL 18
TRANSPORT VEHICLE

MINER MOBILITY SYSTEM 83
& BODY

TOTALS 201 20 242 180 168

CENTRALIZED CONCEPT
- 1000 kg He-3/yr
BUCKET WHEEL EXCAVATORS 200
CONVEYOR SYSTEM 645
GRAIN SIZE SEPARATOR 20
NUCLEAR THERMAL POWER 10

SELECTIVE CONDENSATION UNIT 180

TOTALS 845 20 10 180

TOTAL MASS FOR MOBILE MINER = 811 metric tons
TOTAL MASS FOR CENTRALIZED CONCEPT = 1,055 metric tons




TABLE 4. POWER SUMMARY FOR HELIUM-3 MINING SCENARIOS

ALL POWER VALUES ARE IN KILOWATTS

E
LUNAR HE-3 - & 9. Q
o = Z0 w < =
MINING TE X 32 22 Z
38 3g zg o 2
CONCEPT @ 8’ o z g £ Wz 37
ws g8 3 Y8 ¢
MOBILE MINER - 1000 kg He3/yr
BUCKET WHEEL 810
INTERNAL REGOLITH TRANSPORT 182
GRAIN SIZE SEPARATOR 150
THERMAL POWER FROM DIRECT SOLAR 4,848
SELECTIVE CONDENSATION UNIT 5,450
GAS STORAGE VESSELS -
GAS STORAGE VESSEL 242
TRANSPORT VEHICLE
MINER MOBILITY SYSTEM 1,110
& BODY
TOTALS 1,062 150 4,848 5,450 1,352
CENTRALIZED CONCEPT
- 1000 kg He-3/yr
BUCKET WHEEL EXCAVATORS 870
CONVEYOR SYSTEM 6,105
GRAIN SIZE SEPARATOR 150
NUCLEAR THERMAL POWER 5,675
SELECTIVE CONDENSATION UNIT 5,450
TOTALS 6,975 150 5,675 5,450

TOTAL POWER FOR MOBILE MINER = 12,862 kW
TOTAL POWER FOR CENTRALIZED CONCEPT = 18,250 kW



requirements for resources obtained following selective condensation are not included in either

mining concept.

Mobile vs. Centralized Mining Concepts
To evaluate and compare each mining concept, advantages and disadvantages of each

concept must be identified. The advantages and disadvantages for each mining concept can be

found in Tables S and 6.

When studying the advantages and disadvantages of each concept, many tradeoffs
become apparent. Because the solar wind gas extraction system in the centralized concept is in
one central location, a nuclear reactor could be used to deliver required thermal power, enabling
gas extraction to occur in the lunar day and night. Implementing the use of nuclear reactors on
the mobile miner would create many maintenance and safety problems because the systems
would be more difficult to closely monitor. An advantage of the mobile miner is that large areas
may be easily mined at any distance from the central base. As 3He production requirements
increase and as 3He is removed from regolith nearby the central base, mining operations must
extend to distances far from the central base. Because movement of excavation systems in the
centralized concept would be very costly, the mobile miner has a greater potential to meet long-

range 3He production requirements.

A major advantage of the centralized mining concept over the mobile miner is
commonality of hardware. The excavation and conveyor systems required by the centralized
concept can be used to collect regolith for oxygen and other lunar resource processing schemes.
This would reduce the mass delivery requirements for the manufacturing and production lunar
base system. The excavation systems of the base and the centralized 3He mining concept are

identical. The entire conveyor system mass of the fourth phase of the evolutionary lunar base

10



TABLE 5. ADVANTAGES/DISADVANTAGES OF THE MOBILE MINER

ADVANTAGES DISADVANTAGES

MINIMAL ALTERATION OF LUNAR SURFACE | PREDICTED HE3 DEMANDS WOULD REQUIRE OVER
100 MOBILE MINER SYSTEMS BY THE YEAR 2050

HIGH DEGREE OF AUTOMATION POSSIBLE
CPERATION ONLY DURING THE LUNAR DAY

NO TEAR DOWN / SET UP REQUIREMENTS REDUCES POTENTIAL HE3 PRODUCTICN RATES
FOR MINING DIFFERENT AREAS FAR FROM

CENTRAL BASE BECAUSE MAINTENANCE OF SEVERAL MOBILE
MINERS, SOME MANY KM FROM THE CENTRAL
MULTIPLE MINERS CAN COVER A VERY BASE, IS VERY RESOURCE INTENSIVE, SYSTEMS
LARGE SURFACE AREA WITHIN THE MINER MUST HAVE MINIMAL COMPLEXITY

(OR MAXIMUM RELIABILITY}

OPERATES FAIRLY INDEPENDENTLY OF
OTHER LUNAR BASE CPERATIONS

HAS A LOWER MASS PER KG HE3 OBTAINED
THAN CENTRALIZED CONCEPT




TABLE 6. ADVANTAGES/DISADVANTAGES OF THE
CENTRALIZED MINING CONCEPT

ADVANTAGES

DISADVANTAGES

MUCH OF THE HARDWARE REQUIRED
COULD BE UTILIZED BY A LUNAR BASE
FOR OXYGEN PRODUCTION AND OTHER
MINING ACTIVITIES

OPERATION DURING THE LUNAR DAY
AND NIGHT

SINCE MANY OF THE GAS REMOVAL /
COLLECTION SYSTEMS ARE CENTRALLY
LOCATED, SERVICING / MAINTENANCE
IS LESS COSTLY THAN IN MOBILE SYSTEMS
AND MAY BE DESIGNED WITH HIGHER
LEVELS OF COMPLEXITY USING SOA
TECHNOLOGIES

HAS A HIGHER YIELD THAN MOBILE

MOVING THE MINING OPERATION TO ANOTHER
LOCATION WOULD BE VERY RESOURCE INTENSIVE

BECAUSE MORE SYSTEMS ARE LOCATED IN THE
CENTRAL FACILITY THAN WITH THE MCBILE MINER,
THERE WILL BE MORE SIGNIFICANT IMPACTS
ON THE LUNAR BASE INFRASTRUCTURE

SINCE LARGE QUANTITIES OF REGOLITH NEED TO
BE DELIVERED TO THE CENTRAL FACILITY FOR
PROCESSING, PROBLEMS OF ACCUMULATION

OF PROCESSED REGOLITH STOCKPILES
MAY ARISE




scenarios could also be provided by the centralized concept. Considerations of shared hardware

reduces mass delivery requirements for the manufacturing and production system by 8% for the

centralized 3He mining concept.

IMPACTS OF 3He ACQUISITION ON LUNAR BASE DEVELOPMENT

To determine the impacts of mining lunar 3He, we must first identify the advantages and
disadvantages of each mining concept. We must then consider how the implementation of each
mining concept affects the mass delivery requirements of the lunar base. The delivery of mining
hardware generally increases mass delivery requirements, but the use of by-products made
available by such mining would reduce the mass delivery requirements and increase the
efficiency of the hydrogen/oxygen-based Earth-Moon transportation systems. The value of 3He
and the significant quantities of the by-products available enhance the commercialization

potential of the lunar base.

Available By-products

Many of the other constituents of the solar wind gas mixture are valuable to lunar base
operations and are obtained with minimal additional resource requirements through "synergistic"
processing. Table 7 lists these available by-products and the quantities available upon heating

lunar regolith to 700 C. The markets for these by-products is discussed later.

Reduction in Lunar Base Logistics

Figure 4 shows the overall mass delivery requirement for the evolutionary lunar base
scenarios without 3He mining. The impacts of each 3He mining concept on a lunar base can be
determined by comparing the mass delivery requirements of the lunar base without 3He mining

to a lunar base implementing a 3He acquisition scenario.

11



(YHo) 8 vz 8 Z'¢ uolae !3 gy uosu :sased loulu

(¢02) 3 12 (011) 3 g2 (pa1v1oyoUaq) 12109 o
86 (02) 3 ot (2H) 3 96 36r 39100 I yujoBay suuoy 1oy
(Y11D) souuoy 9°g souuo} g-g uoSie ‘souuoy g'g uosu :sosed roupw
(¢0D) souuoy g°1 (0%11) souuoy ¢°g (pauru)
s3UU0} §'() (0D) souuoy g1 (¢H) souuoy g souuoy 1'g By I GOTXLE'T €91 By 1 19d
(o%n) ¢z (paiv1dyouaq)
s (*niz) 11 (Pod) 21 (02) 91 (°H) ¢v g ¢-0IXL Sv'0 20001
%t _ %9 _ i _ %9€ _ %G8 %18 _ %98 _ 0} 19}
wyf 0§>
SIL 991 0% LC g 0Ix1'8 Sro ajedyausy
706 _ %06 _ %006 _ %06 _ %06 _ Buiupy
£SI-¢0I 9C¢¢-¢VvI 09-0§ 0t ¢-01%6 I Jejng
usagdoniy uoqien ‘y v=H £-°H (souuoy) NOILVYddO
yijodoy

(suuog Suw/3) wdd ‘NOILYYLINIDONOD

J00L OLILLITODMI IRIVIN
ONILVIH NOYA dILIIJIYd USYATIA SYD LA'TUV.L



SOIMVNADS ASVI YVNNT AYVNOILTOAH

AHL Y04 SINIJWIFINOAT AUIAI'TAA SSYIA TIVIIAO v HIANOIA

A1ddNS3Y IWNOILYHIJO 3Svg M NOISNYdX3 81HOd 3HVMUUVYH B3

ININdOT13AIA ISVE HVNNT 40 HVIA
Gz b2 €222 120261 8L LZL9LSGHPLELZHILOL 6 8 £ 9 G ¥ € ¢

€ g1

!

0

T 001t

1 0G1

1 002

1+ 0G¢

-+ 00¢€

FOZwW

- E2EWrE.0

=<0



Figure 2 showed resupply requirements for the manufacturing and production system and
the infrastructure. Some of the consumables that require resupply may be provided from by-
products of 3He acquisition. Table 8 shows the lunar base consumable requirements and the

quantities available as by-products of 3He mining scenarios.

It is important to note the quantity of water shown here may be high because of potential
water contamination in the Apollo samples (used to derive this data) when returned to and
analyzed on Earth. Also, there would be additional requirements to purify the water obtained.
Oxygen may be obtained from further processing of CO and CO3. The effect of supplying lunar
base consumables from He-3 mining on the overall lunar base scenario development can be seen
in Fig. 5. To accurately compare the two He-3 mining scenarios, similar criteria must be
applied. Both scenarios have similar He-3 production rates for each year. Both mining concepts
assume mass delivery increases of 25% from one year to the next. Both concepts are capable of
obtaining 1000 kg of lunar He-3 per year by the start of the fourth phase of the lunar base (year

23).

The mass delivery for a lunar base with 3He mining is actually less than the baseline
lunar base (without 3He mining) for 3He acquisition rates of 100-300 kg/yr and a lunar base with
a permanent crew of 10. This occurs because the 3He mining operation can resupply the lunar
base with consumables for life support, atmosphere maintenance, and manufacturing and
production processes. In addition to resupplying consumables, the centralized concept delivers
all the excavation equipment needed for manufacturing and production operations in the fourth
phase of the lunar base. The fourth phase is reached by the 23rd year of base development, but
- hardware delivery for this phase is begun at year 13. After year 23, no expansion of operations
is assumed and the lunar bases with the 3He mining operations operate with reduced logistic
requirements compared to the non-mining option. Also, the effect of 3He mining will be even

greater when a lunar-derived source of both hydrogen and oxygen have been realized in the

12



_30HNOS H3IMOd HYITONN MININ ANV ‘WILSAS LHOddNS 34171 a3SOTO-INES
S3ILITIOVS IDNIIDS ‘'SNOILYHIJO DNININ 3TVOS T1Nd STANTONI ISVE HYNNT &

. . J19¥INNSNOD SSI00Hd |
009} 000'09 30HNOS3Y HYNNT YHO
. J19¥INNSNOD SSI00Hd
00L‘9 8GG 304NOS3Y HYNNT ZH
J19VINNSNOD
009 £z 140ddNs 341 2N
. I19YWNSNOD
()GCE G 0.S 140ddNs 3411 20
. . J18VWNSNOD
00E€ 082y 1HOddNS 3411 O¢H
(1A/Dx) 3Svd HYNNT OL
CIH OWOM  +3ISVI NOSHId 0¢-G1 HO4 NOLLYODITddV J404HNOSdYH
ININIHINOIYH AddLVYINILST

LYOJdNS ASVU YVNI'T 04
NOLLISINO)V €N WOUA IAVIIVAY STIDUNOSTY TVNOLLIAAY "8 A'IUV.L



ONINIIN €-IWNI'TIH LNOHLIA ANV HLIM ATddASHY dSVE S TINDIA

JNGON /M 81 --.  Q3IZINVHINIO /M ET1 —  A1ddNS3H 817TVI0L —

IN3INWdON3AIA 3SVYE HYNNT JO HVYIA

G2 ¥2 €2 22 12 02 61 8L ZL 9L G+ vL EL 2L kL O 6 8 L 9

1 I 1
4ttt

+
- <
+- ™
+ o

-

[l 1 1 L J [ } } 1
] T L} L] ) L] ¥ L T L

lllll

1 0s
- 004
1 ost
1 002

T 0S¢

T 00€E
T 0SG€
1 oo¥

- 0sb

- O C w

=N,

E O uwa—o

ocwg



space transportation system design. The total Earth launch mass per pound of payload to the

moon may be reduced by 50% when this source of propellants becomes available (Crabb, Teeter

Jacobs, 1987).

’

Another measure of the effects of lunar base concepts on the space infrastructure is the
amount of mass needed to be launched from Earth to deliver all payloads, transport vehicles and
other support needs to the Moon. To determine Earth launch mass, the lunar mass delivery
curves (Fig. 5) are used to generate an annual mission model. The mission model is then
manifested on orbital and launch/landing vehicles that are conceptually defined using
ASTROSIZE, a computer model used to design conceptual vehicles from propulsion system
characteristics, aerobrakes, landing systems, thrust structures, and other factors. Total propellant
and vehicle requirements are accounted with various sources of propellants considered. The
mission model, with space transportation vehicle descriptions (including OTV and lander
design), is entered into ASTROFEST, a computer code which uses the mission model and
vehicle descriptions to determine quantities of Earth propellants, lunar propellants, and overall
Earth launch mass required. Here, the vehicles are sized to account for availability of lunar
oxygen and lunar hydrogen if they are available. From these data, the total support of lunar base
concepts may be evaluated based on the total Earth launch mass including payloads, propellants

and vehicles. The results are shown in Fig. 6.

The results of the Earth launch mass analysis show that 3He acquisition can reduce the
Earth launch burden of establishing a lunar base through the provision of consumable gases and
propellants. Without 3He acquisition, O2 is the most likely propellant candidate from lunar
sources. With He-3 acquisition, H2 can also be obtained as a by-product and used for propellant.
Using H2 and O2 from lunar sources provides enough credits to the lunar base with 3He
acquisition to make this scenario less resource intensive than the baseline lunar base without 3He

acquisition.
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Increase in Lunar Base Commercialization Potential

In addition to reducing resupply requirements, 3He acquisition would enhance the
commercialization potential of the lunar base in several ways. The 3He could be used provide
large quantities of power to a lunar base or for the support of other space exploration missions.
The by-products could be used by the entire space community. Quantities of 3He could also be
shipped to Earth to support the nuclear energy economy of the 21st Century with the safest form

of nuclear power known. These applications of 3He are discussed in the following sections.

Space Markets for 3He and its By-products. As fusion technology advances, many
new applications of 3He will be determined. Researchers are already investigating fusion-
powered space transportation vehicles. In addition to transportation, quantities of 3He could
provide sufficient power to conduct tasks that would require large amounts of power. A central
power plant on the lunar surface operating on a D-3He fusion cycle could beam sufficient energy
via microwaves to run a space station in Low lunar Orbit. This power plant could also beam
energy to other locations on the lunar surface using a network of surface and/or orbital reflectors,
thus extending the lunar base’s range of operation. This energy could also be used to establish

and operate other base camps.

A more immediate market that 3He acquisition opens up is the availability of the by-
products of 3He acquisition. By the 10th year of base development, excess quantities of 3He
acquisition by-products could be made available for the support of other space activities. These
activities include: (1) resupply of the space station with life support and atmosphere
maintenance consumables at many times lower cost than delivering from Earth; and (2)
providing needed resources for a lunar refuel/resupply station for support of other space
exploration missions. Fig. 7 shows the quantities of by-products that could be made available

for uses other than the support of a lunar base. Many other applications of the resources 3He

14



SLONA0Ud-Ad NOILISINOOV €-INNITAH YVNN'T
NOYA SIUNOSHY ATIVLIOIXH 40 NOLLONAOAd TVANNY ‘L JANOHIA

IN3IWJOT1IAIA 3SvE HYNNT 40 HY3IA
G2 v2 €2 22 g 02 6L 8L LL 9L GL ¥L €L <cb M 0O}

[ 1 } | ] I} | [ [ ] ] 1 1 1 1 o
t 1 1 1 1 1 1 I 1 —— e T T T ST R eIy revge:
S SN LT L S0 gt e e e e
e TR MRS Sl e e
o acaesnassT e Yo
A i o P
PV et e o s \\\\
A PEN -
e - -~ g
P e 1 000t
o . Ve
3\.\\3\. ccoc-o- \\ \\\\\\
VIO nmanaanaraaane .-a.%. \\ prd

~ s 1 0002
No yd \,\

\ \\ + 000€
\ + 000¥
\ - 000G

ZH ---eeee- \ -+ 0009

OCH ===~

- 000L

s oNaBaNoN 1

WXAOXZp-<maWw

Ouw
W0 FO0Zw



acquisition makes available may be discovered as human presence in space grows. The

availability of these resources significantly enhances the feasibility of many space exploration

missions.

Terrestrial Market for 3He as a Fusion Fuel. As the 21st Century approaches and

fossil fuel supplies diminish, Earth’s economy will require much greater amounts of power and
energy. Nuclear power seems to be an answer to the problem but the safety hazards associated
with fission reactors has sparked sufficient public concemn to hold up development of more
nuclear power plants. Nuclear fusion has significantly lower safety risks, and the D-3He cycle
has the lowest safety risk factor of any of the known fusion cycles. Terrestrial quantities of 3He
are not sufficient to support large scale D/3He fusion power development, lunar 3He is abundant
enough to support large scale fusion power on Earth and may provide a strong impetus to return

to the moon on a commercial and cost effective basis.

SUMMARY AND CONCLUSIONS

We have shown the value of 3He, a resource scarce on Earth, but relatively abundant on
the Moon. An evolutionary lunar base scenario was presented and impacts of two 3He
acquisition concepts on this base were determined. A centralized 3He mining concept, where
regolith is excavated and returned to a central facility where the 3He is removed, has a more
significant impact on the lunar base than the mobile miner concept, where solar wind gases are
extracted from lunar regolith and the gas storage vessels are returned to the central facility for
further processing. The availability of 3He acquisition by-products reduce the operating
requirements of a lunar base and provide the base with greater potential for commercialization
by making these by-products available for the support of other space missions. Finally, lunar
He-3 could support a terrestrial nuclear power economy with the lowest safety risk of any
nuclear reaction known. We conclude that 3He acquisition enhances the feasibility of

establishing a permanently inhabited lunar base in the early part of the 21st century.

15



REFERENCES

Cameron E.N. (1987) Geological aspects of He-3 procurement from the Moon. Arizona

Geological Society, Tuscon, Arizona.

Cameron E.N. (1988) Mining for Helium - Site Selection and Evaluation. Symposium on Lunar

Base and Space Activities of the 21st Century, Houston, TX.

Crabb T.M. and Jacobs M.K. (1987) He-3 Mining Techniques. Internal Report for the

Wisconsin Center for Space Automation and Robotics (W CSAR), Madison, Wisconsin.

Crabb T.M. and Jacobs M.K. (1987) Preliminary Lunar Base Scenario Design. Internal Report

for the Wisconsin Center -for Space Automation and Robotics (WCSAR), Madison, Wisconsin.

Crabb T.M. and Jacobs M.K. (1988) He-3 Acquisition. Internal Report for the Wisconsin Center
for Space Automation and Robotics (WCSAR), Madison, Wisconsin.

Crabb T.M,, Teeter R.R., and Jacobs M.K. (1987) Lunar Surface Base Propulsion Svstem Studv.

NASA Contract NAS9-17468, Astronautics Technology Center, Madison, Wisconsin.

Kulcinski G.L., Sviatoslavsky I.N., Santarious J.F., and Wittenberg L.J. (1988) Fusion Energy
from the Moon for the 21st Century. Symposium on Lunar Base and Space Activities of the 21st

- Century, Houston, TX.

NASA/JISC (1986), Space Station Reference Configuration. JSC 30255, Houston , TX.
Pepin R.O. ez al. (1970) Proceedings of the Apollo 11 Lunar Science Conference, Vol.2, #1435.



Sviatoslavsky LN. and Jacobs M.K. (1988) Mobile Helium-3 Mining System and Its Benefits

Toward Lunar Base Self-Sufficiency. Space 88 Conference, Albuquerque, New Mexico.

Williams R.J. (1980) Handbook of Lunar Materials, NASA-RP-1057.

Williams R.J., McKay D.S., and Giles D. (1979) Mining and Beneficiation of Lunar Ores. Space

Resources and Space Settlements, NASA-SP-428.

Wittenberg L.J., Santarius J.F., and Kulcinski G.L. (1986) Lunar source of 3He for commercial

fusion power. Fusion Technology, 10, 167.





