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CHAPTER 1
INTRODUCTION
1.1: CONTRACT BACKGROUND

On February 2, 1978 NASA Marshall Space Flight Center
awarded a seven month contract (NAS8-32925) to the MIT Departa
ment of Aercnautics and Astronautics for a study entitled
"Extraterrestrial Processing and Manufacturing of Large Space
Systems (Phase 1)". Later negotiations extended the contract
to nine munths by adding supplemental tasks. HWork on the
contract began on June 20, 1978, and the expected termination
date was March 31, 1979.

Following discussions between MIT and NASA MSFC, a follow-on
effort extended the contract to further investigate solar cell
production processes, specifically automation requirements and
production control tradeoffs. This research also included an
experimental section on deposition processes. This follow-on
effort extended the contract to July 31, 1979. MIT requested
and received a one-month no-cos. extension for the prepavation
of this detailed final report, making the due date August 31, 1979,

The NASA MSFC Contracting Officer's Representative is
Georg F. von Tiesenhausen (205-453-2789). The MIT Principal
Investigator is Professor Rene H. Miller (617-253-2263). The
MIT Study Manager is David B.S. Smith (617-253-2272).

1.2: CONTRIBUTORS TO THE STUDY

Work on the contract has been performed by the Space Systems
Laboratory of the Department of Aeronautics and Astronautics.
The members of the study team are listed in Table 1.1. Five
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TABLE 1.1: STUDY PARTICIPANTS

Participating Faculty

Rene H. Miller Principal Investigator
James W. Mar :

Leon Trilling

John F. Elliott

P. Guenther Werner

Research Staff

David B.S. Smith Study Manager
Alan Bannister

David L. Akin

Glen J. Kissel

David D. Dreyfuss

Part-time Student Researchers

Sylvia I. Barrett
Craig R. Carignan
John T. Dorsey

D. Scott Eberhardt
Douglas C. Finch
Jonathan A. Goldman
Marc J. Gronet
Chris K. Johannessen
John . Jordan
Charles A. Lurio
Carolyn S. Major
Kent C. Massey
Laura €. Rodman
Joel A. Schwartz
Robert E. Sullivan
Eric D. Thiel

MIT faculty participated in the study: from the Department of
Aeronautics and Astronautics, Professors Miller and Mar (who
jointly head the Space Systems Laboratory), and Professor
Trilling; from the Department of Materials Stience and Engi-
neering, Professor Elliott; and from the Department of Mechanical

Engineering, Professor Werner. Professor Miller is the Principai
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Investigator and the study's Systems specialist. Prcfessor Mar
has expertise in materials and structures, and served as Prin-
cipal Investigator during Professor Miller's absence. Profes-
sor Trilling is a specialist in gas-surface interactions and
deposition processes. Professor Elliott is an expert in material
refining and processing. Professor Werner is the manufacturing
and industrial operations specialist.

The study also employed five graduate student research
assistants: Dave Smith was Study Manager and design integrator;
Alan Bannister supervised the design of the Klystron, waveguide,
and DC-DC converter manufacturing sections of the SMF; Dave Akin
was the study's costing specialist; Glen Kissel was the auto-
mation and production control specialist; and David Dreyfuss
supervised the experimental research on diract vaporization.

The remaining study personnel were undergraduate researchers
who were responsible for the bulk of the research and design
work. In a contract stressing .;.ce-specific designs ("think-
ing zero-g") and advanced technologies (assumed technology
date: 1996), the undergraduates' fresh approach to probiems
proved invaluable in generating novel ideas.

The study effort on this contract has been enhanced by
other activities within the Department of Aeronautics and
Astronautics. Besides this contract with NASA MSFC, the MIT
Space Systems Laboratory is conducting research in three re-
lated areas: human operations in zero-g, novel structural
concepts for large space structures, and modeling and optimi-

zation of space industrialization scenarios. This research should
1.3



eventually suggest several Shuttle experiments, and should
identify critical technologies in the development of space
industrial operations.

The zero-g work has concentrated until now on an evalu-
ation of water as a zero-g simulation medium, i.e. under what
conditions and how much does water-drag affect the predic-
tions for human EVA operations in space. This has led to de-
velopment of a mathematical model of human body dynamics inder-
water, and of an underwater harness and instrumentation. Com-
parison of theory and underwater test results has indicated
constraints within which water is a suitable simulation medium
and the mathematical model can produce zero-g predictions by
accounting for the water-drag. This work is funded by a NASA
HQ grant.

Work on large space structure design has concentrated on
the use of environmental forces (i.e. gravity gradient, mag-
netic, solar pressure, thermal emission) to reduce structural
requirements on large floppy structures. The SSL is also in-
vestigating the potential of inflatable structures, and pre-
paring a vacuum drop chamber to study the free-fall dynamics
of such structures. This research is also being conducted
under a NASA HQ grant.

The research on space industrialization scenarios has
produced a hiyhly flexible computer program capable of modeling
a wide range of options, including earth-based and lunar-mate-

rial construction of solar power satellites. The program in-
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cludes a detailed line item costing subroutine covering re-
search, development, procurement, and operations costs of
space industrial components, allowing variable spending
patterns during the years of R & D and operations. Optimi-
zation programs using linear and integer programming to min-
imize 1ife cycle costs of space industrialization have also
beer developed. This work is done in-house, using depart-
mental funds.

Associated laboratories within the Department of Aero-
nautics and Astronautics include: The Technology Latoratory
for Advanced Composites, which studies the manufacture and
properties of aerospace-structural components made from ad-
vanced composites such as graphite-epoxy or Kevliar-epoxy
(Air Force Contracts); the Man-Vehicle Laboratory, which has
studied posture control in space for several years, and is
preparinc experiments on balance, vestibular functions, and
motion cicknass far Spacelab I (NASY JSC contract); and the
Gas Turbine and Plasma Dynamics Laboratory, which has worked
on ion engines and plasma thrusters {(NASA and Air Force con-
tracts).

The Department of Aeronautics and Astronautics has also

conducted systems studies as a integral part of its curriculum.

Past topics in the graduate level Advanced Systems Engineering

class include "A Systems Design for a Prototype Space Colony"

(1976), "Three Candidate Designs for Satellite Solar Power
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Stations" (1974), “"Satellite Solar Power Statior -- A Systems
Study" (1973), "Space Disposal of Nuclear Wastes™ (1972), and

"A Proposal For & Humanitarian Earth Resources Satellite" (1970).
Undergraduate Space Systems topics in the recent past inc]ude§
optimization of the Space Transportation System, sizing of
second generation shuttles, reuseable booster design with air
breathing first stages, laser propulsion, and optimized inter.
orbital transportation systems. All of this past and on-going
work forms a sizable body of experience available to this study
effort.

1.3: COMPLEMENTARY STUDIES

During the time of this study, two otner NASA studies were
in progress, on topics closely related to this contract's. In
"Extraterrestrial Materials Processing ana Construction” (Con-
tract NAS 09-051-001, for NASA JSC), the Lunar and Planetary In-
stitute reviewed and developed methods for mining, beneficiating,
and refining lunar raw materials for a lunar or srace manufac-
turing operation.

At the same time, the Convair Divisior of General Dynamics
was working cn "Lunar Resources Utilization for Spac> Construc-
tion" (Contract NAS9-15560, for NASA JSC). This study is a
systems evaluation of a number of possible scenarios involving
the use of lTunar materials to manufacture space products. One
important early task of this study was to establish an economic-
feasibility threshold for lunar-material use. Other objectives
of this JSC-GD study were the modification of the reference
earth-baseline Solar Power Satellite design to one using ‘unar
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material components, and the development of preliminary de-
signs for elements of space industrialization (e.g. lunar bases,
transportation systems, processing and manufacturing facilities,
habitats).

As mandated by the SOW and by discussions with the MSFC
COR, the MIT study received important inputs frum both of these
studies (these inputs are described thrcughout thic report).
A number of discussions were held, both on the ph'ne and in
person, and progress reports were circulated between mcubers
of all three studies.

1.4: STUDY OBJECTIVES

The purpose of this study, as stated in the NASA Statement
of Work, is "to provide NASA with pertinent and readily usable
information on extraterrestrial processing of materials and
manufacture of components and elements of large space systems."”
Briefly stated,the objective of this study 1s to develop re-
quirements, preliminary designs, and costs for a Space Manu-
facturing Facility (SMF), which would receive raw materials
from the Moon and the Earth, personnel and supplies from th
Earth, and energy from the Sun, .0 produce components of la
space structures such as communications antennas, space stations,
and solar power satellites (SPS). This concept is explained
in nore detail in the next section.

More specifically, the study objectives were listed as a
set of tasks in the SOMW:

Task 1: Define sp~ce program scenarios for low and
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medium options (no SPS). The high option will use an SPS pro-
gram scen.rio provided by MNASA.

Task 2: Define the benefi.iation, smelting, refining,
alloying, and other processes that are required to convert the
beneficiated, primary processed lunar material ints the required
commercial feedstock for the manufacturing processes.

Task 3: For cach desired product define the required
formwing, manufacturing, assembly, and other processec from
feedstock to the Tinished product.

Task 4: Define type, total quantity and annual delivery
rate of supplemental terrestrial feedstock material for each
of the material quantities and rates based on the product re-'
quirements.

Task 5: Define the SMF operations, equipment and facilities
required to implement the processes defined in Task 2 for the
Tow, wedium and kigh quantities and rates.

Task 6: De“ine SMF operations, equipment and facilities
required to implem: 't the processes dafined in Task 3 for each
of the material quantities and rates based on the product re-
quirements and determine the production quantities and rates
for each product.

Task 9: Provide conceptual layouts of all major SMF equip-
ments and facilities including material receiving, product
storage facilities and energy supply for each rate and tontal
quantity of .product material.

Task 10: Determine total SMF masses for each production
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rate. Add mass contigencies ‘or SMF flight mechanical equip-
ment. Determine the number of personnel required and assess
the mass of their residential accommodations.

Task 11: Present a preliminary cost analysis and acsess-
ment which includes development, acquis’iion of all SMF ele-
ments, initial and operating cost, maintenance and logistics
cost, the cost of terrestrial supplementary material and trans-
portation cost for each major element. Derine uncertainties
and sensitivities for each element.

Task 35: Present all study numeric3l results in taou-
lated and graphical form that will permit obtaining values
for any intermediate parameters other than those used in the
study.

Tasks 7, 8, 12, 13, 14, and 15 {(listed below) toagether form
Phase II of the study: the design and costing of a Lunar Man-
ufacturing Facility (LMF) to do the same job as the SMF, but
on the lunar sur‘ace, and the comparison of the SMF and LMF
options.

Task 7: Define the LMF operations, equipment and facilities
regquired to 1mplement the processes defined for the low, medium
and high quantities and rates.

Ta<k 8; Define LMF operations, equipment and tacilities
requircd to implement the processes defined in Task 2 fo~ each
of the material quantities and rates based on the product re-
quiremnents and determine the production quantities and rates

for each product.
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Task 12: Provide conceptional layouts of all major LMF
equipments and facilities including material receiving, pro-
duct storage facilities, and energy supply for each rate and
total quantity of product material.

Task 13: Determine total LMF masses for each production
rate. Determine the number of personnel required and assess
the mass of their residential accommodations.

Task 14: Present a preliminary cost analysis and assess-
ment which includes development, acquisition of all LMF ele-
ments, initial and operating cost, maintenance and logistics
cost, and the cost of terrestrial supplementary materials and
transportation cost for each major element. Define uncertain--:
ties and sensitivities for each element.

Task 15: Compare and evaluate the SMF and LMF concept
options based on methods and criteria developed by the con-
tractor. Recommend further investigations in support of con-
clusions drawn in this study and prepare rationale, plans,
cost and schedule for the recommended efforts.

During the progress of the study, a number of significant
changes were made to these objectives, as issues were clarified
by this effort and the two complementary studies. Fiirst, the
early determinaticon of the economic threshold for lunar mate-
rials use done by the JSC-GD study (Ref. 1.1) suggested that
a minimum production csmount of roughly 570,000 tons of large
space structures in 30 years is required to make lunar mate-

rials vse economically viable. Furthermore, even liberal
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estimates of future satellite requirements do not approach

this figure, unless SPS's are included. (DOr. Gerard K. 0'Neill
suggested at one meeting that a space-based passive anti-
collision radar system might te in this mass range, but cur-
rent estimates on such structures are uncertain.) Therefore

a viable lunar-material scenario would include the production
of SPS's. MIT's in-house studies (mentioned above) are in
agreement with this conclusion.

The immediate result of this finding was that the 'low and
medium options' mentioned in Task 1 of the SOW were economically
unacceptable. It was therefore decided that this study wou d
disregard those options and concentrate on the high production
option (with SPS). Task 1 was therefore reduced to defining
the program scenario for the high production optior, and
several tasks requiring research for low, medium, and high
opticns were narrowed to the high-option effort only.

Second, it was decided that the beneficiation and refining
of lunar ores into SMF feedstcck was the province of the JSC-
LPI study, and that similar research by the.MIT team would be
an unnecessary duplication. Therefore the characteristics of
the lunar material inputs into the MIT SMF designs were de-
veloped frem the results of the LPI research, and through
consultations with the participants in that study. Since the
refining schemes proposed by the JSC-LPT study produce highly
purified materials, the processing requirements in the MIT

SMF designs were reduced to alloying the inputs when terrestriai
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alloying elements were required, and purifying metallurgical
grade silicon to semiconductor grade for solar-cell production.

Third, research in this study and the JSC-GD study sug-
gested that certain processes in the overall scenario belong on
the Moon, while others should be in space. Specifically, re-
fining lunar ore on the Moon has the advantage that the product
launched into space con.ists entirely of the desired material.
Thus the launch system need not launch the unwanted constituents
in lunar ores. Also, a number of refining processes involving
the movement and separation of fluids benefit from being in a
gravity field, reinforcing the suggestion that beneficiation
and refining should be done on the Moon.

On the other hand, a number of products (most importantly
solar cells) appeared too fragile to survive stresses during
launch from the Moon, be it by mass-driver or chemical rocket.
It was therefore judged that the fabrication proces: < for
fragile components (e.g. solar cells, truss members, klystron
parts, waveguides) should be in space. Since such processes
form the bulk of the SMF, the lLunar ranufacturing Facility
became an unlikely option, since many of its products would
require redesign to launch-rate them, leading to more complex
fabrication and more massive products.

After study of these results and consultations with the
GD and MIT research teams, NASA decided that Phase II of this
study, the design of the ‘unar Manufacturing Facility, was
unnecessary, and that the purpose of the ctudies would be ade-
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quately served by the scenario evaluations in the JSC-GD ef-
fort, the lunar processing designs of the JSC-LPI study, and
Lhe SMF design in this MSFC-MIT study.

These developments all contributed to the gradual evoluy-
tion of the study objectives. The end product of that evolu-
tion is an updated set of study objectives, presented in

Table 1.2.

TABLE 1.2: UPDATED STUDY OBJECTIVES

1) Define space program scenarios for precduction
of large space structures (including SPS's)
from lunar materials, and define in detail the
large space structure components to be produced.

2) Define the SMF refining, alloying, and other
processes required to convert the refined lunar
material inputs into feedstock for the required
manufacturing processes.

3) Define the SMF manufacturing, assembly, and
other processes required to convert the feed-
».0ck into components of large space structures.

prrenTa

4) Define types and quantities of Earth materials
needed in the production of the large space
structure components.

5) Develop conceptual layouts of all major SMF
equ’ament and facilities.

¢) .sign a “reference SMF", inciuding definition
of the SMF operations, equipment, and facilities
required to implement the processes in (2) and (3)
above, including support equipment, storage faci-
litiec, personnel requirements, and habitation
frcilities. (continued)
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TABLE 1.2 Continued

7) Present a preliminary cost analysis and assess-
ment which includes development, acquisition ¢f
all SMF elements, initial and operating cost,
mainterance and logistics cost, cost of terres-
trial materials, and transportation cost for each
major element. Define uncertainties and sen-
sitivities for each element.

8) Present all study numerical results in tabu-
lated and graphical form that will permit ob-
taining values for any intermediate parameters
other than those used in the study.

1.5: THE SPACE MANUFACTURING FACILITY CONCEPT

Figure 1.1 presents the major elements in an earth-based
large space structure ccnstruction scenario. Components of
iarge space structures, after manufacture on Earth, are launched
to an Earth Orbit Terminal. There they are repackaged (pos-
sibly including subassembly of large space structure components)
and ferried to the Geosynchronous Orbit Complex for final assem-
bly and checkout. Studies have shown that the major costs of
such a scario is the transportation from the grounc to low-
earth orbit (LEQ) of 1) the structure compunents and 2) the
fuel required for the transfer of those components to geosyn-
chronous orbit (GSO).

An alternative scenario, aimed at reducing these costs, is
presented in Fiy. 1.2 (adapted from Fig. 1 of the SOW). In

this system, most of the materials required for the large space
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GB - Ground Base
EOT - Earth Orbit Terminal

GSOC- Geosynchronous Orbit
Terminal

FIGURE 1.1: MAJOR ELEMENTS OF EAKTH-BASED
CONSTRUCTION SCENARIO

structures would be mined and beneficiated on the Moon, at a
Lunar Resource Complex. These lunar materials would then be
launched into space to a cargo Transition Point, repackaged,
and ferried to a Space Manufacturing Facility. This SMF would
process, manufacture, and assemble the lunar materials into
components of large space structures. These components would
then be shipped to the Geosyrchronous Orbit Complex and assem-
bled (together with some terrestrial components) into the de-
sired large space structures.

The potential advantage of this scenario over its earth-
based counterpart is that the bulk of the material reouired

comes from the Moon. This material therefore has a far smailer
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G3 - Ground Base ‘
EOT - Earth Orbit Terminal {\

LOT - Lunar Orbit Terminal

LRC - Lunar Resource Complex

TP - Cargo Transport Point

SMF - Space Manufacturing

Facility

GSOC

]

Geosynchronous Orbit
Complex

FIGURE 1.2: MAJOR ELEMENTS OF LUNAR MATERIAL SCENARIO
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gravitational field to overcome than material launched from
Earth: the energy required for lunar escape at the lunar sur-
face is 4.5% of the energy requirement for earth escape at the
Earth's surface. In addition, the lack of Tunar atmosphere
makes possible the use of catapults (such as the electromagnetic
mass-driver) to launch payloads without use of propellant. |

The lunar surface material can also be refined to yield
propellants for rockets. These propellants can fuel launch
systems from the lunar surface (an alternative to catapults),
and orbital transfer vehicles between various points in the
system, ircluding the transportation legs between LEO and
lunar orbit (LO) and between LEO and GSO. This use of lunar-
derived fuel can therefore reduce transportation costs even
for the required terrestrial inputs.

However, the lunar-material scenario requires a number of
facilities (e.g. lunar base, cargo transition point, SMF) and
devices (e.g. lunar landers, TP-SMF interorbital transports)
not needed by the earth-based construction scenario. Also,
personnel must travel farther from Earth in the lunar material
system, adding to their transportaticn costs. These financial
advantages and disadvantages must be traded off to determine
the most cost-effective approach to large-scale space indus-
trialization; hence this study, which investigates one of '
the key cost elements in the lunar-material scenario: the Space

Manufacturing Facility.
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Figure 1.3 presen*s a more specific scnematic of the SMF
concept, showing major inputs and outputs (these are treated
in detail in later chapters of this report). As described
earlier, the bulk of the input raw materials comes from the
Moon; other raw materials come from Earth. The required per-
sonnel and logistics supplies travel between Earth and the SMF.

The most likely source of power for the SMF is solar en-
argy; a less likely alternative is nuciear energy. Thus the
cost of energy for the SMF operations resembles the cost pat-
tern for SPS's: a large initial outlay for the solar array,
followed by a very low operating cost (due to the absence of
need for fuel and the low maintenance req'irement). Therefore,
for long operating times, the cost of energy in SMF operations
can be substantially lower than the cost of energy in earth
manufacture; this is another potential cost reduction in the
lunar material scenario over the earth-based construction
scenario.

The location of the SMF was unspecified in the SOW, and
remained open during the contract. A number of locations are
possible (e.g. lunar orbit, the Lagrange points, resonant
earth-moon orbits, GS0), but the determination of the optimum
location depends on tradeoffs involving transportation systems,
personnel stay time, and availability of materials and energy,
which are beyond the scope of this contract. In any case,
location had Jittle effect on the design of the SMF production
equipment; the areas affected are pointed out and discussed

throughout this report.
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CHAPTER 2
ASSUMPTIUNS AND GUIDELINES
2.1: GENERAL REMARKS ON ASSUMPTIDNS

To keep the research effort within the scope of this pre-
liminary study, a number of assumptions were provided in the
SOW. However, as the study progressed, and as results came in
from tne two complementary studies (described above), many of
these assumptions were revised or removed, and other assump-
tions made where appropriate. For example, the , rogressive
modifications in the study objectives {discussed in Sec. 1.4)
changed the assumptions on SMF production levels and types of
products. These alterations led to an updated set of assump-
tions and guidelines, which are described in the sections be-
Tow.

Assumptions were also made to resolve certain questions
arising during the SMF design process, since resolution of
these questions would require research effort beyond the scope
of this contract. These assumptions are also listed below,
and discussed throughout tais report.

In general, the assumntions and guidelines used in this
study fall into threecategories. The first category is one
guideline on the performance of this study: this study makes
mayimum use of past and present studies in the fields of
large space systems, lunar resources utilization, and space
processing and manufacturiny. This guideline is taken di-
rectly from the SOW. In particular, this study doe, not do

2.1



any specific design of habitation systems, but uses the re-
sults of prior studies in this area.

The se..ni category consists of basic assumotions affecting
the SMF scenario: production levels, characters-tics of out-
Puts and inputs, and technology level. These are discussed in
Sec. 2.2, "SMF Scenario Assumptions".

The third category includes general assumptions and guice-
lines affecting the design of a reference SMF, such as n-
ponent lifetime and use of automation. These are pres 1

in Sec. 2.3, “General SMF Design Guidelines and Assumptions™,

In addition, a number of specific assumptions were made
in the design of individual processes and pieces of equipment.
These specific machine design assumptions are stated and ex-
plained throughout this report, particularly in Chaps. 5 and 7.
2.2: SMF SCENARIO ASSUMPTIONS

2.2.1: Table of Scenario Assumptions: Table 2.1 presents the

basic assumpti.~s afrfecting the SMF scenario. The assumptions

are discussed below.
2.2.2: SMF Products: As described in Sec. 1.4, "Study Objec-

tives", early results of the JSC-GD study indicated that pro-
duction of less than 570,000 tons of material in 30 years
would make the lunar-material scenaric economically unsatis-

factory. Since such a production level cannot b2 met by

satellites without including the SPS, the lunar-nu.terial sce-
nario must include production of SPS's (at roughly 100,000

tons per 10-GW SPS), and the SMF outputs must therefcre in-

clude SPS components.
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TABLE 2.1: GENERAL ASSUMPTIONS

SMF Products:
SMF output includes SPS components.

SPS's producad ar2 the JSC-Boeing
baseline design, modified to use
Tunar materials.

Beyond the lunar-material substi-
tutions, there are no major redesigns
of the SPS.

SMF Lunar Inputs:

Possible inputs are silicon, silica,
aluminum, iron, calcium, magnesium,
titanium, cxygen, and slag.

Inputs arrive at the SMF in refined
condition.

Inputs arrive at tne SMF in snecial-
tzed shapes, e.g. rocs.

Technology Level in SMF Design: the year 1990.

The JSC-GD study (Ref. 2.1) then proceeded to compare the
needs of a 30-year production ou .put of 537,000 tons of SPS's
and 29,600 tons of other satellites (the maximum predicted re-
quirement for non-SPS satellites), with the needs of a 30-year
production output of 570,000 tons of SPS's (each scenarios
adding up to the 570,000-ton minimum). The v rious material
requirements vary bty at most 2% between the two scenarios.
Therefore tne material requirements of an all-SPS scenario
adequately model the n-2ds of a mixed-output scenario.
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The JSL-GD study aiso pointed cut that many of the com-
ponents of non-SPS satellites were similar to SPS components
(e.g. truss structures, antennas, solar-c211 arrays, radiators,
heat pipes, electrical wire), and that those compone ts not
similar to SFS components were not likely to be made from
lunar materials (e.a. electronics, thrusters, batteries).
Therefore an SPS production scheme can adequately model a
mixed-output scenario: the SMF can be designed to produce
primarily SPS components, while staying flexible enough to
produce variations of those components for use in other space
applications.

As mandated by study guidelines in the SOW and discussions
with the MSFC COR, the SPS design used in defining the SMF
outputs was the Boeing-JSC Recommended Preliminary Baseline
Concept (Ref. 2.7}. Since this baseline design is an earth-
lavached SPS, the design had to be modified to substitute
lunar materials for the earth materials in the SPS components.

The JSC-GD study performed such modifications, producing
a lunar-material SPS design (Ref. 2.3). The MIT study team
reviewed the Boeing-JSC baseline and the suggested lunar-mate-
rial substitutions from the JSC-GD study. Designs and spe-
cifications for lunar-material components of the SPS were tnen
developed. As suggested by the JSC-GD study, roughly 8000 tons
(without growth margin) of terrestrial components are required
for 2very 10-GW SPS. With _4r lunar-material substitutions
assumed and calculated by this study, ea ™ 'uac - -material
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10-GW SPS masses 96,600 tons, including terrestrial components
(but without growth margin). Chapter 3, "Specifications of
SMF Outputs", describes the lumar-material SPS components in
detail, and lists the expected types and quartities of SMF
outputs. While some of these output specifications are par-
tially dependent on the production equipment chosen, the out-
puts tisted in Table 3.1 provide a useful example of typical
SMF prgduct requirements.

One assumption clearly stated in early discussions between
the study team and the MSFC COR is that there are no major re-
designs of the SPS beyond those necessary for lunar-material
substitutions. This assumption was essential to keep the re-
search work manaccablie, since major alterations to the SPS
would require design effort well beyond the scope of the study.
However, this restriction also has a significant effect on the
study direction and on the design of the reference SMF.

The reascns for this effect are the differences between
the physical and economic design environments of the earth-
baseline and lunar-material scenarios. In the Boeing-JSC
baseline scenario, the SPS coumponerts are manufactured on Earth
with 'conventional' equipment, shipped up Earth's gravity well,
and assembled in ortit. This establishes a design environment:
availability of a wide variety of materials, relativeiy low
cost of production labor, high cost of production enerjy, en-
vironmental constraints in manufacture, large transportation
cost of finished components, high cost of labor in assembly.
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The baseline SPS design is therefore optimized within this
design environment, leading to sophisticated components de,igned
for low-mass, labor-intensive production, launch-stress sur-
vival, and ease of assembly.

The lunar-material SPS scenario sets up a different design
environment. The available lunar materials are limited (as
described in Chap. 4, “SMF Inputs®). The cost of production
labor is high, since this personnel must be maintained in space.
Energy is available from sunlight and therefore cheaper than
on Earth for long factory operating times (as discussed in
Sec. 1.5). The environmental constraints are different: for
example, it is easier to get rid of high-temperature heat than
low-temperature heat in space, since it must be radiated away.
The reverse is usually true on Earth, since high-temperature
waste often puts an unacceptable strain on the natural en-
vironment. In the lunar-material scenario, transportation
costs for the bulk of the SPS material are far lower than in
the earth baseline scenario; this is one of the major poten-
tial advantages of the lunar option.

Therefore the lunar-material design environment suggests
different SPS design optimizations: simple components de-
signed for energy-intensive automated production. These com-
ponents need not contend with large launch s*tresses., Possibly
most important, the mass of the components has a far less se-
vere effect on the production and transportation costs than in

the earth baseline scenario; however, the effect of SPS mass
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increases on SPS operational cost (e.g. stationkeeping fuel)
is at present unknown, and could raise the overz:l program
cost. Both lunar and earth scenarios share ease ¢f assembly
as an advantage.

Thus the assumption thqt there are no major SPS redesigns
beyond the lunar-material substitutions limits the extent to
which the lunar-material SPS design can approach the optimum
suggested by the design environment. The solar cell design
presents a specific example. The earth-baseline design en-
vironment suggests minimum SPS mass. This leads to high-ef-
ficiency (12.5%) low-mass solar cells to minimize SPS area.
This in turn leads to complicated production requirements for
the solar cells. Restricting the lunar-material SPS to the
same area requires 12.5% efficient celils as well, thus expor-
ting the production complexity into space. However, allowing
an increase in SPS area and a reduction in solar cell efficiency
brings in a number or alternative energy-collection systems
with simpler production requirements. The cost tradeoff is be-
tween the reduction in in-space production cost and the in-
crease in SPS operating cost. A more subtie tradeoff involves
the use of concentrators to focus suvalight into the solar cells.
In the earth baseline scenario, the cost tradeoff is between
the reduced requirement for solar cells and the increased in-
space assembly requirements for the concentrators. Since the
earth-based solar-cell productior. is cheaper than the in-space

assembly /the major cost being transportation), the earth
2.7



baseline design optimizes without concentrators. In the lunar
material scenario, even though increased assembly requirements
are also expensive, reduction of solar cell production can
lead to greater savings than a similar reduction in the earth
baseline scenario. Therefore the lunar-material SPS design
might optimize with concentrators.

It is not the contention 3° he study group that the as-
sumption of no major SPS redesign was too restrictive. As
mentioned above, this restriction was essential to keep the
study manageable. However, the study group wishes to point
out the effects of such a restriction, and to suggest that
later studies should develop an optimized lunar-material SPS
and production system. This issue is further discussed in
Chap.13, "Possible System Tradeoffs".

2.2.3: SMF Lunar Inputs: The assumption of the possible

inputs listed in Table 2.1 was taken directly from the SOW.
These lunar inputs are discussed in detail in Chap. 4, "SMF
Inputs”.

As mentioned in Sec. 1.4, it was decided during the course
of the study that beneficiation and refining of lunar ores
into raw materials for the SMF was the province of the com-
plementary JSC-LPI study. Examination of that study's output
(Ref. 2.4) and discussions with members of the LPI team in-
dicated that lunar materials could be refined to high purities
on the Moon. It was therefore assumed that lunar inputs
would arrive at the SMF in refined condition, as discussed in
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Chap. 4.

This study assumes that the lunar materials are launched
from the Moon by chemfcal rocket {as discussed in Sec. 4.5).
The lunar inputs to the SMF are therefore available in spe-
cialized shapes, e.g. rods and slabs.The input shapes to the
reference SMF are described in Chap. 4.

2.2.4: Technolegy Level: The study group chose the year 1990

as the technology cutoff date to allow for 10 years of research
from this date (1979). During the years 1990-1995, space hard-
ware for the lunar-material scenario is developed and tested.
The first full-scale earth-launched SPS is brought on line in_
1995, and during the years 1995-2000 the earth production sys-
tem is progressively replaced by the lunar-material scenario.
Although this full schedule may be shown to be economically
unrealistic by later studies, the technology cutoff date should
be reasonable even if later timelines are altered.

2.3: GENERAL SMF DESIGN GUIDELINES AND ASSUMPTIONS

The operational lifetime of the SMF components is 20 to 30
years (with maintenance). This assumption is taken directly
from the SOW.

The SMF designs make maximum use of automation, except in
ins tances where economic arguments justify the use of human
labor. For example, space workers do some repair and super-
vision of equipment. Further discussion of the issue of
humai productivity (dependent on the level of automation) ap-
pears in Chap.9, "Maintenance and lepair", and Chap. 13,
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*Possible System Tradeoffs". This guideline is taken from
the SOM.

Equipment for the SMF is not limited to extensions of
terrestrial equipment. It is highly desirable that space spe-
cific machinery designs be developed. This guideline is from

the SOW.
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CHAPTER 3
SPECIFICATIONS OF SMF OUTPUTS
3.1: TABULATED OUTPUTS

As mentioned in Sec. 2.2.2, “SMF Products", the expected
products of an SMF (SPS's and other satellites) can be ade-
quately modeled by SPS components. As suggested by the SOW
and MSFC COR the SPS design used in defining those components
was the Boeing-JSC Recommended Preliminary Baseline Concept
(Ref. 3.1), modified by lunar-material substitutions. The
JSC-GD study described such substitutions, producing a lunar-
material SPS design (Ref. 3.2).

The MIT study team closely reviewed the Boeing-JSC base-
line and the lunar-material substitutions suggested by the
JSC-GD study. MIT then developed designs and specifications
for the lunar-material components of the SPS, and computed the
SMF outputs required to produce such SPS's. Table 3.1 presents
this list of outputs (the even-number total 1s coincidental).
Some of the output specifications in this table are partially
dependen* on the production equipment chosen, and therefore
keyed to the reference SMF design. The SPS component designs
used and the rationale for each output level are described irn
the next section.

3.2: EXPLANATION OF SMF PRODUCT SPECIFICATIONS

3.2.1: General Remarks: Many of the output levels listed are

based on Boeing SPS design data and the lunar-material substi-
tutions suggested by the JSC-GD study. The Boeing data used
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TABLE 3,1: SMF OUTPUTS
(For 1 10-GW SPS, WiTHout GrRowTH MAnGIN)

¢’ €

EB.QDUQ QUANTITY/SPS MASS/SPS (Tons)

SoLar CELL ARRAYS 2,17 x 1010 Cers (10% extaa) 4,4 x 101
STRUCTURAL MeMBER RiBBON 6,5 x 108 Meters (5% extra) 2.3 x 10%
KLYSTRON ASSEMBLIES 2,04 x 10° Pieces (5% EXTRA) 1,5 x 104
WAvEGUIDES 1.8 x 108 Preces (10Z extra) 1,2 x 104
BusBAR STRIPS 1.4 x 100 Merers (1% Extra) 2.8 x 10°
DC-DC ConveRTERS 461 Pieces (1% EXTRA) 2,1 x 103
ELec. WIRe AnD CABLES 1.4 x 108 Meters (53 ExTRA) 6.7 x 102
DC-DC ConverTer RADIATORS 461 Pieces (17 EXTRA) 5.6 x 102
Enp JoiInTs ~ 4 x 103 Preces ~ 8

JoINT CLUSTERS ~ 1500 Pieces ~8 __

ToraL Mass 1,0 x 10° Tons

Note: THE QANTITY/SPS FIGURES INCLUDE AN EXTRA ALLOCATION FOR WASTAGE EXPECTED
DURING SPS ASSEMBLY OPERATIONS, THESE EXTRA PERCENTAGES ARE INDICATED IN
PARENTHESES,




is contained in Table 3.2, taken from the SPS "Recommended Pre-
liminary Baseline Concept" produced by NASA JSC (Ref. 3.1).
This table also appe~rs in the JSC-GD study (Ref. 3.2, Tab. X-1).

The expected output levels have been modified by a number
of factors: 1) modification to the product designs brought on
by manufacturing requirements; 2) uncertainties as to the ap-
plicability of specified growth margins to various products;

3) contradictions on SPS component masses, dimensions, and
numbers, between various sources describing successive iter-
ations of SPS design.

The study yroup first reviewed the 26.6% mass margin listed
at the bottom of the table. Boeing developed this margin
through uncertainty analyses on the designs of the various SPS
components, Therefore the margin does not apply uniformly to
all components. Furthermore, the component redesigns required
for lunar-material substitution and for in-space manufacture
carry their own uncertainties,different from their earth base-
line counterparts. The MIT study group therefore felt that the
use of this 26.6% growth margin could lead to inaccuracies if
applied to an SPS using lunar derived material and manufactured
in space.

A more accurate growth margin should be computed by un-
certainty analyses on cthe component designs in the lunar ﬁate-
rial SPS. However, such uncertainty analyses would first re-
quire the detailed design of a lunar-material SPS. Since this
effort is well bevond the scope of the present studies, the
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JABLE 3.2: MASS BREAKDOWN OF EARTH BASELINE 10-GW SPS

CONTKOL. CIRCUITS AND CABLES

QUANTITY
SOLAR ARRAY 1

PRIMARY STRUCTURE

ROTARY JOINT GHECHAIICAL 2

FLIGHT COMTROL SYSTEM 3
THRISTERS 160
NECHAXICAL SYSTEMS 8 SETS
CODUCTORS 3 SETS
POYER PROCESSOPS 12
AVIGICS (INSTR, (G, CORPUTERS) 8 SETS

ENERGY CORVERSIGH SYSTER
SOLAR CELLS 20 x 103
SUBSTRATE AUD COVERS 78 x 105 priELS
INTERCONNECTS 78 x 105 c1/PAREL)
JOINT/SUPPORT TAPES 255 SETS (1/BAY)
CAIENARY 265 SEIS (1/BaY)
TOLERANCE ¢ OTHER )

POVER DISTRIBUTION
POYER BIUSSES 3
CELL STRING FEEDERS 163,000
DISCOWECTS AND SWITCHREAR 208
ENERAY STORAGE -

ROTARY JOINT (ELECTRICAD 2
SUPPORT STRUCTURE 2
PICROWAVE POWER TRANSMISSION SYSTEM . 2

ARTENNA STRUCTURE ' 2
PRIMARY STRUCTIRE 2
SECONDARY STRUCTURE 122 SUBASS'YS

ANTEHA CONTROL SYSTEM 24 UNITS

MPTS POVER DISTRIBUTION
POWER BUSSES 3
SWITCHGEAR AND DISCONNECTS 912
DC-DC CONVERTERS 856
THERMAL CONTROL - BS6
ENERGY STORAGE -

L SUPPORT STRUCTURE -

SUBARRAYS (6932 x 2) 13.864 -
NAVEGUIDES 1.663.680
KLYSTRGHS (97056 x 2) 194,112
THERMAL CONTROL 194,112 SETS

MASS. XG .

51.779.200

S.385.300
66.800
179.000

(46.300)
m'm)
.000
(33.000)
4.000

§3.750.000

Q1.670.8500 ©

€28.313.230)
u‘ m' 150)
(300.360)
(258.250)
€2.057.110)

.398.%00

€2.039.000)
(33.800)
(155.009)
(20.200)
(39.290)
(114,200)

25.223.200

500,000

(105.000)
(335.000)

11.000

5,865,200

(760.600)
€275.600)
€2,482.000)

-(1,472.000)

*(598.600)
€279.400)

18.846.000

€4,314.000)
(9.316.000)
(4.174.000)
(1.042.000)

194,112 SETS

TOTAL SATELLITE MASS (10 64 OUTPUT) -
MARGIN (26,6% BASED 04 URCERTAINTY ANALYSIS) -

77.002.400 X6
20.432,638 KG

[PREDICTED ACTUAL HASS -

97,485.033 K6 |
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study group feels that the most accurate method to develop SMF
output levels is to base them on the Boeing-JS{ data without
growth margin.

The following sections show how the values in Table 3.1
were developed from those in Table 3.2, through the lunar mate-
rial substitutions suggested by the JSC-GD study, and/or re-
designs suggested by in-space manufacturing constraints.

3.2.2: Solar Cells: The total sclar cell area in one 10-GW

SPS jis taken to be 100 km2 (Ref. 3.1). Lunar material substi-
tutions are made as per JSC-GD suggestion. The resulting solar

cell design is shown in Fig. 3.1.

a

Optical

LOVER “ T
. i <~ 1. AL Grip PATTERN
5 $10 | // ‘ . (Tor ConvacT)
)/,,_—~~w. Bl 2 A .
S0M St 7HiFeR £ Al . SHEET (Back ConTact)
{DopeD) ‘ / NET .

SussTRATE: SOM S109
GRID FINGER3

FIGURE 3.1: VIEW OF LUNAR-MATERIAL SOLAR CELL
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Since the density of S10, is 2.18 tons/m>, and that of Si

is 2.33 tons/m3, the total solar-ceil mass is given by:

(100 x 10%5m2)[(125 x 1075)(2.18) + (50 x 1078)r2.33)3

= 3.89 x 10% tons

In addition, the solar cells require 575 tons of alumiuum
contacts, and the solar-cell arrays need 610 tons of electri-
cal interccinects and 350 tons of Kapton tape for structural
backing (these figures have been calculated from the array

desic.s). The solar cell arrays therefore mass:

4

(3.89 x 10 tons) + ( 575+ 610 + 350) = 4,04 x lO4 tons

Adding 10% for estimated breakage during SPS assembly, the
required SMF output for one 10-GW $SPS (without growth margin)
is: 4 A

(1.1)(4.04 x 10°) = 4.4 x 10" tons
The materials breakdown for the solar cell arrays is as

follows (masses in tons):

Aluminum (contacts, interconnects) 1.30 x 102
Silicon (solar cell wafers) 1.26 x 10
Dopants (solar cell wafers) negligible
Silica (optical covers, substrates) 3.00 x 10
2
Kapton tape {structural backing) 3.85 x 10
4
Total 4.4 x 10
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3.2.3: Structural Memb2r Ribbon: A numper 3f structur?’

member designs are possible candidates for SPS use. The
structural masses for the earth baseiine design in Table 3.2
(5385 tons for solar array structvre and 500 tons for an-
tenna structure) are apparently for tapered-tube beams.
Switching to continuous-chord beams raised the solar array
structure estimate to 7155 tons (Ref. 3.3). The dimensions
of the Boeing continuous-chord beams are shown in Fig. 3.2.
Such continuous-chord beams are relatively simple to manufac-
ture, and devices for their assembly are well under develop-

ment (such as the Srumman beam-builder). This prompted the

Cross-sestionst Ares . Keylar Tenstan Ties

* 2.1 a 1wt

L]
——— StPECLATAT Nenbovs

A\,
/= X
. l\,

La defar ‘"\!

WATERIASZ 1700 SRAPWITE VIULFONE IMPR ‘
2] cwm’:&o" e

FIGURE 3.2: BOEING-DESIGN CONTINUOUS CHORD BEAM
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study group to include a structural member ribbon production
system in its reference SMF design. The ribbon is made of
aluminum, .74 m wide, which can then be formed into the cross-
section shown in the figure above. A discussion of the vari-
ous structural member options appears in Chap. 5, "Candidate
SMF Processes".

If the antenna structure mass (500 tons) in Table 3.2 is
raised to 664 tons to account for switching to continuous-
chord beams (using the same percentage as the solar array
structure), the earth baseline structural mass is then 7819
tons. If the structure has the confiquration shown above,
and has material density 1.77 tons/m3, this correspcnds to a
tztal structural member length of 6.2 x ]06 meters.

The thickness of the aluminum members replacina the gra-
phite/apoxy (G/E) earth baseline members has been calculated
by matching the .tiffnesses (EI} of the members. For equal
cross-sectional shapes, and for members with thicknesses much
smaller than cross-sectional dimensions, the moments of iner-
tia can be considered proportional to the cross-sectional
areas, and therefore to the thicknesses. Therefore matching

the stiffnesses of the G/E and Al members leads to:

Fore =
t

Al

——

™

G/E
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where:
EG/E = modulus of elasticity of G/E = 127 GPa
(adjusted for the effect of
glass fabric layers)
EM = modulus of elasticity of Al = 99 GPa
tG/E = thickness of G/E members = .96 mm

tA\ = thickness of Al members

Thus tAl = 1.77 mm, and the mass of aluminum (density 2.7
tons/m3) required for the structural members is 2.2 x 104tons.
Adding a 5% allowance for wastage during beam forming and as-
sembly raises the SNF output to 2.3 x 104 tons for one 10-GH
SPS without growth margin.

Note: The study group feels that this fiqure may be un-
necessarily large. Yhen aerospace aluminum structures are
replaced with graphite-expoxy, mass savings are usually rough-
1y 30%. It is therefcre uniikely that the reverse process
vwould multiply the structural mass by 2.8. Furthermore the
geometric configuration, e.g. column lengths, node points,
etc., antirized for G/E would not be the optimum for an alu-
minum struct.ire. This suggests that just matching of stiff-
nesses (zI) is not the proper criterion for switching mate-
rials. flowever, developing more accurate design criteria re-
quires detailed knowiedge of the expected load history of the
structure. Since this information is at present uncertain,

the study group stayed with the matching of stiffnesses which

i35 conservative.
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The materials breakdown for tne structural member ribbon

is as follows (masses in tons):

"uminum (6063 alloy) 2.3 x 10"

Magnesium (6063 alloy) 1.6 x 102

Silicon (6063 alloy) 92
Total 2.3 x 10°

3.2.4: Klystron Assemblies: The klystron assemblies each

consist of the klystron itself (solenoid cavity, solenoid
poles, solenoid coil windings, and other components), the
solenoid and collector housings, a radiator sheet, and six
heat pipes (between the klystron module and the radiator
sheet). These are shown in Fig. 3.3. The masses of these

components are listed below (in kg/assembly):

Soltenoid cavity 5.1
Solenoid poles 3.6
Solenoid coil windings 10.2
Other Compcnents 15.6
Collector housing 4.3
Solenoid housing 9.0
Heat pipes 17.4
kadiator sheet 8.4

Total 713.6

The mass figures for the solenoid cavity, solenoid poles,
solenoid coil windings, and 'other components® are taken from
JSC-GD study's P. R. No. 7 {Ref. 3.4). The collector and so-
lenoid housing masses were calculated by multiplying the JSC-
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tollectar

.Solenoid < 1
Housing / —\ Mm =
&/

i
L Radfator Sheet

RE_3.3: KLYSTRON ASSEMBLY

6D P.R. 7 mass « timates by a factor of 5, following consul-
tations with Mr. Art Kelly of Raytheon's Power Tube Division
(Waitham, MA), who suggested that microphonic noise problems
would require housing thicknesses several times larger than
the 1 mm in the Boeing design.

The masses for heat pipes and radifator sheet are calcu-
ated from a design based on manufacturing requirements (see

Figs. 3.3 and 3.4 for dimensions). The radiator sheet has

the same area as the klystron radiators in the Boeing design
(Ref. 3.2, Fig. X-7). The aluminum sheet has thickness 1 mm

(considered minimum for handling), and thus masses:
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Heat Pipe Segment
(Formed from ribbdon

3.52.25x.001 ) \\\\

\

Reat Pipe Ribbon
(1.6 x .125 x o;y m)

6 Heat Pipes/Assembly
A11 Aluminum (density 2700 kg/m>)

FIGURE3.4: KLYSTRON HEAT PIPE

(2.75 m)(1.44 m)(.001 m){2700 kg/m°) = 8.4 kg

The heat pipes each mass:
(2700 kg/m3) [(3.5)(.25)(.001) + (1.6)(.125)(.001)]= 2.9 kg

leading to a heat pipe mass (6 heat pipes/assembly) of 17.4 kg
per assembly,

As shown in Table 3.2, the baseline design includes

1.94 x 105 klystron assemblies per 10-GW SPS. This leads to

a mass of klystrcn assemblies of 1.4 «x 104 tons. Adding a 5%

3.12



allocation for wastage during SPS assembly, the SMF output ot
klystron assemblies is 1.5 x 10% tons for one 10-6W SPS (with-
out growth margin).

The materials breakdown for klystron assemblfes {s as fol-

lTows (masses in tons):

Aluminum (radiators, housings, s
coils, solenoid cores) 1.0 x 10

Iron (solenoid poles) 7.3 x 102

S-6lass (glass cloth insulation) 9.0 x 102

Parts From Earth 3.2 x 103

Total 1.5 x 104

3.2.5: Maveguides: The waveguide output requirements were

based on the Boeing-JSC baseline design. The study group first
modeled each transmitting antenna as a disc with radicvs 500 m,
made ¢f waveguide boxes placed side-by-side (see Fig. 3.5).

It may be possible to manufacture groups of waveguides
together, thus allowing single-thickness partitions between
some of the wavequides. However, the study group kept the
double walls in the model, to account for the end partitions
in the waveguides and for the feeder waveguides between the

klystrons and the transmitting wéveguides. There is also

some uncertainty as to whether foamed glass can be cast from
single sheets and then machined to close tolerances, which

presents problems for multi-waveguide sections.
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T

Section AA

.Transmitting Antenna

(Dimensions from Boeing Study, Ref. 3.3)

FIGURE 3.5. SIZING MODEL rQR ANTENNA WAVEGUIDES

required is:
1o 24 6 2
(1 + -65){2)[n({500) l=2.6x10 m
For both antennas, the tota} waveguide sheet area is there-

fore 5.2 106 mz.

from foamed glass in the SMF reference design, Consultations
with Dr. David Rostoker of Corning Glass Co. have indicated
that: 1) foamed glass can be produced in sheets as thin as

2.5 mm, but that thinner sheets would be plagued by produc-

OR'GINAL PAGE s
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tion and handling problems; 2) foamed glass which could be
machined to the required suri7ace tolerances would have a
density of .8 tons/m3.

Taking the waveguide sheet thickness to be 2.5 mm, and
the density .8 tons/ma, the waveguide sheet volume for the
two antennas would be 1.3 x 104m3, and its mass 1.04 x 104
tons. This mass consists of 1.03 x 104 tons of natural lunar
glass and 135 tons of foaming agents. The foaming agents
mass is calcuiated as 1.3% of the total foamed glass mass
{percentage taken from foamed-glass figures on page 4.7-5,
Ref. 3.4).

As shown in the JSC-GD P.R. 2, App. X, Fig. X-5 (Ref. 3.2),
the required thickness of aluminum coating the inside of the
waveguides is 6.67 microns. Since all the waveguide sheet
pieces are coated on one side, the total aluminum coating
area is therefore 5.2 x 106m2, and its mass 94 tons. This
brings the total waveguide mass to 1.05 x 104 tons. Adding
10% extra for wastage during assembly, the SMF output mass of
waveguides for one 10-GW SPS (without growth margin) is
1.2 x 104 tons.

Note: The aluminum thickness used (6.67 microns) fis

based on coating a smooth waveguide surface. This could re-

quire a process to fill in the surface imperfections (broken

bubbles) in the foamed glass sheets, or the deposition of a

thicker layer of aluminum. Both of these options could raise
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the waveguide mass. However, in view of the conservative
sizing assumptions (double-walled partitions and 2.5 mm thick-
ness), the study group kept the fiqure calculated above as
the waveguide output mass.

The materials breakdown for the waveguides is as follows

(masses in tons):

Natural Lunar @lass 1.13 ¥ 104
Foaming Agents 1.5 x 102
Aluminum (interior coating) 1.0 x 10°

Total 1.2 x 10*

3.2.6: Busbar Strips: The busbars in the earth baseline SPS

are aluminum sheets 1 mm thick. The SMF therefore produces

1 mm thick aluminum, and the output mass is thus the same
(2030 tons for the solar array and 760 tons for the antennas).
Adding 1% extra for wastage during assembly, the SMF output
mass for busbar strips is 2.8 x 103 tons for one 10-GW SPS
(without growth margin).

For convenience in manufacturing and handling, the busbars
are produced as strips .74 m wide in the reference SMF design.
Therafore the total busbar strip length (including the 1%
wastage allocation) is 1.4 x 106 meters.

The materials breakdown for the busbar strips is as fol-

Tows (masses in tons):

Aluminum 2.8 x 103

Total 2.8 x 103
3.16



3.2.7: DC-DC Converters: The earth baseline DC-DC converters

are modified for SMF menufacture as per the JSC-GD study sug-
gestions, i.e. replacing the transformer core with a SENDUST
core and the copper coils with aluminum coils. The mass of
the required 456 converters (without radiators or grewth mar-
gin) is the 2049 tons (Ref. 3.4). Adding 1% for wastage
during SPS assembly (5 extra converters) raises their number
to 461 and their mass to 2.1 x 103 tons for one 10-GW SPS
(without growth margin).

The materials breakdown for the DC-DC converters is as

follows (masses in tons):

Aluminum (core alloy, coils) 3.0 x 102
Silicon (core alloy) 1.0 x 102
Iron (core alloy) 8.5 x 102
S-Glass (glass cloth insulation) 1.9 x 102
Parts Frem Earth 6.3 x 102

Total 2.1 x 103

3.2.8: Electrical Wires and Cables: The mass of aluminum

cables and electrical wires required (without growth margin)
is 633 tons (Ref. 3.4). This includes 267 tons of woven-glass
insulation on the wires. Since the aluminum wires and cables
are 1.13 mm in diameter, this corresponds to a total length
of 1.3 «x 108 meters. Adding a 5% allocation for wastage
during SPS assembly raises the SMF output of cables and wires
to 2 total length of 1.4 x 108 meters and a mass of 6.7 x 102
tons for one 10-GW SPS (without growth margin).
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The materials breakdown for electrical wires and cables

is as follows (masses in tons):

Aluminum 3.8 x 10°
S-Glass (glass cloth insulation) 2.9 x 102

Total 6.7 x 102

3.2.9: DC-DC Ccnverter Radiators: The DC-DC converter radi-

ators were designed for simplicity of manufacture (see

Fig. 3.6). As shown in the figure, the mass of each radiator
is 1220 kg. Since 456 radiators are needed per SPS, the

total required mass is 5.56 x 102 tons. Adding 1% extra

(5 radiators) for wastage during SPS assembly brings the re-
quired SMF output for DC-DC converter radiators to 461 pieces,

2 tons, for one 10-GW SPS (without growth mar-

of mass 5.6 x 10
gin.)
The materials breakdown for the DC-DC converter radiators

is as follows (masses in tons):

Aluminum 5.6 x 10°

Total 5.6 x 102

3.2.10: End Joints and Joint Clusters: The numbers of these

pieces were estimated from the physical layout of the Boeing-
JSC baseline design. In the continuous-chord tribeam stryc-

ture, end joints are required only at the ends of the beams,

where the longercns are brought to a point. Joint clusters

join groups of tribeams together by their end joints. Since
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Banifold

DC-DC Converter Rsdiator:

36.55 »
Aluninum Sheet Mass/radiator

.= 995 kg
Total Radiator Mass
= 1220 kg

Radfator Pipe:

o Made from .25 x .001 g
.o *'/\— .
0lm Al Ribbon

125 o Total length/radiator
= 310.5 n
Mass/radiztor = 219 kg

Hanifold:

I, Jrr o L - — 135 cm

-— 8.12 m o

Manifold cast in 5 pfeces

from Al .00 m thick
2 Manifolds/radiator
Mass/radiator = 15 kg (est.)

FIGURE 3.6: DC-DC CONVERTER RADIATOR DESIGN
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no specific designs were available for the end joints and
joint clusters, the masses of each piece were estimated at

2 kg and 5.2 kg, respectively; this leads to an estimated
total SMF output of 8 tons each for these components for one
10-GW SPS (without growth margin).

These masses are so low that these components could pos-
sibly be brought form Earth at a lesser cost. However,
siuce other casting operations are required at the SMF anyway,
these products were left in the SMF outputs. The study group
felt that they might serve as examples of ‘economic border
line' outputs.

The materials breakdown for the end joints and joint

clusters is as follows (masses in tons):

End Joints: Aluminum (6063 alloy) 8
Magnesium (6063 alloy) negligible
Silicon (6053 alloy) negligible

Total 8

Joint Clusters: Aluminum (6063 ailoy) 8
Magnesium (6063 alloy) negligible
Silicon (6063 alloy) neqgligible

Total 8

3.3: COMPARISON OF EARTH-BASELINE AND LUNAR-MATERIAL SPS'S

In a comparison between Tables 3.1 and 3.2, the relevant
total mass figure in Table 3.2 (the earth-baseline) is

77,002 tons [no growth margin), since the total SMF ouvput
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(100,000 tons) has no SPS growth margin in it either. However,
this mass should be raised to 78,940 tons to account for
switching to a continuous-chord beam design (as descriied in
Sec. 3.2.3, "Structural Menb~r Ribbon", above).

In the lunar-material SPS totais, removing the allowances
for SPS assembly wastage gives a total mass of SMF-produced
components (for one 10-GW SPS without growth margin) of 93,200
tons. The estimated Earth .nputs to the SPS assembly are
3,400 tons (reduced for the JSC-GD study estimate of 10,190
tons, to remove the growth margin, e¢nd to ¢ccount for 4,600
tons of “arth inputs incorporated into the SMF outputs, i.e.
klystron and DC-DC converter electronics and Kapton tape).

Thus the lunar-maierial 10-GW SPS mass estimate is 96,600
tons (without growth margin).

The 17,700-ton spread between the earth-baseline (78,900
tons) and lunar-material (96,600 tons) SPS's is accounted for
principally by the larger structural member and waveguide
masses in the lunar-material SPS. Replacement of the earth-
baseline graphite/epoxy structure by aluminum --ises the
structural mass by 14,100 tons (from 7,819 tons to 22,000 tans).
However, as described in Sec. 3.2.3, "Structural Member Ribbon",
the s+tudy group has some doubts on the applicability of an
equal-stiffness criterion to this replacement. The change
from earth-baseline to lunar-material waveguides raises their
mass by 6,200 tons (from 4,314 tons to 10,500 tons).

However, the substitution of lunar aluminum for earth
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baseline copper removes 400 tons for the DC-DC converters and
500 tons fiom DC-DC converter radiators. And the lumar-material
solar cells (4.02 x ]04 tons) are 1,400 tons lighter than their
earth-baselina equivalent (4.14 x 104 tnns, without ‘'catenary,
tolerance and other'). These increases and cecreases add up

to 18,000 tons, very close to the mass spread (17,700 tons) in
the totals. The remaining discrepancy is due to minor varia-
tions between lunar-mate, .al and earth-baseline component
masses, and round-off errors in the calculations.

3.4: TABULATED MATERIALS BREAKDOWN OF SMF QUTPUTS

Section 3.2 above includes the materials breakdowns of the
various SMF outputs. These listings were examined to deter-
mine which components of the outputs should come from Earth,.

Ia the solar cell arrays, Kapton tape comes from Earth

because it cannot be made frcm lunar materials. Dopants

come “rom Earth because they have to be very nure, and the re-
quired mass is Tow (less than a ton per 10-GW SPS).

In the klystron assemblies, a number of klystron parts
require either complex manufacture or non-lunar materials.
These parts therefore come from Earth.

In the waveguides, the foaming agents (typically carbon,
sulfates, water) are 710t available on the Moon. Therefore,
they com2 from “arth.

In the DC-DC converters, a number of parts require com-

plex manufacture or non-lunar materials. These parts there-

fore come from Earth.
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Taking these points of origin into account, the materials
breakdowns of the SMF outputs were rearrvanged, and the types
and quantities of materials in the SMF outputs were tabulated.
This information is presented in Table 3.3. It should be
noted that some of the specifications of these outputs are
dependent on the processes proposed in the reference SMF de-

signed by this study, and therefore keyed to the referénce
design,

TABLE 3.3: TYPES AND QUANTITIES GF MATERIALS IN
SMF OUTPUTS

(for 1 10-GW SPS without growth margin)

Lunar Inputs Masses (in tons)
A1 (tatal mass, 3.8 x 104)
In solar cell arrays 1.3 x 103
In structural member ribbon 2.3 x IO‘
In klystron assemblies 1.0 x 10‘
In waveguides 1.0 x 10°
In busbar strips 2.8 x 103
In DC-DC converters 3.0 x 102
In electrical wires and cables 3.8 x 102
In DC.DC converter radiateors 5.6 x 102
in end .Joints 8
In joint clusters 8
sig, .
In solar cells . 3.0 x 10
si {total mass, 1.3 x 10‘)
In solar cell arrays 1.3 x 10‘
In structural member ribdon 92
In DC-DC converteirs 1.0 x 102
In end joints negligible
In jJoint clusters negiigible
{continued)
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TABLE 3.3 Continued

Lunar Inputs Masses (in tons)

Natural Lunar Glass

In waveguides 1.1 x lo‘
fe (total mass, 1.6 «x 103)
In klystron assemblies 7.3 x 102
In DC-DC converters 8.5 x 102
S-6lass (total mass, 1.4 x 10!)
In klystrcn assemblfies 9.0 x 102
. In DC-DC converters 1.9 x 102
In electrical wires ard cabdles 2.9 x 102
Mg (total mass, 1.6 x 10%)
In structural member ribbon 1.6 x 102
In end joints negligible
In joint clusters negligible

Earth Inputs
Klystron Parts

In klystron assemblies 3.2 x 103
DC-DC Converter Parts

In DC-DC converters 6.3 x 102
Kaptoan Tape

In solar cell arrays 3.9 x ldz
Foaming Agents

In waveguidls 1.5 x 102
Dopants

In solar cell arrays negligible

Total Mass 1.0 x 105 Tons
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CHAPTER 4
SMF INPUTS
4.1: GENERAL REMARKS

4.1.1: Organization; This chapter describes the character-

fstics of the material inputs to the reference SMF designed by
this study. Section 4.2 1ists the lunar materials theoretical-
ly available to a space manufacturing facility. Section 4.3
presents the types and quantities of the material inputs to

the reference SMF. Section 4.4 discusses the desired purities
from the lunar refining processes. Section 4.5 presents the
physical shapes of the inputs to the reference SMF. The above-
mentioned characteristics of the reference SMF material inputs.
are then collected in Table 4.5 in Sec. 4.6. Section 4.7 dis-
cusses the inputs to the reference SMF which do not contribute
materials to the outputs (such as lubricants, oxygen, consum-
ables, spare parts) and the personnel input.

4.1.2: Nomenclature: To keep the different types of inputs

organized, this report uses a specialized nomenclature. "Ma-
terial inputs" refers to those inputs whfch will contyibute
material to the SMF outputs (after some wastage in production).
Inpits to the factories which are not incorporated into pro-
ducts, although used up by production processes (such as
machine lubricants and oxygen for pneumatic actuators) are
lTabeled "expendables". A distinction is sometimes made between
lunar expendables and earth expendables, indicating the source

of the expendables. Spare parts used for equipment repairs
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are called "refurbishment parts®. Inputs to the SMF for the
life-support of the space workers are called "consumables”.
Here again, a distinction is made between earth consumables
(such as food) and lunar consumables {such as breathing oxygen).
Oxygen used in stationkeeping thrusters is labeled "propellant".

4.2: AVAILABLE LUNAR MATERIALS

The elemental abundances in lunar soil are presented in
Table 4.1 (adapted from data in Ref. 4.1). As shown in the
table . these abundances vary between the lunar maria and the
highland regions. However, the variations withing the maria

and within the highlands are small. This is because the

TABLE 4.7: ELEMENTAL ABUNDANCES IN LUNAR REGOLITH

Element Abundance in Mare Abundance in Highland
- (weight %) (weight %)
0 41.3 44 .6
Si 20.43 21.0
Ti 3.1 .3
Al 6.8 13.3
Fe 13.2 .9
Mg 5.8 .6
Ca 7.9 10.7
Na .3 .3
Cr .3 |
K | 2
Mn .2 .1
P a .1
S R .1
Totals 99.6 99.9




Moon's geologic history has lacked most of the processes which
have segregated materials on earth (e.g. erosion, sedimentation,
life), hence the Moon tends to be homogeneous. (One theory
suggests that differences between maria and highltands are due
to volcanic action.) Therefore average abundances are accurate
enough to represent the abundances within each type of terrain.

For the purposes of this study, the first seven elements
are available as lunar inputs to the SMF (as discussed in
Sec. 2.2). Beyond the list in the table, Ref. 4.1 also lists
67 other elements present in trace quantities (parts per mil-
lion or parts per billion). Review of literature on lunar re-
sources use and discussions with researchers in the field (par;
ticularly Dr. Robert Waldron at the Lunar and Planetary In-
stitute and Dr. Richard Williams at NASA JSC) suggest that
some of these minority elements (including hydrogen) might be
extracted in usable quantities with complex processing tech-
niques. A discussion of the effect of availability of lunar
materials on the SMF concept appears in Chap. 13, "Possible
System Tradeoffs".

Notably absent from the 1ist of available elements (0, Si.
Ti, Al, Fe, Mg, Ca) are hydrogen, nitrogen, and carbon. Theie-
fore hydrocarbon materials (including plastics and most fuels)
must be brought from Earth. The same applies to nitrogen for
breathing atmospheres and the hydrogen constituent in water.
Since such transportation is relatively expensive, this pushes

the SMF processes and equipment designs away from the use of
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carbon, carbon compounds, and water; this is a radical de-
parture from normal industrial practice on Earth.

Examination of the JSC-LP! study results (Ref. 4.2) and
discussions with participants in that study indicated that a
variety of compounds are available from the refining processes
defined in that study. In particular, silica glass (Sioz),
aluminum oxide (A1203), and magnesium oxide (Mg0) can be pro-
duced. Therefore S-glass (65% Sioz, 25% A1203, 10% Mg0 by
mass) can be produced. In addition, natural lunar glass can
be electrostatically separated from fine (<90 microns) lunar
soil particles after these have been crushed down to <5 micron
size (Ref. 4.3). Silica, S-glass, and natural lunar glass aré
requested inputs for solar cell production, glass-fiber pro-
duction, and foamed-glass production, respectively.

4.3: TYPES AND (UJANTITIES OF MATEPIAL INPUTS TO REFERENCE SMF

The materials breakdown of the $ F outputs (listed in Table
3.3 in Sec. 3.4) is the starting point for the computation of
the material inputs of the SMF, The types of material inputs
needed are the same as the types of materials required in the
SMF outputs.

If there were no wastage in the production processes, the
quantitiec of material inputs would also be the same as the
output quantities listed in Table 3.3. This table would then
serve as a list of types and quantities of material inputs as
well. However, some wastage is likely to occur in every pro-

duction process, and the inputs must therefore include allow-
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ances for this wastage.

Wastage levels are dependent on production equipment design,
and therefore the calculation of material input quantities
first requires the choice of an SMF design. The reference SMF
designed during this study was therefore used to estimate
wastage and to calculate quantities of material inputs. The
processes and equipment i1 the reference SMF are presented in
Chap. 6, "SMF Layouts" and Chap. 7, "Production Equipment Spe-
cifications".

The types and quantities of material inputs required by the
reference SMF are presented in Table 4.2. The quantity figures
are taken from the massflow schematics in Chap. 6. The ratio-
nale for the wastage estimates and the calculations of the in-

put quantity figures are given in that chapter.

TABLE 4.2: TYPES AND QUANTITIES OF MATERIAL INPUTS

FOR THE REFERENCE SMF

(for 1 10-GW SPS without growth margin)

Lunar Inputs Masses (in tons)
Al (total mass, 4.8 x 104)

103 (58% waste)

In solar cell arrays 3.1 x

In structural member ribbon 2.5 x 10t (10% waste)
In klystron assemblies 1.1 x 104 (10% waste)
In waveguides 1.7 X 102 (39% waste)
In busbar strips 3.1 x 103 (102 waste)
In DC-DC Converters 3.3 x 102 (10% waste)
In electrical wires and cables 4.2 x 102 (10% waste)
In DC-DC converter radiators 6.2 x 102 (10% waste)
In end joints 9 (10% waste)
In joint clusters 9 (10% waste)

(continued)
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TABLE 4.2 Conti

Lunar_ Inputs Masses (in tons)
Sioz .
In solar cells ' 5.0 x 10" (40% waste)
si {total mass, 2.7 x 10%)
In solar cell arrays 2.7 % 104 {52% waste)
In structural member ribbon 1.0 x 102 {(10% waste)
In DC-DC converters 1.1 x 102 (10% waste)
In end joints negligible
In Joint clusters negligible
Natura! Lunar Glass
In waveguides 1.8 x 104 (37% waste)
Fe (total mass, 1.7 x 103)
In klystron assemblies 8.0 x 102 (10% waste)
In DC-DC converters 9.4 x 102 {102 waste)
S-Glass (tota’ mass, 1.5 x 103)
In klystron assemblies 9.9 x 102 {1072 waste)
In DC-DC converters 2.1 x 102 (102 waste)
In electrical wires and cables 3.2 x 102 (10% waste)
Mg (total mass, 1.8 «x 102)
In structural member ribbcen 1.8 x 10z {102 waste)
In end joints negligible
In joint clusters negligible
Earth Inpsis
Klystron Parts
In klystron assemblies 3.5 x 10° (10% waste)
DC-0C Converter Parts
In DC-DC converters 7.0 x 102 (10% waste)
f Kepton Tape
§ tn solar cell arrays 4.2x 102 (10% waste)
3 f:2r°ng Agents
: I~ waveguides 2.4 x 102 (37% waste)
i Yopants
In solar cell arrays negligible
l‘ Total Mass 1.5 x 10° Tons

4.4: PURITIES OF SMF INPUTS

4.4.1 General Remarks: In general, the material purities

available from refining processes can be increased by two
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methods: running the material through more refining cycles,
and switching to a more effective (but more complex) refining
process. The purity available from increasing the number of
refining cycles is usually limited by the characteristics of
the process used; beyond a certain number of cycles, gains in
purity are negligible. Therefore increases in purity first
fncrease the quantity of machinery, up to purities of 90 - 95%.
Above this figure the complexity of the machinery goes up, as
the refiner switches to increasingly more sophisticated pro-
cesses. The quantity of machinery may go up as well, if the
more complex processes have lower yields than the lower-purity
refining cycles.

Therefore demands in purity by the SMF designer can sig-
nificantly increase the quantity and complexity of the lunar
refining equipment needed. Thus certain manufacturing pro-
cesses, though not optimal for the SMF alone, may be optimal

for the system as a whole, because their inputs require
cheaper refining techniques. Similarly, an optimization of

the entire system could suggest modifications to the SPS design,
to use lunar materials which require less refining. These
considerations are beyond the scope of this study, but should
be included in later evaluations of lunar-material space in-
dustrialization.

Another problem is that the expected purity of refined
materials is one of the most difficult parameters to predict
in refinery design. In the design of Earth refining equip-

ment, the output purities are seldom accurately known until
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after the construction of a pilot plant.

4.4.2: Tabulated Purities of Reference SMF Material Inputs:
For this study, the input purities required yere determined by
examination ¢f the required outputs (see Chap. 3) and of the
proposed reference SMF processes (see Chaps. 6 and 7). The
purities of SMF inputs are listed in Table 4.3. In the ex-
planaztions that follow, the available lunar-material purities
were decided after examination of the output of the JSC-LPI
study (Ref. 4.2) and discussions with Dr, Waldron of LPI.

4.4.3: Aluminum: The highest purity aluminum required in the

SPS is for electrical applications: soiar-cell contacts and
interconnects, busbars, wires, coils, waveguide coatings. Al-
loys such as 1060 (99.6+% Al) and 1100 (99.9+% A1) are used
for electrical conductors on Earth, The conductivity drops
rapidly with the decrease of aluminum purity. These electri-

cal-grade purities are available from the refining processes

TABLE 4.3: PURITIES OF MATERIAL TNPUTS TO REFERENCE SMF

Lunar Inputs Purity
Aluminum (electrical grade) 99 .6+ ¢
Silica (optical grade) 26
Silicon (metallurgical grade) 99.9
Natural Lunar Glass as separated
' from soil
Iron 99.9
S-Giass gltass-fiber grade
Magnesium 99

Earth Inputs
Kiystron Parts ———

DC-DC Converter Parts -~
Kapton Tape -——
foaming Agents as needed
Dopants (semiconductor grade) 99.999
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suggested by the JSC-LPI study. Another use of aluminum in
the reference SMF is in Al 6063 alloy (struciural members, end
joints, joint clusters). Since the aluminum content of this
alloy is 98.9%, close to electrical gradz purity, the entire
aluminum input to the reference SMF was set at 99.6+% purity.

4.4.4: Silica: The entire requirement for Sio2 is in solar

cells. The solar-cell optical cover is 60% of this glass.

Its purity requirement is that of commercial optical class:

96% silica For simplicity, the substrate glass (the remain-
ing 40%) was also set at optical purity, though its primary
functions are structural integrity and radiation protection.

A lower grade of substrate glass could be used in the reference
SMF, provided that it were compatible with. the proposed manu-
facturing processes.

4.4.5: Si:..con: The most demanding purity requirement in the

lunar-material SPS is that of silicon. For the type of solar
cells used in the Boeing-JSC baseline, the silicon wafer must
be made from semiconductor grade silicon (99.999% silicon).
Lunar-material substitutions do not affect this requirement,
since silicon is the only lunar material likely to be used to
make 12.5% efficient solar cells (according to current know-
ledge). After examination of the JSC-LPI study reports (Ref.
4.2) and consultation with Dr. Waldron at LPI, this study con-
cluded that the purification of silicon to semiconductor grade
was not guaranteed by the proposed lunar processes. The hydro-
fluoric acid leaching process suggested in that study should

produce metallurgical grade (99.93) silicon, and that is the
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purity set down for the entire SMF silicon input. The silicon
used for the solar cells therefore requires additional refin-
ing at the SMF. Note: this additional refining could be done
orn the Moon, after production of the metallurgical grade sili-
con. However, semiconductor grade silicon can easily ve con-
taminated in handling, and this option would therefore in-
crease tne complexity of the Moon-to-SMF transportation system.

4.4.6: Natural Lunar Glass: Natural tunar glass is used in

the reference SMF design to produce foamed glass for waveguides.
Foamed glass is produced on Earth by Corning Glass Co., and a
company in France. 1I* has also been researched in the Soviet
Union. Detailed information on the required purity of the
glass input is therefore proprietary or otherwise unavaiizble.
It was therefore assumed that, by the year 1990, processes to
produce foamed glass from natural lunar glass, beneficiated
but not refined, would be available. The natural lunar glass
is electrostatically separated from the fine particles in
ltunar soil, after these particles have been crushed to <5 mi-
cron size. The separated glass is shipped to the SMF without
further enhancement of purity.

4.4.7: Iron: Iron is needed for two uses in the SMF: solen-

oid poles for the klystrons are pure iron, and transformer
cores for the DC-DC converters are SENDUST alloy (85% Fe).
Both of these applications require pure iron (for the SENDUST
use, pure iron before alloying). The lunar soil contains .5
to .6 wt.% of metallic iron (Ref. 4.4). The surface iror has

been baked to a high purity by the solar wind. It is there-
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fore relatively sinple to separate it magnetically from the
soil. The iron can then be electrochemically refined to pu-
rities on the order of 99.9% (refining iron is simpler and
less energy-demanding than many other refining processes, e.g.

aluminum extraction). This purity (99.9%) is adequate for in-

puts to the reference SMF.

4.4.3: S-Glass: S-glass is a mixture of 65% 5102, 25¢% A12 3
and 10% Mg0, relatively insensitive to impurities. It is

used in the SMF to mike glass fibers to be woven into glass-
cloth electrical insulation. Since optical quality Si0, .see
Sec. 4.4.4 above, electrical-grade Al (see Sec. 4.4.3),
rocket-propellant grade oxygen, and commercial-grade mag-
nesfum (see Sec. 4.4.9 bel w) can be produced by the lunar

refining processes, S-glass is available in glass-fiber purity.

4.4.9: Magnesium: Magnesium is used in the SMF as an alioy-

ing elemant in the Al 6063 alloy (.7% Mg) for structural mem-

bers, end joints, and joint clusters. Its purity requirement

is therefore roughly 92 - 99% (commercial purity is 99.8%).

A consultation with Dr. Waldron at LPI indicated that the pro-
posed lunar refining processes could produce Mg in commercial

purities.

4.4.10: Earth Inputs: For klystron panrts, DC-DC converter

parts, and Kapton tape, the concept of 'purity' does not ap-
ply. However, these inputs are of sufficient quality to guar-
antee their proper cunction. The foaming agents (typically

Nas0,., C, HZO) are as pure as needed for the production of
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foamed glass. As mentioned in Sec. 4.4.6 above, information
on required purities for foamed-glass ingredients is unavail-
able. Dopants for solar cells {typically boron and phospho-
rous) could be commercial purity {29.8%), since their cecncen-
tration in solar cells is so low (89 kg of boron and 28 kg of
phosphorus per one 10-GW SPS). However, to maximize the so-
lar cell etficiency, the dopants are input in semiconductor

grade purity (99.993%).

4.5: PHYSICAL SHAPES OF REFERENCE SMF MATERIAL INPUTS

The most significant consideration affecting the physical
shape of the SMF material inputs from the Moon is the
choice of transportation system from the lunar surface into
space. There are two fundamental choices: some sort of cat-
apult (such as the electromagnetic mass-driver); or rocket
launch. In 3Ye first case, the lunar escape velocity is im-
partcd to the material in a short distance and time, and the
payload chen coasts to its initial destination. To withstand
the leunch accelerations of 500 - 1000 g's, the lunar material
(which will be the SMF input) must have a stress-tolerant
shape, such as a pellet or block. If a mix of materials is
catapulted to a mass-catcher, the pellets or blocks must be
encapsulated or bagged, to avoid contamination between mater-
jals and vacuum-weiding o7 & pieces.

i: rocket Yaunch, the , ¢:<s must also be kept apart to
avoid welding and contamination. However, the longer accel-
erations of 1 - 2 g's are far i1ess demanding on the payload,
allowing a range of physical shapes, such as columns, rolls,
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slabs, or bags of loose material.

An evaluation of the respective merits of the mass-driver
and lunar rocket is beyond the scope of this study, and falls
within the province of the JSC-GD study. However, from the
point of view of the SMF designer, the rocket launch cption
offers the advantage that the lunar materials in the payload
can be in shapes specifically designed for ease of handling
and insertion into SMF processes.

As discussed in Sec. 1.4, it was decided that tha lunar in-
put materials are refined in a large processing facility cn
the Moon. Such a facility can also produce rocket propel-
ant, such as the aluminum powder and liquid oxygen suggested
by the JSC-GD study (Ref. 4.5). Producing fuel from lunar
materials, both for lunar launch and interorbital transporta-
tion, can provide significant cost reductions in lunar-material
scenarios when comnared to scenarios using propellant brought
from Earth. lowever, the relative costs of catapults and roc-
kets for lunar launct are not yet clearly established.

For the design of the reference .#F in this study, it was
assumed that lunar materials are launched from the Moon by
rocket (as in the JSC-GD study's Option D)} and could therefore
arrive at the SMF in shapes convenient for input into the fac-
tories. The input shapes are described in Table 4.4.

The study group emphasizes that the decision to assume
these shapes is not based on a systems analysis of the alter-
na.ive scenarios {lunar catapults vs. rocket launch). It is

onty an assumpticn which simplifies the input sections of the
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SMf. In any case, should later analyses decide in favor of
lunar catapults, the reference SMF can be modified to accomo-
date pellet inputs. These modifications are described in

Sec. 5.10, “Modifications Required for Pellet Inputs™.

TABLE 4.4: PRYSICAL SHAPES OF MATERIAL INPUTS

TO THE REFERENCE SMF

Type of Input Shape and Dimensions
Lunar Inputs
Aluminum:
For Al and Al alloy products Rod, 6.4 cm diameter
10 m length
For SENDUST allcy Rod, 2.5 cm diameter
3 m length
Silica: Stab, ' m x 1 m x .04 m
Silicon:
For solar cell production Slab, 1.2 m x .42 m x .04 m
For furnaces Rod, 3.5 cm diameter
3 m length
Natural Lunar Glass: 45 micron powder, bagged
Iron: Rod, 6.4 cm diameter
10 m length
S-Glass: Rod, 5.4 cm diameter
8 m length
Magnesium: Rod, 1.7 cm diameter
3 m length

Earth Inruts

Klystron Parts: Shaped and/or packagea
as required by launch
stresses and SMF
Kapton Tape: processes

DC-DC Converter Parts:

Foaming Agents:

Dopants:

4.6: TA _ATED CHARACTERISTICS OF MATERIAL INPUTS TO THE

REFERENCE SMF

Table 4.5 presents types, quantities, purities, and physi-

tal shapes of the material inputs to the reference SMF .
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TJABLE 4.5: CHARACTERISTICS OF MATERIAL INPUTS TO THE REFERENCE SMF

\

Quantity {tons)

(per 1 10-GW SPS
without growth margin)

Purity

{percentage of
pure material)

Type of Input Physical Shape

SL°Y

Lunap Inputs:
Aluminum 4
For Al and AY alloy products 4,4 x 10 99,6+ X Rod, 6.4 cm diameter
10 m length
For SENDUST alloy 55 95.6+ Rod, 2.5 ¢m diameter
-3 m length
S{lica g,{, , 5.0 x 10 96 Slab, ' m x ) m x .04 m
. &)
Stlicon 52 .
For solar cells A 2,7 x 10 99.9 Slab, 1.2 m x .42 m x .04 m
For alloys é? 2.1 x lo2 99.9 Rod, 3.5 cm dfameter
. 3 m length
Natural Lunar Glass 73 1.8 x lo4 as separated from <5 micron powder,
Junar sofl bagged
Iron 1.7 x 103 99.9 Rod, 6.4 cm diameter
' 10 m Yength
5-Glas 1.5 x 108 glass-fiber grade Rod, 6.4 ¢cm diameter
8 m length
Magnes{um 1.8 x 102 99 Rod, 1.7 cm diameter
) 3 m length
Lunar Mass Subtotal: 1,43 x 10° Tons
farth !ngug;: .
Klyston Parts 3.5 x 10° ~-- shaped and/or
DC-0C Converter Parts 7.0 x 102 -- packaged as
2 required by
Kapton Tape 4,2 x 10 wee Yaunch stressas
Fcaming Agents 2.4 x 10% as neaded and SMF processes
Dopants (Boron, Phosphorasus) negligible 99.999

Earth Mass Suctotal:

Tota) Mass of Materfal Ynputs:

4.9 x 103 Tons

1.5 x 10
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4.7: OTHER SMF INPUTS

4.7.1: Expendables: The inputs into the factories which are

not incorporated into SMF products, but are used up by the pro-
duction processes, are called 'expendablies'. At this stage of
design, it is extremely difficult to estimate the requirement
for such expendables, such as lubricants for machines and gas
for pneumatic actuators. However, the types of expendables
can be identified, and their required masses are assumed to be
small compared to the material inputs from Earth and Moon.

The principal lunar expendatle is oxygen. Some of this
02 is injected into the SiO2 deposition chambers in solar cell
production, to keep the SiO2 from dissociating to Si0 and 02.
This 02 input is wasted to space (estimated at roughly 100 tons
per SPS). Lunar oxygen is also used to drive actuators and
pistons (for example, the glass fiber producer). Lunar 02 can
also be combined with Earth hydrogen to replace cuoling fluid
losses, if water is the coolant,in some of the machinery.

Other specific lunar expendables have not been identified.
However, the possibility exists of replacing some Earth ex-
pendables (stch as lubricants) with lunar materials (if they
can be used as lubricants), The study group has not investi-
gated this issue. However, any such replacement of earth ex-
pendables should be made with lunar materials eitner available
directly form the lunar refining processes, or produced at
minimal cost or the Moon. This is because the masses of Earth

expenaables (and therefore their transportation costs) are
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expected to be low. Consequently only a minimal increase in
lunar production costs is warranted.

Earth expendables consist of a variety of lubricants,
cooling fluids, particle suspension gases. Since machines
can be designed with long-life lubricants, and cooling and
gas-flow systems can be designed with virtually no leakage (as
in systems used by the nuclear power inctustry), the mass of
earth expendables is expected to be dwarfed by the mass.of
earth material inputs (4,900 tons/year).

4.7.2: Refurbishment Parts: Most of the machinery in the

SMF is designed for a 20-year lifetime (as per SOW guidalines),
and therefore requires roughly 5% of its mass in replacement
parts every year. Refurbishment mass totals (and specific esti-
mates of refurbishment mass required for the machine components)
appear in Chap. 10, "Line Item Costing”. The refurbishment parts
come from Earth.

There is also the possibility of manufacturing refurbish-
ment parts at the SMF from lunar materials. One potential ex-
ample is the baffles used for containment of deposition vapors
in the solar cell factory. Due to their fouling by the deposi-
tion processes, they are progressively replaced by new baffles
from Earth. The pcssibility exists of making such baffles at
the SMF, using woven glass cloth made from lunar materials (the
baffles must resist high-temperature vapor; hence the choice of
glass rather than a metal). Due to time constrains, the study
did not investigate these issues, but later research on these

options rould reduce SMF costs slightly.
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4.7.3: Consumables: The specific design of habitation and

life-support systems is outside the scobe of this study, as
mentioned in Sec. 2.1. This study therefore used figures
from other studies to determine the consumables requirement.
Based on data in Refs. 4.6 and 4.7, the consumables needed by
one space worker are as follows:

From Earth:
Freeze-dried food .7 kg/day

Hydrogen .03 kg/day
Nitrogen .1 kg/day

From Moon:
Oxygen .27 kg/day
Total 1.1 kg/day

This assumes a 95% closed water cycle, an¢ a fully closed air
cycle f{leakage and airlock losses only).

The mass of the habitation section (described in Chap. 8)
includes an emergency stock of 30 days of food and air, as-
cuming no recycling except wash water. This adds up to 5.05
kg/person day.

The estimated pcpulation of the reference SMF is 440
people, assuming production of one 10-GW SPS/vear. Therefore
the consumables requirement from Earth is 370 kg/day, or
135 tons’year. The lunar oxygen requirement is 43 tons/year.
These masses are small compared to the 4,900 tons of required
earth material inputs, and the anticipated needs for lunar oxy-
gen from interorbital transportation. The SMF consumables re-
quirement is broken down in Table 4.6. The emergency stockpile

in the habitation section masses 467 tons.
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TABLE 4.6: YEARLY SMF CONSUMABLES REQUIREMENT

(for 1 10-GW SPS per year without growth margin)
(SMF population: 440 people)

From Moon:
Oxygen 43 tons
From Earth:
Food (freeze-dried) 112 tons
Hydrogen 5 tons
Nitrogen 16 tons

4.7.4: Propellant: Propellant is required by the SMF for sta-

tionkeeping and attitude control. This propellant is lunar
oxygen. Thc computation of stationkeeping propellant require-
ment is outsi~”~ the scope of this study. At this level of
design, the attitude control requirements are unclear. This
is because many SMF processes can apply forces on the SMF
structure (e.g. by outgassing, or angular momentum transfer
from rotating machinery), and only a detailed ~ical design
can predict these attitude perturbations. The.ctore the SMF
propellant requirement is not available at this stage. How-
ever, it is expected that this requirement will be dwarfed by

the lunar-oxygen needs of interorbital transportation.
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CHAPTER §
CANDIDATE SMF PROCESSES
S.1: GENERAL DISCUSSION

The required SMF outputs were described in Chap. 3. In

general, the SMF must produce the types of outputs listed in
Table 5.1.

TABLE 5.1: TYPES OF SMF QUTPUTS
Solar Cell Arrays
Structural Members
End Joints and Joint Clusters
Busbars
Electrical Wire and Cables
Klystron Assemblies
DC-DC Converter Assemblies
Waveguides

As discussed in Sec. 2.2.2, these SMF products provide the
lunar-material components to Solar Power Satellites and to a
variety of other satellites and space facilities.

The lunar-material inputs to the SMF were discussed in
Chap. 4. As described in Sec. 4.2, the seven majority elements
in the iunar regolith (oxygen, silicon, titanium, aluminum,
iron, magnesium, and calcium) arc assumed available to the
SMF, as well as compounds and mixtures of these elements.

In addition, natural lunar glass can be extracted by crushing
and electrostatic separation of the lunar soil, and is there-
fore also available as input to the SMF.

A number of assumpticns affect these choices of SMF inputs
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and outputs. These assumptions are discussed in Chap. 2,
specifically in Sec. 2.2, "SMF Scenario Assumptions".

It is the purpose of this study to investigate possible
manufacturing processes to convert the lunar-material nrputs
listed above (together with some Earth inputs) into the pro-
ducts in Table 5.1. The study group considered each type
of SMF product in turn, and developed alternative manufac-
turing schemes to produce these SMF outputs. Sections 5.2
through 5.10 describe these various alternative production and
support processes, 2nd discuss their advantages and disadvan-
tages. Each section also identifies the processes chosen for
the reference SMF, and the reasons for the choice.

A number of assumptions affect the design and evaluation
of the alternative processes and equipment. These general
SMF design guidelines and assumptions are described in Chapn. 2,
Secs. 2.2 and 2.3. In addition, a number of specific assump-
tions were made in the design of machinery for the alternative
processes. These assumptions are described in the discussions
-which follow.

It is also the purpose of this study to develop a pre-
liminary design and to compute cost estimates for a reference
SMF. Based on the choices of processes described in this chap-
ter, operations layouts for the reference SMF are presented

in Chap. €. Production equipment specifications are described
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in Chap. 7, support equipment specifications in Chap. 8, and
maintenance and repair requirements in Chap. 9. Cost estimates
for the reference SMF appear in Chap. 10.

5.2: SOLAR CELL ARRAY PRODUCTION

5.2.1: The Solar fell: Given the assumption of no major SPS

redesign beyond lunar-material substitutions (discussed in
Sec. 2.2.2), the solar-cell desfgn to be produced by the SMF
is shown in Fig. 5.1. The complete solar cell is 177 microns
thick, slightly less than twice the thickness of the paper on
which this is printed .

6.8 cn

Oﬁficai ‘ ~ :

o v 10 AL Grip PaTTERN

T5R Si% i R e Contacn)
p——— b 20 AL :

50 S17Harer £ SHEET (Back Contact)

SussTRATE: SOR S10
GrID FINGERS

FIGURE 5.3i: BASIC DESIGN OF SMF-PRODUCED SOLAR CELL

From the bottom to the top, the cell consists of five
layers:

1. The substrate provides partial structural integrity and
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radiation protection to the cell. In a lunar-material solar
cell, SiO2 is a likely material for the substrate.

2. The back contact is a thin sheet of Al. The sheet
covers the entire back surface of the silicon wafer.

3. The silicon wafer generates the current from the cell.
Made from mcrnocrystalline silicon (or at least polycrystalline
silicon with grain size larger than its thickness), the wafer
is doped tc form a p-n junction. 1In this particular type of
cell, the bottcem 45 microns of Si are doped with a p-material
{suc' as Borer). The top 5 microns are doped with n-material
(such as Phosphorous). Dopant coucentratioas are rc-ghly
10]7 ) '0]8 atoms/cm3. Exposed to sunlight the cell generates
a voitage between its top and bottom surfaces.

4. The top contact is an aluminum ‘grid fingers' pattern,
designed to cover as little of the top surface as possible
(to let maximum sunlight in) while reaching as much of the
surface as possible (because there are losses when the current
travels through the silicon to reach the electrical contact).
The fingers lead the current to a collector bar at one edge
of the ceil.

5. The tcp layer of the cell is the optical cover, which
must provide some structural integrity, some radiation pro-
tection, and a clear sunlight pith for the cell. This layer
must be transparent to the wavelengths which the cell can use
for electrical production. SiO2 is such a material for sil-

icon solar celis. Since the upper face of the cells faces
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the intense radiation of the Sun, the optical cover is thicker
than the substrate.

The basic cell design originates from the Boeing-JSC ba.e-
line SPS design (Ref. 5.1). The lunar-material substitutions
are as suggested by the JSC-GD study (Ref. 5.2).

In most cases, these substitutions have few or no alter-
natives. The earth-baseline fused silica (SiOZ) substrate
needs no suvstitution, since silica is available from the Moon.
The study group considered substituting aluminum for the silica
in the substrate, thus reducing the manufacturing complexity
by combining substrate and back contact. However, the co-
efficient of thermal expansion of the substrate must be close -
to that of the cell wafer, otherwise the thermal cycling due
to SPS eclipse will eventually delaminate the cell. Since
the wafer is made of silicon, this eliminates aluminum as an
alternative for the substrate material. Late in this study,
Si0 was also suggested as an alternative substrate material,
since it offurs advantages in deposition processes, and has
apparently been used to coat space hardware. Time pressures
did nct allow investigation of the radiation-resistance,
thermal, and deposition properties of Si0, and the 5.udy
stayed with the silica substrate. This alternative sho 1d be
investigated in future research.

The electrical conductivities of the available lunar mate-
rials are usually poor, making them unsuitable for electrical

conductors. The notable exception is aluminum, which offers



a reduction in mass over earth-baseline copper when used in
the cell contacts. The thinness of these contacts ( 2 microns
and 1 micron for the back and top cell contacts, respectiveily)
avoids the differential expansion problem mentigned above.

The silicon wafer in the earth-baseline solar cell needs
no substitution, since silicon is available frem the moon.
The earth-baseline silicon wafers use boron and phosphorus
as dopants. Phosphorus is potentially available for the Moon,
and Boron could be replaced with lunar aluminum. However, the

mass of dopants required is less than a ton per 10-GW SPS,

and therefore their source is not si- “7icint. Since the
availability of lunar phosphcrus ."a~teed, and
aluminum-doped cells have not bec . exner..:e <ly verified,

the study group decided to use borz~ aad , ..sphorus from Earth.

The optical cover is made of borosilicate glass in the earth-
baseline cells. The JSC-GD study suggests the subs..tution of
fused silica glass, which has properties very similar to boro-
silicate glass, and is available from lunar materials. In
particular, the coefficient of thermal expansion of SiO2 is
close to that of silicon, thus avoiding cell delamination
problem mentioned above. The solar cell prodrced by this
study's reference SMF therefore have fused silica optical
~~vers. As in the substrate, Si0 is an alternative optical
r » material which should be investigated by future research.
Specifically, the transparency of Si0 to the solar sp-ctrua

must be checked, to determine whether the wavelengths which
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can pass through this material can efficiently drive the silicen
cell.

In addition to the lay:rs shown in Fig. 5.1, the sular cells
also requ're clectrical contacts ("interccnnects®) between
cells to build up the voliage and current outputs of the solar
cell arrays to usable levels. The Boeing-JSC baseline design
(Ref. 5.1) intercoanects the cells to build up voltages of
40.5 kV and 38.7 kv, and a total amperage output of 428,000
amperes in a 10-G¥ SPS. 7The alternatives for interconnection
are ciscussed b2low /see Sec. 5.2.7).

The cells must alsc be held together structurally to form
the arrays. 1In th. _:ing-JSC baceline SPS, the silicon wafers:
and electrical contacts are pnsitioned in groups of 252 {14 by
18 ~ells), interconnected, and saniwiched between 1.1m x 1.17m
sheets of glass ( substrates and optical covers), thus formi.
"parals". These panels are then electrically and structurally
connected together to form arrays. Alternatives for panel
buildup are discussed in Sec. 5.27.

S.2.2 basic Processes: The basic processes in the fabricatior

of a siticonr selar cell of the type described above are listed
in Tabie 5.2.

These processes need not occur in the order shown: for ex-
ample, some fabrication sequences for solar cells start with
the proouctien of *re substrate, building up the cell iu layers;

or the individual T2yers can be separately produced, and tnen

boaded tocsther. iowever, all the processes listed must occur
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TABLE 5.2: BASIC PROCESSES
IN SILICON SOLAR CELL PRODUCTION

Purification of Jdetallurgical Grade
Silicon to Semiconductor Grade Silicon

Production of Doped Silicor Wafer
Application of Electrical Contacts
Production of Substrate and Optical Cover
Cell Interconnection and Array Buildup

to produce the cell. The following sections describe alter-
native processes for each of the listed steps.

5.2.3: Purification of Silicen: As discussed ir Sec. 4.4.5,

examination of the JSC-LPI study reports {Ref. 5.3) and con-
sultation with Dr. Waldron at LPl led to the conclusior by
the stvdy group that the silicon received from the Moon is
metailurgical gqrade (99.9% pure). It must therefo e be puri-
fied to semiconductor grade (99.999% pure) to serve as mate-
rial for the wafers in 12.5%-efficient solar cells. Four
possible processes for silicon purification are listed in
Table 5.3, with their advantages and disadvantages.

Carbon reduction is a technique commonly used to produce

meta: .rgical grade (MG) silicon from silica (Ref. 5.4) thrcugh
the reduction:

§i0, + ¢ = si + CO.,
it is possible that this process could produce semiconductor
grade (SeG) silicon. However, this can only happen if all the
impurities in the input 5iJ, will combine with carboun, forming

compoinds which can then be easily removed from the silicon.
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TABLE 5.3:

PURIFICATION OF SILICON

Process

ALTERNATIVE PROCESSES

Advantages

Disadvantages

Carbon Reduction

oExisting technology

oNot likely to pro-
duce sufficient Si
purity

oCarbon required
from Earth

oRequires carbon
racovery cycle

Trichlorosilane
Distillation

ofstablished tech-
nology

oEarth elements re-
quired

oRequires handling
of large amounts
of corrosive gases

Silane/
Silicon Process

oEtxisting technology

~Earth elements re-
quired

oRelatively complex
process

*Zone Refining

ofExisting technology

oNo Earth inputs re-
quired

oPotenticl for high
automation

oProcess is slow
oSome wastage of
input

*Crhosen for reference SMF

Since lunar-produced MG Si or SiOZ would contain undetermined

inpurities, it is extremely unlikely that such a process could

work.

This proc:.s wou.d also require carbon input from Earth, to

load the system and to replace carbon losses during operation.

To minimize these carbon losses, the process must operate with-

in a pressure container,

And the prncess would require a re-

covery cycle to retrieve the carboa from the variety of com-

pounds fc. med

the input impurities.

Trichlori-ilane distillation is tne method most commonly
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used today (Ref. 5.4). It is a three-step -rocess:

1) MG Si is reacted with hydrochloric acid to produce
trictlourosilane;

Si + 4HC1 == SiHCl; + HCl + H, + impurities

2) The impurities and byproducts are distilled out, leaving
99.999% pure SiHCl3.

3) The trichlorosilane is converted to polycrystalline
SeG silicon by thermoelectric decomposition;

3 —_— S + HC1 + c1,

The principal advantage of this prccess is that it is an

SiHC]

established technology. However, it requires a sizable frac-
tion of Earth elements (H, C1) to load the system and replace '
losses. To minimize the losses, the process must be contained
in pressure vessels.

Anotner disadvantage of this method is that it requires
handling =f large volumes of hydrcgen, chlcrine, and hydro-
chloric acid. Although the poisonous character of these gases
is not a signifirant problem(since human operators require pro-
tection from vacuum anyway), their corrosive aspects add to the
complexity of cthe process equipment,

The silane/silicon process has been developed by Urion Car-

bide Corp.(Refs. 5.5, 5.6). It is a five-step process:
1) MG Si is reacted with hyu..gen and silicon tetrachloride
to form trichlorosilane;
. — - .
Si + 2H2 + .;S1C14 -— 4HSIC'I3

2) The trichiorosilane is then reduced to dichiourosilane
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and silicon tetrachloride;
e———
4HSiCl3 .=__.2H251C12 + ZSiC'I4

The $iCl, is input to step (1) above.
3) The dichlorosilane is then reduced to silane and silicon

tetrachloride;
—-é
ZHZSiCIZ P —— SiH4 + SiCl4

The SiC]4 is input to step (1) above.

4) The SiH, is distilled to purify it to semiconductor
grade.

5) The SiH, is broken into Se6 silicon and hydrogen by
thermoelectric decomposition;

SiH4'——€? Si + 2H, (at 1050°K)
The H, serves as input to step (1) above.

This process is existing technology. It requires earth
elements (H, C1) tc load the system and replace gas losses,
and the process must be contained in pressure vessels. This
process is also more sophisticated than other candidates, re-
quiring more steps and therefore more complex equipment.

Zone refining uses a different approach than the above-

discussed alternatives. The process is described by Fig. 5.2.
First, a slab (or rod) of MG silicon is clamped at both ends.
The slab is heated near one end to produce a local molten zone.
By moving the heat source along the silicon slab, and cooling

the slab behind the heat source, the molten zone is 'moved'’
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FIGURE 5.2: ZONE REFINING

along the slab. At the rear liguid/solid interface, where
the molten material recrystallizes, the molten Si tends to
crystallize faster than the impurities. Therefore the im-
purities tend to remain in the moiten zone, and thus travel
along the slab to the other end. The process is repeated
several times; with each pass of the molten zone along the
bar, more of the impurities are drawn to and solidified near
the end of the slab. Once the body of the slab is semi-
conductor grade, the impure ends are trimmed cway and
discarded.

Surface tension forces in the moiten zone tend te round
off the - _pers of a slab during zone refining. However,

this t- Jency -~an b2 counteracted by using induction coils
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to shape the molten zone, minimizing the rounding. Therefore,
if a slab with square edges is required (as in the reference
SMF), use of shaping coils can keep the needed trimming losses
to a minimum.

Zone refining is an existing technology. It offers the
advantage that it requires no Earth inputs. Also, zero-g
may; improve the zone-refining process itself by eliminating
conveciion currents in the molten zone {this requires experi-
mental study).

The priacipal disadrantage of the zcne refining process
is that it is slow. The process speed is governed by the
speed at which the molten zone can travel along the slab, and
the number of passes required to purify the rod sufficiently.
The molten zone travel rate is set by the rate at which liquid
ma’ erial crosses the liquid/solid interface and becomes solid
crystal. The heat balance equation for the planar interface

(Ref. 5.7) is:

where:

L]

thermal conductivity of solid

= temperature gradient of solid at interface

K

G

K1 - thermal conductivity of liquid

G] = temperature gradient o7 liquid at interface
R

= growth velocity

= density of solid

= heat o7 fusion
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For optimum crystal growth -- good quality with maximum
speed -- G] = 0 (possibly achievable in space, in the absence
of convection).

Therefore:

From tables of thermal conductivity of silicon at about
1685°K the value of Ks = ,215 w/cm®°K. Its heat of fusion is
337.0 cal/g and the density is 2.33 g/cm3. This leaves a

value for R:
3 2

R = (3.93 x 1077 cm ) G
max min’k S
. ‘o
where Gs is in °K/cm and Rmax in cm/min,

Thus, for reasonable growth rates, thermal gradients must
be on the order of 1000°K/cm or more. For example, current
silicon ribbon growth rates (on the order of 7.5 cm/min)
correspond to a temperature gradient of 2000°K/cm. The
study group assumed that, by 1990, equipment could be de-
veloped to generate temperature gradienis of 620°K/cm in slabs
{more difficult than in ribbons), leading to a zone travel
rate of 2.5 cm/min. However, this temperature gradient re-
quires gas-jet cocl »3 of theslab behind the molten zone, and
the process must therefore be enclosed in a pressure vessel.

Depending on the purity of the input silicon, zone refining
can take form 10 to 100 passes of the molten zone (Ref. 5.8).

The study group assumed that the MG silicon received from the
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Moon would be sufficiently pure that 10 passes would be suf-
ficient.

The slowness of zone refining {(which leads to a large
number of machines) is mitigated by the potential of the pro-
cess for high automation. The basic operations are simple:
slab handling, repetitious zone travel, end trimming, and siab

packaging.

Besides the candidate processes listed above, there are a
number of other alternatives mentioned in the literature. For
example, F:f. 5.9 mentions sodium reduction of silicon tetra-
chloride, decomposition of polymerized silicon difluoride, and
the silicon halide-alkali metal flame process. Unfortunately,
the processes researched to date are all intended for use on
earth, and therefore incorporate the advantages and disadvan-
tages of that physical and economic¢ envirgnment. Only zone-
refining seems somewhat space-specific, since its thermal gra-
dient may be improved by zero-g, and its 1--ge power require-
ment can - : met with cheap solar energy.

It is clear to the MIT study group that much more research
must be done in this area to investigate and develop the pos-
sible methods of silicon purification. This task may require
the design of entirely novel processes, and their verification
by pilot plants in space. Fortunately, prototypes of this

kind of chemical equipment can wusually be small.
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For the reference SMF, the study group chose zone refining
for the purification of silicon because it is particularly
suited to a space environment and because the fisadvantages
associated with the slowness of the process can be mitigated
by automation.

5.2.4: Production of Doped Silicon Hafers: The study group re-

viewed a number of solar cell wafer production processes as
candidates for the SHF. These alternatives are listed in

Table 5.4,

The floating substrate methed involves pouring molten silicon

onto a molten-metal bath (such as tin) to form a sheet of sili-
con wafer. The principal disadvantage of this process is that
it requires gravity (or some kind of directional force field)
to control the molten bath.

This problem is common to all bath processes in space.
Under zero-g conditions, a liquid will naturally form into a
sphere or globule, its surface determined by surface tension
and dynamic instabilities (as shown in Skylab experiments,
globules can oscillate in shape between configurations such as
dumbells and donuts). Theoretically, the surface of a large
sphere of molten material could approximate the planar surface
of a bath. However, it is difficult to control the position
of such a sphere, or to touch it with equipment, without in-
ducing oscillations aad distortions in its shape. The molten

material also tends to wet anything brought in contact with it,
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TABLE 5.4:

SILICON WAFER PRODUCTION

Crystal Growth
Processes

ALTERNATIVE PROCESSES

Advantages

Disadvantages

Floating Substrate

oRequires gravity or
equivalent

oNot likely to yield
sufficient cell effi-
ciency

Ceramic Plate Dipping

wires gravity or
ivalent
likely to yield
-ifficient cell effi-
ciency

Czochralski
Growth

Ingot

OHigh quality
crystal

oEstablished tech-
nology

ORequires gravity or
equivalent

oHigh waste of material

ORequires many sawing
machines

Dendritic Web

Olow waste of
material

OHigh quality
crystal

oRequires gravity or
equivalent

Zone Refining and

OoHigh quality

oHigh wastage of mate-

Cutting crystal rial
oExisting Tech oSlow process / many
nology machines

Edge-defined
Film-fed Growth

0Existing Tech-
nology

olow waste of
material

aHigh quality
crystal

OMany machines required
oNeeds pressurized
containers

Chemical Vapor
Deposition and
Recrystallization

oCompatible with
some refining
sruocesses

olow material
waste

oMay allow depo-

sition of wafer
wirectly onto cell

oRequires Earth inputs

oRequires pressure ves-
sels and recirculation
equipment

oRequires additional pro-
cesses to achieve sufa-
ficient crystal quality

substrate and rear

contact |

(continued)
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TABLE 5.4 Continued

Crystal Growth

Processes Advantages Disadvantages
*)irect Vaporization oConceptuaily olittle solid data
and Recrystallization simple available

oDoes not require |oSome waste of material
pressure vessels |oRequires many material

eWafer can be sources
directly depo- oRequires additional
| sited onto cell processes to achieve
substrate and sufficient crystal
rear contact quality

oWell adapted to
space environment

.Doping Processes

Diffusion oEstablished tech-|oUsually requires
nology liquid application
oDifficult to controi
dopsnts
*Ion Implantation oExisting tech- oInduces defects in
nology crystal structure

otasily automated [oRequires closed
on a large scale current loop
o Good control over

dopants

Co-deposition oCan reduce time |[oMay not be compatible
and complexity with all silicon
of solar cell wafer production pro-
production cesses

o0Only applicable to
p-dopant in several
wafer production pro-
cesses

*Chosen for reference SMF
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and the sphere's material therefore tends to crawl along any
solid object touching it. Thermal control! is also difficult,
since the problems described above restrict the designer to
radiative and convective cooling (the convactive processes
through a gas surrounding the sphere). A1l of rthese problems
make delicate surface processes on molten spheres (such as the
formation of a thin silicon shell) technically difficult, and
therefore unlikely.

Another alternative is controlling a bath through centri-

fugal force. Here the liquid material is whirled around in a

container, and coats the walls, forming a stable layer. Al-
though a centrifugal furnace is possiblie {and several such
designs are described later in this chapter), problems arise
when materials are layered in such furnaces. The materials
must have different densities, since it is the effect of the
centrifugal force field on the different densities which forms
the layers. However, this leads to different angular momeanta
of the layers. At the inter- - between the layers, this tends
to create angular momentum transfer, or vortex formation, be-
tween the layers; the layers tend to stir themselves together.
This effect appeared as a severe problem in the design of
colloid-core nuclear rockets (Ref. 5.10), when the layers were
made of gases (uranium oxide and hydrogen). 1In a liquid-liquid

interface, the viscou. forces resist this interlayer stirring,
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but it is difficult to assess under what conditions such layers
would be stable. This problem can be al.eviated by the use of
baffies to constrain the motion of the fluids. In this case
the baffles separate the bath into a series of cells, each of
which requires independent input and output systems. The ex-
tension of this case is the separation of the bath into

separate rotating containcrs; this option is described below.

Another probiem with rotating-container bathc *< the need
for rotating machinery. Althougn the bearing stresses are
less in zero-g than on Earth, such equipment requires complex
methods to input and output mé:.2rial to and from the container.
Furth--more, it is difficult to stop the container without first
removing or solidifying the contents, since the liquids will then
float free from the container walls, formirg globules.

In the case of silicon sheet production by the floating
substrate method, the problems of interlayer stirring could
prehaps be avoided by keeping the rotation speed of the con-
tainer slow, and silicon could be added by an axial feed system.
However, once the layer of silicon had been formed and cooled
into a cylindrical sheet, removing that sheet poses technical
difficulties. Cutting the silicon sheet free of its molten-
metai bath while the container is spinning requires complex
equipment and procedures to prevent release of the molten metal
or contamination of the silicon.

These problems can be alieviated somewhat if the Lath pro-

cess is done in a series of containers spinning far from the
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rotation axis, as shown in Fig. 5.3. The radius of gyratior

of each individual bath is large enough that the bath surface
is near-planar. and the silicon sheets are of manageable size.
However, all input and output must be routed through the cen-
tral hub, and the equipment requires more structural mass and

safety features than a free-floating alternative.

Silicon Sheet Silicon
OQutput Input

S
"
\ \
Rotation O
Input/Qutput
Tube Silicon
Layer

Handling
Equipment

FIGURE 5.3: POSSIBLE CENTRIFUGAL BATH PROCESS
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Even if these technical difficulties can be overcome, there
is some doubt that the floating substrate method can produce
efficient solar cells. On Earth, the floating substrate pro-
duction of cadmium sulphide cells is being developed by Pats-
centre International in England. The presently achieved cell
efficiency is 4-5% (Ref. 5.11). This process has been con-
sidered for silicon solar cell production on Earth, but puri-
ty levels and production rates have been too low to merit full
scale production on Earth,

Ceramic plate dipping involves dipping a plate into a mol-

ten silicon bath, building up a sheet of crystalline silicon.

It therefcre shares many of the molten-metal-bath problems dis-'
cussed above. Like the floating substrate process, ceramic
plate dipping has output purity and production rate problems,
and has therefore never been commercially used on Earth.

Czochralski ingot growth 1is the most commonly used silicon

wafer production technique today (Ref. 5.4). The process is
depicted in Fig. 5.4. This method uses a rotating crucible of
molten silicon. A counter-rntating seed crystal is slowly lifted
up from the molten surface, pulling a silicon ingot up to 10
centimeters in diameter. The ingot grows from the molten silicon
as a single crystal. Once the ingot has been formed, it is
sawed into thin (~250 microns) wafers.

There are two principal advantages to the Czochralski pro-
cess. First, it is a well established technology. 35econd, the

crystal produced is kighly pure and monocrystalline, the two
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Seed crystal

Ingot

Quartz crucible

Melt

U

FIGURE 5.4: CZOCHRALSKI INGOT GROWTH

principal requirements for silicon solar cell wafers. A number
of alternative processes (discussed below) require complex pro-
cedures to achieve the needed monocrystalline quality.
Czochralski ingot growth can probably be freed from its
current reliance on gravity to form and control the silicon
bath in the crucible. Rotating facilities (such as those shown
in Fig. 5.3) could contain crucibles and crvstal-pulling equip-
ment. An oth2r option is magnetic confinement of the silicon
melt in th2 crucible. 1In this technique, induction coils
around the crucible induce eddy currents in the molten silicon,

and electromagnetic coupling between those currents and the
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pulsed magnetic field from the cofls pushes the silicon into the
crucible. The same eddy currents can maintain the temperature
of the melt by ohmic heating. There are two disadvantages to
this option. First, the magnetic properties of the silicon are
such that very powerful fields would be required for the con-
tainment of the entire melt. Second, the technique would not
only contain the melt, but stir it as well; and this stirring
1dversely affects the crystal growth by altering the thermal
gradient at the liquid-solid interface, thus slowing down the
crystallization.

The major disadvantage of the Czochralski method, however,
is the subsequent sawing process required to form thin wafers. -
Slurry sawing is currently the most effective method for sawing
silicon ingots. 1[It uses an array of cutting blades lubricated
with a slurry of oil and abrasives to slice an ingot into 2
large number (g.e. 230) of wafers. However, this 230-wafer cut
requires 20 hours to go through a 10 centimeter diameter di-
ameter ingot (Ref. 5.12).

Another problem with sawing is the large kerf losses.
Since the wafers are rough cut to 250 microns, the kerf losses
are larger than the product (Ref. 5.4). Breakage limits cut-
ting time and thickness due to the brittleness of silicon and
the saw vibration. The following is a summary of actual cur-

rent silicon losses:
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Ingot Losses by Volume

Sawing 66%
Lapping 16%
Polishing 42
Dicing 4.7%
Breakage 1.3%
Total 92%

Improvement in cutting techniques may reduce this waste to
50-70%.

Another current problem with Czochralski ingot growth is
contamination of the melt from the crucible. 1In current op-
erations, each crucible is used once, then replaced by a new
one. Although this problem can probably be solved, a new mate-.
rial would have to be developed for the crucible lining.

In the ingot growth process, the crystal growth speed is
determined by the same equation which governs the molten zone
travel described under zone refining in Sec. 5.2.3. Therefore
the crystal growth speed is limited by attainable thermal gra-
dients (7.5 cm/min at 2000°K/cm). For the ?0 billion cells
required for one SPS, if the wafers are each rough-cut to 250
microns with a 50% kerf loss, the total length of ingot required
is 107 meters (neglecting breakage losses later in production).
If each ingot growth machine produces ingot at 7.5 cm/min, on
a 90% duty cycle, 282 machines are required. This requirement
is not unreasonable.

However, for the slurry sawing process, if each machine

cuts 250 wafers at once in 20 hours, and if the machines work



on 3 90% duty cycle, 203,000 machines are required to cut the

20 billion wafers for one 10-GW SPS per year. This large re-
quirement, together with the melt-handling problems discussed
above, make Czochralski ingot growth an unlikely alternative for
SMF use.

The dendritic web technique draws a ribbon from a molten

silicon bath. Two dendrites are dipped into the bath and pulled
out, inducing a silicon web between them. The web solidifies
into a thin ribbon. This process is depicted in Fig. 5.5 (Ref.
5.4).

The ribbon produced is currently thicker than the needed
50 microns, but it is low in defects. Once the ribbon is solid,
wafers can be cut from it with minimal kerf losses; the process

is therefore efficient in its use of material.

T Sili on

Web

Boundary
Dendrites

soned

a
iihed reett
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Seasaseststrsanasitee seiiet

Melt

B TR 1 U LT
!

FIGURE 5.5: DENDRITIC WEB TECHNIQUE
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However, this technique requires puliing silicon from a
bath, and therefore has the melt-containment problems discussed
above.

Zone refining and cutting starts with the zone refining

process described in Sec. 5.2.3. This zone refining in effect
replaces the ingot growth in the process described above, pro-
ducing a pure silicon monocrystal. The rest of the procedure
is the same sawing process as in Czochralski ingot growth, to
produce the needed silicon wafers. Although the zone refining
avoids the difficult technical problems in me:t-handiing, the
sawing process is no faster in this case than in the 1ngot'
growth process above. This step would therefore require an
estimated 203,000 machines to cut 20 billion wafers for one
10-6W SPS per year. This makes this process an unlikely can-
ditate for the SMF.

Edge-defined film-fed growth (EFG) is a process currently

in development by Mobil Tyco (Ref. 5.6). 1In this process a rib-
bon of silicon is drawn from a molten silicon bath through a
die, as shown in Fig. 5.6.

In this process, the zero-g melt-handling problems described
earlier can be avoided by enclosing the molten silicon in a con-
tainer, so that it can escape only through the dies. Such a
design is shown in Fig. 5.7. As shown in the figure, many dies
can be fed from the same silicon furnace and -e.ervoir. The
solid-silicon feed system shown is a space-specitic design which

uses magnetic inducti n coils to heat the silicon and to apply a
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force on the liquid silicon, into the container. This keeps
the molten material from floating out of the heating tube. This
design avoids the need for a valve or lock in the feed system.

The magnetic containment force can aiso bhe used to pres-
surize the molten silicon reservoir, making the ribbon-drawing
process resemble an extrusion or continuous casting process.
This would reduce the structural stresses applied to the ribbon
by the drawing process, and may thus allow thin ribbons (50 mic-
rons) to be pulled. If such ribbon can be produced, then it can
be cut into solar cell wafers with a minimal kerf loss of mate-
rial.

Current ribbon growth machines draw silicon at a rate of
roughly 7.5 cm/min through a rectangular die. The thickness of
the ribbon varies for 150 to 250 microns, and the current maxi-
mum width of the ribbon is 7.5 cm (Ref. 5.13). The pulling rate
is governed by the crystal growth equation described above, and
the 7.5 cm/minute speed corresponds to a thermal gradient of
2000°K/cm. The material is cooled by inert gas jets Given
these current parameters and a 90% duty cycle, 41,300 dies would
be required to produce 110 km2 of solar celis for one 10-GW
SPS per year (including a 10% assembly wastage allocation).
Multi-die machines can therefore offer significant savings over
single-die matchines.

Graphite dies are currently the most effective for produc-
tion of high-quality ribbon. These dies are now replaced after

producing 10 m of ribbon, because of experimental requirements
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and not because of defect in the dies (Ref. 5.14). The effective
life of the dies is at present uncertain. However, formation of
silicon carbide on their surfaces results in imperfections in the
pulled ribbon, causing large drops in solar-celi efficiencies;
this requires eventual replacement of the graphite dies. As
alternatives to replacement, die refurbishment techniques or
alternative die materials can be developed. Currently Energy
Materials Corp. is investigating a fused silica die as a pos-
sibility. If a die could produce 100 m of ribbon before replace-
ment, the 41,300 dies mentioned above would each need replace-

7 dies

ment every 22.2 hours, leading to a requirement of 1.5 x 10
for on 10-GW SPS per year. Modeling each die as a graphite slab

8 cm wide by 3 cm high by .5 cm thick, the die mass required would
be 400 tons p2r ;%u:.

Several lines of reasearch may simplify the equipment and
improve production rates. Although current dies produce ribbon
7.5 cm wide, it may be possible to produce wider ribbon, redu-
cing the required number of dies. If ..e thermal gradient at
the silicon's liquid-solid interface can be increased beyond the
current 2000°K/cm, ribbon growth rates higher than 7.5 cm/min
can be achieved. However, although the space environment does
allow greater control over thermal gradients by eliminating con-
vection currents, the current thermal gradients are high and
relatively well-controlled, and any improvement in the ribbon

growth rate over twice the current speed is unlikely.

There are three principal advantages of the EFG process.
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First, the process is existing technology, likely to become a
commercial operation in the next few years. Second, assuming
that 50-micron-thick ribbon can be produced, cell wafers can
be cut with a minimal loss of silicon. Third, the quality of
the crystal output is good, although currently produced ridb. =a
is usually annealed (heated below melting point for a time) to
improve its efficiency. The annealing process eliminates some
of the point defects and grain boundaries in the crystal, im-
proving the monocrystalline quality of the ribbon. Improvements
in the EFG equipment may make annealing unnecessary.

The principal disadvantage of the EFG process is that it
s slow, and therefore requires many macnines. If the 41,300
dies required to produce ribbon for one 10-GW SPS per year are
grouped ten to each machine, the production requires 4,130 fur-
naces and molten silicon reservoirs. Although d.es could be
grouped in larger numbers, this would increase the size of the
reservoirs, possibly leading to thermal control problems. In-.
crease in the ribbon growth rate should likewise reduce the re-
quired number of machines, but such improvements ar. probably
limited to a factor of two, as discussed above.

Another disadvantage is that the large thermal gradient
at the liquid-solid interface requires cooiing of the silicon
by inert gas jets, Since such gas is not availaile from lunar
materials, the EFG dies in an SMF must be suriounded by pressure
vessels to contain the inert gas. This gas must also be cir-

culated to a radiator for cooling, and returned to the
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cooling jets near the dies.

Chemical vapor deposition (CVD) is a process currently used

to apply coatings to surfaces. It has also been used exnerimen-
tally to form silicon sheets for solar cells. In the chemical
vapor deposition of silicon, a silicon-bearing gas swvch as
silane (SiH4) or trichlorosilane (SiHC13) is applied tuo a hot
deposition surface (at roughtly 1100°K). The gas di.so iates

at the surface, leaving a deposited layer of solid si.f-wn_. (f

the gas is silane, the reaction is

SiH, — Si (solid) + SH, (gas)

For trichlorosilane, the reaction is

STHC1, —> §i (solid) + HC1 (gas) + c1, (gas)
The byproduct gases are then recombined with silicon, to form
more silane or trichlorosilane.

The deposition rate is dependent on several factors, spe-
cifically the temperature of the surface, the pressure of the
silicon-bearing gas, and the efficiency of removal of the by-
product gases (which tend to form a layer on the surface, ke=p
ing the silicon-bearing gas away). For silicon, the range of
the CVD ~ate is 1-5 mic-on/min, with 4 microns/minute as a Tikely
rate for a well-designed process.

The production of one 10-GW SPS per year requires 110 km2
of 50-micron-thick silicon wafers. If these are grown at 4 mi-
crons/min, the growth time of 50-micron silicon sheet is 12.5

2

minutes. Assuming a 90% c.ty cycle, 2900 m~ of silicon wafer
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must be deposited every 12.5 minutes to produce the needed

110 km2 in a year. Therefore the total area of silicon deposi-
tion at any time would be 2900 m2 froughly 2/3 the area of a
football field).

The CVD process of%ers a number of advantages for SMF use.
First, the dissociation reactions for silane and trichlorosi’ane
(1isted above) are the final steps in two of the silicon puri-
fication alternatives: the silane/silicon process and trichlo-
rosilane distiilation (see Sec. 5.2.3). Therefore these puri-
fication processes, rather than producing solid SeG silicon
(which is then turned into wafers by a separate process), can
instead produce semiconductor grade silane or trichlorosilane,
which are then used to produce silicon wafers by CVD. This com-
patibility between these refining and wafer production processes
reduces the complexity of these alternatives.

Second, since dissociation of the silicon-bearing gas
occurs on hot surf.ces, careful thermal control can limit this
dissociation to the d »_ition surface (racher than the walls of
the dep -ition chamber). Also, the undissociated _ilicon-bearing
gas can be recirculated with the byproduct gases, and » turned
to the deposition chamber af*er the byproduct gases have been
recombined with silicon. The combination of careful therma\
control and gas reuse can thus reduce the loss of materials to
minimal leakage losses.

Third, the CVD process can be used to produce a silicon

wafer directly onto a previously prepared cell substrate and
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rear contact (or rear contact alone), provided that the deposi-
tion surface can be heated to the required 1100°K. Although a
glass substrate can survive this temperature, the aluminum rear
contact suggested vor SMF-produced solar cells (see Sec. 5.2.1)
melts at 430°K. This would therefore require another conductor
for the rear contact, which would have to come from Earth. As

a measure of that requirement, production of one 10-GW SPS re-
quires 590 tons of Al for the cell rear contacts.

There are also several disadvantages to CVD. The process
ifnvolves elements not available on the Moon (such as the hydro-
gen in silane and the hydrogen and chlorine in trichlsorosiiane).
These elements would therefore have to be brought from Earth to
load the system initially, and to replace losses during operation.

Since these Earth inputs should not be wasted, the process
also requires the recirculation of byproduct gases and their re-
coe~bination with silicon. Therefore the entire deposition area
(2900 m2 for production of one 10-GW SPS per year) must be en-
closed in pressure vessels. Although the depcsition rate appears
to increase with the gas presure, most of the gain in deposition
rate occurs at low pressures: at roughly 1/100th of an atmo-
shpere, the CVD rate for silicon reaches 4 microns/min, and
above this pressure the rate increases very little. Thereiore
the pres:ure forces on the containment vessel would not be se-
vere.

If silane is used, the byproduct gas is hydrogen. [If the
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CVD process is coupled with the silane/silicon process described
in Sec 5.2.3, this hydrogen can be used directly in the purifi-
cation process, avoiding the need for separate recombination
equipment. If trichlorosilane is used, the byproduct gases are
chlorine and hydrochloric acid. If this process is coupled

" with trichlorosilane distillation for refining, the chlorine
must be reacted with hydrogen (a byproduct of the trichloro-
silane distillation) to make HC1, and the HCl1 can then be used
directly in the refining process. However, a reaction tank for
hydrogen and chlorine is part of the trichlorosilane distilla-
tion process already, so the use of CVD does not add to that
requirement.

Thus the siiane and trichlorosilane CVD processes do not
require additional recombination cquipment if they are coupled
with silane/silicon and trichlorosilane distillation refining
processes. However, the CVD processes require recirculation
eguipment. Since the silane CVD process produces only hydro-
ger, as compared to the chlorine and hydrochloric acid produced
by the trichlorosilane CVD process, and since HC1 is corrosive
and therefore more difficult to handle, the silane CVD process
seems better adapted to SMF use. However, the relative merits
of silane and trichlorosilane also involve the refining process
requirements, and would therefore require more study before a
preference coula be established.

Another disadvantage of the CVD process is "hat the quality

of the silicon wafer output is insufficient to produce 12.5%
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efficient solar cells, because the deposited layer of silicon
tends to pick up the crystal orientation of the deposition
surface; therefore silicon sheet deposited onto a polycrystal-
line surface will be polycrystalline. Polycrystalline cells

are less efficient than monocrystalline cells. A graph of cell
efficiency versus grain size demonstrates this in Fig. 5.8.
Although the position of the curves on the graph is affected

by other factors (thickness of the cell, transparency of optical
coating, direction of grain boundaries), the curves clearly show
that cell efficiency drops sharply with decrease in grain size

(or increase in the number of grain boundaries). Methods for
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FIGURE 5.8: THEGRETICAL VALUES FOR CELL
EFFICIENCY VERSUS GRAIN SIZE
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improving the crystalline quality of the output are discussed

in the following section on direct vaporization.

Direct vaporization (DV) is currently used to apply coatings
to surfaces, and to produce thin sheets of some materials (e.q.
aluminum). 1In this process gaseous particles (molecules or
atoms) of material are brought in contact with a thermally con-
trolled surface. The material solidifies onto the surface as a
thin coating. No chemical effects are involved. Although the
deposition surface temperatures are usually much lower than those

for CVD, the deposition surface must carry away the energy of

the phase change {from gas to solid) of the deposited materiali
The hot particles of material are currently produced by a
variety of means. A liquid bath of material can be heated until
molecules or atoms boil off from the liquid surface. These par-
ticles are then collected as a solid on a deposition surface
above the liquid bath. Another option better suit to space
applications is to boil off material from a solid piece by im-
pact from a laser or electron beam, or by passing an electric
arc over the surface. Such a process is depicted in Fig. 5.9.
If the material is not only boiled off but also ionized, then
magnetic and electrostatic fields can steer the particles, con-
trolling the geometry of the deposition process; however, this

raises the energy requirements considerably.
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The primary requirement of the DV process is a good vacuum
in the deposition area. This is because the boiled-off particles
of material are usually highly reactive. Therefore they will
react either with each other (nucleating flakes of material) or
with any other gas present, before they reach the deposition sur-
face. Tc ensure that single atoms or molecules of material reach
the surface, these atoms or molecules must behave more as single
particles than as a gas while they travel from the material
source to the Aeposition surface. 1In other words, the mean free
path of there particles must be at least the distance from the
source .o the surface. Since a gas at 10'6 Torr has a mean free
pa*h on the order of 50 cm, this pressure is typical for DV pro-
cesses.

Direct vaporization is expensive on Earth because of its

energv and vacuum requirements. For the DV of silicon, the
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experimental work to date has apparently aimed at the production
of integrated circuit chips and solar cells. Therefore data on
deposition rates is usually proprietary. In general, DV depo-
sition rates range from less than 1 micron/minute to 50 microns/
minute (the latter for'aluminum, a commercial! process). In

this study the deposition rate for silicon is assumed at

4 microns/minute (the same as for CVD). Given this assumption,

2 of

production of one 10-GW SPS per year requires 2900 m
deposition area.

The DV process offers a number of advantages for SMF use.
First, the process is conceptually simple. It requires no
Earth inputs, chemical reacticrs, or pseudogravity, and it has
few moving parts. Second, because the DV operating pressure

is on the order of 10'6

Torr, the procass does not require
complete pressure vessels. To avoid contamination of neighbor-
ing equipment, the deposition areas should be enciosed by
“"optical baffles," sheets of material positioned in such a
way that the silicon atom Ssource cannot "see" outside the
deposition volume; the boiled-off silicon atoms, travelling
rydially outward from the source, therefore hit either the
deposition su-face or a baffle. Some silicon atoms would
escape past the baffles after collisions either with other
silicon atoms or with surfaces, but these losses can be kept
small.

Third, DV can be used to deposit silicon sheet directly

onto the cell substrate and rear contact (or on the rear

contact alone). Since the deposition surface temperature is
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low (compared to that for CVD), the aluminum rear contact is
not in danger of melting. DV can therefore be used in a
lTayer-by-layer buildup for cell manufacture.

Fourth, DV is well adapted to the in-space environment.
On Earth, DV is seldom economically viable because of its
requirements for energy and vacuum. In an SMF, both energy
and vacuum are readily and cheaply available. DV therefore
stands as an example of a process which may be unlikely for
Earth use, but may be highly advantageous in the different
physical and economical environment of space.

However, the DV process also carries several disadvantages.
The principal problem is that little experimental data is
available on the application of DV to the manufacture of
solar cells. While there is some literature on direct vapor-
fzation of various coat ings (ref. 5.53), the crystalline
quality of these depositions is not described. For example,
the power of the energy source, the pressure of the boiled-
off silicon, the temperature of the deposition surface, and
the thermal conductivity of the deposition surface may all
have effects on the deposition rate and quality of the
silicon crystal output; these effects have not been assessed.
Therefore predictions of the uses of DV carry a technical
risk.

Another disadvantage is that the DV process involves some
waste of the silicon. As described above, the escape of silicon

atoms past the baffles can be kept low. However, the silicon
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atoms tend to coat the baffles as well as the deposition surface.
One way to avoid this is to keep the baffles at the boiling tem-
perature of silicon; since this temperature is 2603°K, this
option is very unlikely. Therefore some silicon will be lost

to the baffles. This 1oss can be minimized by careful design

of the process geometry, so that most of the boiled-off par-
ticles travel toward the deposition surface rather than the
baffles. Given such a design, a deposition efficiency of 67%
should be possible (meaning that two-thirds of the boiled-off
silicon ends up on the deposition surface, the remainder either
on the baffles or out of the deposition volume).

A third disadvantage is that the DV process requires many
silicon sources to achieve an even thickness in the deposited
sheet. As shown in Fig. 5.9, 2 single source of silicon atoms
tends to produce a gaussian pattern of atoms on the deposition
surface, with maximum deposition occurring at the point nearest
the silicon source. This problem can be avoided by using many
sources of silicon atoms, with overlapping deposition patterns.
This option may not require as many lasers or electron beam
quns as silicon sources, if each beam can be multiplexed be-
tween a number of silicon sources.

Finally, the DV process shares a disadvantage with the CVD
process: it produces polycrystalline silicon. As in the CVD
process, the silicon denosited by DV picks up the crystal
orientation of the deposition surface. As discussed earlier,
and as shown in Fig. 5.8, polycrystalline cells are not as

efficient as monocrystalline cells.
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The reason for this lesser efficiency is that grain
boundaries in po]ycrystalliné wafers hamper the motion of
charge carriers in the cell. Therefore grain boundaries in
the plane of the cel’ will restrict the motion of current
through the cell junction; grain boundaries perpendicular to
the plane of the cell will impede the motion of charge
carriers across the top surface of the cell to the electrical
contact grid fingers.

Therefore cell efficiency can be significantly improved
if the cell wafer can be made monocrystalline, or if the
polycrystalline grains can be made large enough to extend
through the celi and from one grid finger to the next. Ex-
terding the grains through the thickness of .ie cell can be
done in two ways: first, if the grains have random shapes,
the average grain diameter should be on the order of twice
the wafer thickness (or larger); second, columnar grains can
be grown through the thickness of the cell. In either case,
the grain boundaries no longer hamper carrier motion through
the cell, but still impede motion across the cell surface to
the top contact qgrid fingers. If the grain diameters can be
made on the order of the distance between grid fingers
{usually 1000 microns), then the cell will behave like a
monocrystalline cell (Ref. 5.52).

Whether by chemical vapor deposition or direct vaporization,

the deposition of monocrystalline silicon at 4 microns/miaute
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appears impossible, even when depositing on single-crystal
silicon. The reason for this involves silicon adatom
mobility. Adatoms are silicon atoms which have just been
adsorbed by the silicon surface. These atoms must move about
the surface to fill in open lattice points to form a perfect
crystal. If the deposition rate is too fast the adatoms are
buried before they have a chance to settle in and an amorphous
deposit results. Deposition rates can be increased by heating
the substrate, thus increasing adatom mobility (Ref. 5.53).
However, at intermediate rates, the formation of poly-

crystalline silicon wafer is possible. The study group has

found a source which reports growth of columnar grains (per-
pendicular to the deposition surface, and therefore favorable
for solar cell manufacture) on aluminum deposition surfaces
at 480-520°C. The grain diameters were 4-6 microns and the
grain lengths on the order of the thickness of the deposited
film. Most important, the deposition rate was 4 microns/
minute (Ref. 5.54).

An alternative is to deposit silicon very slowly (rates

2 microns/minute). This would require a

on the order of 10°
considerable increase in SMF deposition area. Even though
the effect on factory costs of increasing this area is unclear,
this option appears unlikely.

Therefore silicon wafers deposited by CVD or DV at

4 microns/minute (or faster) would require further processing
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to produce 12.5% efficient solar cells. Two general methods
are suggested to improve the crystal quality of that outout:
monocrystalline deposition surfaces, and heat treatment.

The first option deposits the silicon sheet onto a mono-
crystalline surface, so that the silicon wafer will duplicate
that monocrystalline quality as much as possible during
deposition. However, because of the adatom mobility problem
discussed above, the silicon sheet will be polycrystalline.
The extent of this effect has not been sufficiently researched
to predict the quality of the output. Also, there may be
technical difficulties in producing a monocrystalline depo-
sition surface. If this deposition surface is the cell rear .
contact on the cell substrate, then the cell rear contact
must be monocrystalline. If the rear contact is vapor-
deposited onto the substrate (a likely possibility, as dis-
cussed later), then the substrate must be monocrystalline.

In general, it is consideravly more difficult to produce
monocrystalline sheet than amorphous sheet for substrates.

In particular, the production of monocrystalline si]ifa
(quartz crystal) substrates requires processes essentially
similar to processes for production of monocrystalline
silicon wafers (e.g. Czochralski growth, zone refining, and
cutting). Therefore this option merely shifts the complexity
from making monocrystalline wafers to making monocrystalline

substrates.
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It is technically simpler to chemical-vapor-deposit the
silicon sheet (or the rear contact and then the sheet) onto
a permanent monocrystalline surface. After deposition, the
silicon sheet (and rear contact, if included) is peeled from
the surface, and the deposition surface is used again. The
technical challenge is then in producing the deposition
surface, and maintaining its monocrystalline quality in spite
of the thermal and handling shocks in its operatiinal use.
This 1imits the design to batch production, since it is unlikely
that a continuously moving deposition belt, which must curve
around to return to its starting point, could maintain a mono- -
crystalline surface. Spire Corporation (Ref. 5.55) has used
a graphite deposition surface to enhance the growth of columnar
grains in the silicon wafer. However, the use of specialized
or monocrystalline deposition surfaces can only partially
improve the crystalline quality of the output, and it is
doubtful that such output could lead to 12.5% efficient cells.

The second general method to improve the quality of the
deposited silicon is heat treatment after the deposition is
completed. This general method includes three options:
annealing, RTR zone refining, and pulsed-beam recrystallization.

The first heat treatment option is annealing. In this
process the polycrystalline silicon sheet is neated to just
below melting point, and left at that temnerature fof some

time. This eliminates point defects in ‘he crystal structure,
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and increases the size of the crystal grains by allowing
migration and disappearance of grain boundaries. However,
grain ciameters on the order of 100 microns using conventional
furnace anneals (750 to 950°C, 30 minutes) are doubtful. This
is because a grain field originally characterized by 3-dimen-
sional disorder will not undergo transformation .> gra‘rs with
mean diameter greater than film thickness (Ref. 5.55,. There-
fore melting and slow resolidification seems an inadequate
option. If the deposition process for the silic afer can
be designed to produce columnar grains through th. _cl1
thickness, a furnace anneal may increase the diameter of those
grains; however, an end-result diameter of 1000 microns by
this method is also doubtful, One advantage of the furnace
anneal technique, however, is that it can handle large areas
of silicon wafer at once.

The second heat treatment opotion is ribbon-to-ribbon
(RTR) zone refining, currently beina researched by Motorola
(Ref. 5.56) and Spire Corp. (Ref. 5.57). This technique,
iepicted in Figure 5.10, uses CO2 lasers or electron beams
(EB) to create a molten zone within a ribbon of polycrystalline
silicon. The molten zone is then moved along the ribbon,
leaving monocrystalline ribbon behind--a process analogous
to zone refining. Thus wafer production could be a two-step
pirocess: (1) chemical vapor deposition of puivcrysta®line

silicon in ribbons; (2) laser or EB remelt for refinement.
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Laser or Electron Beam

Monocrystalline
Si Ribbon

Polycrystalline
Si Ribbon

Ribbon Motion

Gas Jet Cooler Melt Zone

FIGURE 5.10: RTR ZONE REFINING

rotorola reports solar cell efficiencies greater than 10%
using this technique, and projects efficiencies up to 17%
(Ref. 5.56). However, this RTF orocess is governed by the
crystal growth rate equation explained earlier, and the rate
of this proces 1is therefore limited by the attainable thermal
gradient. If the ribbon is 7.5 c¢cm wide and the thermal gra-
dient is 2000°Kfcm, corresponding to a zone truvel rate of
7.5 cm/min, the process requires that 41,300 ribbons be re-
fined simultaneously (assuming a 90% duty cycle) for the pro-
duction of one 10-GW SPS ner year. This larce requirement
can be reduced by using wider ribbons, althcugh the stability

of the molten zone becomes more difficult to maintain for

5.47



w.der ribbons. Also, the thermal gradient (and therefore the
zone travel rate) could be increased (perhaps by as much as a
factor of 2). Even with those improvements, the RTR process
would still require much equipment.

The third heat treatment option is pulsed-beam recrystal-
lization, currently under study by Spire Corporation. This
research is investigating the effects of short laser or electron
beam pulses to melt the silicon locally. The properties of
this tuermal condition are not fully understood, but the tem-
perature of the region being preocessed was calculated to be
approximately 7000°C and is even thought of as a high density
plasma rather than a melt {Ref. 5.58). These pulsing tech-
niques produce a short-duration burst of low anergy electrons
or photons. Reported pulsing parameters for electron beams
have been a dvration of 10'7 seconds, a fluence of 0.2 cal/

mz and a mean electron eneragy of 10-20 keV, well below the

125 keV threshold for lattice displacement in silicon (Ref.
5.55). Pulsing parameters for laser annealing varied more
widely: pulse durations from 12-60 nanoseconds and photon
energies from 0.1-10 J/cmz. A transient temperature condition
is produced in the film, including a steep thermal gradient,
cenditions ideal for recrystallization. The recrysta]]izagion
begins and proceeds toward the surface as the thermal condition

collapses. The entire region returns to ambient temperature

within a few mizcroseconds.



There are several advantages to this technique. First,
the thermal gradients created are extremely steep, and there-
fore the travel speed of the recrystallization interface is
very high. This allows rapid recrystallization of large
areas of silicon wafer (when compared to the RTR zone re-
fining speed). Second, since no large molten areas are
created, the structural integrity of the silicon wafer is
not jeopardized.

Third, since the process actually recrystallizes the
material, it could operate on low-crystal quality input.
Althcugh this has not yet been experimentally achieved,
pulsed-beam recrystallization could possibly produce poly-
crystalline siiicon sheet with large-diameter (e.g. > 100
microns) grains, starting from small-grain (e.g. < 1 micron
diameter) polycrystalline material. The best experimental
results reported to date are the production of “full-film-
thickness columnar crystallites that have a cross-section
of at least 30 microns in a polysilicon film deposited on
a fo-eign, noncrystalline substrate " (Ref. 5.65)., The re-
crystallization sequence used in that experiment by Spire
Corp. consists of a pulsed-beam recrystallization, to enhance
formation of columnar grains through the silicon wafer,
followed by a scan recrystallization, to increase the diameter
of the columnar grains. In the scan recrystallization, the

beam (electron beam or laser) is tracked rapidly across the
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silicon surface. Optimal parameters for this two-step re-
crystallization process are being developed experimentally.
This two-step sequence is alsc described in Ref. 5.55.

The pulsed-beam vecrystallization process might in fact
work best on amorphous silicon sheet, because the recrystal-
lization then benefits from the potential energy released by
the atomic structure's conversion from amorphous to crystal-
line (Ref. 5.64). This would allow high deposition rates for
the silicon wafer production, reducing SMF equipment
requirements.

In summary, there are two basic approaches to the pro-
duction of silicon solar cell wafer. The first is the pro-
duction of high-crystal quality wafer (monocrystalline, or
close to it). Processes such as Czochralski ingot growth,
dendritic web, zone refining and cutting, edge-defined film-
fed growth, and deposition onto monocrystalline surfaces,
operate with that goal. 1In studying these candidates, the
s udy group decided that the production of high-crystal
quality wafer is difficult to automate on a large scale.

The second approach is the production of relatively low-
crystal-quality (polycrystalline) wafer, followed by further
processing to enhance the crystalline quality. Chemical
vapor deposition and recrystallization, an. direct vapor-
ization and recrystallization, are examples of such processes.

In studying these options, the study group found that, by
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decoupling the tasks of wafer creation and crystal-quality
enhancement into two separate steps, this approach was
better suited for large-scale in-space automation.

For the production of silicon wafer in the reference
SMF, the study group chose direct vaporization of tne silicon,
followed by the two-step (pulsed-beam, then scan-beam) re-
crystallization of the silicon sheet. The study group feels
that this sequence can produce silicon wafers suitable for
the manufacture of 12.5% efficient solar cells. The decision
in favor of DV was made because of the simplicity of the
process, and because of its high degree of adaptation to
the space environment. The recrystallization sequence was
chosen because of the encouraging results of the experiments
by Spire Corp. The study group feels that these processes
can become advantageous in space, given solid research and
development to increase their capabilities well beyond the
current state of the art. However, the study group emphasizes
that these processes are the most advanced technologies pro-
posed, barely in the experimental stage at this time. Their
promise is therefore not guaranteed, and a final choice
cannot yet be made.

To investigate the feasibility and requirements of the
direct vaporization of silicon, the study group ran an ex-
perimental program during the follow-on contract effort.

These experiments and their results are discussed in
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Addendum I, "Direct Vaporization Experiments," at the end of
this report.
Doping processes are used to mix dopant atoms into the

17 to 10]8 atoms/cms.

silicon wafers, in concentrations of 10
The bottom 45 m icrons of the silicon wafer thickness are doped
with a p-material suck as boron; the top 5 microns are doped
with n-material such as phosphorus. Total requirements for
dopants for one 10-GW SPS are less than a ton. There are

three candidate doping processes: diffusion, ion implantation,
and co-deposition.

Diffusion is done after the production of the silicon
wafer. Usually a p-type material is first doped (by diffusion
or otherwise) into a blank silicon wafer. Then a layer of
n-type material is applied to the top of the silicon wafer,
and the silicon is heated: one current diffusion process
heats the wafers to 1273°K for one hour (Ref. 5.4). The n-
dopant then diffuses into the silicon wa er.

The diffusion process, although used on Earth, poses
problems in SMF use. The dopants are usually applied to the
wafers in liquid solutions, a diffi-ult task in zero-g. The
1iquid solutions could be applied with a device similar to a
paintbrush, but some of the liquid would be lost to evapcration
unless the process were en-losed in a container. Also, the
solution would have to wet the surface rather than forming

beads. Applying the dopants as solids (by CVD or DV), though
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possible, complicates the process considerably. Also, control
ovar diffusion depth and dopant concentration is difficult.
Rather than a uniform dopant concentration, the process tends
to produce a concentration profile, with the largest dopant
concentrations at the surface of the wafer.

Ion implantation takes place both during and after the

production of the silicon wafer. In this process dopant ma-
terial is ionized in an ionization chamber. The dopant ions
are then accelerated out of the chamber by a potential dif-
ference, and travel with large velocities to the silicon wafer.
On impact, the ions penetrate the silicon, implanting them-
selves in the crystal structure. The velocity of the ions
controls the depth of penetration, and the number of ions
produced is controlled by the operation of the ionization
chamber. Therefore the process provides control over dopant
concentrations and profiles. Sometimes the ion deposition
process is used with a low ion travel speed to coat the
silicon wafer with dopant, prior to diffusion.

Besides this careful control over dopant profiles, ion
implantation has several other advantages. It is an established
technology. According to one source, ion implantation has
"excellent uniformity, reproducibility, and ability to con-
trol impurity profile" (Ref. 5.59). Other descriptions in
the literature (Ref. 5.15) suagest that the process can be

automated on a large scale, an advantage in SMF use.
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However, ion implantation carries some complications and
disadvantages. One problem is that the maximum depth of
penetration of the ions is on the order of a few microns.
This is because deeper penetration requires very large ion
energies, and the damage to the lattice from the resultant
impact can degrade the solar cell quality. Also, at those
energies, control over dopant profiies is less accurate.
Therefore ion implantation is currently done to depths of
1-2 microns. For the SMF process, the ion implantation of
the p-dopant (boron) in the botiom 45 microns of the silicon
wafer must be done during the deposition of the silicon. To
avoid the mixing of p and n layers during the two-step re-
crystallization described above, the n-dopant (phosphorus)
should be implanted after the recrystallization. If the
baseline junction depth of 5 microns is too large for easy
deposition of the phosphorys, the junction depth can possibly
be réduced to 2-3 microns; a number of current cells use
shallow junctions.

A minor disadvantage of the ion implantation process is
that it requires closing the current loop between the ion
source and the silicon wafer, since the ion stream carries a
flow of electrical charge from one to the other.

Another more significant disadvantage is that the implan-
tation process creates point defects (due to ion impacts) in

the crystal lattice. These defects act similarly to grain
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boundaries, reducing the efficiency of the cell. However,
pulsed lasers and electron beams have been used to anueal
ion-implantation damage. Several sources indicate that suct
a2 pulsed-beam anneal is superior to a conventional furnace
anneal with respect to the performance of the completed de-
vice. Sheet resistances obtained have been shown to be
identical or lower than with 750°C or lOOOOC 30-minute furnace
anneals (Refs. 5.58, 5.59). Laser anneals can provide com-
plete recovery of electrical activity with little or no
degradation of minority carrier diffusion length whereas a
thermal anneal of 900°C and 1100%C can only partially restore
the carrier concentration and reduce the minority carrier
diffusion length by a factor of 5 or more (Ref. 5.60). Al-
though there is a redistribution in the doping profile which
tends to reduce performance {Refs. 5.58, 5.60) (i.e. the
dopants "spread out"” slightly) there are indications that
this phenomenon is a function of pulsing parameters, and
adjusting these parameters may minimize this problem

(Ref. 5.58).

If the p-dcpant is ion-implanted .during the silicon de-
position, the subsequent recrystallization of the wafer will
eliminate the ion implantation damage. However, the damage
caused by the n-dopant application (especially if the dopant
is implanted to a depth of § microns) would require a pulsed-

beam anneal of the n-layer after the implantation.
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Co-deposition is a general name for the inclusion of

dopants directly in the silicon-wafer production process.
As described abuve, ion implantation is partially a form of
co-deposition, since the p-dopant is implanted during Si
deposition. The concept of co-deposition can also be applied
to other wafer production systems. In floating substrate,
ceramic plate dipping, or dendritic web processes, the p-
dopant can be mixed into the molten silicon prior to crystal
production; the n-dopant must be added later by another method.
I:» chemical vapor deposition, the dopants can be added
during the deposition process either by low-speed ion implan-
tation or by direct vaporization, using many dopant atom
sources over the deposition area. Chemical vapor deposition
of the dopants (as well as the silicon) may be possible pro-
vided that the deposition surface temperature and the pressures
of silicon-bearing and dcpant-bearing gases can be adjusted
to produce deposition of both in the proper concentrations.
In the direct vaporization of the silicon wafer, dopants can
be co-deposited by ion implantation (as describted above), by
DV (using separate dopant sources), or by blending the dopants
into the solid silicon material sources before the DV of the
wafers. However, blending the dopants into the silicon would
require ferrying boron and phosphorys to the Moon (or pro-
ducing them locally), then mixing them into the metallurgical

grade silicon output. These dopants would have to be in
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18 3

sufficient concentrations to yield the required 10 atoms/cm
after the zone refinring of the silicon at the SMF.

For both CVD and DV processes for silicon wafer production,
both p and n dopants could be co-deposited by switching dopants
after 45 microns of silicon wafer deposition. However, this
would make the later use of recrystallization impossible, since
this would blend the p and n layers.

Co-deposition is difficult in Czochralski growth, zone re-
fining and cutting, and EFG processes. This is because all of
these processes involve the crystallizatinn of the output from
a melt. At the liquid/solid interface, silicon atoms tend to
crystallize faster than any other atoms (impurities or dopant),.
and the dopant therefore tends to be left behind. This ten-
dency might be offset by increasing the concentration of do-
nant in the melt, so that enough of it will crystallize into
the nutput; however, this has not yet been attempted. 1In any
case, only the p-dopant could be included in this manner, and
the n-dopant would have to be added after wafer production.

Despite its possible simplicity, complete co-deposition
was not selected for the reference SHF, because of its tech-
nical uncertainty (it is not a current technology) and its
potential incompatibility with the suggested recrystallization
process. The study group chose instead the ion implantation
of the p-dopant during the deposition of the silicon wafer,

and the later ion implantation of the n-dopant. 1In between
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the two processes is the recrystallization of the silicon
wafer, eliminating the p-dopant implantation damage. To re-
pair the damage from the later n-dcpant implantation, the
study group chose a shallow pulse-beam anneal. This decision
was due to the confidence in ion implantation (an existing
technology), and to the promise of high efficiencies reachable

by annealing the resulting point defects.

5.2.5: Application of Electrical Contacts: As described in

Sec. 2.1, the solar cells require rear contacts and top con-
tacts, the rear contact a continuous sheet two-microns thick;
the top contact a one-micron thick “grid fingers" pattern.
The material for these contacts must be a good conductor,
and must make a good electrical contact with the silicon
wafer. Among lunar materials aluminum satisfies these re-
quirements. Although alternatives could be brought from
Earth (such as silver or copper alloys), this would increase
the mass of Earth inputs by at least 1000 tons per 10-GW SPS
(the mass of the contacts if made from Al). Since several
processes exist to make such contacts from aluminum, alter-
natives are not justified. Table 5.5 presents three candi-
date processes for the application of aluminum solar-cell
contacts.

Electrostatic bonding involves the separate production

of the aluminum contacts as sheets (for the top contact,
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TABLE 5. 5:

APPLICATION OF ELECTRICAL CONTACTS

ALTERNATIVE PROCESSES

Process Advantages Disadvantages
Electrostatic oTechnology exists for|o Requires separate
Bonding thicker sheets production of contacts

oDifficult to handle
thin aluminum sheets

Etching Methods

oEstablished techno-
logy

O Require bath processes
o Require Earth inputs

*Direct Vapori-
zation

oExisting technology

oConceptually simple

oContacts can be de-
posited directly on-
to silicon wafer or
substrate

o Requires many material
sources

oSome waste of material

oRequires cleaning of
shadow mask
Requires sin.ering of
contacts

*Chosen for the reference SMF

patterned sheets), followed by the electrostatic bording of these

sheets to the surfaces of the
contacts can be bonded to the

the silicon wafer can then be

tacts.

Although this process

silicon wafer.

Alternatively, the

substrate or optical covers, and
deposited or bonded to the cor-

has been used to apply thicker

contacts to solar cells, it is unlikely for SMF use for several

reasons.

First, it roquires separate production of the contacts,

usually by processes such as fine rolling, etching methods, or

direct vaporization.

micron thick aluminum

The rolling process

"Ref. 5.16).

can produce five-

The other processes can

produce one and two micron thick sheets, but in addition can

produce them directly on the solar cell surfaces (as described

below).

Therefore separate contact production and bonding

steps add unnecessary complexity to the contcct application
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process. Second, even if one and two micron thick sheets are
produced, handling of these contact during bonding operations

is a complicated task requiring delicate equipment (Ref. 5.16).

Etching methods are the most commonl, used techniquLes today.

These methods use chemical baths and/o- electrolysis baths to
apply thin coatirg of conductor to the solar cell surfaces. The
aluminuin sheet rear contact can be applied in one step by elec-
trolysis. However, the top contact requires a series of chemical
or photochemical steps to produce deposition of aluminum only in
the "grid fingers" pattern required. One such "etch-resist"
technique uses a contact mask and a chemical bath to alter the
surface chemistry of those areas not to be covered by Al grid
fingers. These areas then resist the subsequent electrolysis
bathwhich denosits Al on the unaltered surfaces.

Although this is an escadlished solair-cell-contact tech-
nology on Earth, in SMF use it carries the severe disadvantage
that it requires liquid baths. The problems in dealing with
liquid processes in zero-g were discussed in Sec. 5.2.4. In
addition. the etching processes roequire chemicals not available
from the Moon, and would therefore require Earth inputs to load
the baths and to replace operational losses. These disadvan-
tages make the etching metiiods unlikely candidates for use in
the SMF.

Direct vaporization (DV) has been described in Sec. 5.2.4.

The DV of aluminum is an established commerci .l process for the
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production ¢f thin sheets of Al (roughly 50 microns thick) anc
for the coating of surfaces. DV involves boiling off atoms of
material from a soi’d material source, using lasers or electron
teams. The boiled-off atoms of material (at a pressure of tough-
1y 10'6 Torr) travel to a deposition surface and resolidify,
coating the surface with material. The deposition surface must
be kept cool to encourage the deposition, and the enerqgy releasec
into the surface by the gaseous-to-solid phase change of the
deposited mate-ial must therefore be carried away.

For the deposition of aluminum rear contacts, the process
fs simple direct vaporization. For the top contact, a "shadow
mask” is required to produce the "grid fingers" pattern. Placed
between the Al atom source and the dep~sition surface, the shadow
mask intercepts the atoms travelling to regions to be left un-
coated, and lets through the atoms travelling to those areas de-
stinea to be covered by grid fingers. The d-pocition surfaces
can be either the silicon wafer or the cell substraie or optical
cover, as required by the chosen cell production sequence.

The DV of Al contacts shares a numbe: of advantages with
the DV of silicon wafers (discussed in Sec. 5.2.4). It is an
existing, conceptually simple technology, requiring no Earth in-

puts and no pressure vessels (only baffles to avoid contaminaiion

of equipment and other processes). Contacts can be deposited

directly onto solar cell surfaces, simplifying production. The
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process is well adapted to the space environment, in that its
principal requirements are vacuum and energy, both cheaply

available in an SMF,

The DV of aluminum contacts also shares two disadvantages
with the DV of silicon wafers. First, to ensure » uniform thick-
ness of coating, many Al atom sources must be used, with over-
lapping deposition patterns. Second, since the Al atoms derosit
themselves on surfaces other than the desired deposition surface,
and because some atoms escape past the baffles to space, some
wastage of material is expe ted. In particular, Al atoms coat
the shadow mask used in top contact deposition. This mask must
therefore be cleaned before reuse, requiring specialized cleaning
equipment. This cleaning equipment can be either a chemical bath
(not suited to space use) or a mechanical brushing system (which
creates Al flakes, and therefore requires a chip-handling system).

Spire Corporation also reports that a pulsed electron beam
sintering of the top electrical contacts is necessary when the
contacts are vapor deposited in order to produce good mechanical
and electrical behavior (Ref. 5.59). The transient temperature
elevation used can be much lower than that used for recrystal-
lization and ion implantation damage anneal. Good results ar=2
obtained when the silicon-aluminum eutectic temperature (578°C)
is exceeded, but the pulse is so short that only a shallow
interface is created.

Because of the advantages listed above, in particular the

high level of adaptation to the space environment, the study
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group chose the direct vaporization process for the application
of solar-cell electrical contacts, followed by a top contact

sintering step.

5.2.6: Production of Substrate and Ootical Cover: As de-

scribed in Sec. 5.2.1, the solar cells include 75-micron-thick
optical covers (on the sunward side) and S50-micron-thick sub-
strates (on the shadow side). The function of these layers

is to provide structural integrity and radiation protection

to the silicon wafer. The materials used must also have co-
efficients of thermal expansion close to that of silicon, to
avoid delamination of the cells due to thermal cycling. In
addition, the optical cover must be transparent to those light
frequencies in the solar spectrum which operate the solar cell

efficiently.

On Earth, materials used for optical covers include tan-
tatum pentoxide, silicon monoxide, silicon oxide-titanium oxide,
stlicon nitride, and cerium-doped borosilicate glass. Substrate
materials include the above, plus corposite materials and lower
grade ‘dirty' glass. As discussed in Sec. 5.2.1, the availabii-
fty of lunar materials limits the choice of materials for the
optical cover to fused silica (5102). or possibly to Si0 (this
option equires further research). As per the JSC-GD study
suggestion (Ref. 5.2), the study group assumed fused silica op-

tical covers. To simplify prccess requirements and equipment,
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the substrates were assumed ¢ be made of SiO2 as well.

Research on the production of S0-micron and 7S-micron thick
SiO2 layers is difficult, hampered by contradictory opinions by
experts and the proprietary character of much research in this
area. t.~t of the problem is that these layers have thicknesses
seldom produced to date. For example, these glass layers are
too thick to be considered ‘coatings'. Therefore some coating
technologies (e.g. the oxidation of silicon to form a roughly
Y-micron thick coating of Si0 or SiO2 on surfaces) cannot pro-
duce layers 50 or 75 microns thick., Other coating techniques

which use chemical bath dipping are unsuitable for space use

because of the problems in handling liquids in zero-g (discussed
in Sec. 5.2.4). At the other end of the scale, glass sheet man-
ufacture techniques usually produce sheets with thicknesses 100
microns or more. As a result most of the earlier development
in glass layer production is inapplicable to the optical cover
and substrate production. Most of the research on 50 to 75 mi-
cron thick glass has therefore been for sclar-cell applications,
and is therefore very recent and/or proprietary.

Nevertheless, several processes are suggested for the pro-
ducticon of sclar-cell glass layers. These candidates are listed

in Table 5.6.

Sheet production and electrostatic bonding involves the se-

parate production of thin glass sheet, followed by its attach-

ment to the solar cell wafer and contacts by electrostatic
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TABLE 5.6: PRODUCTION OF SUBSTRATE AND OPTICAL COVER

ALTERNATIVE PROCESSES

Process Advantages Disadvantages
Sheet Production and oExtension of es- oRequires handling of
Electrostatic Bonding tablished techno- thin sheets
logy oAdds to equipment
oCompatible with complexity
various productionjoMay require Earth
sequence options inputs
oMay require pressure
vessels
oMay waste some mate-
rials
*Direct Deposition oSimplify processes|oLittle solid data
Methods and equipment available
oMay waste some mate-
rial
oMay require Earth
inputs
oMay regquire pressure
vesseils

*Chosen for tn e%erence SMF

bonding. The :lectrostatic bonding of Sio2 to silicon and aluminum
is an existing experimental technique, developed for solar cell
applications. The production of thin glass sheet is the more
difficult challenge.

A number of techniques are used on Earth: floating substrate,
spray-on, DV, CVD. The floating substrate method (analogous to
the floating substrate method of silicon wafer production de-
scribed in Sec. 5.2.4) involves pouring molten glass onto molten
metal; this is a commercial process used to make plate glass.
Although this technique could possibly be adapted to make 50

to 75 micron thick sheets (much thinner than current output),
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the difficulties in handling the molten materials in zero-g

(described in Sec. 5.2.4) make this option unlikely for SMF use.

The spray-on technique involves the deposition of small
globules of molten glass onto a deposition surface, where the
particles form an amorphous layer. Sometimes the glass par-
ticles are suspended in an inert gas for transport to the sur-
face. To enhance the formation of an amorphous layer of glass
(rather than the production of a white glass powder), the sur-
face must currently be at a temperature of at least 1070°K
(Ref.5.17). Therefore the deposition surface must be a refrac-
tory material.

The direct vaporization (DV) technique (analogous to the
direct vaporization process described in Sez. 5.2.4) is more
commonly called 'sputtering' in glass technology. It uses lasers
or molecular beams to boil molecules away from a source of solid
glass. When these beams hit solid Sioz,éthe silica dissociates
into Si0 and 02 at roughly 1970°K. These gaseous molecules
then travel to the deposition surface and recombine and solidify
(Ref. 5.18).The chemistry of the deposition process must be
carefully controlled. To enhance deposition of SiO2 rather
than Si0, the process is operated with an excess of 02 in the
deposition chamber. Other factors involved are the temperature
and thermal gradient at t%e surface; DV of 5102 currently re-
quires a thermally controlled refractory surface. The effect

of deposition surface temperature is at present unclear, and
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some sources express concern that the process may produce a
white powder rather than an amorphous layer.

Chemical vapor deposition (CVD) can also be used to produce
thin glass sheets. CVD (described in Sec. 5.2.4) involves the
passage of a material-bearing gas (or gases) over a hot deposi-
tion surface. The gas(es) dissociate on the surface, forming
the required layer. In the case of Sioz. one suggested method
uses silane (SiH4) and oxygen as the gases (Ref. 5.19). At a
deposition surface temperature of roughly 1000°K, the silane
dissociates. Therefore current CVD of SiO2 requires a thermally
controlled refractory surface. Depending on the concentration
of 02 present, the process can form a layer of Si (low 02),
Si0, or SiO2 (high 02). Current SiO2 deposition rates using

this method are 2-3 microns/min for thin (2-3 microns) layers.

0f the four glass-sheet production techniques described,
three (spray-on, DV, CVD) appear feasible in an SMF. They are
compatible with large-scale automated production, and benefit
from the cheap energy and vacuum available. Therefore the SMF
could produce thin SiO2 sheets for the cell substrates and op-
tical covers by an extension of current technology. Another
advantage of the separate production of glass sheet for sub-
strates and optical covers is the resulting versatility in pro-
duction sequences. For example it allows deposition of elec-
trical contacts onto the glass surfaces rather than the silicon

wafer, foilowed by bonding of the various layers; or the cells
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can be produced in successive deposited layers, starting with
either substrate or optical cover.

However, the separate production of glass sheet also car-
ries some disadvantages. First, it requires handling of large
areas of thin glass sheets between their production and their
bonding to the solar cells. Handling and storage of 50- or 75-
micron thick sheets of Sio2 requires delicate equipment to avoi1
breakage. Furthermore, the needed production rates (roughly
13,000 mzlhour for each sheet thickness) require large amounts

of handling equipment.

One possible problem is the bonding of the glass sheets to
solar cells which do nct have siooth surfaces. While the solar
cells themselves are expected to have smooth faces, several
likely interconnection options (described in the next section)
apply interconnects to the surfaces of the cells. These inter-
connects therefore protrude above the faces of the solar cell
panels. The applied glass sheets would then rest on the pro-
truding interconnects rather than on the cell surfaces. There-
fore there would be a layer of vacuum between the optical cover
and silicon wafer, leading to partial reflection of the incoming
sunlight (from the glass/vacuum and vacuum/silicon interfaces),
lessening the efficiency of the cell. Assessing the extent of
this degradation would require experimental measurement. It

may be possible to bend glass sheets down to the cell surface

5.68



between the interconnects; in-house experiments conducted by
one of the study group members suggest that a thin glass sheet
(roughliy 180 microns thick) at room temperature can be bent

to a minimum radius of curvature of roughly 15 cm befcre
breakage (Ref. 5.61). Thinner glass sheets at higher tempera-
tures could possibly be bent to tighter radii. However, this
possibility would need further experimental research.

The glass sheet production options each have individual
problem areas. The CVD option carries the disadvantage that
it requires Earth inputs and pressurized containers. The
spray-on technique may require the same, if an inert suspension
gas is used. The DV process wastes scme of its lunar inputs
(silica and oxygen) if pressurized containers are not used.
However, these problems would also exist if these options were
used for direct deposition of glass layers onto silicon wafers
and electrical contacts.

Direct deposition onto wafers and contacts is the major

alternative {0 separate glass sheet production and bonding.
The critical issues are the achievable deposition rate, and
the deposition surface temperature required by the SiO2 de-
position process. If the deposition temperature is above the
melting point of the Al contacts (930°K), direct deposition
is highiy unlikely. As mentioned above, current spray-on
techniques require higher deposition surface temperatures, in

the 1000 to 1500°K raiage, to produce amorphous glass layers.
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Some consultations referenced above (Refs. 5.17, 5.18, 5.19)
indicate that the DV and CVD processes, as applied to Sio2
are so new that predictions about their requirements in 1999
are nearly impossible at this time. However, certain recent
consultations suggest that some of the anticipated problems
may not be severe. Corning Glass Corporation (Ref. 5.62) indi-
cates that DV of oxides of silicon almost always produces
obtica] quality layers (in contradiction to the fears of pro-
ducing white powder, discussed earlier). Also, deposition
surface temperatures for DV need not be high. The problems
encountered by Corning were rather the reverse: excessive
heating of the surface by the deposition process, leading to
high thermal stresses and separation of the glass layer.
This effect, and the suitability of a low-temperature surface
(e.q. room temperature) were confirmed by Professor Donald R.
Uhimann of the MIT Dept. of Materials Science and Engineering,
who has deposited SiO2 experimentally. Another source (Ref.
5.64) suggested that pnossibly the only method tc avoid de-
lamination of the glass and silicon layers was to develop a
glass with the same coefficient of thermal expansion as silicon.
The study group feels that the thermal stress problems can be
alleviated by active thermal control of the deposition surface.
This decision admittedly includes some technical risk.

The DV and CVD options share some of the advantages and

disadvantages of other DV and CVD processes described earlier
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{Secs. 5.2.4, 5.2.5, 5.2.6). Direct vaporization is con-
ceptually simple, requiring relatively simple equipment. In
the DV of Sioz. as discussed earlier in this section, dissoci-
ation and recombination of SiO2 takes place, requiring extra
oxygen and careful process control. This complicates the
equipment required.

DV is well adapted to the space environment, in that its
principal requirements are energy and vacuum. Since DV pres-
sures are low, pressurized containers are not required, and

can be replaced by baffles.

The principhl disadvantage of DV of SiO2 is tﬁe lack of
data available on the process. Therefore technical uncertainty.
is high. Another disadvantage is that DV requires a large de-
position area; therefore many material sources with overlapping
deposition patterns are needed to achieve uniform deposition.
Also, 1f pressurized containers are not used, some wastage of
the lunar inputs (5102 and 02) can be expected.

Chemical vapor deposition of S1'02 offers the advantages of
low material waste, since the deposition area is enclosed in
pressurized containers. CVD of §i0, is also compatible with one
candidate silicon refiring process, the silane/silicon process
(see Sec. 5.2.4). This is because this refining process pro-
duces silane (SiH4) as an intermediate step; silane and oxygen
are the material-bearing gases suggested for the CVD of 5102.

As in DV of SiOz, the principal disadvantage to CVD is the

lack of solid information on the capabilities and requirements of
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the process; technical uncertainty is therefore high. Also, the
process requires hydrogen frum Earth, to load the sytem and to
repliace operational losses. To avoid wastage of this hydrogen,
the deposition areas must be enclosed in pressurized containers.

The process itself requires careful control to achieve
the chemical reactions required on the deposition surface. By-
products are Hz, 02, and HZO’ and these must be controlled as
well, since their reactivity creates a risk of explosion. The
byproduct water must be broken up into hydrogen and oxygen, and
the H2 and 02 must be separated. The hydrogen is recirculated
to the silane/silicon process, and the oxygen to the SiO2 cvb.

For the production of solar cell substrates and optical
covers, the study group chose direct deposition by DV for the
reference SMF. This decision assumes that in 10 years of re-
search and development, the technical uncertainties and contra-
dictions described earlier can be resolved by experimental work,
and that a large-scale automated DV of SiO2 process can be
developed. Should developmental problems occur, there exists
the alternative of separate production of glass sheets, followed
by electrostatic or laser bonding (Ref. 5.64). The study group
feels that the equipment requirements and costs for each option
would not be very different. The direct deposition by DV,
chosen for the reference SMF, is the simpler option, minimizing
mechanical handling operations.

To investigate the feasibility and requirements ¢f the

direct vaporization of silica alass, the study group ran a
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set of experiments during the follow-on contract effort. These
experiments and their results are described in Addendum I,

"Direct Vaporization Experiments,” at the end of this report.

5.2.7: Cell Interconnection and Array Buildup: As in the

Boeing-JSC baseline SPS, the lTunar-material SPS transmits the
power output f-om the solar-cell arrays to the transmitting an-
tennas through three busbars. This requires series intercon-
nection of the cells to build up the output voltage to roughly
40 kV, and parallel interconnection to gather power outputs and
to provide damage-tolerance to the arrays. A suggested inter-

connection schematic is shown in Fig. 5.11. Solar cells are
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FIGURE 5.11: SCHEMATIC OF SOLAR-CELL INTERCONNECTION
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series-connected in sets of 18 cells (vertical in the figure).
The sets are tied in groups of 14, parallel-connected at their
ends. Thus each solar cell ‘panel’ is 18 cells long by 14 cells
wide, and behaves electrically like rne large solar cell, with
the voltage output 18 times that of a single cell, and the power
output of 252 cells. The panel i< also damage tolerant: if a
cell is destroyed (by a handling accident or a micrometeorite)
the panel loses 18-cells-worth of power, but the output voltage
remains the same.

The solar cell panels are built into damage tolerant arrays
by series and parallel connections as well. Since each cell has

output voltage .51 volts, roughly 78,000 cells (or 4330 panels)

must be connected in series to generate the needed 40 kV. There
are roughly 78 million panels in one 10-GW SPS, arranged in
18,000 ‘strings' of 4340 panels each. The task of the SMF is

to produce 'segments' of the SPS arrays, 14 panels wide by 541
panels lcng (also called 'packages'). The 541 panels in each
ler gthwise line are series-connected.

The development of large-scale automated interconnection
of solar cells is in its infancy. To date fabrication and in-
terconnection of solar arrays has been done by skilled labor;
consequently current cells are not designed for ease of auto-
mated production. Also, there iy virtually no information

available on automated interconnecticn processes, because the
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research done to date on such processes is proprietary. The

available references {(Revs. 5.6, 5.21) do not go into eaiuipment

details, or they discuss solar cell designs which would de dif-

ficult to produce in an SMF.

There are therefore no well-developed candidate processes

for solar-cell interconnection. Rather, there are several solar-

cell-contact designs, each of which suggests interconnection
techniques. These contact designs are listed in Table 5.7. In
all four options, the basic design of the cell contacts is un-
thanged: the rear ~ontact is Al sheel over most or all of the
rear surfzce of the silicon wafer; the top contact is a pattern
of "grid fingers" leading to a ‘collector bar' at one edoe of

the cell (both fingers and bar are on the top surface of the

wafer). However, the differences are the methods by which these

TABLE 5.7: SOLAR-CELL CONTACTS
ALTERNATIVE DESIGNS

Contact Type Advantages Disadvantages
Wraparcund Cell oEstablishea tech- |eDiffi- 1t to adapt -
nology to automated produc: .un
Edge Tabs oEstablighed tech- (oDif/icult to adapt
nology “to automatet production
Contact Pegs oSuitable for large-{oNo experimental data
scale automated oRequires delicate
production handling of pegs
*Direct oSuitable for large- ONc e(perimental data
Interconnection scale automated oRequires bonding to
production fragile wafers
oConceptually simple
oProduce structurally
sounder nanels

*Chosen for the reference SHF
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contacts are made available outside the cell for interconnection.

Wraparound cells have a connection from their top surface

collector bar, around the edge of the cell, to a contact on the
back of the cell. Thus the back of the cell has the sheet rear
contact ¢v - most of the surface, and the contact from the col-
lector bar on the rest of the surface. This allows intercon-
nections on the backs of the cells only. This type of cell is
in common use today. However, it has disadvantages for mass-
production. Although the contact can be brought to the back of
the substrate, the rear contact is still sandwiched between sili-
con wafer and substrate. The rear contact must therefore be
prcvided with 2 connection around the edge of the substrate to

a contact on the back of the cell. The study group could not
devise a simple method to produce wraparound contacts automat-
ically, on a large scale. This is particularly difficult if thne
celis are produced in large sheets by deposition methods, then
cut into cells; the wraparound contacts would have to be added

to the 177-micron thick cell edges, after the cutting. For

mass production, this appears overly complicated.

Edge tabs are used in many cells today, and are also used
in the Beeing-JSC Earth beseline SPS (Ref. 5.1). The edge tahs
project from the edge of the contacts, allowing interconnection

either with separate interconnectors or cirectly between the tabs.
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If each solar cell is produced separately, the contacts must be
produced with tabs attached, then applied to the other solar-cell
layers with the tabs protuding. This is a complicated process;
in any case production of 20 billion separate cells per year is
unlikely. If the cells are produced in multi-ccll sheets and
cut a part, the tabs must be attached to the edges of 2-micron-
thick contacts, without shorting the contacts together (they are
50 microns apart). The study group could not devise a reliable
method to do this. Neither could the group develop a method
to vapor-deposit the contacts and tabs together, then free the
tabs from the silicon and glass layers.

Because of the unsuitability of wraparound cells and edge
tabs for mass-production, the study group devised two alterna-
tives: contact pegs and direct interconnection.

Contact pegs can be used to provide electrical pathways

through the glass layers of the cells. The 'pegs' are actually
shaped more like coins, .5 mm in diameter by 60 or 90 microns
thick. They are electrostatically bonded to the back contact
and collector bar, before the deposition of the SiO2 Tayers
(substrate and optical cover). These glass layers are then
deposited, covering the cell surfaces and forming glass bulges
over the contact pegs. These bulges are then burned off (or
ground off), exposing the onter surface of each peg (hence the
60 and 99 micron dimensions of the pegs, 20% thicker than the

glass layers, to guarantee the exposure of peg surface), The
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pegs then provide electrical pathways from the top and rear
cell contacts to the top and rear surfaces of the cell.
Separate interconnects can then be electrostatically welded
to the pegs. If the rear contact pegs are positioned at the
end of the cell opposite the top collector bar pegs, a short
interconnect can be welded from tne collector peg of one cell
to the rear contact of the next cell to connect the cells in
series. The parallel connections at the ends of the panels
cxn be made by aluminum strips welded to the collector pegs
of the last row of cells in one panel and the rear contact
pegs of the first row of the cells in the next panel. The
resulting cell interconnection cross-section is shown in
Fig. 5.12.

The principal advantage of this alternative is that it
can be automated on a large scale. Many contact peas can be
applied simultaneously by electrostatic welders to sheets of
solar cell material, prior to the cutting of these sheets into
individual cells.

The principal disadvantage of this option is that, to the
best knowledge of the study group, it is an untried concept,
and it therefore carries technical uncertainty. Another dis-
advantage is that it requires handling of the small aluminum
pegs (.5 mm in diameter collector bar) and 50 or 90 microns
thick). Also, the pegs must be welded to the contacts on
the silicon wafers, a delicate process because of the fragility

of the wafers. Similarly, the interconnects must be welded to
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the solar cells; however, the cells benefit structurally from

the glass layers, and this step is therefore less delicate

than the peg application. Finally, the process requires burning
off the buiges in the SiO2 layers, a technically uncertain idea.
Determination of the effects of such a process (thermal stresses,
sputtering of glass, oxide layer formation on the pegs) would
require experimental work.

Direct interconnection was devised by the study group to

avoid some of the problems presented by the contact peg method
of interconnection. In this alternative, the solar cells are
cut from the sheet and interconnected before the deposition

of the glass layers. The rear contact/silicon wafer/top

contact sandwiches are cut from the produced sheet. Cell
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interconnects are thenelectrostatically welded directly to the
top collector bars and to the rear contacts.

The optical covers and substrates are then direct-vaporized
onto the cell surfaces and the interconnects, in the fashion
described in the preceding section. However, the interconnects
between panels are masked, so that SiO2 does not deposit on
them. This preserves their flexibility, required for later
packaging. The cell interconnection cross-section resulting

froxr this sequence is shown in Fig. 5.13.

Siticon wafer Optical Cover

Q. Silicon Wafer
Interconnect S

Substrate
L—— Tam ——>

(TO SCALE)

FIGURE 5.13: CROSS-SECTIOM OF DIRECT
SOLAR CELL INTERCONNECTION

The direct interconnection alternative offers several ad-
vantages. It can be automated on a large scale, since many
interconnects can be applied simultaneously as the sheets are

cut into individual cells. This option is also conceptually
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simple. It does not require contact pegs, and the interconnect
geometry is relatively simple; the interconnection can be done

in one step. This option also does not require the burning

off of Sio2 layers. 1In fact, the glass layers over the inter-

connects (shown in Fig. 5.13) serve to reinforce the solar cell
panels, improving their structural properties.

Direct intercornnection also shares scme disadvantages with
the contact peg option. It is an untried, technically uncertain
concept. It should therefore be experimentally developed. The
direct interconnection process also requires the electrostatic
bonding of interconnects to the rear contact/silicon wafer/top
contact sandwiches. While this is analogous to the welding of
pegs to the contacts in the contact peg option, the difficulty
is higher in the direct interconnection, because the welding
is done to solar cell sections after they have been cut loose
from the sheet of solar cell material. Therefore the direct
interconnection option requires delicate handling of the fragiie
silicon wafers, after cutting, during electrocstatic bonding.

Because of its conceptual simplicity and advantages for
use in mass-production, the study group chose the direct inter-
connection option for the reference SMF. This assumes that by
1990 an automated system can be developed capable of handiing
the fragile wafers during interconnection. In this task the
design benefits from the zero-g environment, where weight

forces and weight-induced friction forces are absent.
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The research team also designed an automated system to
build the cell panels into array segments. Preliminary designs
of the cell interconnection and the array buildup equipment

are presented in Chapter 7, "Production Equipment Specifications.”

5.3: STRUCTURAL MEMBER PRKODUCTION

5.3.1: Structural Member Alternatives: The Boeing-JSC earth

baseline SPS includes structural members made from continuous-

cnord tribeams, as shown in Fig. 5.14. In the earth baseline

Crass-sectiona? Assp Keylar Tanaten Ties

(.. ~]
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FIGURE 5.714: BOEING-JSC BASELINE STRUCTURAL BEAMS

SPS, these beams are made from graphite/epoxy (G/E) composite
covered with glass fabric. The tribeam longerons are brought
together to a point at the ends of the beams and capped by end
joints. Jcint clusters fasten beams together by their end

joints to form the SPS structure. The manufacture of end
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joints and joint clusters is discussed in the next section.

Alternatives for structural member materials are listed in
Table 5.8. In general, structural member materials fall into
two categories: those that expand thermally, such as pure metals,
and those that expand very little, such as composites and glassy
products. The relative merits of expanding or nonexpanding
Sstructure for the SPS are difficult to assess. Although non-

expanding structure simpliries the design and lessens the cyclic

TABLE 5.8: STRUC*URAL MEMBER ALTERNATIVES

Structural Member

Material Advantages Disadvantages
Foamed Glass olow coefficient oMay require Earth in-
of thermal! expan- puts
sion oStructural properties
oRelatively low- of material uncertain
mass structural oRequires structural
members member redesign
oCompatible with oRequires dust-handling
SMF waveguide _systems for machining
production process
Composites olow coefficient oMay require Earth in-
of thermal expan- puts
sion oStructural properties

of materials uncertain
oRequires complex
production

*Metal alloys oEstablished tecii- joHigh coefficient of
nology thermal expansion
oVersatiiity of oHigh-mass structural
production members

oCompatible with
other SMF pro-
cesses

oCompatible with
beam-builder

*Chosen for the reference SMF
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loads on joints and members, the materials needed are more com-
plicated and more expensive in procurement (e.g. composites vs.
aluminum). Therefore more research in this area is needed be-

fore economics can suggest a clear choice. Such an evaluation,
hewever, is outside the scope of this study.

The study group chose aluminum alloy as the material for
the structural members produced by the reference SMF. Assessing
the relative advantages of the various candidate materials is
complicated, however, and the other alternatives discussed below

should be researched further in later studies. Foamed glass is

discussed in some detail, since it is the material chosen for
waveguide manufacture in the reference SMF {discussed in Sec.
5.9 below).

Foamed glass is the material suggested for lunar-material

substitution in the JSC-GD study [Ref., 5.22). The continuous-
chord tribeams shown in Fig. 5.12 would be replaced by thin-
walled (7 cm) tubes, with diameters 50 cm for primary structural
member3 and 25 cm for secondary structural members (Ref. 5.23).
The mast o’ these members would be 2.0 times the mass of the
eartt-rasciine graphite-epoxy structure. The glass is foamed
to r=cist crack propagation, since pure glass tends to shatter
when impacted (either by a handling accident or by a meteorite).
The principal advantage of foamed-glass is its low coeffi-
cient of thermal expansion, close to that of glass (2.9 x 10-6

m/m°C). This minimizes structural deformations during SPS
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eclipse. Also, the fecamed-glass structural members are rela-
tively low-mass when compared to the other alternatives {(dis-
cussed below).

Foamed glass is currently produced on Earth by the Pitts-
burgh Corning Corp. (Ref. 5.24), and used primarily for thermal
insulation. The production details are proprietary, but the
principal steps in the making of foamed glass are presented in
Fig. 5.15. Glass (similar to window glass) is first crushed
and ball-milled into powder (5-micron diameter particles). The
glass powder is mixed with small quantities (roughly 1% of the

glass mass) of foaming agents, such as carbon, various sulfates,

Gt]js Foaming Agents
BALL POWDER FOAMING

MILLING MIXING [ ——*|
‘ L
ANNEALING MACHINING FOAMED GLASS
—-—V, ——’L ——®  oUuTPUT

FIGURE 5.15: BASJIC STEPS IM FOAMED GLASS PRODUCTION

and water. The mixture is placed in stainless steel molds and
heated in a foaming furnace at 970-1170°K.  The glass first
melts, trapping the foaming agents. As the temperature rises,

the carbon reacts with the sulfates and water, releasing

5.85



gaseous CO, C02, HZO and HZS' These gases form bubbles, foaming
the glass which expands to fill the molds. The foamed glass is
then transferred to an annealing furnace. There the foamed
glass is slowly cooled (12-14 hours); this length of time is
necessary to avoid shattering due to uneven thermal stresses.
Once cooled, the foamed glass is machined to the desired shapes.

A number of variations on this basic production scheme are

possible. First, foamed glass can be produced from a Variety of
glassy materials, such as pumice, volcanic cinders, and obsidian
(Ref. 5.25). Therefore natural lunar glass could be used. This
glass is available by crushing the fine lunar soil (<90 microns)
particles down to 5 microns, then electrostatically separating
the glass (Ref. 5.26).

Second, the foaming agents can be varied, both in type
and relative percentages. However, the total mass of foaming
agents required appears to stay around 1% of the glass mass,
and all the options include carbon. Although carbon is avail-
able on the Moon in parts-per-million concentrations, there is
no guarantee that the proposed lunar refining processes will
provide carbon (or the other required foaming agents) as out-
puts. The study group concluded that foaming agents would have
to come from Earth.

Third, variations on the stainless steel molds are pcssible.
British patent No. 1112083 describes an installation to produce

sheet foamed glass by floating the glass powder on molten tin
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during foaming. Due to problems in handling molten-metal baths
in zero-g (described in Sec. 5.2.4), this option is unlikely

for SMF use. Another variation is the shaft furnace (Ref. 5.25)
shown in Fig. 5.16, This method involves the formation of a
monolithic block by foaming onto a bed of foamed glass in a
shaft furnace. The shaft furnace acts both as a foaming and an
annealing furnace (the input area being maintained at foaming

temperature, while later in the shaft the glass is subjected
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to steadily decreasing temperatures). When necessary the fur-
nace channel cross-section can be re-adjusted to produce foanuc?
glass as complex shapes (i.e., tubes, shells). Such a furnace
could conceivabiy be adapted for use in zero-g by using gas
pressure (rather than gravity) to feed the foamed glass along
the furnace.

The production of foamed glass is therefore an existing
technology, with some options adzptable to space use. Another
advantage of the process is that it is a likely candidate for
waveguide production (see Sec. 5.9 %elow), and therefore both
productions might share equipment.

Foamed glass has a number of disadvantages, however. First,

as mentioned above, the process requires foaming agents wh 4%
include elements not found on the Moon. One suggestion to
remedy this proﬁlem is the substitution of a stirring process
to foam the glass with bubbles of lunar oxygen. But consulta-
tions with Dr. David Rostocker of Pittsburgh Coring Corp. in-
dicate that this technique is unlikely to succeed in practice.

A viscosity of 106

poise would be required in order to prevent
oxygen-bubble coalescence, and at this viscosity it would be
extremely difficult to stir the glass in order to distribute
the bubbles evenly.

Another alternative, suggested by the MSFC COR, is the

sintering of beads of natural lunar glass to form a foamed-glass-

like material. This would eliminate the foaming stage, removing
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the need for foaming agents. This alternative should receive
further study.

Second, another disadvantage of foamed glass is the lack
of data on the structural properties of the material. Current
foamed glass is not used for structural appifications, but for
insulation instead, and is therefore produced in densities
(e.g. 136 kg/m3) below those required for SPS structural mem-
bers (e.g. 1250 kg/m3). The shatter resistance of foamed glass
and its response to lony periods in space are alsn issues re-
quiring experimental -esearch.

Third, substitucion of foamed-glass members for the earth
baseline tribeams also requires a redesign of the structural

members, since the foamed gla.s is in the shape of tubes. The

substitution also requires the redesign of the end joints,
which must fit onto the tubes rather than onto tribeam longerons.
Finaliy, the machining of foamed glass produces abrasive
dust (Ref. 5.28) and this requires abrasion-resistant cutting
tools. This process alco reanuires dust-handling systems, since
free-floating dust in zero-g can contaminate and jam equipment.

Composite materials can be used to produce structural mem-

bers. The elements used in the graphite/e:poxy earth-baseline
material are not available on the Mcon, but a number of partiel
or total Junar-material substitutions have been suggested by

the JSC-GD study (Ref. 5.22). Table 5.9, adapted from Table
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3-15 of that study, list: these options and their relevant pro-
perties.

The first lunar-material option (90% Unidirectional S-glass,
25% Resin) is unlikely because it requires 85% of the earth base-
Tine structural member mass in earth inputs, and therefore does
not offer a significant improvement in transportatioﬁ cost over
the earth baseline. The other two alternatives (Unidirectional
S-glass in aluminum matrix, or in titanium matrix) require only
lunar materials. The latter option would require the produc-
tion of titanium on the Moon. However, this material is not
required for any other SMF products, and its use in structural
members would theretore add to the complexity of the lunar re-
fining operations. Aluminur, con the otker hand, is used in a
wide variety of SMF outputs (e.g. solar cells, DC-DC converters,
radiators, kly.trons; see Table 3.3 in Sec. 3.4), and aluminum
production is therefore required on the Moon. The S-glass in
aluminum matrix is therefeore the most likely composite candidate
for structural member material.

The principal disadvantage of the proposed composites, how-
ever, is that no experimental work has been dene on their struc-
tural behavior or th2ir production. The properties listed in
Table 5.8 are theoretical, and there has beer no verification
of the actual Dehavior of th- 2 materials. Also, the study
group nas some doubts that <h: propocred matrix materials (j.e.

aluminum, titanium) can bond to the S-glass fibers solidly enough
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TABLE 5.9:

POSSIBLE COMPOSITE

STRUCTURAL MEMBER MATERIALS

Earth
Substitutions
Baselino Posgible Lunar Material SBubg
L
Material | Graphite 90% Unf |Unidirectional Unidirectional
Polysulfone | S~-Glass |S-Glass '| 8~Glass
Property 120/7064/120] 25% Resin { Aluminum Matrix | Titanfum Matrix
EAxial {Gin) 143.1 47.3 80.3 94.0
p (g/cm3) 1.766 1.993 2,57 3.31
o X gan/m/
*0) -0,380 +4, 16 49.90 +5,90
Equivplent
Mass Required
From Earth _ 1,00 0.85 0 0
From Monn 0 2,56 2. 00 2.85
Total 1.00 3.41 2.60 2.85

*

Axial

©
"

4

Ctx_

density
axiszl coefficient of thermol expan-ion

= modulus of elasticity

{Adapted from Table 3-15, Ref. 5
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to produce the required properties. A bonding agent may be re-
quired between the glass fibers and the matrix material, compli-
cating production and possibly requiring an earth input for the
bornding agent.

For composite materials made on Earth, the matrix material
is applied as a liquid. As described in Sec. 5.2.4, handling of
liquids in zeru-g poses problems. This problem could be avoided
by producing the composite material on the Moon; however, this
increases the transportation cost if any earth inputs are re-
quired, complicates the Moon-to-SMF transportation system
(which must carry the composites), and requires that the com-
posites survive launch stresses. The composites could also be
produced at the SMF by vapor deposition of the matrix, but
this option also complicates production.

Metal alloys are a more conventional alternative for struc-

tural member materials. Lunar materials available to the SMF ar:
aluminum, titanium, iron, and magnesium; alloys of these metals
can all be used in structural members. Alloying the metals does
not significantly alter their stiffness properties. The purpose
of adding other elements is to improve fracture toughness, to
lessen the effect of fatigue and to make the structural members
resistant to damage from handling impacts ("ding-proof").

Section 3.2.3 presents a calculation matching the stiff-
ness ot the earth-baseline members and aluminum (or Al alloy)

replacements., Leaving the cross-section shape and dimensions

5.92



the same as those shown in Fig.5.124, but changing the thick-
ness to match the EI values of the Al and G/E members, the Al
thickness required is 1.77 mm, 1.8 times the thickness of G/E.
The needed mass of aluminum is 2.2 «x 104tons (without wastage
allowance), 2.8 times the mass of the earth-baseline structural
members. However, as discussed in that section, the study group
has doubts about the applicability of the equal-stiffness cri-
terion for material substitution, and feels that the Al mass
calculated may be too high.

A similar calculation for titanium or titanium alloys
(E = 107 GPa, density = 4.54 tons/m3) leads to a titanium thick- .
ness of 1.14 mm (1.2 times the G/E thickness) and a needed mass
of titanium of 2.4 «x ‘IO4 tons (3.08 times the earth-baseline
mass). Therefore titanium requires a higher structural member
mass than aluminum. In addition, titanium has the disadvantage
(discussed above) that it is not required for any other SMF out-
puts, and would therefore add complexity to the lunar refining
operations. Aluminum, on the other hand, must t* produced for
a variety of other products. Therefore titanium s little to
offer over aluminum except a lower coefficient of thermal ex-
pansion (9.5 x 107% m/m°c for Ti; 25.5 x 1078 m/m°c for A1),

For iron or iron alloys (E = 186 GPa, density = 7.9 tons/m3‘

s

the needed thickness is .66 mm (.7 times the G/E thickness),

4

leading to a required mass of iron of 2.4 x 10 tons (3.02 times

the earth-baseline mass for structural members). The coefficient
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of thermal expansion of iron is 11.7 x lO'Gm/m°C.

As listed in Table 3.3 of Sec. 3.4, iron is required in the
SPS for DC-DC converters and klystron parts, and is therefore
produced on the Moon. In fact, iron is relatively easily avail-
able from lunar materials, since it exists on the surface in
very pure form, though in low concentrations. This iren can be
magnetically separated from the soil by simple equipment. Iron
also occurs in various lunar compounds. 1In general, iron is
more easily refined than Al or Ti, because the free energies
of compound formation are usually smaller for iron than for Al
or Ti; therefore less energy is required to break the iron com-
pounds. A discussic~ of the effects of the availability of
various lunar materials appears in Chap. 13, "Possible System
Tradeoffs".

For magnesium or magnesium alloys (E = 43 GPa, density =
1.7 tons/m3) the needed thickness is 2.8 mm (3.0 times the G/E
thickness) and the required mass is 2.2 x 104 tons (2.8 times
the G/E mass). Magnesium is listed in Table 2.3 as a consti-
tuent in Al alloy for structural members and joints. It would
therefore be produced on the Moon if the structural members
used Al of Mg as principal material. However, if Al alloy is
used, the expected input of Mg to the SMF (listed in Table 4.5,
Sec. 4.6) is 180 tons per 10-GW SPS. If producticn of Mg on
the Moon increases the complexity of the refining, then this

requirement could be sati:.fied from Earth. Magnesium would
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have to come from the Moon if structural members were magnesium
alloy. The coefficient of thermal expansion of Mg is 25.7 x
10"6 m/m°C. Therefore magnesium structural members would mass
as much as aluminum structural members, would have approximately
the same thermal expansion, but would reduce the system design
opticns by requiring lunar producticn of Mg.

Thus the leading metal-alloy candidates for structural mem-
bers are aluminum alloys and iron alloys. the production of
metal-alloy structural members has several advantages over the
production of foamed glass and ccmposites. First, it is a well
established technology. Many processes for metalwerking are
highly developed, and there is a large body of knowledge on
metal manufacture in general. Also, the behavior of the Finished
products is easier to predict (relative to foamed glass and com-
posites), based on the detailed knowledge of metal usage, par-
ticularly in the aerospace industry.

Second, the candidate processes and equipment (described in
more detail later) for the production of meta]-a]loy.structuraI
members (e.g. alloying furnaces, vapor depositors, continuous
casters, rolling mills, cutters, welders) are versatile: their
settings or inputs can be varied to produce different outputs.
For example, an alloying furnace can produce a range of alloys,
for specialized purposes; vapor depositors produce a variety of
sheet thicknesses and alloys; rolling mills can produce many

sheet thicknesses of different alloys, for a variety of purposes.
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The processes to produce foamed glass and composites are more
limited in their range of output.

Third, the metal-member processes are compatible with other
SMF processes, in that they can share pieces of equipment. For
example, alloying furnaces can also feed die casters to make
compltex parts; vapor depesitors can also coat waveguides; rolling
mills, cutters, and welders can produce ribbon and sheet for the
production of wires, pipes, and radiators. Thus this structural-
member production equipment can be partially combined with other
SMF processes, reducing equipment complexity and number of
machines, and increasing the equipment utilization rate.

Fourth, the production of metal-alloy structural members
can use beam-builders as the final production stage. Since
such devices are now in development, this recuces technical
uncertainty. Although beam-builders are now heing designed to
handle composite materials as well, these are earth-variety
compysites (e.g. graphite/epoxy), and these machines would re-
quire modifications to handle lunar composites (e.g. S-glass in
Al matrix). Beam builders are versatile machines, and can pro-
duce tribeams or other shapes in a variety of sizes, by changing
the beam-builder settings. In general, if the SMF produces
metal-alloy ribben for beambuilders, the ribbon can be formed
into a variety of structural shapes for use in both SPS's and
other satellites. By varying the alloy compositions, electrical
or magnetic properties of metal members can be put to use (e.g.

for communications and radar antennas).
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Metal alloys also have several disadvantages. They have a
relatively high coefficient of thermal expansion (although Ti
and Fe are close to the composite S-glass in Al matrix). As
mentioned above, the exact effect‘of the coefficient of thermal
expansion {CTE) of the structure on the cost of the SPS is at
present unclear, and the use of thermally variable structure
may or may not be a disadvantage. Rather, the relatively high
CTE of metal alloys is listed as a disadvantage because it brings
in a partial redesign of the SPS, not in its geometry but rather
in its thermal behavior.

Another disadvantage is that metal-alloy structural nem-
bers appear to be more massive than the other alternatives, al-
though the mass calculations based on equal stiffnesses may be
overly conservative ~-- see Sec. 3.2.3). Even if the mass esti-
mates are accurate, the effect of increased structural mass on
SPS cost is at present unclear, as discussed “ec., 2.2.1.
Therefore, although an increased structural iass in the SPS can
be expected to raise program costs, this mignt not be a signi-
ficant cost-driver in the lunar-material scenario.

The study group decided that the reference SMF produces

mctal-alloy structural members, because of the advantages listed
aoove, in particular the versatility of the production equipment
and the commonality of that equipment with other SMF prccesses.

The SMF produces rolls of ribbon, to be shippeil to beam-builders

at the assembly site for SPS's or other satellites.
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A more difficult decision was the choice of aluminum over
iron as principal metal in the structural member ribbon. One
factor in the decision is the advantage in having structural
members and joints made of the same material. This is not be-
cause of corrosion (galvanic action does not happen in vacuum)
or weldability (EB welders can bond dissimilar materials), but
because of differential expansion problems due to thermal cycling
during SPS eclipse. This cycling would lead to fatigue of the
bonds between members and joints. Although there are no clear-
cut advantages in aluminum members over iron members, there may
be two advantages to aluminum joints. First, they are easier
to machine than iron joints, and this simplifies production pro-.
cesses at the SMF. Second, the study group anticipated that the
joints would require parts brought from Earth {due to manufac-
turing complexity), and that Al alloy parts might mass less than
steel parts. In fact, since the joints account for only 16 tons
of each 10-GW SPS (see Sec. 3.2.10), economics may well dictate
that the entire joints come from Earth. Hoﬁever, the masses of
Al and steel joints depend on specific joint designs, a task be-
yond the scope of this study. The differences in mass are not

likely to significantly alter the cost of the SPS program.

Therefore the study group could not identify any clear-cut
advantages separating Al and Fe for structural members. The de-
ciding factor was the feeling of the study group that if the
structural member designs in the SPS were reoptimized for Al

alloys and for steels, rather than the earth-baseline G/E, the
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structural mass would be less for Al alloys than for steels.
Therefore the study group chose Al alloy as the material for the
structural member ribbon produced by the reference SMF.

5.3.2: Basic Options in Al Structural Member Productio. . The

first decision in the development of ribbon production options
is the choice of aluminum alloy. Favorable criteria include
minimum number of different alloying elements, to reduce equip-
ment complexity; alloying elements available on the Moon, to
avoid the need for Earth inputs; high yield strength and hard-
ness, to make the structural members damage-resistant. Two Al
alloys with the desired characteristics and minimum number of
different lunar alloying elements are 5052 (2.5% Mg, 0.25% Cr)
and 6063 (0.7% Mg, 0.4% Si). Consultation with Dr. Robert Waldron
of the Lunar and Planetary Institute indicated that the refining
process:s suggested by the JSC-LPI study (Ref. 5.3) could produce
magnesium with minor alterations, but that obtaining chromium
would be more difficult. The study group therefore selected

Al 6063 alloy. There are several basic options for production
of ribbon from this alloy. These alternatives are presented in

Table 5.10.

Lunar alloying_and fabrication is possible, since all the

elements required are available on the Moon, and if the Moon-SMF
transportation is provided by rocket, rather than catapult (e.q.
mass-driver), the structural member ribbon could be entirely

fabricated on the Moon. However, this aiternative would limit
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TABLE 5.10: BASIC OPTIONS IN STRUCTURAL

MEMBER RIBBON PRODUCTION

Option Advantages Disadvantages
Lunar Alloying and oConceptually oLimits transportation
Lunar Fabrication simpler options

oAdds complexity to
lunar operations

Lunar Alloying and olonceptually OSMF should include

SMF Fabrication simpler alloying equipment
anyway

oAdds complexity to
lunar operations

*Conventional Al Alloy o Established tech- |oMassive equipment
Ribbon Production nology -
. o Few machines
oCompatible with
other SMF processes

DV of Al Alloy Ribbon o Existing technology. |o Many material sources
o0 Compatible with requirad
wavequide production
O Well adapnted to space
environment

*Chosen for the reference SMF

the system's options. Therefore the study group decided that the
fabrication of structural member ribbon will take place at the
SMF, to keep open the possibility cof catapult transportation.
Note, as discussed in Sec. 4.5 that the physical shapes receijved
by the reference SMF are slabs, rods and bags of powder, assuming
rocket transportation. However, the reference SMF could handle
catapult payloads instead without extensive modifications; there-
fore the reference SMF design leaves the catapult option open.
Lunar alloying and SMF fabrication is another option. The
aluminum alloy could be alloyed on the Moon prior to shipment,

since the needed materials are available there. However, to
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preserve the options ¢f switching to other alloying elements
from Earth, and of making other alloys including Earth elements
for other SMF products, the study group decided to include
alloying processes and equipment in the SMF. This also has the
advantage that it lessens the complexity of the lunar operations,
possibly reducing the personnel requirements and the associated
transportation costs to and from the lunar surface.

Therefore the task of the reference SMF is to produce rolls
of .74-meter-wide, 1.77-mm-thick ribbon of Al 6063 alloy, from
solid rods of aluminum, silicon, and magnesium. Two basic
options for this ribbon production are conventic:..al methods
and direct vaporization. The sfudy group chose tke zonventional
methods of production for the reference SMF. However, the com-
parison between the two alternatives is complicated, and neither
option has a clear-cut advantage over the other. In the early
stages of the study, the research team intended to design first
an SMF using conventional ribbon production, then an SMF using
DV of ribbon, and to compare the two. However, the preliminary
design and costing of the reference SMF indicated that the cost
was driven primarily by the design (f the solar-cell production
equipment. Also, preliminary design of the two ribbon pro-
duction options indicated that their difference in cost is
probably not significant. The study group therefore concen-
trated its efforts on solar-cell production design, leaving
the evaluation of the DV of Al alloy ribbon for later studies.

Conventional Al alloy ribbon production uses a string of

processes: melting and alloying of the aluminum; casting
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into solid slabs; rolling of the siabs te ribbon thickness; end
trimming and welding to form long ribbon; packaging of the
ribbon. These processes therefore require a melting and
ailoying furnace, a slab caster, a rolling mill, an end trimner
and welder, and a packaging system. Alternative equipment de-
signs are discussed in the following sections.

As discussed in Sec. 4.5, if raw materials are launched
from the Moon by chemical raocket, they can arrive at the SMF
in specialized shapes such as rods and slabs. This suggests
the option of feeding slabs brought from the Moon directly to
the rolling mill, thus avoiding the need for a fur:nace and slab
caster. However, as mentioned above, the study group decided
to include alloying equipment in the SMF to increase the
versatility of the facility, and to reduce lunar processing
complexity. Given a set of melting and alloying furnaces and
associated slab casters at the SMF, the use of this equipment
to produce pure Al slabs (for other SMF products) as well does
not significantly increase tha SMF cost (this equipment, even
when designed small, has a large production capability).

Therefore the inputs required for pure-metal or alloy pro-
ducts (aluminum, iron, magnesium, and s~me of the silicon)
are shaned as rods sized for input int> furnaces. This choice
also preserves the option of launching materials from the Moon
by catapult (e.g. mass-driver), since the rod inputs can be
replzced by pellet inputs with relatively minor modifications
to the equipment. These modirications are described in

Se¢. 5.10.
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There are three principal advantages in conventional ribbon
production. First, the technology is very well established,
reducing the technical uncertainty of proposed designs. The
design of earth furnaces is strongly affected by the presence
of gravity; hence space-specific furnaces must be developed.
The availability of vacuum and energy in space makes electron-
beam welding a likely substitute for more conventional welding
techniques. However, the remaining equipment designs are not
very dependent on gravity or atmosphere, and can therefore be
adapted to space use without extensive modifications. Even
the space-specific furnaces and welderc " +u much of their
technology (i.e. refractory coatings erents, cooling
systems) with earth equipment. The efore r.-® . the sizable
body of knowledge of earth machinery -3an b u,.plied to r.iubon
production in space.

Second, the ¢ nventional equipment has high thre .Jhput
rates and therefore requires few machines. Preliminary design
indicates that the total structural member ribbon requirement
for one 10-GW SPS per year can be produced by one smali
furnace, one slab caster, one rolling mill, and two end trimmers,
welders, and packagers. The required production of 6.5 x 106
meters (23,000 tons) of Al alloy ribbon per year is very small

y 2arth production standards.
nird, the equipment used in ribbon production can bHe

shared with a variety of other SMF processes. As mentiuned in
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the last section, alloying furnaces can also feed die casters

{2 make complex parts; rolling mills, trimmers, and welders
can produce ribbon and sheet for wires, pipes, and radiators.
This reduces the complexity and number of machines in the SMF,
and makes more efficient use .f the equipment.

The important disadvantage of the conve "tional equipment
is that it is more massive (especially the furnaces, caster
and rolling mill) than the equipment for the direc* vaporization
alternative. This increases the initial cost of transportation
of the SMF from Earth.

Because of its versatility and compatibility with other
SMF prccesses, con ‘nual production of Al alloy ribbon was
chose: for the reference SMF. Howeve:, the DV option described
below is also a likely candidate, and both options deserve

further study.

Direct vaporization of Al alloy rikhon is a more tech-

nologically advanced alternative to conventional ribbon pro-
duction. The basic process is similar to the DV processes
described in solar-cell production (see section 5.2). Figure
5.15 shows a simplified DV ribbon production system. EB guns
or lasers boil Al atoms away from a solid source of aluminum.
The atoms travel to a deposition belt and solidify, forming a
sheet. The alloying elements are boiled off in the same manner
and co-deposited with the Al, forming the required alloy;

another option ic the ion implantation of the ailoy ag
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FIGULE 5.17: SIMPLIFIED VIEW OF DV OF AL ALLOY RIBBON

elerents (see section 5.2.4). The deposition belt must be de-
signed to remove the thermal energy of the gaseous-to-solid
phase change of the deposited materials. As the belt travels
through the deposition section, the sheet bdi]ds up to the
needed thickness. It is then peeled from the belt as a con-
tinuou. ribbon and wound onto a roll. To avoid vacuum-welding
of the Al alloy surfaces, teflon film is wound between
successive layers of ribbon. The rolls of ribbon are then
shipped to the assembly site for SPS's or other satellites; the
roll ceres and teflon film are later returned to the SMF for

reuce.
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The principal requirements of the system are energy and a

good vacuum {deposition pressures are on the order of 10'6

Torr).
One source (Ref. 5.29) suggests that Al can be deposited at
rates up to 50 microns/sec by using 1200-kW EB guns. Another
source (Ref. 5.30) indicates that deposited metals have
mechanical proverties similar to those achieved by casting,
roiling, ana annealing. Therefore the ribboa thickness needed
for the structural member ribbon is 1.77 mm (as calculated in
section 3.2.3), and the deposition time is 35 seconds. For
the production of one 10-GW SPS per year, the required output
is 825 meters of ribbon per hour, assuming a 90% duty cycle.
If 7 deposition belts travelling at 2m/minute are used, the
depositicn length of each belt is 1.2 meters.

There are several advantages to DV of ribben. First, it
is existina technology. Commercial DV processes produce metal
sheets and coatinas, though not yet at the 50 micren/sec rate
mentioned above. Some research should be done, hcwever, on
possible effects of zero-g on the solidification of the
deposited material.

Second, the DV equipment cculd be shared with part of
the wavegyuide production processes. As described in sectiun
3.2.5, waven ides require a layer of aluminum on their interior
surfaces. These could be applied by the DV equipment used in
ribbon prcduction. Although solar-cell rroduction processes
also require DV of Al, the needed deposition rates are far
lower, and .ue sclar-cell hendling d*fficulties suggest using

a dedicated production liane vor solar cell production, rather
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than routing solar cell material through DV units shared with
ribbon production.

Third, direct vaporization is well adapted to the space
environment, because its principal requirements are vacuum and
energy. These are cheaply available in an SMF.

The principal disadvantage of DV is that it requires a
number of material sources with overlapping deposition patterns
to achieve uniform deposition. DV of alloys from separate
sources of materials requires a number of alloying element
sources interspersed with the Al sources, to achieve uniform
alluy composition.

5.3.3: Melting and Alloying: Given the choice .F conventional

methods of structural member ribbon production, there are a
number of alternative designs for alloy-producing furnaces.
“hese candidates are ‘isted in Table 5.11. The study group
chose the induction furnace, which requires minimum moving
parts and has good control over its conten.s. The other alter-
natives described below have specialized uses which may make
them useful in certain space applications.

The solar trough collector furnace is shown n Figure 5.18.

It is a continuous-flow device for heating materiats of various
compositions by concentrating solar radiation. The furnace

uses a parabolic-cross-section refliector trough to concentrate
sunlight into a focal zone with a football-shaped cross-section.
This focal zone is surrounded !, a pipe covered by a light-
absorbe..t coating. Inside the pipe, particles of luna- material

fluidized in a nonreactive gas (such as dargon) are heated as
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TABLE 5.11: MELTING AND ALLOYING OF AL ALLOY
ALTERNATIVE FURNACES

Type of Furnace Advantages Disadvantages
Sotar Trough Col- olUses direct solar [oNot likely for melting
lector Furnace heat material
o Low-maintenance oRequires accurate
device pointing
oAccepts varied in-
put shapes
Rotating Furnace o High throughput oDifficult to control
per furnace alloying elements
o Accepts varied oRequires safety
input shapes systems
oRequires maintenance
Solar Paraboloid oUses direct solar |oRequires accurate
Furnace heat pointing
oHigh throughput oDifficult to control
per furnace alloying elements
o Accepts varied oRequires safety
input shapes systems
oRequires maintenance
*Induction Furnace o Accepts varied oCan only handle cer-
input shapes tain materials
oAlmost no moving
parts
o Good control
over contents
oHigh throughput
L per furnace

*Chosen for the reference SMF

they travel down thke pipe. This type of furnace can-reach
temperatures of about 1500°K, a limit imposed by the geometry
(Ref. 5.31).

The study 3group has investigated methods to determine the
temperature cf particles travelling through the pipe as a
function of residence tiﬁe, density of particles, characteristics
of gas and particles, and flow velocity. This is a complex
probiem involving both radiative and convective heating and

variable viscosity of the gas (temperature-dependent). Though
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FIGURE 5.18: SOLAR TROUGH COLLECTOR FURNACE

some simplifying assumptions are possible (treating the gas-
particle mixture as a continuous fluid, for example), the final

design of such a furnace would probabdly require both ground

and Shuttle prototypes.
The principal advantage of this desian is that it uses

direct solar heat, avoiding the need for less efficient energy
conversion systems. This furnace is also a low-maintenance
device, with very few moving parts. Another advantage is that
the furnace can handle various input shapes, such as particles
of material catapulted from the loon, or rods of material
brought hv rocket (provided the rods fit inside the pipe).

b 2ver, this design is not likely to be a melting furnace,
dve problems with molten particles sticking in the pipe.
The device could be an efficient, low-maintenance device fer

preheating materials, but that option would require an



additional furnace to melt the material. Another disadvantage
is that solar reflector furnaces require accurate pointing
towards tae Sun (typically tlo),

A rotating furnace is shown in Figure 5.19. It consists

of a rotating molten-metal container, non-rotating feed and
output systems, and non-rotating heating coils surrounding the
container. During the operation of the furnace, molten material
is .pun to the outside of the container. Solid metallic par-
ti.les, fluidized in a non-reactive gas (such as argon) are
injected through non-spinning feed pipes and thrown towards the
outside of the spinning container. The argon is pumped back
out thrcugh a noan-spinning pipe, not shown in the figure. The
particles hit the molten material, stick to the melt, and
mel . in turn. Although the feed system shown handles particles,
rod< can be fed at an angle through the cover plate, directly
entering the melt.

Since the molten metal is in a centrifugal force field,
it will separate into a layer of dense metal and a layer of
less dense liquid or semiliquid slag, with the slag floating up
toward the rotation axis. In view of the expected high
purities of the inputs (see sec. 4.4), very little slag should
form. The liquid metal is pushed up (toward the rotation axis)
through channels in the container, by means of magnetic pumps
(which can both heat and mcve the material). The molten metal
leaves the container through an axial, spinning pipe. It
then “?ows through a rotation bearing and into a non-spinning

a3 «Fich leads it to the next step in its processes. The
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slag flows into a sump, whence it leaves the furnace by being
ram-forced up non-rotating tubes and/or by being pushed into

the tubes by a pressure differential. The slag then leaves

the furnace through an axial pipe through the non-rotating cover
plate.

The dimensions and production estimates {(Ref. 5.32) listed
in the figure indicate that a compact furnace can produce a
high throughput of molten Al. Given the listed production rate
of 460 kg/hr of Al, one furnace could produce the required
23,000 tons of aluminum for structural member ribbon (for one
10-GW SPS) in 2.1 days. Another advantage of this design is
that it can handle inputs in varied shapes (e.g. particles,
rods).

Unfortunately, the density gradient which separates liquid
metal and slag also tends to separate out the alloying elements
if they are added to the melt in the container. This makes
control of the alloy composition difficult, unless the alloying
elements are mixed with the molten Al after it is pumped out of
the rotating furnace. Another disadvantage is that the con-
tainer is a moving part filled with mo.ten metal, which poses
a safety hazard in case of rupture. The furnace also requires
maintenance on the moving container and the feed and output
systems.

The solar paraboloid furnace (see Figure 5.20) combines

the energy efficiency of solar collectors with the liquid-

metal handling ability of the rotating furnace. The paraboloid
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FIGURE 5.29: SOLAR PARABOLOID FURNACE

geometry concentrates the light ontoc a rotating container. This
more efficient geometry can produce temperatures up to about
5000°K. The furnace operates in the same fashion as the
rotating furnace, but with sunlight replacing electricity as
the power source. Rntating container, feed and output systems
are conceptually similar to those of the rotating furnace.

Like the solar trough collector, this hybrid design has
the advantage of direct use of solar heat, and the disadvantage
of a roughly #12 pointing requirement. Like the rotating furnace,
the solar paraboloid furnace has the advantages of a high

throughput per furnace and the ability to accept inputs in
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varied shapes, and the disadvantages of difficulty in controlling
alloying elements and the requirements for safety systems and
maintenance.

The induction furnace is based on the principle that a

rapidly alternating magnetic field induces currents in metal,
causing resistive heating and melting that metal. Earth-
based induction furnaces usually consist of a cylindrical coil
surrounding a container of metal. The coil acts as the primary
of a transformer, and the metal chargs as the secondary.
Ideally, the melt would completely * .ontainer.

There are compromises between fur....e capacity, heat loss,
and coupling between coil and metal. Placing insulation between
metal and coil reduces heat loss, but lessens the electrical
coupling and thus results in less efficient heating. There
are tradeoffs between furnace capacity, frequency and power of
electrica]hcurrent, and output rate. The following examples
(Ref. 5.33) are ‘rom current steel-producing technology:

5 kg capacity furnace using 30 % at 10,000 Kz produces 30 kg/hr
450 kg " " ! 350 k¥ at 960 Hz " 450 kg/hr
4500 kg " " " 1250 kW at 180 Hz " 1800 kg/hr

As the list above shows, there are economies of scale in

energy consumption. In general, the typical losses in current

induction furnaces (Ref. 5.33) are:

Motor generator loss: 12% of input power
Cgpacitcr and Conductor loss: gy n M "
IR coil loss: 1Mz * w "
Radiation loss: 102 " "
Useful heat in metal and slag: 622 " " "
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However, by 1990 a well-designed induction furnace can be
expected to be 80% efficient.

Magnetic induction can move the material as well as heat
it. If the electrical current through the induction coils is
not only alternated but pulsed as well, an electromagnetic force
is produced on the currents induced in the material. This force
pushes on the material, and it can be used to contain or handle
the melt. The coil geome*ry and the pulsirg sequence determine
the direction and magnitude of the force applied. With carerul
design, the same coils can heat and handle the melt. Current
experimental induction equipment can levitate a lump of material
against the force of gravity and melt it while suspended (one
such device is in the M.I1.T. Dept. of Materials Science and
Engineering, in the Induction Laboratory).

The basic design of a space-specific induction furnace is
shown in Figure 5.21, This non-rotating furnace consists pri-
marily of a heat-resistant container surrounded by magnetic in-
duction coils. Although magnetic induction coils can be used
for containerliess melting and movement of materials, in this ap-
plicatio. magnetic forces are used to build pressure gradients
in the melt, and the pressurized melt therefore requires a
containment vessel.

The induction coils serve two functions. First, they heat
and melt the material in the container. Se o¢nd, they induce
forces and motions in the melt: an overall volumetric force

towards the output of the container, which forms a pressure
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FIGURE 5.21: MAGNETIC INDUCTION FURNACE

gradient in the melt; and a stirring motion near the output end.
The pressure gradient (increasing from input to output) moves
lighter-density slag and gas bubbles away from the output end
of the container. The st: ‘ng motion blends in alloying ele-
ments let in through a secondary input valve. Formation of slag
can be enhanced by introducing slagging agents into the furnace.
This furnace design actually allows several heating options.
The cpntainer could be heated by resistance coils, leaving the
magnetic coils for melt-handling alone. Or sunlight could be
directly focussed cn the container (with adequate protection

for the magnetic coils) using a paraboloid solar collector.
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Magnetic induction furna.es such as the one in Figure 5.21
have several speciaiized requirements. Since the magnetic field
inside the coils heats most metals, container walls and insulation
must be made of refractory materials (a mix of 70% Mg0 and 30%
A1203 is often used on Earth). (Although refractory coatings are
réquired in all furnace containers, they are often supported by
a metallic shell in resistance or arc furnaces.) In addition,
the container walls and insulation in induction furnaces must
allow the magnetic field through them and into the melt. The
coils also produce powerful fields outside the furnace, requiring
the use of nonmetallic support structure. The coils themselves
must be electrically insulated to prevent arcing, and this in-
sulation must be refractory. Finally, the coils generate heat
and v . be cooled (most earth-based induction furnaces uce
water-cooled coils).

There are four principal advantages ir tne use of induction
furnaces in an SMF. First, they can accept a variety of input
shapes. Particles of input material can “e pumped into the
furnace suspended in a nonreactive gas such as argon. The
particles impact the melt and stick in it, while the argon i-
pumped out through a filtered outlet. wur rods of material can
be fed continuously incto the melt by mechanical means. In
this option the furnace can operate in vacuum, open to sSpace,
since melt cortainment is magnetic. However, i low pressure in

4

the input section (on the order of 10 ' atmospheres) can reduce

corro-~ion and boiloff problems at the liou.d-surface/container
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wall interface. This can be provided by a pressure sleeve, as
shown in Figure 5.22. The furnace does not require a pressurized
envirenment outside the sleeve, however.

Second, induction furnaces have almost no moving parts
(only feed sysiems, input valves for alloys, cooling systems for
the coils). This reduces wear and simplifies mainienance. As
in all container furnaces, the furnace cannot be shut down with-
out first draining it, since solidification of the melt usually
destroys the container lining (because of differential con-
traction of melt and container)}. However, in an induction
furnace coils can be separate from the container, 2llowing
removal and repair of individual coils without shutting down

the furnace.
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The third important advantage is the high level of control
over the contents of the furnace. The stirring action in the
alloying section thoroughly blends the alloy constituents, pro-
ducing uniform composition. Gas bubbles and impurities are re-
moved by the induced pressure gradient, and the input surface is
controlled without recourse to physical containment or centri-
fugal force. Also, the output molten material can be pressure-
fed down a pipeline to the casting devices, pushed by the
furnace's magnetic force.

Fourth, induction furnace throughputs are similar to those
of the rotating furnaces described above. Therefore a compact
induction furnace can easily handle the Al alloy requirement for
structural member ribbon.

The principal disadvantage of the induction furnace is
that it can operate only on certain materials. Since the mag-
netic fields must induce currents in the melt, the moliten ma-
terial must be electrically conductive. Furthermore, to heat
and control the whole melt, the magnetic fields must penetrate
throughout the molten material; therefore materials whose mag-
netic properties resist this penecration cannot be melted by
induction. For example, although the conductivity of molten
silicon is sufficiently high, its magnetic properties do not
allow deep penetration of the magnetic fields. Therefore,
although silicon in thin slabs or rods can be zone refined by
irduction (see sec. 5.2.3), larger melts of silicon in an in-

duction furnace require very powerful fields, and are therefore
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unlikely. Fortunately, the SMF does not require the melting of
large loads of silicon. Meta.s such as aluminum, iron, and mag-
nesium, and thin rods of silicon can all be melted by induction.

Based on the advantages and disadvantages of the optians
described above, the study group chose the induction furnace for
the melting and alloying of aluminum for structural member

ribbon.

5.3.4: Slab Casting: The most advantageous process identified

by the study group for the conversion of molten Al alloy to slabs
is continuous casting followed by slab cutting. The continuous

caster is shown in Figure 5.23. The caster consists of a

Coolant Coolant
400°C Cooling d/ 200°C
‘ f;;ket
/
Molten
Alloy ——»
800°C \
Mold
Cooling
Jacket
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FIGURE 5.23: CONTINUOUS CASTER
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rectangular-cross-section mold between two cooling jackets.
Aluminum alloy is pressure-fed through tne mold. Cooling fluid
is fed through the cooling jackets, removing heat through the
mold surface from the sclidifying alloy. The alloy emerges as a
solid continuous slab. For the production of structural members,
the slab cross-section is sized at .70 m wide by .02 m thick.
The .70 m width expands to the required ribbon width of .735 m
during later rolling. The 2-cm thickness is the result of
trading off the ease of liquid metal injection and the ease of
rollin; the resultant slabs.

If the caster is sized for 1 kg/sec production of Al
alloy (2.7 cm/sec slab output speed), preliminary design cal-
culations (Ref. 5.34) indicate that if liquid sodium is used as
a coolant, a cooling fluid mass flow rate of 2.8 kg/sec is re-
quired through the jackets. The lenath of the mold is estimated
at .8 meters. Because of its hich conductivity and resistance
to corrosion by aluminum, graphite was chosen as the mold
material. The hot coolant coming from the caster is routed
through radiators for cooling, then reused.

The inlet Al alloy pressure is estimated at 690 kPa
(100 psi). This can be provided either by the induction furnaces
cr by electromagnetic pumps (as shown in Figure 5.24). 1In such
a pump an electric current and a magnetic field are passed
through the liquid metal, perpendicular to each other, thus
creating a force on the fluid along the pipe. Other options

inciude magnetic induction pumps {(similar to the induction
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FIGURE 5.24 : ELECTROMAGNETIC PUMP FOR MOLTEN METAL

furnaces) which are heavier than electromagnetic pumps, and
graphite turbooumps, which require more maintenance and more
complicated repair. Electromagnetic pumps are a highly reliable
current technolooy (Ref. 5.35).

The continuous caster is alsc well-establisned current
technology, commonly used in the metals iidustry toc produce
slabs and billets. It has & high throughput per machine: at
1 kg/sec, the caster shown above produces the 23,000 tons re-
quired for the structural member ribbon in one 10-GW SPS in
roughly 300 days (on a 90% duty cycle). Continuous casters are

highiy reliable devices with duty cycles better than 957,
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Liquid sodium cooling systems are common in the nuclear power in-
dustry, and have duty cycles near 100% (Ref. 5.36).

Although a rolling mi11 could directly receive the output
of the continuous caster, this output is cut into slabs for
several reasons. First, this decouples the operations of the
two machines, allowing one to be maintained while the other
operates. Second, some of the slabs are stored as a backlog, to
maintain production while the caster is down. Third, this leaves
open the opction of using a reversing rolling mill (which requires
discrete slabs) rather than a continuous rolling mill (which can
handle continuous input).

To cut the caster output into slabs, either mechanical or
beam cutters can be used. Mechanical cutters (such as shears)
were rejected because of the large loads in cutting.z-cm-thick
Al alloy, which requires massive equipment. Also, the smoothness
of a mechanical cut is poorer than that of a beam cut; a smooth
cut eases the rolling mil1l feed process and leads to smoother
edges in the rolling output.

Beam cutters (either electron beams [EB] guns or lasers)
work by boiling away a fine slice of the material. Since they
must boil this material as well as expese surfaces, their power
requirement is higher than for mechanical cutters. However,
this is not a serious disadvantage at the SMF, where energy is
cheaply avajlable. Beam cutters also benefit from vacuum, which
is necessary for EB guns, and useful for lasers (gases tend to

defocus laser beams). For the cutting of metals, EB guns were
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selected over lasers, because lasers are less efficient and re-
quire more maintenance and repair than EB guns (Ref. 5.37). The
basic components of an EB qun are shown in Figure 5.25 (adapted
from Ref. 5.38).

In an EB gun, electrons are boiled off at a filament
cathode and accelerated by a potential of up to several hundred
thousand volts through a cylindrical anode. The electrons are
focussed by an electromagnetic lens to a point on the workpiece.
Deflection coils provide lateral movement of the focal point.
The "bias" device serves as an on-off switch. EB guns work best
when there is no gas to interfere with the beam or to cause
arcing. Typical current EB gun efficiencies are 50%, meaning
that 5C% of the input electrical power goes into the electron
beam (Ref. 5.39). Electron beam guns require a closed current
loop, to return the electrons in the beam to the cathode.
Therefore they can only be used on conductive materials, or the
local buildup of charges at the beam impact point will repel
the electron beam, and the buildup of positive charges in the
cathode will eliminate the potential difference accelerating
the electrons.

EB guns are virtually maintenance-free, requiring only
replacement of the filament cathode. For EB welders, current
filament 1ife is up to 40 hours (Ref. 5.40); the more powerful
E3 cutters have far shorter filament 1ife, but the study group
expects that 8 hours will be achievable by 1990. rilaments
mass 1-2 grams and can be replaced automatically by a mechanism

which switches two cartridges, reloading the unused one.
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5.3.5: Rolling: There are two types of rolling mills which can

oroduce ribbon from the Al alloy slabs. A regular rolling mill

consists of a series of rolling stands, as shown in Figure 5,26,
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FIGURE 5.26: REGULAR ROLLING MILL
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Input slabs travel through one stand after another, and are re-
duced in thickness by each stand. Each stand rolls the siab
only once. Such mills have high production rates.

The other option is the reversing mill, in which slabs
are routed back and forth through the same stand several times,
and are reduced in thickness by each pass through the stand.
This requires a rolling stand with movable rolls, which tighten
their gap between passes. Although reversing mills are more
complicated than regular rolling mills, they are more versatile
and require fewer machines. These mills have lower production
rates than the regular rolling mills.

Consultations with industry (Ref. 5.27) indicate that the
expected yearly production at the SMF is so low by rolling mill
standards that regular rolling mills are not necessary. The
lower-mass reversin: uills are therefore used in the reference
SMF.

Input siabs can also be hot-rolled or cold-rolled. How-
ever, if a cold Al alloy slab is rolled to more than 120% of its
input length, cracks appear in the material. To avoid this
problem, slabs can be annealed between passes or can be rolled
hot throughout the process. The final rolling pass should be
done cold to improve the structural properties of the output.

The study group chose to hot-roll the input slabs. Slabs
therefore travel directly from the continuous caster to the
rolling mill, without cooling, or are taker from intermediate

storage and preheated before input inte the mill. The rolling
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mill elongates the input Al alloy slabs by roughly a factor of
11, since it reduces the thickness from 2 c¢cm to 1.77 mm. It

also widens the slabs from 70 cm to 73.5 cm, the required width
of structural member ribbon. The length of th2 input slabs is
arbitrary, set by handling convenience, although slabs are usuall:
at least as long as they are wide. An 80-cm-long slab would then

produce roughly 8.8 meters of ribbon.

5.3.6: End Trimming, Welding, and Packaging: To be sent to

the SPS assembly site, the structural nember ribbon must be
packaged for ease of transport and ease of insertion in beam-
builders. Since current beam-builders wcrk from rolls of Al
alloy, the study group chose rolls as the output shape.

To produce continuous ribbon for this output, the individual
pieces of ribbon produced from the slabs must be welded end-to-
end. Therefore the ribbon pieces must be end-trimmec to create
straight-cut weldable edges (the rolling orocess produces uneven
ends on the ribbon pieces). The side edges of the ribbon are
left untouched. As in the cutting of slabs (see section 5.3.4),
the cutting options are bheam cutters ard mechanical shea - s. Since
the ribbon is thinner than the slabs, a mechanical cutter can
produce a clean weldable edge. However, the study gruup chose
EB cutters because they are lighter, more reliable than the
other options, and well adapted to the space environment.

The ends of the ribthon pfeces are then welded together.

Welding options are beam welding (EB or laser), arc welding, and

128
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electrostatic bonding. Welding processes which use fluxes are
not Tikely for SMF use, since fluxes are usually naterials not
available on the Moon. The options listed above require no
fluxes, but may require welding rods rade of the material being
welded; such rods could be manufactured at the SMF. Beam welders
work in the same fashion as beam cutters but with less powerfu;j
beams, melting the material rather than boiling it. Both lassr
and electron beam welders are used on Earth to produce very high
quality welds (meaning that the welds have nearly the sam.-
structural properties as the material).

Arc welding involves applying a large currer: between the
pieces to be joined and a rod of the same material. Anm arc is
struck between rod and pieces. The arc melts the material and
the rod is fed into the weld, filling the yap between the pieces
with molten material. On Earth, arc welding rods are commonly
coated with fluxes to prevent contamination of the weld by the
surrounding atmosphere--the flux sets up a gas barrier which
shields the weld zone. In space, the available vacuum prevents
contamination, and flux is unnecessary. However, arc welding
leaves a “"bead" of excess matérial on the weld, which must be
removed to obtain a smooth surface.

Electrostatic bonding is done by applying a voltage between
the two pieces to be welded, then bringing them into contact
along the entire weld surface. A spark jumps across the gap,
fusing the pieces together. This techrique is relatively

simpl!e, but it does not produce uniform welds across large
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surfaces - long edges. Also, it requires that the edges be
precisely aligned along the entire width of the ribbon at the
moment of contact.

Due to their high-quality output and compatibility with
the space environment, the study group chose electron beam
welders for the production of structural member ribbons.

Another factor favoring the choice is that similar (though more
powerful) units are used for the end trimming; thercfore similar
tracking and control equipment can be used. In the actuatl
welding procedure, the ends of the ribbon pieces are first tack-
weldecd together in several places across their width; then the
edges are entirely welded. The tack-welds resist the thermal
deformations of the edges during weldina, keeping the ribbon
ends aligned during the process.

After end-to-end welding, the ribbon is wound onto a roller.
To avoid vacvum-welding of the Al alloy surfaces to each other,
an inert material such as teflon must be inserted between
successive layers of st-uctural member ribbon. Other options
to stabilize the ribbo: surface are oxidation (usinoc jets of
oxygen, 0. running the ribbon through an airlock), and the use
of special rclls to keep successive layers of ribbon from
touching each other during winuing and transportation; these
latter options were discarded due to their complexity.

Once the roll of ribbon reaches the diameter used by
beam-builde~s, the last ribbon piece is wound without welding

it to the next piece, and the roll is replaced +ith ar empty
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roller. After the full roll is loaded into a beam-builder and
unwound, the roller and the teflon insert are returned to the

SKF for reuse.

5.4: END JGINT AND JOINT CLUSTER PRODUCTION

The requirements for end joints and joint}clusters for a
10-GH SPS are estimated at 8 tons of end joints (4000 pieces)
and 8 tons of joint clusters (1500 pieces), as listed in Table
3.1. For such low requirements, SMF produclion can compete
economically with import from Earth only if the SHF processes
required are minimal. The SMF therefore produces only those
parts of the end joints and joint clusters which can be produced
by caszting alone (since other SMF products require casting also).-
Any joint parts requiring machining are brought from Earth.
This suggests designs for the end joints and joint clusters in
which most of the mass is concentrated in a cast "body," with

*hmk mmwmnt e
LOe Comps
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sted oi precise functions (e.g. smap-locking, angular

)

adjustment) left tc lichter parts, brought from Earth and
fastened onto the cast pieces. The assembly of the joint pieces
can ther be done by a machine attached to the beam-builder at
the assemhly site.

Cn earth, there are many casting processes used to produce
complex shapes (Ref. 5.44). Many of these processes (e.g. sand
casting, permanent-mgld casting, investment casting, and
plaster-mold casting) use gravity to pour the molten material
into the mold. Many of these, however, could have the gravity

feed replaced by a pressure-feed. Sand casting, however, is
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unlikely for SMF use because it would require handling sand in
zero-9; handling of powders in space shares most of the problems
of handling liquids, as discussed in section 5.2.4. Investment
casting requires the production of a pattern for each piece to
be cast, and is therefore unsuitable for large-scale production;
in addition, the patterns are usually used in a sand-casting
process, ftself an unlikely option. Plaster mold casting re-
quires production of a mold for every piece cast, and is there-
fore unsuitable for large-scale production; the molds also re-
quire earth materials.

When permanent-mold casting is pressure-fed rather than
gravity-fed, it is called die casting. The study group chose
this option for the production of complex metal parts at the
SMF. The process (as used on Earth) is illustrated in
Figure 5.27. Molten metal is poured into a piston chamber. The
piston then pushes the metal into the mold (or "“die"),
pressurizing the molten metal until it solidifies. The pressure
reduces the size of any included air bubbles, improving the
structure. Once the casting is solid, the mold opens and the
part is ejected.

Die casting can be used to make Al or Al alloy parts only
in a special variation called cold-chamter die casting. This is
because molds are usually made of ferrous alloys, and molten
aluminum on hot die surfaces tends to remove some of the ferrous
metal. To avoid this, molds are kept cool (relative to the

molten metal). The liquid metal therefore solidifies on contact,
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leaving the mold surface intact. The mold therefore requires
active cooling. This technique also requires high feed pressures,
so that the molten metal will flow throughout the die before
solidifying.

Only minor modifications to this process are required for
space use. The molten metal must be pressure-fed from the
pipeline into the piston chamber, using the electr-magnetic
pumps described in section 5.3. The opening from pipeline to
piston chamber must be closahle by a valve since the liquid
metal in the pipeline is continually under pressure. The
electromagnetic pumps are limited in their output pressures,

and are therefore not strong enough to feed the mold directly.
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The space environment offers two advantages for die casting.
First, the molds can be opened to vacuum during each casting
cycle, and there is therefore no air or gas to be trapped in the
castings during solidification. Second, molds and piston chambers
on tarth are sized for gravity as well as pressure forces, and
therefore space-specific designs have lower mass.

The present state of knowledge on the effect of zero-g on
solidification processes makes a prediction of the output quality
of in-space die casting impossible. Zero-g could therefore be
an advantage or disadvantage. Experimental research is needed
in this area.

Whether on Earth or in space, die casting is a well-
established technology, capable of high output (up to 100 pieces
per hour), and relatively easy to automate. 9ne piston chamber
can feed several molds, either by indexing the molds or by using
a set of valves in the feed pipes. The process can produce
complex shapes with fine sections.

Die casting also has certain disadvantages. The machinery
is massive even in zero-g, because the miclds and mold-moving
equipment must contain high pressures, on the order of 70 MPa
{10,000 psi). The equipment includes complex moving parts such
as the piston feed, molten-metal valves, opening and closing
systems for the molds, and ejection and handliing systems for
the castings.

Cold-chamber die casting was chosen for the reference SMF

because this process is easy to automate and versatile, and
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because its high productivity mitigatés the high mass and
procurement cost of the equipment.

Another option which should be mentioned is powder
metal1u(gy. Suggested by some researchers as a possible in-space
produc:ion process, powder metallurgy needs further research to
assew: its potential. Currently the process requires massive
equipnent to generate the high pressures requires to fuse the
metal powders. Another difficulty is that production of alloy
parts requires prior production of alloy powder, adding com-
slexi'y to the process. Also, the handling and containment of
pwder is difficult in zero-g. Given a production layocut for an
SMF which includes furnaces producing molten alloys, casting is
the simpler option. However, if the SMF were to receive inputs
in asowder form, and no furnaces were needed, powder metallurgy
could be a favorable option.

5.5 BUSBAR PRODUCTION

As descrih-d in section 3.2.6, the busbars in the earth
baselire SPS are aluminum sheets 1 mm thick. The Al is as pure
as possible, for maximum conductivity. For convenience in manu-
facturing and handling, the reference SMF manufactures the bus-
bars as s:rips .74 m wide and 660 meters long (the length of one
SPS bay). Th-vafore 2120 such strips form the required
length of 1.4 x 106 meters. The .74 m width is chosen so that
busbar sirips can be produced using exactly the same equipment
as * = tte structural member ribbon (see sectiorn 5.3), although

production prccedures for these two outputs differ slightiy.
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For busbar strips, the furnace produces pure (99.6*%) aluminum
rather than alloy; the rolling mill flattens the slabs to 1 mm
rather than 1.77 mm; and the rolls of busbar strip produced by
the roll winder each hold 660 m of strip, rather than whatever
Tength of structural member ribbon is appropriate to the
beam-builder.

Therefore the same production equipment can be used for
both outputs by alternating materials and production procedures.
However, the furnace and continuous caster must be drained
before switching from pure Al to Al alloy (or vice versa);
since this takes time and involves some loss of material, the
furnace and continuous caster should switch input materials only
occasionally. If near-continuous croduction of both is required,
intermediate storage of slabs can feed the rolling mill, trimmer,
welder, and winder, or two furnaces and two casters can produce

both kinds of slabs simultaneously.

5.6 ELECTRICAL WIRE AND CABLE PRODUCTION

5.6.1: Conductor Production: As listed in Table 3.1, 670 tons

of wires and cables are produced by the SMF for one 10-GW SPS.
Thi irzludes 280 tons of insulation on the cables and wires
(see section 3.2.8). These wires and cables serve as connectors
between strings of panels and as "interbay jumpers"” in the SPS.
In addition, the klystrcn solenoids and the DC-DC converters
require 2780 tons of insulated wire for coils.

Given the production of 1 mm-thick pure Al ribbon for

busbar strips, as discussed in the section above, it is a
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relatively simpie matter to route this ribbon through a ribbon
slicer. This slicer cuts the ribbon lengthwise into 1-mm-wide
strips. Each of these strips is therefore 1 - by 1 mm, and
can serve as electrical wire. The square cross-section is an
asset in coil-winding, since it leads to greater coil density.
As for the wires and cables in the SPS, wire cross-section should
not affect performance. If necessary, the width of the strips
can be increased, producing wires of rectangular cross-section,
with a variety of cross-sectional areas. Or the l1-mm square
strips can be bunched together during the insulating process to
form cables.

There are two basic options for slicing the Al ribbon into
strips: slicing rollers or beam cutters. These options are
shown in Figure 5.28. The rollers use a blade-and-slot con-
figuration te slice through the ribbon. Slicing rollers offer
simplicity, low power requirement, small need for Earth inputs
(mostly lubricants). However, the roller system is analogous
to a rolling mill, and the equioment is massive. The cut edges
are not as sharp as those cut by beams. Also, the slicing
rollers must be changed to cut different strip widths.

Beam cutters vaporize a fine strip of material. They are
versatile. programming changes can alter the strip widths, or
the beam can cut across the ribbon to trim the ends. Beam
cutters can also be used as welders, and can share spart parts
with beam welders. However, electron beam cutters require

periodic filament replacement, and the filaments must come from
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Earth. Also, the vaporized material can be a significant kerf
loss, since the strips produced are only 1 mm wide. 1In addit.on,
this kerf vapor coats surrounding equipment, and may require
special containment.

The study group chose slicing rollers because of the rela-
tive advantages listed above, and because the high productivity
of the equipment mitigates its relatively high mass.

Once sliced, the wire strips are wound on spools and
either sent to the insulation winder or to intermediate storage.
Although the strip could be directly fed to an insulation winder,
this would put the entire production line at the mercy of a
breakdown in the slicing operation; also, the insulation winders
are high-speed machines, usually faster than ribbon slicers. To

avoid vacuum welding of the wire on the spools, the spools are
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designed to keep successive windings from touching each other.
Another optior is to do the slicing and winding in an oxygen-
bearing atmosphere which oxidizes (in milliseconds) the surface
of the wire, stabilizing it; however, this alternative would
require feeding the ribhr) to the slicer through an airlock, an
excessive ccmpiication.

5.6.2: Insulation Production: The choice of lunar materials

for electrical insulation is limited. The constituents of the
plastics and most cloths used on earth are unavailable on the
Moon. The only likely material is glass cloth, woven from drawn
S-glass fibers. Only certain types of glass can be drawn into
fibers. Silica glass is too brittle, and softens at too-high
temperatures. One type of glass suitable for fibers is S-glass,

a mixture of 65% Si0 25% Al 03, and 10% Mg0. Since Si0

2’ 2 2?
Mg, and 0 are all SMF inputs produced by lunar refining, S-glass

A],

can also be produced on the Moon, in 6.4-cm diameter rods. The
task of the reference SMF is to convert these rods into glass
fibers, then weave those fibers into insulation cloth.

Glass fibers are pulled through dies from a melt of
soficned glass. One method investigated was the melting of S-
glass in a rotating furnace. The molten glass would then be
fed to dies and drawn into fibers. Although this method was
abandoned in favor of a simpler, more space-specific alternative,
it serves to illustrate the technical aspects of melting materials
unsuitable for inductive heating, such as S-glass. The rotating

furnace is shown in Figure 5.22., Similar in design to the
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rotating furnace for metals (see section 5.3.3), the S-glass
furnace consists of a rotating container and a set of nonrotating
feed and output systems. Solid rods of S-glass are fed into

the soinning melt, and melt in turn by conduction. The melt is
kept at the required temperature either by resistance heating
coils built into the rotating container wall, or by a current
passed through the melt between electrodes (as shown in the
figure). In either option, the power must be fed to the

rotating container through sliprings or brush contacts.
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The suggested refractory material for the container wall is
stabilized zirconia (Zroz). This material is commonly used in

industry in a mixture with alumina and silica called ZAS. Zir-
conia alene is superior to ZAS in abrasion and corrosion re-
sistance, but its unusual thermal expansion properties make it
impossible to use in brick form. 1In space, where the loads on
the refractory are less, it should be possible to use thin walled
containers and pipes, thus avoiding the thermal expansion pro-
blem. However, it is likely that the furnace and pipelines will
need to be replaced approximately once every year due-to abrasion
of the zirconia, and the study group feels more experimental re-
search is needed to find better refractory materials.

Unless the S-glass is meited in an environment with oxygen
under pressure, the SiO2 fraction will decompose and form Si0
and 02. The furnace i§ therefore surrounded by a container
filled with an oxygen-argon atmosphere which keeps the $i0, from
decomposing. The atmosphere is also used to drive the molten
S-glass through to output pipe by pressure differential. The
argon reduces the fire risk from the oxygen. However, at high
temperatures oxygen corrodes most electrodes (such as graphite)
very rapidly. While electrodes are often replaced on Earth, in
space this would add to the Earth imports and furnace down-time,
and thus adversely affect the cost of the furnace. Platinum-
iridium-ruthenium alloys are a possibility, but research is needed
to find alloys that can withstand high temperature 0,.

As mentioned above, this rotating furnace was rejected in

favor of a simpler, non-rotating system. The key factor allowing
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the switch was the relatively low temperature required for fiber-
pulling. In the rotating furnace, the S-glass must be heated
until its viscosity is low encugh for the glass tuo flow through
the output pipe and around the input rods. However, glass fiber
pulling should be done from a cooler, far more viscous melt. It
is theretore possible to use those viscous forces to keep the
soft glass in place, eliminating the need for centrifugal force.
The study group devised such a system for use in the re-
ference SMF. As shown in Fig. 5.30, the glass fiber producer
consists of a tube of interior diameter slightly over 6.4 cm.
One end of the tube is capped by a multi-hole die. The other
end can be opened or closed by a piston. Rods of S-glass are
inserted into the tube and heated at the die end by resistance
coils in the tube wall. The viscous nolten glass fills the

end of the tube, and the piston slowly pushes the rod into the

S-glass Rod Multi-hole Die
!

Y
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FIGURE 5.30: GLASS FIBER PRODUCER
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melt as needed. Glass fibers are drawn through the die and wound
onto spools. The entire device is surrounded by vacuum. Because
of its simpiicity and level of adaptation to the space environ-
ment, the study group chose this option for the reference SMF.
The spools of glass fibers and the spools of Al wire are
loaded into an insulation winder which weaves glass cloth insula-
tion around wires or cables. This device is similar to tubular-
weave cloth-making machines commonly used in industry t.lay.
The insulated wire is then respooled for intermediate storage,
for use in further processes, or for shipment to assembl sites
for SPS's or satellites.

5.7. KLYSTRON ASSEMBLY PRODUCTION

5.7.1: The Klystron Assemblies: Figure 5.31 shows a klystron

. Collector
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. !.: L

v’ GINAL PAGE IS
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N
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FIGURE 5.31: KLYSTRON ASSEMBLY
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assembly. It consists of a klystron module connectia by six
heat pipes to a radiator sheet. The production of one 10-GW
SPS per year requ.res 2.04 x 105 such assemblies per year, or
roughly 700 assemblies per day on an 80% duty cycle.

The klystron itself is a power amplifier operating in the
microwave frequency range. It .eceives a reference RF inout
(which sets the frequency and pnase of the RF cutput}), and D¢
power at various voltages up to 40 KV. The klystron tube con-
sists of four principal sections: electron gun, body cavities,
focusing soleno*d, and collector. These sections are schematized
in Fig. 5.5c.

A fine beam of electrons is produced by the electron yun
and directed through the body cavities towards the collector

plates (which are at a positive potential with respect to
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the kiysiron bedy). The purpose of the focusing solenoid is

to maintain the linearity of the long thin electron beam --
overcoming its natural tendency to scatter. On entering the
input (first) cavity, the electrons are subjected to a flic-
tuating electromagnetic field -- supplied by the reference RF
source -- at a frequency of 2.45 GHz. The effect of the field
is to alternately accelerate and decelerate electrons (depend-
ing on which point of the RF cycle an electron is subjected to)
resulting in electron bunching. By selecting a suitable geo-
metry for subsequent cavities, the tube can be 'tuned' to in-
crease the extent of the bunching effects, i.e. to amplify the
effect of the weak RF input. At the output cavity the micro-
wave energy is extracted from the electron beam. Ideally, at
this point, the current modulation of the beam is at a maximum.
The spent beam is co'lected by the collector plates.

In .ddition to the four sections mentioned above, the kly-
stron requires housings surrounding solenoid and collector.
These protect the components from contamination and from micro-
phonic noise, both of which reduce the klystron efficiency.

figure 5.33 is a conceptual view of the 70 K¥! klystron for
the earth baseline SPS (Ref. 5.42). However, no detailed de-
sign exists for such a tube, and the preliminary design shown
is intended for production on [arth, not large-scale production
from lunar materials at an SMF. For the klystron produced at
the SMF, lunar material substitrtions are made as per the sug-
gestions in the JSC-GD study (Ref. 5.43). The selrnoid cavi-

ties and collector ard solenoid ho'sin- .2 Al,  The
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FIGURE 5-33: BASELINE KLYSTRON CONFIGURATION

solenoid poles are pure iron. The solenoid coil windings are
Al wire insulated with glass cloth. It is also assumed that
where no lunar substitutions for klystron components are made
by the JSC-GD study, those parts are brought from Earth (i.e.
tungsten collector plates).

Since the klystron is 85% efficient (Ref. 5.1), each 70 KW
klystron requires one or more radiators. In the earth baseline

design, two radiators (one copper, one aluminum) are used, one
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for the cavity and solenoid sections, one for the collector
(Ref. 5.43, Figure X-7). For ease of manufacture, the SHF
produces one aluminum radiator for both sections. Careful
placement of heat pipes cn the radiator sheet may make the use
of one radiator possible. 1f two separate radiators are re-
quired due to a difference in operating temperatures, the
radiator sheet can be cut into two during finai assembly of
the klystron and radiator. 1In the earth baseline design, the
steel heat pipes from klystron to radiator are filled with
mercury. For ease of manufacture, the heat pipes produced by
the SMF are made from pure aluminum (rather than the steel
suggested by the JSC-GD study). Since mercury strongly cor-
rodes Al, another heat pipe fluid must be substituted. The
study group assumed that a suitable heat pipe fluid compatible
with aluminum could be developed; there appears to be no cur-
rent substitute for mercury.

5.7.2: Klystron Production: As mentioned above, no physical

design f>-~ a 70 KW SPS klystron exists, making the task of man-
ufaciuring process definition highly speculative at this time.
The study group approached the problem from two viewpoints.
First, in order to obtain some indication of essential produc-
tion steps, details of the manufacture of a low power, X band,
two cavity klystron were studied, and the findings applied, by
extrapolation, to the hypothetical 6 cavity tube. Second, the

study *eam consulted industry about the automated manufacture
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and assembly of complex machirery. The team then estimated the
feasibilfity, cost, complexity, and productivity levels of an
automated power tube assembly operation by these meazns. A com-
parison of production methods currently used in the power tube
industry (Refs. 5.44, 5.45), and the anticipated requirements
for an SMF reveals some important differences.

At present time, power tube manufacture is a largely iabor
intensive process -- skilled labor being used widely in machining,
assembiy, and testing operations. Production rates of any
given klystron design may be of the order of only 100 to 200
tubes per year. In contrast, the SMF production requires auto-
mated units with klystron production rates of about 700 tubes
per day. Additionally, manufacturing techniques currently in
use are largely based upon the use of copper alloys, and changes
or adaptions must be made to allow the use of lunar derived
materials in the SMF. Finally, the product of today tends to
be of relatively low power output (less than 50 KW) compared
to the SPS klystron (70 KW output). Therefore klystron design
should be adapted to automated production from lunar materials.

The main klystron solenoid cavity will be die cast from
Tunar derived Al. The casting will “aclude that of the cavities,
which would normally be milled separately on earth. Although
die casting can produce components to within .8% of their nominal
dimensions, it is anticipated that some final machining of the

cavities will be required to come within the tolerance require-
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ments. Additionally a polishing prucess will be necessary,
since surface finish is a contributor to good tube efficiency.

To allow for cooling of the cavities, cooling channels must
be drilled transversely across the webs between the cavities.
The baseline design allowed for the use of a heat pipe cooling
system opeating at 500°C with a mercury coolant fluid. This .
would require an additional produ-~tion step -- the plating of
of the coolant charnels with a protective copper coating. s.-
thouviih other liquid metals could be used in the heat pipe, all
have some adverse reaction with aluminum. As mentione” in the
section above, the study group assumed the development of an
alternative heat pipe fluid compatible with aluminum. This
removes the need for plating the coolant channels.

[Note: A modification to the coolant system currently
being suggested by the Boeing Company (Ref. 5.46) is to use a
300°C active cooling system {using Dow%herm-A coolant) in
the solenoid cavity, and a 500°C active (nitrogen) cooling sys-
tem for the collectors. According to Boeing, in addition to
improved maintainability there is a 33% mass reduction. The
active cooling system sho.s advantages over a heat pipe system
in a failure analysis. However, the study group decided to
stay close to the baseline SPS design, and therefore kept the
heat pipes.]

In both of the machining stages mentioned above, debris
removal must be done to prevent accumulations from clogging

machinery, and contaminating the workpiece. In a zero-g en-
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vironment, any dust or particles left within the cavities will,
when the tube is in operation, be attracted by the predominant
electrostatic force of the electron gun, significantly reducing
the output of the tube. To avoid this potential problem, ‘'clean
room' conditions throughout the manufacturing process are re-
quired.

Some machining of the kiystron output cavity is anticipated
to ease the fitting of a ceramic window, and a close tolerance
tube-waveguide interface. The ceramic window serves the func-
tions of a pressure seal for the tube, and as a means of pre-
venting contaminants from entering the cavities via the wave-
guide. Whether or not the window will be required for in-space -
operation of tubes is uncertain.

The focusing and refocusing solenoids are coils of insulated
wire {produced elsewhere in the SMF, see Sec 5.6). They are
wound onto the cavity block by conventional wire-winding equip-
ment.

In order to conplete the magnetic circuit, soft iron pole
pieces must be flush fitted to the ends of the solenoid and the
kiystron body. The pole pieces are cast, machined (if necessary)
and electron beam welded into position. In the reference SMF,
the study group chose to die-cast the solenoid pole pieces.
Molten Fe is produced from input rods of lunar iron by an iron
furnace. This furnace is also used to produce SENDUST alloy

for DC-DC converter cores (see Sec. 5.8). The furnace design
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is similar to the aluminum furrace described in Sec. 5.3.3. The
molten Fe is pumped through a refractory pipe to a die caster.

This die caster produces 448,000 solenoid poles (800 tons total)
for one 10-GW SPS. This output is very low by earth-based die-

caster standards, and this unit is therefore a small device.

At this point the klystron radiators and heat pipes are
attached to the solenoid cavity block. The production of these
radiators and heat pipes is discussed in the next section. The
design of the interface between the heat pipes and the solenoid
cavity block needs further investigation.

Klystron production stages beyond these employ components
obtained from Earth. To minimize wastage c¢f earth components,
cold testing of the cavities (using an RF probe) is done at this
point: the units failing the test are discarded without loss
of earth imports. In fact, each production stage is followed
by quality control in order to minimize losses.

After the fitting and assembly of a variety of earth com-
ponents (e.g. high-voltage ceramic seals, modulating anode col-
lector, cathode connector, heater, output waveguides, vacuum
ion connector, cavity tuning components, internal cabling,
assembly hardware, electron gun, collector), the whole klystron
is encased within solenoid and collector housings. These -
housings are pure aluminum, and they are each die-cast in two
parts, so that they can be assembled around the klystron, al-
lowing the passage of heat pipes. Consultations with Mr. Art

Kelly of Raytheon Company's Microwave & Power Tube Division in-
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dicated that the housing for a power tube needs to be orn the
order of 1 cm thick to prevent microphonic nofse problzms;
hence castings are used rather than formed sheets.

The completed klystron is conventionally taken through 3
stages of final processing. First, in 'bakeout' the tube is
heated to its working temperature in an attempt to liberate
any gases which may have been trapped within the metal from
which the tube is formed. The purpose of this outgasing is to
ensure that no gases are liberated when the tube is in operation
which would reduce the internal vacuum level and thus allow
breakdown and arcing. The necessity for 'bakeout' in space
operations is not clear, since the tube could be operated with-
out a ceramic window, allowing the ambient vacuum to pump away

any gases liberated within the tube during operation. This re-

mains a matter for the tube designer, and for some in-space
testing.

Second, in processing, the cathode and the collectors are
subjected to steadily increasing voltages (up to the working
values) in an attempt to 'age' the tube. This stage would pro-
bably be necessary in space manufacture as well.

Third, tests on the klystron -- with working voltage ap-
plied -- are made in order to verify tuning, operating effi-
ctency, etc. Should it be possible to produce an extremely
reliable, highly automated system, it may be acceptable to

employ random sampling methods -- in order to avoid the hour-
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long testing of every tube. Klystrons meeting the quality con-
trol requirements would be sent to output storage -- ultimately
for dispatch to the SPS construction site. The current tube
wastage rate (due to manufacturing flaws) is around 7%.

In general, the feasibility of the design of a highly auto-
mated klystron production facility looks promisirg. The tube
itself would have to be specifically designed, though, for ease
of manufacture in space (notably with a reduction in the overall
number of components). Many of the expected operations are
current Earth processes (casting, drilling, machining, winding,
fastening). Conventional welding techniques would be replaced
by the more space-specific (and more accurate) electron beam
welding. Raytheon Co. (Ref. 5.47) has produced an experimental
all-aluminum magnetron using EB welding. The magnetron; though
simpler is design than the klystron, requires assembly techniques
and tolerances on the same order.

5.7.3: Klystron Radijator and Heat Pipe Production: Given the

production of l-mm-thick pure Al ribbon for busbars {see Sec.
5.5), it is relatively simple to convert pieces of that ribbon
to 1-mm-thick pure Al radiator sheets. The ribbon must first
be end-cut and edge-trimmed to produce straight-edged rectan-
gular sections. These sections are then welded together to
form the radiator sheets.

Earth baseline klystron radiators have a combined {collector

and solenoid radiators) area of 2.57 m2 (Ref. 5.43, Figure X-7).
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They can therefore be replaced by a sheet of Al 2.15 m x 1.44 m
(20% margin added .o allow replacement by a single radiator).
Therefore the .74 m wide ribbon coming from the rolling mill

is end-cut into pieces 2.15 m long, and edge-trimmed to width
.72 m. Two such pieces can then be welded edge to edge to
produce the radiator..

As in the structural member ribbon production, to make the
edges straight-cut and smooth for welding, beam cutters are
used on the ribbon {see Sec. 5.3.6). EB welders are also used
to weld the edges of the pieces together, because the high
quality of the weld makes the flow of heat across the seam
easier. As is the structural member ribbon production, the
welders first tackweid the edges together in several places
along their length; then the edges are entirely welded. The
tackwelds resist thermal deformations during welding, keeping
the edges aligned during the process.

The next step is the application of heat pipes to the sur-
face of the radiator sheet. On Earth heat pipes are commonly
sealed tubes, lined with a wick, or striated along their inside
surfaces. The heat pipe fluid boils at the 'hot' end (in this
case .he klystron), trivels down the tube, and condenses on the
'cold' end {the radiator). The fluid is then returned to the

'hot' end in liquid form by capillary action in the wick or
striations. The heat transfer is accomplished in the phase
changes at the ends of the pipe, and the entire pipe stays at

roughly the same temperature.
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Although a wick can be manufactured at the SMF from glass-
fiber cloth (glass-fiber cloth is used for electrical insvla-
tion -- see Sec. 5.6), this would require two extra production
steps, the manufacture of the wick and its insertion into the
finished heat pipe. Striations are a simpler alternative, since
their production takes one step which can possibly be combined
with the pipe-forming process. The problem with striations is
that it is very difficult to extend them across a joint in the
pipe. The striations on each side of the joint would have to
be precisely lined up before joining, to produce uninterrupted
capillary paths. This is unlikely in automated production.
Special joints can remedy the problem, but these are difficult
to manufacture and would therefore have to pe brought from
Earth.

The study group therefore devised a striated heat pipe con-
figuration with uninterrupted striations from radiator to kly-
stron. To eliminate differential expansion between heat pipe
and radiator, the heat pipe material is pure aluminum. The
pure Al heat pipe can then be formed from the available 1-mm
thick Al ribbon (used for busbars, electrical wires, and
radiators).

The principal component of the heat pipe is the ‘'heat pipe
segment,' the striated continuous piece from radiator to kly-
stron. Its production steps are illustrated in Fig. 5.34.

First, 1-mm thick, .74 m-wide Al ribbon is sliced into strips
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.25 meters wide. This step can be combined with the slicing
of electrical wire (see Sec. 5.6), using the scme equipment.
The strips are end-cut every 3.5 meters, forming 3.5 x .25 x
.001 m pieces. These pieces are then striated along their
center sections by striating rollers (2 design similar to the

slicing rollers).

,8 St

RIATION

Risson Curting

. gsmmy T T T~ ~
Form RoLLine =/=\== 03 "

125 n
FinaL Cross-Section

FIGURE 5.34: BASIC STEPS IN HEAT PIPE SEGMENT PRODUCTION

One end of each piece is left unstriated; this will become the
closed end on the surface of the radiator. The pipe segments
are then form-rolled to the cross-section shown. The unstriated

tip, however, is left unrolled and remains flat.
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The other components of the heat pipe are the radiator sheet
itself and a 'heat pipe ribbon', with dimensions 1.6 x .125 x
.001 meters. The assembled configuration is il'ustrated in
Fig. 5.35. The radiator end of the heat pip: segment is welded
onto the radiator sheet, closing that end of the pipe. Beyond
the edge of the sheet, the heat pipe segment i{s bent over, to
reach the expected position of the klystron (relative to the
radiator). The heat pipe segment is then closed (from the edge
of he radiator sheet to the klystron end of the pipe) by welding

Heat Pipe
Ribbon

(Only one of six

heat pipes shown) Cross-
Section
Heat Pipe- Segment
Heag Pipe
Ribbon Heat Pipe
Segment

Radiator Sheet Cross-Section

FIGURE 5.35: KLYSTRON HEAT PIPE DESIGN
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the edges of the heat pipe ribbon to the heat pipe segment,

and the end of the heat pipe "ibbon.to the edge of the radiator
sheet. As in earlier pr:cision welding (see Sec. 3.3.6), elec-
tron beam welders are used to assemble the heat pipe.

This heat pipe design offers a number of advantages in manu-
facture, particularly the use of Al ribbon already available,
relativaly simple assembly procedure, and the absence of Earth
inputs. However, as mentioned above, it requires the .evelop-
ment of a cooling “luid with a bgciling point close to that of
mercury, but which will not co=rode aluminum. Alsc, the heit
pipe uesign, though conceptually simiiar to striated heat pipes
used on Earth, should be tested and refined as needed.

5.8: DC-DC CONVERTER ASSEMBLY PRODUCTION

5.8.7: The DC-DC Converters: Th2 earth baseline and lunar

material SPS's both feed DC power from the solar array to the
transmitting antennas through power busses opera*ino at roughly
40 KY. This power must be fed to the klystrons at a range of

DC voltages from 'O KV down to 30 V (Ref. 5.48, pages 32-67).
The system therefore requires DC-DC converters to step down the
40 KV to the necessary voltages. This is done by first changing
the input power to AC through a 20 Kdz switching circuit using
silicon controlled rectifiers or power transistors. Tha voltage
is then stepped down by a transformer. The various outputs are
then vrectified and filtered back to DC. The conversion effi-

ciency is expected to be on the crder of 90-95%, and the DC-DC
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converters therefore require radiators to release waste heat.

The earth baseline SPS uses aluminum radiators 360 m2 in area
(Ref. 5.48, pages 66-67), with dimensions 9 x 40 meters. Cooling
fluid is routed from the DC-DC convert:r to the radiator through
a series of pipes along the surface of the radiator.

Switching circuits, rectifiers, filters, control systems,
heat exchangers, and coolant pumps are too complicated for SMF
manufacture, and therefore come from Earth. The SMF produces
the transformer core and windings, and the DC-DC converter
radiator. For the production of each 10-GW SPS, 461 trans-
formers and 461 radiators are required (as listed in Table 3.1).

5.8.2: Transformer Production: The lunar-material substitution .

for the earth-baseline transformer core material is SENDUST
(85% Fe, 0% Si, 5% Al), as per the suggestion of the JSC-GD
study (Ref. 5.43). Cfonsultations with the MIT Electric Power
Systems Engineering Laboratory and the MIT Francis Bitter Na-
tional Magn.t Laboratory iderntified one alternative, a ferrite
core made of powdered metal; however, this requires zinc from
Earth and a complicated manufacturing process. In general, the
used of 20 KHz alternating as transformer input makes conven-
tional core materials unsuitable. For example, pure iron lam-
inated cores cannot be used above 300 Hz because eddy current
losses are too great. Adding silicon to the iron and using
Yaminations .25 mm thick decreases the losses, but it is unknown
whether it decreases the Tosses enough to use at 20 KHz. This

high frequency was picked for the earth ha.eline to reduce
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trans former mass. However, l1ittle data is available on trans-
former materials in this frequency range. No fnformation on
the SENDUST core was available to the s.udy group.

Each transformer core masses 2.2 tons. The low production
rate for one 10-GW SPS per year (461 cores/year or 1.3 cores/day)
allows slow production processes with human operation. The
study group therefore chose to cast the cores in a specialized
transformer core caster. The SENDUST alloy is first produced
in 2 melting furnace similar to the furnace used to melt and
alloy aluminum (see Sec. 5.3). This iron alloying furnace is
also occasionally used to produce pure iron for the klystron
solenoid pole pieces. The molten SENDUST alloy is fed to the
transformer core caster by electromagnetic pump, through a
pipe made of graphite (to resist corrosion by the liquid iron).
The caster mold has dimensions roughly 1 x 2 x 3 meters, to
hold the entire core.

To accomodate the fluid cooling system, the core must be
pierced by coolant channels. Since it is difficult to produce
large castings with Tong channels through them, the study group
chose to drill coolant channels through the cores. This re-
quires chip-tandling systems.

Trans former coils are then wound onto the core. These are
made “rom aluminum wires insulated with glass-fiber cloth, pro-
duced at the SMF (see Sec. 5.6). Conventional equipment,
slightly modified for use in space, is adequate for the winding

process.
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The final step is the assemblr . f the DC-DC converter parts
brought from Earth to the manufact. ed transformer. Assembly
techniques depend on the design of the parts, but they should
not pose any difficulties. The completed DC-DC converters are
shipped to ta. SPS assembly site.

5.8.3: Radiator Production: Due to their large size and mass

(roughly 9 x 40 meters and 1.2 tons), the DC-DC converter radi-
ators are shipped separately from the DC-DC converters, and the
two components are connected together at the SPS assembly site.
Given the production of 2.15 x 1.44 m klystron radiators at the
SMF (see Sec. 5.7.3), it is relatively simple to build the DC-
DC converter radiators from such Al sheets. Since the total
requirement of DC-DC converter radiators for one 10-GW SPS is
low (461 pieces massing 550 tons), it is economically necessary
to keep dedicated production processes for these radiators to

a3 minimum. Therefore use of klystron radiator production equip-
ment to make sections of DC-DC converter radiator is a signi-
ficant advantage. Therefore pure Al sheet pieces, with dimen-
sions 2.15 x 1.44 x .00) meters, are laid out in a rectangular
array, 7 sheets by 17 sheets, and welded edges-to-edges to form
a continuous sheet 10.08 x 36.55 m (area 368 mz). As in the
production of klystron radiators, electron beam welders are
used to tack-weld and weld the pieces together. Since the
simyltaneous welding of 119 sheets together is technically dif-
ficult, the radiator is built up in sections.

The radiators also require an array of pipes to channel
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cooling fiuid across the radiator, as described in Sec. 3.2.9
and shown in Fig. 5.36. The design of the pipes resembles the
design of the klystron heat pipes (see Sec. 5.7.3). However,
unlike the klystron heat pipes, the radiator pipes are not
striated, and they are form-rolled to the cross-section shown

in Fig. 5.34 along their entire length, then end-trimmed by an
EB cutter fcr end-to-end welding. Like the klystron heat pipes,
the radiator pipes are produced frar 1-mm thick, .25-m wide Al
ribbon, sliced from the .74-m wide ribbon produced by the rolling
mill; and the radiator pipe is form-rolled by the same equip-
ment as the klystron heat pipes.

Once form-rolled and end-trimmed, the radiator pipes are
welded end-to-eri anto the surface of the radiator sheet, to
form nine par: pipes along the length of the radiator. F#s
in other precisior welding process, EB welders arc used to
attach the pipes to the sheet and to each other.

To join the erds of the pipes together, so that the radiator
may receive and return coolant fluid through two pipes, a mani-
fold is attached to the pipes and to the radiator sheet at each
end. This manifold is also produced at the SMF by the die
caster used for klystron housings, solenoid cores and poles, and
end joints and joint clusters (see Sec. 5.4). Each manifold is
cast from pure Al, in five parts (to reduce the mold sizes re-
quired in the die caster). The manifold parts are welded to the

radiator sheet, to the radiator Pipes, and to each other with
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FIGURE 5.36: DC-DC CONVERTER RAGIATOR DESIGHN
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EB welders.

The completed DC-DC converter radiators are shipped to the
SPS assembly site. Due to their large size, handling them
within the SMF is difficult, suggesting that the assembly sta-
tion for these radiators should be near the SMF output load-
ing area, to minimize internal traansport requirements.

9.9: WAVEGUIDE PRODUCTION

5.9.1: MWavequide Material Alternatives: The earth-baseline

waveguides are trapezoidal cross-section boxes made from gra-
phite/epoxy (G/E) composite. The interior surfaces are coated
with a layer of conductive aluminum. The trapezoidal cross-
section allows stacking of the box sections for transportation.
For ease of manufacture, the study group substituted retangular
cross-section boxes. The cross-sectional dimensions are .093 x
.06 meters and the lengths of the boxes vary according to their
location on the transmitting antenna.

As discussed in the JSC-GD study (Ref. 5.43), the important
design criterion in waveguides is the close dimensioral tolerance
required for proper waveguide operation. The waveguides must
be able to maintain these tolerances during the thermal cycling
due to the transmitting antennas' once-a-day rotation in the
sunlight. The JSC-GD study calculates a maximum permissible
coefficient of thermal expansion (CTE) of 3.6 x 166 m/m-°K for
waveguide material, to stay within allowable distortions during
thermal cycling.

Given this maximum CTE, the only lunar material with an
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6 °
acceptable CTE is silica glass (CTE = 2.9 x 10" m/m- K).

The

JSC-GD study suggests that waveguides be made of foamed glass,

to avoid shattering of pure glass waveguides due to meteoritic

impact. In foamed glass, the gas bubbles serve as crack-stop-

pers, containing the effects of the impacts.

For the purposes of this study, the research team accepted

the suggestion of the JSC-GD study, and included the production

of foamed glass waveguides in the reference SMF.

There are,

however, a number of other promissing material options which

require further study; these options are listed in Table 5.12.

TABLE 5.12:

WAVEGUIDE MATERIAL OPTIONS

Waveguide Options

Advantages

Disadvantages

A1l waveguides
brought from Earth

oCan be baseline
waveguides

oHigh transportation
costs

Some wavegquides
from Earth, others
from lunar materials

oCan satisfy CTE
requirements with
simpler SMF oper-
ations

o May not be possible
Requires earth inputs

Pure glass

otstablished tech-
nology

oSimple manufacture
No earth inputs

o Requires extra repair
on SPS

Pure glass with
woven fiber pro-
tection

oExisting tech-
nology

oSimple manufacture
No earth inputs

oMay not resist
meteorite shattering

Composite with
fibers from Earth,
matrix from Moon

oResists Shattering

oRequires earth inputs

eSuch composite may
not be possible

oMay require complex
production

Composite, all
‘vnar

oResists shattering
oNo earth inputs

oSuch composite may
not be possible

*Foamed glass

ofxisting tech-
nology
oResists shattering

oMay require Earth
inputs

oSome wastage of
material

oRequires dust-handling

systems

*Chosen for the reference SMF
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The first option is to bring the waveguides from Earth.
They can then be baseline G/E wavegquides. As listed in Table
3.2, the waveguides for one 10-GW SPS (without growth margin)
mass 4314 tons, or 6% of the SPS mass. In the lunar-material
SPS, the expected earth inputs are 8000 tons (see Sec. 3.3).
Therefore the additional importatiorn of waveguides from Earth
would raise that input by 54%, Since the cost of that increase
involves issues of transportation system design and propellant
availability, this tradeoff 1is outside the scope of this study.

Second, it may be possible to use earth-origin waveguides
in some sections of the antennas and lunar-material wavequides
with higher CTE's in other locations. The calculation of the
maximum allowablie CTE in the JSC-GD study was done for wave-
guides near the center of the antenna. However, the thermal
histories and dimensions of the waveguides vary according to
location on the antenna, and therefore waveguides in other lo-
cations may have higher allowable CTE's. If this is the case,
some of the materials suggested for structural members (see
Tabie 5.8 and 5.9) may be suitable for some of the waveguides,
and their production processes may be simpler than those of
other options. One possiblity suggested by Mr. Arthur Yarranton
of Raytheon Co. (Ref. 5.49) is the use of ceramic materials such
as alumina (CTE = 6.3 x 10° m/m-°K). Such waveguides are cur-
rently commercially available, and their production is relatively
simple. Their resistance to meteoritic shattering is unknown,

however. For those antenna sections with low CTE requirements
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the waveguides could be brought from Earth. Since the cost of

this concept involves the transportation issues mentioned above
and requires extensive calculations of the thermal character-

istics of the SPS transmitting antenna, evaluation of this op-

tion is beyond the scope of this study.

The third option is the use of pure glass made entirely from
lunar materials. Such glasses can range in quality from pure
silica, to S-glass (65% $10,, 25% Al,0,, 10% Mg0), to natural
lunar glass (separated from Junar soil and sent to the SMF).

The structural requirements on waveguides are low, and therefore
any glasses with acceptable CTE's would probably be suitable.

6% m

CTE's for commercial glasses on Earth range from .8 x 1 /m-°K

(silica) to 190 x 10° m/m-°Kk. S-glass has CTE 2.9 x 10° m/m-°K.
One advantage cf this option is that production of pure glass
pieces is an established technology. Some production processes
are unlikely for SMF use, such as floating molten glass on
molten metal (see Sec. 5.2.4); but glass sheet can be rolled,

or glass sections can be extruded. Thus manufacture can be re-
latively simple, though achieving the required tolerances would
require careful machining and assembly. Another advantage is
that the process would require ro earth inputs, since the com-
ponents of acceptable glasses (e.g. S-glass) are found on the
Moon. The important disadvantage of this option is that wave-
guides made from pure glass will shatter when hit by meteorites.

This would therefore increase the need for replacemert of broken

waveguides during SPS operations, requiring production of re-
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placement waveguides, and adc¢in3 to the cost of SPS maintainance.
The calculation of that cost increase is outside the scope of
this study, however, and time constraints kept the study group
from designing a production sequence for pure-glass waveguides,

A fourth option is the production of pure glass waveguides
covered with a protective layer of glass cloth. Such cloth is
produced at the SMF for electrical insulation (see Sec. 5.6).
This option shares the advantage of the pure-glass option above,
and in addition.may resist meteoritic shattering. However, the
principal disadvantage is that this shatter-resistance is not
guaranteed. The cloth cannot serve as a creck-stopper, but only
as a shield against impacting meteorites. The cloth may indeed
stop small particles, but it is possible that these small par-
ticles would not cause the glass to shatter anyway. Particles
lerge enough to shatter the glass may do so right through the
cloth. Experimental research is needed to assess this
possibility.

The fifth material option is a composite material with fibers
from Earth and the matrix from the Moon. If the lunar matrix
is a high-CTE material, such as aluminum or titanium, then the
earth fibers should be graphite (negative CTE) to bring the
composite CTE down to the required value. This combination,
however, may require so much graphite that it offers no sig-
nificant savings over bringing complete waveguides from Earth.

If the matrix is lunar glass (such as S-glass), then its CTE
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is low enough, and the fibers are included for shatter-resistance
(crack-stopping) rather than structural or thermal expansion
reasons. The fibers can therefore be a low percentage of thc
waveguide mass. There are three disadvantages to the earth-
fiber/lunar-matrix composites. First, they require earth in-
puts. Second, there is no guarantee that a compatibie com-
bination of fiber and matrix can be found. Adhesion between
fiber and matrix is necessary if the material is to retain its
structural properties, and such adhesion is highly speculatjve
at this time. The third disadvantage is that the conventional
process of dipping fibers into a matrix-material bath is un-
likely for SMF use (see Sec. 5.2.4). The production of the
composite would therefore require a more space-specific process
(e.g. vapor deposition), thus complicating fabrication. The
issues of fiber-matrix adhesion and space-specific composite
production need experimental research. Because of the un-
certainties discussed above, the study group discarded this
option; however, this alternative deserves further study.

The sixth option is all-lunar composites. Due to the
Timited variety of materials available, the choices are few.
The only materials apparently suitable for fiber production
are glasses {such as S-glass) and metals. Metal-metal composites
have high CTE's. Although metal-fiber/glass-matrix composites
could have adequate CTE's, production seems unlikely since the
metal fibers melt at lower temperatures than the glass. This

makes the bath process wunusable, although it is technically
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simple in lunar gravity. It may be possible to vapor deposit
glass onto metal fibers without melting them,.but this has not
been verified. Therefore metal fibers are an unlikely possi-
bility.

If the fibers are made from S-glass, however, they can per-
haps be imbedded in metal or glass matrices. However, the
S-glass/metal matrices composites suggested for SPS structural
members have too-high CTE's (see Table 5.9). The most likely,
S-glass in titanium watrix, has a CTE of 5.9 x 10 %m/m°k. Fi-
nally, glass fibers could be imbedded in a glass matrix, pro-
vided that a process could be devised to apply one to the other
without destroying the fibers. Possibly the fibers could be
made from a glass with a higher melting point than that of
the matrix glass.

The principal disadvantage of all of the lunar-material
composites is that they are apparently untried combinations.

Ny data was available to the study group on the likelihood of
fiber-matrix adhesion of these various combinations. It may
therefore be very difficult to produce an adequate all-lunar
composite. Due to this uncertainty, the study group discarded
this option. However, should later research answer some of the
questions raised above, the all-lunar composites may be a likely
alternative for waveguides and other components.

The seventh option (chosen for the referance SMF) is foamed

glass. The characteristics of the material and its production
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sequence were described in some detail in Sec, 5.3.1. For the
preduction of waveguides, this material shares some of the ad-
vantages listed in structural member production: low CTE, ex-
isting technology, low mass of wavegquides rnlative tc some other
options. Foamed glass also resists meteoritic shattering. It
also shares some disadvantages: it requires earth-input foaming
agents, unless such agents can be produced from lunar materials;
and the machining operations produce an abrasive dust which
requires dust-handling systems to protect the equipment. 1In
addition, there is some wastage of material, due to kerf losses
in cutting operations (described below).

As mentioned above, the waveguides require an interior coat-.
ing of conductive aluminum. Since pure Al is available at the
SMF, no substitution is necessary.

5.9.2: Wave uide Manufacture: Consultations with Pittsburgh

Corning Co. (Ref. 5.50) have confirmed the possibility of manu-
facturing foamed glass with the required coefficient of thermal
expansion. Foamed ylass is currently manufactured with CTE's
as low as 2.8 x 10'7m/m-°K. It is also possible to manufacture
dense foamed glass suitable for machining to the required tol-
erances. However, glasses with both properties (CTE and ma-
chinability) in combination are still in development. At the
present time, information regarding the foaming of these glasses
is proprietary. The study group therefore assumed that the
basic processes currently used for foamed-glass production (de-
scribed in S¢:. 5.3.1) could be modified to produce waveguide

materia’.
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The method of waveguide manufacture depends on the shape in
which the foamed glass is produced. Severa! such shapes and
methods are illustrated in Fig. 5.57. The simpiest method wvould
fo m the glass around a refractory mold, producing molded chan-
nel sections. The channel sectiecns would then be machined to
the appropriate tolerances, and coated on the inside with Al.

A machined slab of foamed glass, coated with A%, would then be
added to complete the waveguide box. However, the molding of
foamed glass in such shapes is not in common practice today,
primarily because of difficulties in matching the coefficients
of thermal expansion of foamed glass and mold. Those mold
materials hich do have appropriate CTE's tend to bond with

the fcamed glacs during cooling. It may be possible to coat
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FIGURE 5.37: POSSIBLE FOAMED-GLASS SHAPES FOR WAVEGUIDES

5.172



the wolds prior to foaming to alleviate the bonding problem,
but such :coatings would probably require earth inputs.

The second method is to produce thin sheets of foamed glass,
machine the box sides from the sheet, and construct the wave-
guide from the machined components (after Al-coating). Although
th: molien-tin-%>th method described in Sec. 5.3.1 does produce
foamed-giass sheeis, these sheets are thicker than required for
waveguides. Consultaticns with Pittsburgh-Corning (Ref. 5.50)
indicata that direct production of thin sheets is difficult due
to breakage problems during cooling. Sheets of fcamed : 'ass are
not commerciaily produced at the present time. Conventionally,
fcamed glass is produced in blocks from which specific shapes
are machined. For the production of this slabs, this leads to
wastage during block sawing and during slab machining; this
wastage is estimated at 20% of the block material. In addition,
to avoid breakage during cutting and handling, the minimum
thickness which could be practically produced is estimated to
be 2.5 mm (Ref. 5.50). This is roughly 2.8 times the thickness
suggested by the JSC-GD study (Ref. 5.43).

The third alternative is to produce large blocks of foamed
glass, then mill channels through the blocks. After coating
wit, aluminum, the channels are closed by coated machin~d slabs.
Though conceptually simple, this approach generates a large
quantity of waste dust and debris. Due to the difficulties in
handiing and reprocessing such waste, this o;tion is unlikely

for SMF use,
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The study group chose the production of foamed glass blocks,
followed by the cutting and machining of individual slabs. Af-
ter coating with aluminum, these 2.5-mm-thick slabs are assem-
bled intec waveguide boxes. The study group felt that this more
conventionai process was more likely to produce foamed glass
with the requisite properties and tolerances; since such glas-
ses are still in development, the study group felt that the
choice of advanced production processes would stretch the tech-
rical uncertainty uncomfortably far.

Currently foamed glass is cut with saws made from hard al-
loys such as tungsten carbide (Ref. 5.28). This prucess pro-
duces an abrasive kerf dust, which requires special handling
systems in zero-g; and sawing is limited in the surface flat-
ness of the output. Desoite these drawbacks, the study group
chose sawcutting for the reference SMF. The alternative of
laser cutting was discarded because of its large mass and
power requirement. Electron beam cutters, used in many parts
of the SMF, are unsuitable for foamed-glass cutting, since

¢lass is a poor electrical conductor, and the electrons cannot

be returned to the EB gun cathode.

As described in Ref., 5.51, waveguides operating at a fre-
quency of 2.45 GH? requre an interior coating of aluminum
6.7 microns thick. Althouqh the slow-cut surfaces may be flat
enough to meet dimensional requirements, they are not smooth
enough for coatirg, due to the expo;ed bubbles on the surfaces.

There exist several methods to produce foamad-glass blocks with

5.174



smooth-glass surfaces (Rkef. 5.25). Fowever, these techniques
are applied during the foaming, and are therefore unusable on
cut sheets. Also, the smooth-glass/foamed-alass interface is
subject to stresses during cooling, possibly requiring longer
cooling cycles. The study group therefore decided to use
lasers tosmooth the surface 3y fusing or burning off irregular-
ities. This concept carries some technical uncertainty, and

the smoothing operation might require addition of glass
to the surface {e.g. by vapor deposition) prior to laser

smoothing. These issues need experimental research, particu-
larly because foamed glass with the needed properties has not
yet been developed, and its properties in a smocthing operation
are therefore difficult to predict.

After the smoothing, the interior aluminum coating is
applied by vapor deposition, a process similar to the direct
vaporization of aluminum contacts in solar cell production
(see Sec. 5.24). The Al is vaporized by electron beams.

The cutput faces of the waveguides amust then be slotted.
In SPS operation, theze siots are the output ports of the
waveguides, releasing the microwaves to space. The siots
rcguire close tolerances in dimensions and position. There-
fore those slabs destined to be output faces are slotted by
laser. Holes are also laser-cut through the waveguide input
faces. Feeder waveguides from the klystrons are connected to
these input holes at the SPS assembly site. The coated sheets

are then assembled into waveguide boxes by automated machinery

5.175



The sheets are fused together with lasers, avoiding the need
for adhesives from Earth. The finished wavequides are packaged
and shipped to the SPS assembly site.

5.10 MODIFICATIONS REQUIRED FOR PELLET INPUTS

As discussed in Sec. 4.5, the reference SM designed in
this study assumes that raw materials are launched from the
Moon by chemical rocket, and can therefore arrive at the SMF
in shapes convenient for input into the factories (i.e. rods,
slabs, bagged powder). These shapes would not be available,
however, if the lunar launch were done by catapult (e.gq.
mass-driver).

The lunar materials i.aput shapes to the reference SMF are
listed in Table 5.13 (repeated from Table 4.4). Replacing
these shapes by pellet inputs requires relatively simple
modifications of the input sections of the SMF.

In the reference SMF, aluminum and iron rods (6.4 cm
diameter) are fed into induction furnaces of the type described
in section 5.2.3 (see Figs. 5.21 and 5.22). To replace these
rods by pellets, two options are possible. In the first Option
the pellets could be lcaded into 6.4 cm-diameter tubes; the
tubes would then be crimped at both ends. These tubes could
then be fed into the furnaces in the same fashion as the rods,
though slightly tvaster to account for their lesser density.

The tubes would be manufactured at the SHF from Al or Al alloy
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TABLE 5.13: PHYSICAL SHAPES OF
LUNAR MATERIAL INPUTS TO THE REFERENCE SMF

Iype of Input Shape and Dimensigns
Lunar Inputs
Aluminum:
For Al and Al alloy products Rod, 6.4 cm diameter
10 @ length
For SERDUST alloy Rod, 2.5 ca diameter
3 m length
Stflfca: Slab, ' e x 1 mx .04 m
Sflicon:
for solar cell production Slab, 1.2 max .42 ma x .04 n
Fo furnaces Rod, 3.5 cm diameter
3 @ length
Natural Lunar Glass: €5 micron powder, bagged
Jron: Rod, 6.4 ca diameter
10 m» length
S-Glass: Rod, 6.4 cm diameter
8 » length
Magnesium: Rod, 1.7 cm diameter
3 m length i

ribbon (already available) or from Fe ribbon, produced by
routing molten iron from the furnace through a continuous
caster and the existing rolling mill. This option would there-
fore require the addition of a continuous caster for ircen
slabs, a form rolling and welding unit to produce the tubes,
and a tube-filling system. This tube-filling system could be
either mechanical or pneumatic. In the pneumatic case, the
pellets would be fluidized in an inert gas (e.a. argon) and
pumped through the tube. The peliets would be stopped by a
mesh grating. When the tube would be filled, the argon would
be pumped out, the grating retracted, and the tube crimped at

both ends.
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In the second option, the pellets could be fluidized in
an inert gas and pumped directly into the furnace. The pellets
would enter the furnace with enough velocity to splush into the
malt. The inert gas would be pumped out through a filtered
outlet. This option requires sealing the furnace to avoid
loss of gas, and providing a pellet fluidization system.

The production of Al 6063 alloy requires input of silicon
and magnesium. The silicon could be piped in from a silicon
furnace (described below). Or the silicon pellets could be
sealed in tubes made of Al 6063 alloy, and fed to the furnaces
as rods. This latter option could be used for magnesium
pellets also. Finally, a small magnesium furnace could be
added, which would receive vellets fluidized in inert gas, and

vould feed molten Mg to the Al alloy furnace.
For the production of SENDUST alloy, the iron furnace could

receive liquid aluminum and silicon from the aluminum and

silicon furnaces, or Al and Si pellets could be loaded into

tubes. The tubes could be made of Al, Si, Fe, or SENCUST alloy.
Silica and silicon have magnetic properties which make them

unsuitable for melting in induction furnaces. To produce the

slabs used in solar cell production, the raw material pellets

would therefore be fed to a rotating furnace such as those

shown in Figs. 5.19 and 5.29. The furnace in Fig. 5.19 1is

designed for pellet inputs. The output of the silica and silicon

fyrnaces would be cast into slabs, either by continuous casters

or die casters. 1In addition, the silicon furnace would feed
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molten silicon to the Al and Fe alloying furnaces. This option
would therefore require the addition to the SMF of silicon and
silica rotating furnaces, and slab casters for each material.

Since a lunar catapult could launch small bags of rnatural
lunar glass powder, no changes to the natural lunar glass input
are necessary.

In the reference SMF, S-glass rods are fed into glass fiber
producers (see Fig. 5.30). Since these devices are piston-fed
tubes, they could be loaded with pellets prior to the piston's
travel down the tube. The loading could be done mechanically.
or pneumatically. In the pneumatic option, the tubes would
require an inlet door for the pellets and a filtered outlet for
the inert gas. After loading of pellets and evacuation of the
gas, the piston would begin its travel. Another option would

be the loading of S-glass pellets into a ‘ubular-woven "sock"

of S-glass fibers. This fi]fed sock would then replace the
rods in the reference design. These socks could be manufac-
tured by the existing insulation weavers.

Thus the replacement of the reference lunar inputs by
pellet inputs would not entail major modifications to the
reference SMF. The study group feels that these modifica-
tions would not have a significant impact on the cost of

the SMF.
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CHAPTER 6
SMF LAYOUTS
6.1: OVERALL OPERATIONS LAYOUTS OF REFERENCE SMF

6.1.1 Overall Layout: Figure 6.1 presents the overall layout

of the reference SMF. The figure is an expanded version of
Fig. 1.3 describing the Space Manufacturing Facility concept.

The SMF consists of five major operations sections. The
input/output station includes docking facilities and loading
and unloading equipment. It receives all inputs to the SMF
and dispatches all outputs, and acts as a temporary ware-
housing facility.

The factories receive raw materials and expendables f}om
the iaput/output station and manufacture the required SMF pro-
ducts. Personnel are required for supervision, maintenance,
and repair.

The habitation section provides the SMF personnel with
radiation-shielded living quarters. These quarters include
facilities for exercise and recreation, and 1ife-support.

The power plant produces and conditions electrical power
from solar enerqgy. This power operates equipment in all sec-
tions of the SMF.

The production control section is an operations section
~ather than an actual facility. It controls all the operations
of the SMF, maintaining inventory, adjusting production levels,
allocating the available resources as required by the produc-

tion schedules.
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Although Fig. 6.1 is labeled -s an overall layout of the
reference SMF, other SMF designs would probably share most of
these features. Other designs might separate input and output
stations, couple the outputs directly to the SPS assembly (if
the SMF and SPS assembly were both done by the same facility),
or use nuclear rather than solar power. But the functions of
the basic components in the figure, and the interactions be-
tween the sections, are fundamental to the SMF concept.

More detailed layouts for the factories, including mass-
flows between processes, are described in this chapter. Sec-
tion 6.6 discusses layouts for the support equipment, inclu-
ding the input/output station and power plant.

6.1.2: Factories Layout: Figure 6.2 presents a layout of the

major operations within the factories (the input/output sta-
tion is included for clarity). Unlike Fig. 6.1, this layout
is specific to the reference SMF designed by this study. Al-
ternative processes (such as those discussed in Chap. 5) would
lead to different layouts.

The operations layout in Fig. 6.2 traces the paths of the
SMF material inputs listed in Table 4.5 (see Chap. 4, "SMF
Inputs") as they are manufactured into the outputs listed in
Table 3.1 (see Chap. 3, "Specifications of SMF Outputs"). The
SMF output products are underlined in the layout.

Examination of Fig. 6.2 leads to several observations.
First, this reference SMF layout is simple: there are few

Earth factories whose major operations layout fit on one page.
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There are two principal reasons for this simplicity. The
first is the small number of different types of SMF outputs.
Although the SPS contains a large variety of components, much
of this variety is in low-mass components. These components
can therefore be economically brought from Earth, leaving a
small number of types of products for SMF manufacture. The
SMF products, however, account for roughly 90% of the SPS mass.

The second reason is that the SPS components manufactured
by the SMF are relatively simple. Although the SPS does con-
tain some high” sophisticated components (such as switching
circuitry, attitude control systems, and klystron components]),
that complexity is also concentrated in the low-mass components .
which are brought from Zarth rather than manu’actured at the
SMF.

The exception to this simplicity is the production of
solar cells., As will be shown by a later detailed layout,
this production is a complex undertaking. However, at this
level of scrutiny {considering only the wmajor factory opera-
tions), the solar cell production operations may be con-
sidered as one major oper~tion.

Thus, much of the manufacturing variety and complexity can
be left on Earth, in the production of complex low-mass com-
ponents. These components are then brought either to the SiiF
for assembly processes or to the SPS final assembiy site.

Another observation from Fig. 6.2 is that the reference

SMF operations layout can be conceptually split into three

sections: solar cell production, waveguide production, and
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the rest of the operations (collectively called "components
production")., 1In general each of these 'factories' receives
one set of inputs from the input/output station and applies
manufacturing processes to these inputs, without requiring in-
termediate inputs from the other 'factories' in the SMF. The
exception is the use in the solar cell production and wavegu:de
production of aluminum slabs manufactured by the 'compounents
production' section. However, these slabs could also be brought
from the Moon; manufacturing them at the SMF reduces the com-
plexity of the lunar casting processes.

Each factory also returns a particular set of products to
the input/output station. Thus the solar cell factory prcduces
only solar cell arrays; the waveguide factory only waveguides;

and the components factory produces the remaining SMF products.

This conceptual splitting of SMF operations is possible
because the various factories do not share processes. In
the design of the reference SMF, every effort was made to
combine processes into single pieces of equipment; for ex-
ample, several production sequences in the components factory
share the rolling mills in the 'ribbon and sheet operations'.
However, after all such combinations were done, the processes
in the three factories remained separate from each other, even
when the materials being used were the same. For example, the
aluminum contacts in the solar cells are too thin to be pre-
duced on the rolling mills in thc components factory; they
are therefore vapor-deposited. In general, the inputs to any

one factory differ from the inputs to the others. For example,
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aithough all three factories need some type of glass, the solar

cell factory requires optical-quality silica; the waveguide
factory can use natural lunar glass ( thus reducing refining
requirements); and :he components factory requires S-glass
for production of glass fibers.

Detailed layouts of the major operation in the reference
SMF are shown in Secs. 6.3, 6.4, and 6.5. Thes~ layouts in-
clude massflows of materials through the various processes.
Section 6.2 discusses some general considerations in computing
massflows. Explanations of the specific massflows appear in
the detailed layout sections.

6.2: ESTIMATION OF . \SSFLOWS

6.2.1: Wastage in the Reference SMF: The massflows in the

detailed layouts in the follo-'ng section are all based on
the production of one 10-GW SFS (without growth margin).
Therefore the materials breakdown of the SMF outputs (as
14sted in Table 3.3) is the starting point for the computation
of the nmaterial massflows in the reference SMF layouts. The
types 37 material inputs needed are the same as the types of
materials required in the SMF outputs. If there were no
wastage in the production processes, the quantities cf mate-
rial inputs would also be the same as the cutput quantities
listed in Table 3.3, However, some wastag: occurs in every
production process, the inputs and the internal massflows
must therefore include allowances for tris wastage.

Two types of wastage come into play. 'Process wastaqe'

is the loss of material inputs in the proper functioning



ef the process. For example, sawing operations waste kerf
from the cuts; milling operations produce chips; and vapor
deposition processes lose vapor to space or to containment
surfaces other than the deposition surface. These losses ap-
ply to every piece produced by the process, and can be pre-
dicted fromt e equipment designs.

The second kind of wastage is 'spoilage’, the loss of
pieces of product due to failure in the manufacturing process.
For example, a ma~hine control system malfunctions, and the
output is rejected by quality control systems; or a machine
indexing error occurs, ruining the workpiece within it. This
type of wastage applies only to occasional preces. I* is un-
expected, but statistica’ly predictable from the equipment
cesigns. Salvaging may ir somc cases be possible but in a
highly automated process may not always be cost effective.

The referenc: SMF desigyned by this study was therefore
used to estimate wastage and to calculate massflows in the
Tayouts. The losses in the processes were first calculated
by estimating wastage at each step in the processes, and com-
puting massflows between each step accordingly. These cal-
culations led to two observations.

First, for the products of the cuvaponents tactory in the
reference SMF (i.e. structrual member ribbon, klystron assem-
blies, busbar strips, DC-DC _c .erters, electric-1 wires and
cables, DC-DC converter raai..:rs, end joints, and joint clus-

ters), the total process waste and spocilage estimates from
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material inputs to finished outputs ranges from 1% to 10%. In
other words, the process with the highest waste (that of the
klystron assemblies) loses 10% of those SMF material inputs
destined to become part of the final assemblies.

Second, these wastage estimates are no mor. significant
than the uncertainties in the SMF output quantities. As de-
scribed in Chap. 3, these output quantitics were calculated
from lunar-material substitutions into the Boeing-JSC base-
line SPS design. Since both the baseline SPS design and the
lunar-material substituiions carry uncertainties, often 10%
or targer, the 1-10% wastage estimates do not significantly
alter the accuracy of the input quantities for the products
mentioned above. Moreover, the uncertainties in the wastage
estimates are dwarfed by the uncertainties in the product
quantities. A careful determination of process wastage and
spoilage is therefore unnccessary.

These two observations do nct apply to the solar cell
array and waveguide production. In both cases, the process
wastage is significantly nigher th7. in the components pro-
duction. In solar cell production, the vapor deposition
processes have an estimatec deposition efficiency of 67%,
with the other 33% of the input material lost to space or
deposited on containment surfaces other than the deposition
surface. In waveguide production, kerf losses in cutting and
slotting foamed-glass sheets are estimated to waste 30% of

tiie foamed glass. Both solar celi production and waveguide
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production alsc have spoiiage losses, beyond the process was-
tage.

These observations led to allowable simplifications in the
computations of the massflows in the layouts as discussed in
Sec. 6.3.7. The rationale for the specific massflows is ex-
plained in the detailed layout sections.

6.2.2: Waste Disposal: In the early stages of this study,

when preliminary estimates of wastage were made, the predicted
figures were so low that the addition of specialized repro-
cessing equipment to the SMF design seemed a needlessly costly
complication, for several reasuns. First, some of the waste
is unrecoverable: vapor escaping from deposition processes
is lost to free space, and substandard or broken solar cells
can be reduced to their component materials only with complex
separation and purification techniques. Second, returning
metallic wastes (chips, trim, broken pieces) to the melts re-
quires packaging of the waste for furnace insertion, or modi-
fication of the furnace designs to accept loose material as
inputs. Third, the anticipated waste contains only traces of
earth materials, and therefore its loss adds only to the re-
Tatively lower cost of lunar material transportation. Fourth,
the solid waste can serve as radiation shielding after only
a bagging operation, avoiding any need for reprocessing.

As the design of the reference SMF evolved, the processes
changed, ar i their wastage estimates became more accurate --

and higher. The reference SMF design presented in this
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report wastes 50,000 tuns of every 150,000 tons of material
inputs (or 33% of the input mass). Of the 50,000 tons, an
estimated 36,000 tons are wasted in solar-cell production,
and another 6,500 tons are wasted in waveguide production.

In view of the high waste mass, particularly in solar-
cell production, modifications to the reference SMF should
be considered, either to reduce the wastage, or to reprocess
the waste. A discussion of these issues appears in Chap. 13,
"Possible System Tradeoffs".
6.3: COMPONENTS PRODUCTION QPERATIONS LAYOUTS

€.3.1: Section Organization: The major operations layout of

the reference SMF factories is shown in Fig. 6.2 above. The
lower section of that layout presents the major operations of
the components factory, which produces structural member rib-
bon, klystron assemblies, busbar strips, DC-DC converters,
electrical wires and cables, DC-DC converter radiators, end
joints, and joint clusters. Each of the major operations of
the components factory (shown as boxes in Fig. 6 "' will now
be expanded into a detailed layout. The layouts . 2 accom-
panied by explanations nf the sequenccs of processes. (Note:
The singular form is used for simplicity when referring to a
particular type of equipment [e.g. 'the furnace'] although
there may be several such pieces of equipment 1n the SMF.)
The circles on some of the arrows in the layouts indicate in-
ternal storage devices (described in Sec. 6.6.2). The mass

figures listed in the layouts are the total massflows (inclu-



ding wastage allowances) required for the preduction of one
10-Gd SPS. Section 6.3.7 presents the rationale behind these
massflows. Since the reference SMF is sized to produce one
10-GW SPS per year, the figures in the layouts are yearly mass-
flows through the machinery. The equipment designs are p-e-
sented in Chap. 7, "Production Equipment Specifications®

6.3.2: Metals Furnaces and Casters Layout: The box labeled

'Metals Furnaces and Casters' in Fig. 6.2 is expanded into a
detailed layout in Fig. 6.3. At the upper left-hand corner
of the detailed layout, iron rods (from the input/output
station) are fed into a melting and alloying furnace, which
alternately feeds two die casters. In the first case, the
furnace feeds molten iron to a die caster producing solenoid
poles for klystrons. These solenoid poles are then sent to
the klystron production section.

In the second case, aluminum and silicon rods are also
fed into the furnace to produce SENDUST alloy. The alloy is
fed to a die caster to produce SENDUST transformer cores for
DC-DC converters. The cores are then sent to the DC-DC con-
verter producticn section.

Lower down in Fig. 6.3, aluminum rods (from the input/out-
put station) are fed into a melting and alloying furnace. This
furnace produces four output streams. In the first case, mag-
nesium and silicon rods are ied into the furnrace as well, to
produce Al 6063 alloy. This molten alloy is fed to a con-
tinucus caster, which produces 6063 alloy slabs. These slabs

are th sent to the ribbon and sheet operatiors section.
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In the second case, pure molten aluminum is fed to the
continuous caster to produce aluminum slabs. These slabs are
sent to three destinations: 3,050 tons tc the solar cell fac-
tory, 165 tons to the waveguide factory, and 11,500 tons to
the ribbon and sheet operations section of the components
factory.

In the third case, molten aluminum is fed to a die caster
with a number of different molds. This caster produces solen-
oid ~ores (one part), klystron housings (collector and solen-
oid housings, two parts each), and manifold parts (five parts
per manifold). The solenoid cores ard klystron housings go to
the klystron production section. The manifcld parts are sent
to the ribbon and sheet operations section.

In the fourth case, molten Al 6063 alloy goes to the die
caster. The caster produces end joints (one part) and joint
clusters (several shapes). These end joints aid joint clusters
are SMF outputs; they are sent to the input/output station.

6.3.3: Ribbon and Sheet Operations Layout: Figure 6.4 ex-

pands the box labeled 'Ribbon and Sheet Operations' in Fig. 6.2
into a detailed operations layout. At the left-hand end of

the detailed layout, Al 6063 alloy slabs {from the metals
furnaces and casters section) are fed into a rolling mill,

This rolling mill reduces the slab thickness, producing 1.77 mm
thick Al 6063 ribbon (.74 m wide). The pieces of ribbon are
then end-trimmed and welded into long structural member rib-
bon which is then wound onto rolls for shipment. During the

roll winding, a teflon sheet is sandwiched between successive
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layers of Al alloy ribbon, taq prevent ribhon surfaces from
vacuum-welding together. The rolled-up structural member rib-

bon is SMF output; it is sent to the irput/output station.
The roiling mill also receives pure (99.6+%) aluminum slabs

from the metals furnaces and casters section. From these slabs
the rolling mill feeds three output streams. In all three
cases, the rolling mill produces 1 mm thick Al ribbon (.74 m
wide). In the first case, the ribbon is end-trimmed and welded
into long busbar strips, which are then wound on rolls. As
with the structural member ribbon above, teflon sheet is in-
serted into the busbar strip roll to keep ribbon surfaces from
vacuum-welding.

In the second case, the Al ribbon goes to a sheet trimmer,
which cuts the ribbon and trims its edges to form pieces of
sheet ribbon (.72 m x 2.15 m). These are sent to sheet Tay-
out and klystron radiator assembly (discussed later).

In the third case, the rolling mill feeds the Al ribbon
to a ribbon slicer. The ribbon siicer cuts the .74 m wide
ribbon into strips rarging in width from .25 m down to 1.0 mm.
These strips feed four output streams from the ribbon slicer.

First, heat pipe ribbon .125 m wide 1is sent through a
ribbon trimmer, which cuts the ribbon into 1.6 m lengths.
These lengths of heat pipe ribben are sent to the sheet lay-
out and klystron radiator assembly,

Second, heat pipe strips .25 m wide and 3.5 m long are
passed through a striator which scores one side of the strips
with fine grooves. These grooves will eventually serve as

capillary return paths for fluid in a heat pipe. The striated
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heat pipe strips are then form rolled to produce heat pipe
segments. These segments are sent (without trimming) to the
sheet layout and radiator assembly operation.

Third, radiator pipe strips .25 m wide and 3.5 m long are
form rolled to the same cross-section as the heat pipe seg-
ments mentioned above (see Fig. 3.6 for cross-section). These
strips are trimmed to 3.45 m length, and sent to the DC-DC
converter radiator assembly (discussed later).

Fourth, the ribbon slicer produces a range of widths of
aluminum wire, as small as 1.0 mm x 1.0 mm. This wire fs sent
to the insulated wire production section.

The sheet layout and klystron radiator assembly receives
pieces of sheet ribbon, heat pipe ribbon, and heat pipe seg-
ments from other parts of the components factory, and pro-
duces two output streams. For the first output, pieces of
sheet ribbon are welded together into sheet pieces 1.44 m x
2.15 m x .00t m. These pieces are sent to the DC-DC con-
verter radiator assembly.

For the second output, sheet pieces are produced as de-
scribed above, but heat pipe segments and pieces of heat pipe
ribbon are welded to the sheet pieces, forming six heat pipes
extending from one surface of the sheet pieces. The sheet
pieces with the heat pipes are the klystron radiators, and
they are sent to the klystron production section.

The DC-D¢ converter radiator assembly receives sheet
pieces, radiator pipe segments, and manifold parts from other

parts of the components factory, and assembles the sheet
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pieces into radiator sheets 36.55 m x 10.08 m x .001 m. The
radiator pipe segments and manifold parts are welded to one
surface of the sheets, forming a network of pipes for cooling
fluid. The completed DC-DC converter radiators are SMF out-
puts; they go to the input/output station. Since the radi-~
ators are too large for the SMF internal transport system,
this assembly facility is located near the input/output sta-
tion, and the DC-DC converter radiators are moved by the load-
ing/unloading manipulators.

6.3.4: Insulated Wire Production Laycut: The 'Insulated Wire

Production® box in Fig. 6.2 is expanded into a detailed oper-
ations layout in Fig. 6.5. Rods of S-glass (65% $10,, 25%
A1203, 10% Mg0) from the input/output station are fed into a
heated pipe, and when moiten, are drawn through a multi-hole
die to produce glass fibers, which are wound on spools.

The spools of glass fibers and aluminum wire (from the
ribbon and sheet operations section) are loaded into a wire
wrapper, which produces three output streams.

The first output is spools of insulated wire for DC-DC
converter coils, which is sent to the DC-DC converter pro-
duction section. The second output is spools of insulated
wire for klystron coils, which is sent to the klystron pro-
duction section. The third output is electrical wires and
cables (on spools); this is an SMF output, and is sent to

the input/output station.
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6.3.5: DC-DC Converter Production Layout: Figure 6.6 expands

the 'DC-DC Converter Production' bor in Fig. 6.2 into a de-
tailed cperations layout. Transformer cores (from the metals
furnaces and casters section) are drilled to provide core
coolant channels. Next, insulated wire (from the insulated
wire production section) is wound into coils around the trans-
former cores. Finally, DC-DC converter parts from Earth (from
the input/output station) are added to the transformer to com-
plete the DC-DC converters. These converters are SMF outputs;

they go to the .nput/ountput station.

Transformer Cores Insulated Wire DC-DC Converter Parts
1100 tons 480 to-s from Earth
700 tons

1

DRILLING OF
COOLANT COIL L 3 ASSEMBLY
CHANNELS WINDING
DC-DC CONVERTERS
2300 ToNs
OlIndicates an Internal Storage Device (After 10% wastage: 210. tons)

FIGURE 6.6: ©0C-DC CONVERTER PPODUCTION: DNETAILED LAYOUT
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6.3.6: Klystron Production Layout: The box labeled ‘..ystron

Production' in Fig. 6.2 is expinded into a detailed operations
layoat in Fig. 6.7. Solenoid cores (from the met.ls furnaces
and caster section) are first machined and polished to obtain
adequate cavity dimensions and surface finish. Next, trans-
verse coolant channels are drilled through the solenoid cores.
The cores are tested for proper cavity operation.

Ceramic windows are part of the klystron parts from Earch
(from the input/output station); they are fitted into the out-
put cavities. Next, the solenoid cores are wound with insu-
lated wire (from the insulated wire production section).

Solenoid poles {(from the metals fur:. tasters sec-
tion) ar2 welded in place, and the ascamb.y:s 3 old tested
for proper function. Next, the solenoid ccres . r2 attacher
to the radiators (from the ribbon and sheet operatizns sections).

The klystron units now go into final assembly, where zom-
ponents from Earth (collectors and other components, from the
input/output station) and collector and solenoid housings
(from the metals furnaces and casters section) are assembled
to the solencid cores, completing the klystron assemblies.

The assemblies are then baked out and processe’, 2 "running-
in" process tooutgas and 2ge the tube, and tested to verify
proner function of the klystron. The klystron assemblies are
¢4F out -uts; they are sent to the input/output station. Notz:
A1l " e sections of all the SMF factories include quality

control procedures. However, they are not shown in the
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operations layouts. Only the klystrcn production layout in-
cludes testing, because the testsrequired are particularly
sophisticated and significantly increase the complexity of
production.

6.3.7: Components Froduction Massflows: As descrived in

Sec. 6.2.1, examination o7 the process and equipment designs
in the components factory yielded total process waste and
spoilage estimates betweer 1% and 10% fcr each output product.
And the uncertainties in the wastage estimates are dwarfed

bv the uncertainties in the product quantities. Taking these
considerations into account, the study group simplified the
problem with two decisions.

First, for the 1%-10%-wastage products (structural member
ribbon, klystron assemblies, busbar strips, RC-DC converters,
electrical wires and cables, DC-DC converter radiators, end
joints, and joint clusters), the study group assumed a con-
servctive 10% total wastage (combined process wastage and
spoilage) from material inputs to finished products.

Second, for each of these products, rather than allocating
a fractioc of the 10% wastage to each of the production steps,
the study group made the simpler, conservative decision to
size each proauction step fo~ maximum wastage.

In other words, the throughputs through all components
production <teps are first calcuiated as if there were no
wastage whatsoever (based on one 10-GV¥ SPS without growth

margin). Then all the massflows were set 10% higher. It is
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these higher mass>fiows which appear in the operations layouts.
The components factery equipment is also sized for these mass-
flows. These two decisions greatly simplify the bookkeeping
of massflows, without significant loss of accuracy. The SMF
material inputs masses in the components production layouts
match those liste. in Table 24.2. The SM. output masses in
parentheses {afte the assumed 10% wastage) match those listed
in Table 3.1,

6.4: SOLAR CELL PRODUCTION OPERATIONS LAYQUTS

6.4.1: Operations Layout: Figure 6.8 presents a detailed

operations layout of the solar cell factory in the reference
SMF. The following discus=zion traces the growth of the solar
cells through the layout. Specific descriptions of production
equipment appear in Chap. 7.

Starting in the upper left-hand corner of the laycut,
aluminum (from slabs from the metals furnaces and castirs sec-
tion) is deposited by direct vaporization (DV) to form rear
contacts (2 microns thick) for the solar cells. At *he same
time, metallurgical grade (MG) silicun (from the input/output
station) is z:ne refiaed to semiconductor grade (SeG). This
SeG silicon is then direct vaporized onto the rear aluminum
contacts, to a depch of 50 microns. Simultaneously, the p-
dopant (boron) is ion-implantec into the bottom 45 microns of
the s‘licon. The silicor layer is then recrystzllized to im-
prove the c-ysta® e quality of the deposition. A pulsed-
beam recrystallization fosters t-e grow*h of columnar grains,

and a scan recrystallization wicens the diameter of these grains.
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Next, the n-dopant (phosophorus) is applied by ion-
implantation to the top 5 microns of the silicon layer. After
the n-dopant application, an annealing step heals the resul-
ting point defects in the crystal lattice.

Aluminum (from the metals furnaces ana casters scction)
is then deposited by DV to a depth of 1 micron to form the
front contacts, This deposition is done through shadow masks,
in two steps: the first deposition mask forms the fingers of
the grid fingers pattern; the second mask forms the collector
bar, compieting the pattern on the cells. Once used, the
masks are coated with aluminum, and must be cleaned before
being returned to the DV process. Following the deposition
of the aluminum, the top contacts are sintered by a low-power
beam scan over the grid fingers pattern.

The sheets of solar cells are then cut into sectiens
('crosscut'). Cell interconnects are inserted between the
sections of cells and electrostatically bonded to the col-
lector bars and rear contacts. Every 18 strips, the inter-
connect is omitted. This forms panels of 18 sections each,
with panel dimensions 1.17 m x 1.1 m, The interconnects are
produced by a separate machine which direct-vaporizes aluminum
(from the metals furnaces and casters sectioni to form a sheet
of Al; this sheet is then cut into interconnects.

After the cell interconnection, a 75-micron thick optical
cever of SiO2 (from the input/output station) is direct-vapor-
ized onto the topo surface of the cell pane’s, covering the

silicon wafers, top contacts, and interconnects. Next, a
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50-microns thick layer of 530, is direct-vaporized onto the
bottom of the cell panels, covering the rear contacts and inter-
connects. This layer is the glass substrate for the cells.
Paneis are then aligned to form larger arrays. At this
stage defective panels can be removed and spare panels can be
inserted (to maintain the proper output rate of solar cell
arrays). Panel interconnects {made by the same equipment as
the cell interconnects) are then inserted between panels and
electrostatically bonded to the collector bars and rear con-
tacts of the cell strips at the panel edges {these collector
bars and rear contacts were masked during Sio2 deposition).
The panels are then cut across the solar cell sections
(*longitudinal cut'), separating each section into 14 solar
cells an the panel into 252 interconnected cells. Kapton
tape (from the input/output station) is then applied to the
rear surface of the cells, covering the edges of the panels.
This tape serves as structural backing to the solar cell arrays.
The array segments (each 14 panels wide and 541 panels
Tong) are then accordion-folded and packaged into a cushioned
box for transport out of the solar cell factory, to the input/
output station for final delivery to the SPS assembly site.

6.4.2: Solar Cell Production Massflows: The massflows in

the layout in Fig. 6.8 are estimated from the process and
equipment designs, based on the production of one 10-GW SPS
(without grow* margin). As mentioned in Sec. 6.2.1, process

waste in sc _r cell production is significantly higher than
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in components production. This is due to an estimated depo-
sition efficiency of 67% in the direct vaporization processes
{2/3 deposited, 1/3 wasted), and estimated loss of 21% of the
input silicon during zone refining, and the wastage of 6090
tons of aluminum on the from contact shadow masks. Besides
the process waste, a spoilage rate of 10% was assumed, due to
the fragility of the cells and the precision required in pro-
cess control.

Rather than estimating fractions of the total spoilage
rate for each production step, the 10% spoilage rate was con-
servatively applied to the entire set of massflows. In other
word the throughputs were calculated (including the process
waste) as if there wevre no spoilage. A1l the massflows were
then increased by 10%. It is these massflows that appear on
thc operations layout. The material inputs masses match
those in Table 4.2. The SMF output mass in parentheses (after
the assumed 10% spoilage) matches that 1°sted in Table 3.1.
Subtracting the material outputs masses (from Table 3.3) from
the material inputs masses (from Tablec 4.2) yields the wastage
for each type of material. Dividing that wastage by the input
mass for any material gives the wastage percentage listed in
Table 4.2.

6.5: WAVEGUIDE PRODUCTION OQPERAT.ONS LAYGUT

6.5.1: Operations Layout: A detailed operations layout of

the wavegquide factory in the reference SMF appears in Fig. 6.9.

*vun3 of the equipment are presented in Chap. 7.
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Natural lunar glass (brought from the Moon as 5-micron
powder, bagged) and foaming agents (brought from Earth as
powder) are moved from the input/output station to the powder

mixer, where they are thouroughly mixed. The mixed powder is

loaded into a mold, heated into foamed glass, and cooled over

12 hours. The blocks are then cut into thin sheets (2.5 mm
thickness) by multiple saws. The sheet faces which will
form the interior of the waveguide are then smoothed by a
scanning laser, to produce a surface suitable for coating
with aluminum. This aluminum (from the metals furnaces and
casters section) is direct-vaporized onto those surfaces, to
a depth of 6.7 microns.

Following the Al deposition, the sheets are slicea into
strips sized to become sides of the waveguides. Those strips
which are output faces are laser-slotted, and those which are
input faces are laser-holed. During the SPS assembly, input
feeds from the klystrons will be connected to those input holes.
The strips are then assembled into wavegu.de "sticks" by laser-
fusing the corners together. The completed sticks are packaged

and sent to the input/output station,

6.5.2: Waveguide Production Massflows: Based on production

of one 10-GW SPS (without growth margin), massflows in the
layout in Fig. 6.9 are estimated from the process and equip-
ment designs. As mentioned in Sec. 6.2.1, process waste is

significantly higher in waveguide production than in compo-
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nents production. The estimated process waste from cutting
and slotting the foamed glass is 30% of the material. Also,
the estimated officiency of Al direct vaporization is 67%
(2/3 deposited, 1/3 wasted). In addition to the process
waste, a spoilage rate of 10% was assumed, in view of the
fragility of the waveguides.

Rather than estimating fractions of the total spoilage
rate for each production step, the 10% spoilage rate was con-

servatively applied to the entire set of massflows. In other
words, the throughputs were calculated (including the [ro-

cess waste) as if there were no spoilage. Then all the mass-
flows were increased by 10%. It is these massflows that are
on the operations layout. The material inputs masses match
those in Table 4.2. The SMF output mass in parentheses
(after the assumed 10% spoilage) matches the one listed in
Table 3.1. Subtracting material outputs masses (from Table
3.3) from the material inputs masses (from Table 4.2) yields
the wastage for each type of material. Dividing that wastage
by the input mass for any material gives the wastage per-
centage listed in Table 4.2,

6.6: SUPPORT OPERATIONS LAYOUTS

6.6.1: Input/Qutput Station Layout: Figure 6.10 presents

a detailed layout of the box labeled 'Input/Output Station'
in Fig. 6.2. The equipment designs are presented in Chap. 8,
“Support Equipment Specifications™.

The large unpiloted cargo modules (from LEQ, Mocn, or SPS
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assembly site) are docked by the loading/unloading manipula-
tors to large retention latches. While they are docked to
the SMF, these cargo modules serve as storage areas for in-
puts waiting to enter the SMF, and for SMF outputs awaiting
shipment to the SPS assembly site.

Inputs (i.e. material inputs to factories, expendables,
refurbishment parts, propellant, consumables) are unloaded
from the containers by the manipulators and transferred to

the internal transport loading/unloading station. This
station is merely a transfer point between the manipulators

and the magnetic-cart internal transport system. Once in the
magnetic carts, the SMF inputs are routed to the appropriate
destinations.

Most of the SMF outputs reach the input/output station
via the internal transport system. They are picked up by the
loading/unloading manipulators at the internal transport sta-
tion, and loaded into cargo modules. The exception is the
DC-DC converter radiators, which are too large to fit in the
internal transport system. These are picked up by the mani-
pulators directly from their production area, which is located
within reach of the input/output station.

Personnel modules (smaller than the cargo modules) are
docked by their pilots to standard androgyn Jdocking mechan-
isms. Personnel can then transfer through the pressurized
docking ring to a pressurized tunnel leading to the habitation
section. The reverse process brings personnel from the SMF

into the persunnel modules for departure.
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The output masses shown in the layout are those required
for the production of one 10-GYW SPS (without growth margin).
They match the masses listed in Table 3.1,"SMF Qutputs".

6.6.2: Internal Transport and Storage Layouts: An operations

layout for the internal transport system would carry little
information: the operations of the transport system are to

load, carry, and unload. Instead, Fig. 6.11 presents a very

simplified schematic of the system.

The internal transport system links three principal sec-
tions of the SMF: the input/output station, the habitation
section, and the factories. Not shown on the schematic are
internal storage devices within the factories, or the com-
plex network of tracks carrying inputs to individual machine,
intermediate products between machines, and outputs out of the
factories. Equipment descriptions appear in Chap. 8.

To guarantee that production is not slowed by the un-
availability of transport carts during peak demand periods,
a2 number of extra carts are available to the system. These
are kept in cart storage are.. '+ several locations around
the SMF. Routing contrcl (more an operations section then an
actual facility) maintains a map and cargo manifest of the
entire system, including the locations of all carts. It re-
ceives information on cart location from the entire system,
and updates its location map continuously. Based on this
data, routing control optimizes the traffic pattern and is-

sue: appropriate stcocp-and-go or switching comrands to the
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s,stem. Carts can be individually routed and controlled by
this system.

There are three types of internal storage in the reference
SMF. The first is the bulk storage at the input/output sta-
tion. The cargo modules, once docked, serve as storage for
input materials ready to e-ter the SMF and for SMF outputs
reac for s!. ,ment. When a cargo module's input materials
nave been entirely replaced by SMF outputs, the module is re-
leased and shipped to "he SPS assembly site.

The second type of internal storage is within the fac-
tories. When a machine requires small pieces as inputs, an
internal transport cart can hold many such pieces and serve
as fnternal storage. The cart is parked on a sidetrack next
to the input of the machine, which slowly empties the cart
as needed. When emptied, the cart moves away, and a full
cart replaces it. Similarly, machines which produce small
outputs can slowly fill a cart, which moves away when full.

The third type of internal storage (also within the fac-
tories) is an 'internal storage device'. Such devices are
intermediate warehouses to wold machine inputs and interme-
diate products of the production lines. They serve as local
supply depots to sections of the factories. Figure 6.12 shows
a possible operations layout including such devices, Inputs
(either from other machines or from the input/output station)
are brought by thke internal transport system to internal stor-

age devices. The inputs are off-loaded from the transport
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system into the storage devices,-adding to the process machfn-
ery's input reserves. Meanwhile, the machinery draws on stored
inputs as needed. This system allows uninterrupted production
despite irregular flows of fnputs to the internal storage de-
vices.

6.6.3: Power Plant Layout: Fijure 6.13 presents an operations

layout of the SMF power plant. Descriptions of the equipment
appear in Chap. 8.

Sunlight falls on a solar array, generating DC power,.
This power is fed by busbars to two power conditioning systems.
The first system consists of DC-DC converters and switchig
systems, which produce high-voltane AC power at 300 Hertz,
for use in the induction furnaces in the components factory.

The second power conditioning system consists of DC-DC

converters and switching systems, which produce DC power at
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various voltages. These power outputs supply all of the pro-
duction equipment in the factories, repair shops, support equip-
ment (including control centers), hatitation section, internal
storage devices, and the input/output station.

In case of solar eclipse, or malfunction of the solar-array
pointing system, power can be produced by emergency fuel cells,
which feed DC power to the power conditioning system. During
primary power failure, these fuel cells produce enough power
to avoid damage to equipment and danger to personnel while the
production equipment shuts down; to keep essential support
services (e.g. docking, internal transport, life-support, re-
pair) working until primary power returns; and to keep the
1ife-support systems of the habitation section operating.

The fuel cells are actually orerated at low output at
all times, to keep them in operating condition, and to pro-
duce power to handle peak loads (the solar array produces
mainly baseload power). The cells are fueled with lunar exy-
gen and earth hydrogen; their water output makes up the water

losses in the food and water cycles.

Power requirements for individual process machines and
support machines are listed in Chaps. 7 and 8, respectively.
The total power requirement and component requirements are

listed in Chap. 10,
6.6.4: Production Control and Management Layout: The opera-

tions in production control and management are schematized in

Fig. 6.14. The system includes three levels of control: fac-
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tory monitoring, factory resources management, and production
management.

The lowest level is factory monitoring, which continuously
receives information on machine operation and output quality.
If product quality is substandard, the factory monitoring sec-
tion sends commands to the factory to adjust the appropriate
equipment settings.

If the substandard output persists, or if a machine break-
down occurs, the factory monitoring section sends commands to
the factory to shut down the affected equipment, and sends com-
mands to the maintenance and repair section to fix the problem.
Similarly, the factory monitoring section monitors the need for
maintenance of the factory equipment, and sends commands to the
maintenance and repair -ection to do that maintenance. The op-
tions, strategies, and equipment for maintenance and repair are

discussed in Chap. 9.

Factory monitoring is decentr-lized, i.e. spread throughout
the factory. It matches the functions of the human machine
operator on Earth (it could also be a human operator in space).
The human operator on Earth adjusts the machine to maintain
output quality, shuts it down if necessary, and calls for main-
tenance or repair services as needed.

The next level in SMF production control and management is
the factory resources management section. This section receives
information from several sources. From the factory monitoring

section, it receives continuous information on the status of
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the factory, i.e. which machines are working, which are shut
down, which are approaching scheduled maintenance. From the
factory itself, the factory resources management section re-
ceives information on the contents of internal storage systems.
rrom the input/output station, it receives information on the
input and output inventories in the cargo modules.

From all this information, the factory resources manage-
ment section builds and continuously updates a picture of the
resources available for production: status of machinery, size
and location of materiai inventories. Based on this picture,
this section models and predicts factory throughput. It then
optimizes factory operations in the predictive model.

To implement the optimum model, the factory resources
management section issues commands to the input/output station
and to the factory, and reprograms the factory monitoring sec-
tion. The commands start and stop equipment, and control the
routing of internal transport systems (the commands are fed to
the 'routing control' described in Sec. 5.6.2). The reprogram-
ming of the factory monitoring section can change the quality
control criteria and/or alter the response to machine breakdown.

For example, should the factory resources management sec-
tion be faced with the problem of producing a large number of a
given component quickly, but with reduced quali.y requirements,
it can do the following: 1) command the input/output station
to load the necessary ‘rnputs into the factory as quickly as
possible; 2) command the internal transport routing control to

give priority to those inputs; 3) command the factory equipment
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to produce as much of the needcd product as possible; 4) repro-
gram the factory monitoring section to reduce quality control
criteria (thus reducing the quantity of rejected product); 5)

reprogram the response to machine breakdown, so that the factory

monitoring section will send more repair workers to fix any
failures in the needed equipment; 6) reprogram the factory moni-
toring section to delay maintenance on the necessary machinery.

The earth analogy to the factory resources management is
the shop foreman who knows the status of the shop's equipment,
the availability of the shop personnel, the contents of the
stock racks and the storage room, and the output expected from
the shop. The shopforeman‘a11ocates the available resources to
maximize the output required.

The factory resources management section of the SMF in-
cludes several such personnel to oversee the operations of the
complex SMF factories. The large volumes of information required
are processed by computers,

The upper level of production control and management is
production management,. The SMF production manager receives
information from within the SMF and from other sectors of the
space industrialization scenario. From the factory resources
management scction, production management receives updates on
the resources available to the SMF. From the Moon and the SPS
assembly site, the SMF production manager receives information
on shipment schedules for both expected input shipments and

required output shipments. These “acls are then evaluated to-
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gether with long-range planning goals to determine the rear-term
objectives of SMF production. Preduction management then gives
these objectives to the factory resources management section for
implementation. Following the example above, the decisions to
produce as much of the needed product as possible, and to lessen
the quality control criteria, would be the SMF production
manager's.

6.6.5: Habitation: An operations layout of the habitation is

outside the scope of this study. A number of studies on habitat
design are avaiiable in the literature (Refs. 6.1, 6.2, 6.3).

A description of the habitation section design used in this study
appears in Chap. 8. '

6.6.6: Stationkeeping: The stationkeeping system has three

functions: to maintain the SMF in the desired orbit; to provide
general attitude control to keep the structure shaded by its
solar array; and to provide fine attitude control to keep the
shape of the SMF within structural tolerances. In general, the
stationkeeping system requires navigational sensors, relative
position sensors for the various sections of the SMF, and
thrusters. Descriptions of this equipment appear in Chap. 8;
definition of their quantitative requirements is not part of

this study.
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