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FOREWORD

The SPS systems definition study was initiated in December 1976. Part | was completed on May 1,
1977. Part l included a principal analysis effort to evaluate SPS energy conversion options and space
construction locations. A transportation add-on task provided for further analysis of transportation
options. operations. and costs.

The study was managed by the Lyndon B. Johnson Space Center (JSC) of the National Aeronautics
and Space Administration (NASA). The Contracting Officer’s Representative (COR) was Clarke
Covington of JSC. JSC study management team members included:

Lou Livingston

Lyle Jenkins

Jim Jones

Sam Nassiff
Buddy Heineman
Dickey Arndt

R. H. Dietz

Lou Leopold
Jack Seyl

Bill Dusenbury
Jim Cioni

Bill Simon

System Engineering
and Analysis

Space Construction
Design

Construction Base
Mass Properties
Microwave System Analysis
Microwave Transmitter
and Rectenna
Microwave Generators
Phase Control

Energy Conversion
Photovoltaic Systems
Thermal Cycle Systems

Dick Kennedy
Bob Ried

Fred Stebbins
Bob Bond

Bob Gundersen
Hu Davis
Harold Benson
Stu Nachtwey

Andrei Konradi

Alva Hardy
Don Kessler

Power Distribution
Structure and Thermal
Analysis

Structural Analysis
Man-Machine Interface
Man-Machine Interface
Transportation Systems
Cost Analysis
Microwave Biological
Effects

Space Radiation
Environment
Radiation Shielding
Collision Probability

The Boeing study manager was Gordon Woodcock. Boeing technical leaders were:

Vince Caluori
Dan Gregory
Eldon Davis

Hal DiRamio

Dr. Joe Gauger
Bob Conrad
Rod Darrow
Bill Emsley

Photovoltaic SPS’s
Thermal Engine SPS’s
Construction and Orbit-to-
Orbit Transportation
Earth-to-Orbit
Transportation

Cost

Mass Properties
Operations

Flight Control
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Jack Gewin
Don Grim
Henry Hillbrath
Dr. Ted Kramer

Keith Miller
Jack Olson

Dr. Henry Oman
John Perry

Power Distribution
Electric Propulsion
Propulsion

Thermal Analysis and
Optics

Human Factors and
Construction Operations
Configuration Design
Photovoltaics
Structures
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The Part I Report includes a total of five volumes:

Vol. 1
Vol. II
Vol. 111
Vol. IV
Vol. V

D180-20689-1
D180-20689-2
D180-20689-3
D180-20689-4
D180-20689-5

Executive Summary

System Requirements and Cnergy Conversion Options
Construction, Transportation, and Cost Analyses

SPS Transportation System Requirements

SPS Transportation: Representative System Descriptions

Requests for information should be directed to Gordon R. Woodcock of the Boeing Aerospace
Company in Seattle or Clarke Covington of the Future Programs Division of the Johnson Space
Center in Houston.
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2.0 POINT-OF-DEPARTURE CONFIGURATIONS

The point-of-departure data came from four primary sources

(1) Asilicon photovoltaic SPS from JSC report 11568 (the “‘green book™).

{2) A Brayton thermal engine configuration from the Space-Based Power study, (Contract NASS8-
31628). Boeing final report D180-20309-2.

(3) Earth-to-Orbit transportation systems from the Heavy Lift Launch Vehicle study. contract
NAS8-32169, Boeing final report D180-20505-2.

(4) Orbit-to-orbit transportation systems from the Future Space Transnortation Systems Analysis
Study. contract NAS9-14323, Boeing final report D180-20242 (4 volumes).

The SPS systems were re-sized in order that they be normalized to JSC microwave power transmis-
sion sysiem efficiencies. Mass properties data ror the initial configurations were not normahzed.
e.g.. the JSC configuration included 509% mass growth whereas the Brayton system included none.
Mass properties data were normalized during the course of the study.

2.1 SILICON PHOTOVOLTAIC SPS

The silicon photovoltaic confizsuraton adapted from the JSC study is shown in Figure 2.1. This con-
figuration employs a geometric concentration ratio of 2 (total projected area of solar collection is
twice that of the photovoltaic blankets). using v-ridge aluminized Kapton plastic film reflectors. and
is sized to provide a total of 10.000 megawatts of eiectric power at the output of the two receiving
antennas on Earth. This configuration employed estimating factors for solar blanket performance
and mass properties from the JSC reference data. A mass properties summary for this configuration
is provided in Table 2-1.

2.2 SOLAR BRAYTON CYCLE

The Brayton cycle turbomachine provides a rotating shaft output which drives the generators. Sun-
light is highly concentrated by a dish-shaped reflective concentrator to provide temperatures high
enough to drive the thermal engine. Thermal energy is added to the helium working fluid in heat
exchanger tubing located within the cavity absorber. The hot gas is expanded through the turbine.
providing power to turn both the compressor and generator. The recuperator exchanges energy
across the loop to increase the system efficiency. Waste heat is rejected through a gas-to-liquid heat
exchanger to a hiquid metal cooling loop; the liquid metal pumps use power drawn from the

generators.
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w3 e Silicon at CR=2
o Nominal truss configuration with n = .060
® Orientation P.O.P.
24.8 KM 1KM
SOLAR ARRAY |56 KM
129 Km2
T
62KM
|
Far® =h
‘l-\— R
ANTENNA (2)
1-KM DIAMETER
Figure 2-1. Photovoltaic Reference Configuration
Table 2-1. Photovoltaic Reference Configuration
Component we@h&:;;? ::)g;: tons Remarks
1.0 Solar energy collection system (36,616) 128.73 km? with n = .060
1.1 Primary structure 2,493 ~ to array area
1.2 Secondary structure 189 ~ to array area
1.3 Mechanical systems 40 No change
1.4 Maintenance station 85 No change (1,000 m3 enclosed volume)
1.5 Control 340 200 MT dry weight + 1-yr prop
1.6 Instrumentation/ 4 No change
communications
1.7 Solar-cell blankets 25,746 4 kg/m?2
1.8 Solar concentrators 5,149 04 kg/m2
1.9 Power distribution 2,570 ~ to 3/2 power of area
2.0 MPTS 15,371

Subtotal 51,987
Growth 25,994 50%

Total 77,981
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The 10,000 volt ac output of the generators is stepped-up to 382,000 volts in transformers; this
high voltage facilitates on-board distribution. Step-down occurs in the rotary transformen. Figure
2-2 diagrams the cycle. Figure 2-3 shows the size-normalized SPS configuration and Table 2-2 pro-
vides the point-of-departure mass statement.

The radiator system for the baseline Brayton SPS is composed of water heat pipe panels fed by a
NaK manifold system. Since the satellite is divided into four modules, the radiator area is divided
into four sections. Each s.ction cools 16 Brayton turbomachine sets. The radiator system for a
single engine is made up of 184 panels each 10M x 20M. These panels each have four connections
which require welds: the manifold sections also require welds. The basic flow diagram of a radiator
section is shown in Figure 2-4.

The panel size of 10M x 20M is set by the assumed capability of the heavy lift launch vehicle. Each
panel has four 20 cm diameter “‘throughpipe™ stubs extending outward 30 ¢cm. These require weld-
ing; they can also be used to hold the panel. 10M lengths of single tapered header are launched pre-
welded to one quarter of the panels: one quarter of the panels have no headers preattached.

The header/panel assembly takes place on a framzwork having no gaps larger than 100M. The head-
ers are attached to this frame with swinging links to allow expansion’/contraction in the system.

All radiator tubes are stainless steel. The heat pipe panels come preloaded with water. The mani-
folds and headers must be filled with NaK after all welds are compieted.
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Figure 2-2. Solar Brayton Cycle
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Table 2-2. Brayton SPS Mass Statement

Weight in metric
tons (kqg/1,000)

Solar concentrators
Facets 4,310
Structure 10,460
14,770
Conductive spine 1,180

Cavity absorber:
Tubing 3,850
Insulation/skin/frame 1,270
Turbomachines 2,120
Recuperators/coolers 6,250
Generators, with cooling 4,420
Step-up transformer with cooling 2,070
Rotury transformer with cooling 2,630
Rectifier/filter, with cooling 6,110
Radiators with pumps 42,550
Attitude control, stationkeeping 1,550
MPTS 15,371
Total * 102,591
—~— 46 PANELS —_—_—
 —— [

TqapeReD

HEADER
(SINGLE)

L)l 8 PANELS

| == T .
P | a—
l L ——MANTFOLDS (CONSTANT SECTION)

ARROWS INDICATE NaK "LOW DIRECTION
Figure 2-4. Radiator Sc
5

hematic

*(no growth)
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2.3 TRANSPORTATION

Point-of-departure transportation systems included Earth-to-orbit and orbit-to-orbit systems.

2.3.1 Earth-to-Orbit Systems

2.3.1.1 Heavy Lift Launch Vehicle

A class 4 ballistic recoverable two stage configuration was selected as the point-of-departure vehicle.

The vehicle consists of two fully recoverable ballistic stages and a non-recoverable payload shroud.
The configuration of the vehicle is shown in Figure 2-5 and includes two optional shroud sizes. The
longer shroud would handle low density 20 kg/m3 (about 1 1b/ftd) payloads, the shorter 100
kg/m3. For reference. the low density shroud is about the overall length of the first two stages of
Saturn V and 1.66 times the diameter. The payload is cantilevered from the forward face of the
second stage and the shroud protects the payload during boost. The vehicle’s payload capability to
270 nm orbit is 272 000 kg (599,000 1b).

First Stage Design—The LOX/RP-1 first stage of the vehicle 1s a sea landing ballistic entry stage. The
stage is conical in shape to fucilitate installation of the engines and their closure doors. to provide a
low entry velocity and good stability in the sea. Nine gas generator cycle LOX/RP-1 engines of a
new design with a thrust ot 20.7 x 106 N each, power the first stage. The LCX and RP-1 tanks pro-
vide both propellant containment and ullage space. Pressurization gas 1s heated GOX for the LOX
tank and heated heliuin for the RP-1 tank. Helium is stored m alunmnum tanks within the LOX
tank. Three SSME’s (€=20) are installed to provide terminal deceleration prior to a sea landing.

Second Stage Design—The second stage configuration is dictated by acrodynamic balance require-
ments at entry. Seven SSME’s provide the main propulsion resulting in a T/W of approximately 0.9
at ignition. Two RL-10 engines provide on-orbit maneuvering and de-orbit thrust. The stage is
deorbited by the RL-10 engines and enters ballistically. Drogue deployed parachutes provide initial
deceleration and ballutes are used to pitch the stage over for landing “engines first™” on deployed
legs. Two SSME’s provide final braking just before touchdown on land.

2.3.1.2 Crew Transportation Vehicle

The crew transportation vehicle. a liquid booster growth version of the shuttic. was adopted from
the FSTSA study. The Space Shuttle Growth concept represe:..s a direct evolution of the current
system into an improved version which increases the payload capability to approximately 47 600 kg
(105,000 1b) and lowers the operational cost. A representative candidate, shown in Figure 2-6,
replaces the SRB’s with a liquid propellant recoverable booster and was selected for use in this
study. This configuration is a tandem arrangement, scries burn vehicle with a ballistically recover-
able first stage. The External Tank propellant load of 705 000 kg (1.550.000 Ib) has been retained

for the series burn ascent mode.
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The LO5/RP-1 ballistic recoverable booster incorporates a conical shape for aft end forward entry
and is powered by five F-1 engines. The sequence of events following F-1 engine shutdown includes
the following: thc booster separates, doors close over the engine openings in the aft heat shield, the
stage is oniented for entry by the reactic» control system, and finally 3 inodified SSME’s used for
landing engines are ignited for a powered down-range sea landing. The landing engines provids
deceleration to near zero velocity. Nominally, this zero velocity occurs about 3 meters (10 ft) from
the sea surface, where the engines are throttied back to a thrust to weight of 0.8 allowing the stage
to settle on the surface at a rrominal impact velocity of 3m/sec (10 fps). The booster shape provides
inherent upright floating stahility in the water due to its broad base and aft center of gravity
location.

2.3.2 Orbit-to-Orbit Transportation

Orbit-to-orbit transportation is required for crews and for SPS hardware. Crew transportation is
assumed to always use a high acceleration mode. High and low acceleration modes were considered
for SPS hardware. as illustrated in Figure 2-7. Orbit transfer mission modes are defined by the vehi-
cle acceleration level available and by where the SPS construction is to take place. Electric propul-
sion systems involve very low acceleration requiring several months to complete the trip from low
Earth orbit to geosynchronous orbit. The self-powered option assumed low Earth orbit construction
and the separate powered options geosynchronous construction.

The GEO assembly option for SPS requires a large common-stage LO/LH> orbit transfer vehicle.
Characteristics of the point-of-departure system are shown in Figure 2-8. This vehicle was sized ior
SPS hardware transportation but can be adapted for crew transportation: for the latter purpose,
scaling down in size was to be evaluated. Low thrust separate (independent) power options for SPS
hardware transportation were considered in the FSTSA study but were not included in this SPS
study as they have no apparent advantage over the LO»/LH> high thrust system. A representative,
self-power orbit transfer system installation concept from the FSTSA study is shown in Figure 2-9,
assuming division of the photovoltaic satellite into 4 modules for orbit transfer. Some characteris-
tics of the installation at each comer (8 total installations per SPS):

Electric power consumption 172 000 KW,

Electric Thrust 8750 N (1970 log)

Propulsion hardware mass 835 000 kg (1.840.000 lb)
220 electric thrusters of 1 megawatt peak capacity
38 propeliant tanks

22 000 m2 (240.000 ft-) of radiator area

Orbit transfer system cost $150 million (per corner)

This illustration shows magnetoplasmadynamic (MPD) propulsion hardware. In the SPS study,
emphasis was shifted from MPD to ion thrusters because interface characteristics could be better
defined.
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3.0 ANALYSES CONDUCTED

The point-of-departure configurations were analyzed in considerable depth, in addition, the addi-
tional energy conversion options shown in Figure 3.0-1 were analyzed. The description of analyses
conducted are ordered as follows:

3.1 SPS Requirements 3

3.2 Photovoltaic Energy Conversion and SPS Configurations g Vol. Il
3.3 Thermal Engine Energy Conversion and SPS Configurations

3.4 Construction Analyses 3

3.5 Transportation Analyses

3.6 Collision Analy.es f Vol Il
3.7 Cost Analys:s J

Each section excepting the transportation analysis section is organized to provide a record of the
work accomplished and a description of results. In accordance with the Part I Statement of Work as
revised by the add-on task, the transportation effort is to be separately documented. Volume 11
therefore presents only transportation results.

3.1 SPS REQUIREMENTS

One of the sub-objectives of the SPS System Definition Study is to identify and define require-
ments on the SPS as a system.

The SPS is intended to serve as a long-range nondepletable energy system. As such it should meet a
set of nine general requirements applicable to any such system:

(1) The source of the energy should be nondepletable over time scales of at least hundreds of
years. (A solar energy system clearly meets this requirement.)

(2) The system should not be capacity-limited. i.e.. it should be possible to install as much capac-
ity as is desired. (If hydroelectric power could meet this requirement. there would be no
energy crisis.)

(3) The system should be usable for baseload. i.e.. continuous service.

(4) The system should produce much more energy over its lifetime than is invested to create and
operate the system.

13
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(5) The system should have acceptable economics. In the simplest terms, it should produce electric
power th. -onsumers and industry can afford to buy.

(6) The system should be environmentally acceptable in all respects, including air pollution water
pollution, thermal pollution, hazards, land use, and any other unique factors associated with
the particular nature of the system. The SPS, for example, must mect environmental standards
(presently not well-defined) as regards communications experience and public exposure to its
microwave beam.

(7) The system should not require excessive consumption of critical resources even to install the
greatest plausible total capacity. (One SPS option studied about two years ago, for example,
requred excessive use of tungsten and was subsequently dropped from further consideration.)

(8) The system should have the potential for compatibility with power grids as regards reliability,
availability. power characteristics, plant size, and ability to serve all regions of the world.

(9) The system should admit to an orderly. manageable development program without excessive
risk. cost. or calendar time required to reach initial commercial status.

From these can be derived system and design requirements applicable to the SPS. The following
partially complete set of requirements will be updated and expanded during Part II of the SPS sys-
tems study to provide a more complete high-level specification for SPS systems.

3.1.1 The Solar Power Satellite Concept

Figure 3.1-1 illustrates the basic principle of the Solar Power Satellite (SPS). A power generating
system converts sunlight into e¢lectric power which is converted into a narrow (total divergence
angle of approximately 1/100 degree) microwave beam by the microwave transmitter. These sys-
tems are located in equatorial geosynchronous orbit and thus remain in line-of-sight with their asso-
ciated microwave power recciving stations on the ground. At these stations the microwave power is
converted into electricity suitable for integration into the local power network.

Power conversion systems can be either photovoltaic or thermal cycle types. but in either case the
electricity generated is to be used to power a microwave power transmission system to deliver the
energy to Earth.

The microwave power receiving stations for the SPS consist of a large number ( ~109) of dipole
antennas with associated rectifiers. integrated in @n oval a.ray. Rectification of the received energy
to direct current is accomplished by circuit elements which are integral to the dipole antennas. Fig-
ure 3.1-2 is an artist’s concept aerial view of such an array.

15
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Since the antenna intercepts and converts nearly all of the microwave energy but is nearly transpar-
ent to sunlight, it is possible that agriculture could be accomplished beneath it. Surrounding the
antenna is a buffer zone to prevent public exposure to stray microwave radiation more energetic
than the continuous exposure standard (assumed to be more than 10 times more stringent than the
current standard). These antennac could be placed relatively near demand points (note the city in
the background of Figure 3.1-2).

3.1.2 System Requirements Basis

Utilization of space-based power generation could conceivably occur as a legislated action.
prompted by the resultant increase of national energy independency. reduced pollution. infinite
source, etc. However, about three-fourths of our electric power currently is produced by private
utilities, suggesting that economics may be a major factor influencing space-based power incorpcra-
tion. Thus, market elasticity must be considered, i.e.. sales will be influenced by the price of the
product.

Many factors have contributed to the increases in installed capacity (kW) and consumption (kWh).

(1) Population growth—from 1956 to 1973 the rate was 1.3% per year. The rate is predicted to
decline to 0.8% in the 1973 to 1990 period. Resultant populations. millions (1):

1964 ... ... .. ... .. .... 192
1974 .. ...l 212
1984 ... ... ...l 232
1995 .. ...l 252

(2) Rising standard of living—disposable income per person has been increasing: the trend is
expected to continue (1):

Year 1976 S/year per person
disposable income

1964 . .. ... ... ... .. .. 3740

1974 .. .. ... ... .. 5287

1984 ... ...... .......... 6784

1995 .. ... ... 8542

(3) Relative reduction in electricity cost—as pointed out by Hannon (2), the cost of electricity
energy has reduced relative to labor costs (electricity does not strike for higher wages). It thus
seems appropriate that about 407 of our national electricity use is for process heat and indus-
trial power while only 9% goes for lighting (3). In the following plot (Figure 3.1-3) from (2)
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the ratio of manufacturing workers hourly wage :o industrial kWh cost of electricity is repre-
sented as 1.0 in 1951 on the ratio index scale.

This item and the previous one are ultimately related, i.e , the rising standard of living is in part
explainable in terms of the wage/electricity ratio. Thus minimizing energy costs is important
to maintaining 4 high standard of living.

Figure 2.14 shows trends in national installed generating capacity. Note the diffeience between the
1973 and 1974/76 toiecasts. (There was no significant change between 1974 and 1976.) 1i is signifi-
cant that the 1973 article 1a (5) was titled “Utilities Plan Expanston to Meet Records Demands”
and that the 1974 title in (1) was “Slower Growth in Sales and Peaks Sparks Sharp Cut in Expan-
sion Plans and Cost.”

An explanation for the change in forecast is given in (1): at the end of 1973 an increase of 33.100
MW in the summer peak requirement was forecast. An increase of 43.607 MW in capacity was
planned tor 1974 to meet this peak. retire some obsolescent units and raise the national reserve
margin 10 217¢. However, energy consenation {partly from recession-caused production decreases)
cut the load growth. to only 15.530 MW resulting in a generating margin of 26,27 Mild winters in
the 1974-76 period also contributed to the large reserve margins. (The severe 1977 winter appears
to be reversing the trend. statistics are not presently available.) Consequently some of this margin
can be applied to subsequent growth needs. depressing the growth curve. Figure 3.1-5 shows varia-
tion of this margin with time. 18 . 1s generally considered by utilities to be desirable: the margin
was 16.672 in 1969 when reductions and curtailments occurred.

Some authors have forecast and;or recommended very low or even 7¢ro energy growth rate. Hannon
12) recommends a more labor intensive economy. i.e.. one in which. in essence, human muscles per-
form rather than electric motors. thereby making more (lower paying) jobs. One factor is the grow-
ing labor pool resulting from population growth. If the birth rate instantly dropped to zero. the

labor pool would still increase in size for two decades.

A more rational view 1s that energy growth is essential ic economic health. Federal Energy Adminis-
trator Zarb has recommended a 3.5/ to 4.57 installed capeity grov in rate for 1975 to 1985 (6).
This range was plotted in Figure 3.1-4.

It is possible for national energy consumption to remair constant while the amount of electricity
gencrated increases. In 1968, 21.27 of the energy expended went to produce electricity. The last
column shows a potential of 70.7% utilization without significant changes in energy use technology;
for example. electricity could be used for all process heat.

18
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Current Predictions

Figure 3.1-€ shows historical (4) and forecasted (1 and 5) annual additions to U.S. ‘nstalled capac-
ity. Note that these are net additions after retirement of obsolete capacity. Actual sales are 1% to
2% greater. Again note the dramatic changes resulting from the capacity margin produced by
reduced electricity consumption. The projected 1973 addition rate for the ycar 1990 was 64 GW
(64000 MW): the 1974 projection is for S3 GW per ve r for 1990. The 1976 forecast shows a signif-
icantly reduced growth rate beyond 1990, and a greatly reduced nuclear growth rate.

In 1973, nuclear generated electricity provided 4.8% of our capacity. This was 16 vears from the
initial power reactor and nine years after the first “commercially competitive’ reactor of 1964. In
the 16 years trom 1964 until 1980 nuclear energy is forecast to grow to capture 13.6% of the elec-
tric power market. In another 15 years it will represent 30% of our capacity (but provide over 50%
of the kWh) (1). It thus appe ., reasonable to assume early market capture rates of 15% for SPS’s
(assuming equivalent economics). In England, nuclear capacity was added at approximately five
times the percentage rate of the United States. Should superior economics be achieved. i.e., very
low costs for space based power. the capture rate could be even higher.

Other factors could also accelerate space power incorporation, such as nuclear power moratoriums
or legislation which levies the full “social” costs of fossil fuel usage on the electric power customer.
The current social cost for the use of coal. for example. may be 13 to 15 mills/kWh (7).
REFERENCES

(1) Electrical World. September 15, 1974,

(2) Hannon, B.. “Energy Conservation and the Consumer.” Science. 11 July 1975 (Vol. 189, No.
4197).

(3) Hauser. L. G.. “Future Trends in Energy Supply.” 1974 Textile Industry Conference.
(4) Moody’s Public Utility Manual, 1974,

(5) Electrical World. September 15, 1973,

(6) “World News Beat,” Llectrical World, July 1., 1975.

(7) Morgan, M. G.. Barkovich. B. R. and Meier, A. K., “The Social Costs of Producing Electrical
Power tfrom Coal: A First Order Calculation.” IEEE Proceedings. Vol. 61, No. 10, October 1973.
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3.1.3 SPS System Requirements

This is a preliminary draft of SPS m requirements. Requirements are organized according to
the SPS system work breakdown stn  are. This WBS is also to be used for system descriptions and
coust data collection. (The WBS is being updated in Part 11 of the study.)

WBS 1.01 SPS System

1.01-1  The SPS system shall provide electric power for commercial utilization within the United
States. Power output of the associated individual ground installations shall be at § GW (§ x in9
Watts) each, with output form as required by local power network.

1.01-2 The power source for these ground stations shall be located in geostationary orbit. with
power transfer by 1 microwave link.

1.01-3 The system voncepts for these programs, including facilities. launch equipment, etc., shall
provide for annual system additions in accordance with JSC scerario "B~ (Figure 3.1-7). The addi-
tion rate shown in the figure shall be interpreted as a net capacity addition rate. Power cutput
degradation eftects shall be compensated such that the figure represents actual total realizable out-
put versus time with seasonal variations averaged over a year.

1.01-4 Nominal life of the satellite and ground receiving stations shail be 30 years assuming appro-
priate maintenance. This lifetime shall be used for investment amortization in cost and economics
studies. The system shall be designed to allow indefinite extension of operating life with appropriate
refurbishment.

1.01-5 The system design philosophy shall be to mirimize consumer costs for electric power
derived from this source. assuming JSC Scenario B as a reference capacity addition program and
assuming that all developmental and operating costs. including transpor “ation and ot' r .upport
costs, are recovered from operating revenues. (This requirement is not intended as a recommend- 4

pricing policy.)

1.01-6 The nominal system total capacity design limit shall be set at "000 GW for North America
(about ten times the total installed electrical generating capacity for the U.S. in 1976). SPS satellites
must therefore be capable of operating at inter-satellite se,  ation distances as small as 50 km. This
requirement applies to stationkeeping capability, - tersat~ > uplink RF interference, and propul-
sion jet interference between satellites.

1.01-7 Microwave Safety  the design standards following shall not be construed as reflecting any
currently applicable standards or as a recommendation or forecast as to any possible future stand-
ards. They represent stringent de ‘gn requirements containing considerable margins to allow for

unforeseen effects.
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1.01-7.1 Microwave flux density in tne ionosphere shall not exceed 25 mw/cm2. (This requirement
may be modified upward or downward at such a time as experience warrants.)

1.01-7.2 Microwave flux density outside the restricted-access receiving site area shall nowhere
exceed 0.1 mw/cm< with a nominal design goal of 0.01 mw/cmZ. The system shall be designed to
minimize or eliminate restricted access land area not actually used for the power receiving antenna.

1.01-7.3 The average microwave flux density (outside the restricted receiving site areas) over the
U.S. or any other large populated area resulting from operation of the system at rated capacity
(5000 GW) shall not exceed 0.01 mw/cm<.

1.01-7.4 Microwave flux exposure limits for system workers shall be set at 1 mw/cm= for continu-
ous (i.e.. 8 hour workday) exposure and at 10 mw/cm= for exposure periods not to exceed 1 hour
per 24-hour day. Personnel working in areas of flux higher than these limits shall be suitably pro-
tected. ¢.g.. by a Faraday shield.

1.01-8 System sizing shall be referenced to beginning-ofife conditions with any seasonal variations
averaged over a vear. The systems shall provide suitable means to maintain nominal output rating up
to the beginning-of-life rating.

1.01-9 Energy Conversion option comparisons shall use the following r.ucrowave power transmis-
sion link performance as a reference (Table 3.1-2). (These figures shall not in any way be construed
as firm requirements or design guidelines oii the microwave system.)

WRS 1.01.01 Solar Power Satellite (SPS)
1.01.01-1 Orbit

1.01.01-1.1 The nominal operational orbit for SPS’s shall be circular at (° inclination and 35786
km altitude (radius=42164 km). This is the geostationary orbit condition: each satellite will nomi-
nally remain stationary over its assigned longitude point on the Earth’s equator.

1.01.01-1.2 The orbit sha!! remain trimmed such that longitude drift due to perturbing effects does
not reduce inter-satellite distance below 50 km for a nominal spacing of 75 km. Nominal orbit error
allocations are: out of plane 2.2° equivalent to 15.5 km longitude error: eccentricity 0.0004, equiv-
alent to 16.87 km longitude error: long-period drift 10 km. These allocations RSS to 25 km total
random error. 1o the extcat that the satellites can fly formation. e.g.. in a cooperatively perturbed
mode. the longitude of individual satellites can exceed 25 km frem the nominal assigned location.
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Table 3.1-2. Reference MPTS/MCRS Nominal Efficiencies

Antenna power distribution 98
DC-RF conversion 87
Phase control e
Waveguides (12R) 98
Mechanical alignment 98
Atmosphere 98
Energy collection 88
RF-DC conversion 90
Power interface 99

Overall 629

*From JSC 11568, fig. IV-A-1-1, ‘SPS Efficiencies’
*#included in energy collection

ORIGINAL PAGE I3
OF POOR QUALITY
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1.01.01-1.3 SPS assigned longitudes shall be clustered together with a minimum nominal spacing
of 75km (0.1029) in order to preserve open spaces in geosynchronous orbit for other types of sat-
ellite services.

1.01.01-2 SPS’s shail be designed to have suicient attitude control torque capability and struc-
tural integrity to recover from a loss-of-attitude-control event. ie.. to reorient from a gravity gra-
dient stable attitude to nominal flight attitude.

1.01.01-3 SPS’s shall be designed to a capacity factor of 907, including planned and unplanned
outages and degradation due to failed elements. The 90% shall be applied to nominal output if all
SPS elements are functioning. Output degradation. e.g. solar cell degradation. due to natural envir-
onment effects or aging is not charged against capacity factor.

1.01.01-4 No single failure or causative result thereof shall cause output from either SPS antenna to
fall below 50'¢ of nominal. This requircment does not apply to shadowing by the earth or by other
SPS’s.

1.01.01-5 Partial shadowing by an adjacent SPS shall not cause disruption of operation of or dam-
age to. an SPS. Loss of output appropriate to the extent of shadowing is, of course. acceptable.

1.01.01-6 Each SPS shall kave sufficient onboaid storage capability for all necessary consumables
to sustain a minimum of one year of normal operations without resupply. This requirement includes
support cf any crew that would be resident onboard an SPS either intermittently ~- continuously.
(Resident onboard implies living aboard the SPS. Crews living aboard support vehicles or systems
are not included).

1.01.01-7 The SPS shall be designed for construction in space from prefabricated elements and
other matenals delivered to the space construction site(s) from earth by a space transportation sys-
tem. Design features and construction methods shall support the minimum cost requirement
(1.01-5».

1.01.01-8 The SPS shall be capable of highly controlled startup such that lockon and flux pattern
control of the microwave power transmission system can be verified at low power levels before
ramping up to full power. The entire startup and rampup process shall be controllable to maintain
complete control of the power beam and avoid damage due 1o transients or out-of-tolerance opera-
tions of any SPS elements. Partial or complete shutdown shall be similarly controllable. This
requirement shall also apply to any possible transient illumination patterns resulting from partial or
complete shadowing of the SPS.

1.01.01-9 The SPS shal! be designed to the following ionizing radiation environments:

High Energy Particles

For the high cncrgy trapped electrons and portons. the electron flux maps AE-4(D) and AE-6(2) and
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the proton flux maps AP-5(3), AP-6(4), and AP-7(5) shall be used. The anticipated AP-8 proton
flux map shall be used when it becomes available. These flux maps, described in a series of publica-
tions by J. Vette and co-workers at the National Space Science Data Center. are the standard high
energy trapped particle data source.

The solar proton environment expected at GEO has been predicted by a number of workers, but the
model of J. King“”, and the survey and prec.ctions of W. R. Webber( 7). (8) have gained wide usage
in the technical community. These data sources shall be used to define both an expected and a
worst case solar proton environment.

Low Energy Particles

Electrons of energy less than 250 keV, and protons below 0.5 MeV are not treated in the trapped
particl flux maps and must be defined from the rescarch literature. The S/C charging article by
DeForrest{?) is typical of the data available in this area that shall be used.

!ouosphere Environment Definition

The NASA Space Vehicle Design Handbook ionosphere environment shall be used.

References for Requirement 1.01.019

1. G. Singley & J. Vette. A Model Environment for Outer Zone Electrons. NSSDC-72413. 1972.

tJ

M. Teague. K. Chan. J. Vette, “AE6: A Model Eavironment of Trapped Electrons for Solar
Maximum™’, NSSDC 76-04. May. 1976.

3. 1. King. “Models of the Trapped Radiation Environment. Vol. IV, Low Encrgy Protons’,
NASA SP-3024, 1970.

4. J. Larine and J. Vette, Mndels ¢t the Trapped Radiation Environment. Vol. V. Inner Belt
Protons. NASA SP-3024, 1970.

5. J. Larine and J. Vette, Mod:ls of the Trapped Radiation Environment, Vol. VI. High Energy
Protons. NASA SP-3024, 1970.

6. J. King. “Solar Proton Fluences as Observed During 1966-1972 and as Predicted for 1977-
1983 Space Missions’”. NASA Goddard X-601-73-324, 1973.

7. W. R. Webber. "‘An Evaluation of the Radiation Hazard Due to Solar Particle Events™. Boeing
Document D2-90469. 1963.

8. W. R. Webber. “An Evaluation of Solar Cosmic Ray Events During Solar Minimum™. Boeing
Document D2-84274-1. 1966.

9. S. DeForrest. “Spacecraft Charging at Synchronous Orbit™, J. Geophy.. Res. /7. 651, 1972,
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WBS 1.01.01.01 Energy Collection & Concentration Subsystem
(Note: Some SPS concepts may not include this subsystem)

1.01.01.01-1 The energy collection subsystem shall be designed to avoid variation in concentrated
sunlight intensity that would damage or seriously interfere with operation of, the energy conversion
subsystem.

1.01.01.01-2 The encergy collection subsystem shall actively or passively compensate for variations
in sun elevation due to satellite attitude. e.g.. flying perpendicular to the orbit plane (POP). The
energy collection subsystem shall also compensate for expected structural deformations in the SPS
due to space environment and other operational factors.

1.01.01.01-3 The energy collection subsystem shall be designed to provide the concentration of
ambient sunlight required by the energy conversion subsystem, after accounting for losses associ-
ated with retlectivity, scattering, and geometric errors. The concentration ratio shall be defined as
the ratio of (average concentrated solar flux per unit area of absorber surface)/(ambient solar flux).
The geometric concentration factor shall be defined as the ratio of total projected area of sunlight
intercepting surface to total absorber suface area. The ratio of concentration ratio to geometric con-
centration factor s the energy collection efficiency.

1.01.01.014 The energy collection subsystem shall be designed to preclude arcing and/or other
potentially damaging ctfects associated with electrostatic charge buildup due to the geosynchronous

orbit natural or induced environments.

1.01.01.01-5 The enerey collection subsystem. 1f it uses actively -controlled elements. e g.. for high

concentration ratios. shall

a. employ distributed independent control and actuation systems such that no single failure will
significantly degrade total output:

b. not be based on maintenance of geometric precision of the main SPS structure to achiceve the
required optical performance;

c.  employ control passband frequencies selected to not interfere with overall attitude control of
the SPS.

WBS 1.01.01.02A Energy Conversion Subsystem (Photovoltaic)

1.01.01.02A-1 The photovoltaic system shall be modularized into space installable blankets of TBD

KWe nomimal generating capacity each at beginning of life under monimal operating conditior
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including applicable sunlight concentration. The nominal voltage output of each module shall be
44,000 volts. (Value subject to change).

1.01.01.02A-2 The photovoltaic system shall employ radiation shielding and/or annealing of the
photovoltaic converters as appropniate to requirement 1.01-5 (minimum power cost).

1.01.01.02A-3 Individual converters (cells) shall be wired into the blanket array such that either
open or short-circuit failures of individual converters do not cause 1) loss of array output dispropor-
tionate to the loss of the individual converter’s contribution. or 2) arcing.

1.01.01.02A-4 The photovoltaic system shall be designed such that a blanket module and/or its
switchgear can be isolated from the operating onboard electric power distribution system, and its
generated electrical potential reduced to safe levels. so that it may be serviced without shutdown of
the entire energy conversion subsystem.

WBS 1.01.01.02B Energy Conversior Subsystem (Thermal Engine)

1.01.01.02B-1 The thermal engine systems shall be modularized into space installable elements,
with a nominal generating capacity per machine set of TBD kw,,. The nominal DC voltage output of
each machine set shall be controllable within the range 40,000 to 45.000 volts at rated power out-
put. (Voltage values subject to change.)

1.01.01.02B-2 Individual generators shall be provided with controls and connected to the onboard
power distribution system such that planned or unplanned shutdown of an individual generator
does not impair operation of the SPS except for loss of the output contributed by that generator.

1.01.01.02B-3 Individual engine generators shall be designed to allow senice. including entry to
fluid systems. without shutdown of functioning engine-generators, except in the case where access
to the interior of the cavity absorber may be required.

1.01.01.02B4 Fluid systems shall include scavenging and/or inventory control such that inten-
tional or unintentional breaches of fluid system integrity will not cause excessive loss of fluid. Such
fluids losses as do occur shall be controlled to the degree necessary to prevent interference with or
degradation of SPS operation. ¢.g.. by vacuum plating, or electrical arcing.

1.01.01.02B-5 The cavity absorber assembly shall include light shields as necessary to divert stray
concentrated light (i e., cavity aperture spillover) so that it does not induce a deleterous thermal
environment in the turbogenerator area and does not interfere with equipment service operations.
The light shields shall not present false targets to the solar concentrator control systems.
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1.01.01.02B-6 The thermal engine energy conversion system shall be capable of surviving without
damage a maximum-duration geosynchronous occulation (72 minutes) when entering the shadow
cold, i.e.. after an extended shutdown period. and then reaching full power within one hour.

1.01.01.02B-7 Normal restart after occulation, i.¢., upon entering the shadow hot, shall reach full
power within five minutes after leaving the shadow.

1.01.01.02B-8 The net angular momentum due to rotating machinery and circulating fluid for any
SPS module shall be no more than 1070 of that angular momentum value represented by rotating
the entire module one revolution per day about a principal axis parallel to the turbogenerator
shafts. (This requirement is intended to minimize effects of machinery momenta on the flight con-
trol system.)

WBS 1.01.01.03 Power Distribution System

1.01.01.03-1 The power distribution system shall conduct DC electrical power from the energy
conversion system interfaces to the transmitter rotary joint interfaces. (It is assumed that there are
two 5-GW antennas and associated rotary joints per SPS.) The distribution system shall supply the
following nominal voltages and currents to the rotary joint interface.

Bus A 40.800 vol:s at 138.600 amps (5.65 GW)
Bus B 3%.700 volts at 59.400 amps (2.30 GW)
A common return for these two supplies shail be provided.

This requirement is based on estimated Klystron characteristics described in the following, and is

subject to revision.
1.01.01.03-1 Supporting Rationale Reference Klystron Parameters
The following are the proposed parameters for the reference DC to RF converter:

Tube Type: Klystron - Depressed Collector
RF Power Output: 70.9 KW

Efficiency: 0.87

Number of Depressed Collectors: 3
Modulating Anode Voltage: 21.052.5V+0.5%
Body Anode Voltage: 42.105V+0.5%

Body Anode Current: 0.11 Amperes

Beam Current: 2.20 Amperes
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TUBE ELEMENT REQUIREMENTS

VOLTAGE CURRENT POWER
ELEMENT (VOLTS DC) (AMPERES)  (WATTS)  %POWER
COLL. A 40,000%5% 1.320 52,800 64.8
COLL.B 37.895+5% 616 23,343 28.7
COLL.C 4,211+5% 154 648 8
REG.ANODES 42.1050.5% 110 4.632
HEATER 30 5.7
TOTALS N/A 2.200 81.453 100.0

The tube output was increased to 70.9 KW in order to bring the collector voltages up to near
40 KV. The proposed method for obtaining the required converter voltages is as follows:
VOLTAGE SOURCE

Collector A From power generation
source @ 40 KV + 5%

Collector B From power generation
source @ 37.9 KV * 5%

Modulating Anode From power processors
Body Anode on antenna. Power source
Heater for processor is 40 KV
Collector C from collector A supply.

A simplified description is shown in Figure 3.1-8.

1.01.01.03-2 The power distribution system shall employ dedicated aluminum conductors (not
part of main structure) which are passively cooled by radiation to free space.

1.01.01.03-3 The power distribution system shall be sized to minimize the combined mass of itself
and the remainder of the SPS. considering power distribution system mass. dissipative losses, and
variations of resistivity with operating temperature.

1.01.01.034 The power distribution system shall have switching and control equipment as nec-
essary to isolate the rotary joint and power transmission system from energy conversion system
startup and shutdown transients. This requirement may be in part met be delayed activation of
power distribution provided that the delay is not greater than 10 minutes.
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3.2 PHOTOVOLTAIC SPS CONFIGURATION ANALYSIS

This section deals with the analyses that supported definition of the photovoltaic SPS options. A
brief summary ot photovoltaic results is as follows:

The factor that perhaps made us feel most comfortable, in terms of evaluating the whole SPS con-
cept, is that silicon cost did not appear too high. There has been a tendency to think “if we must go
with the silicon satellite, it’s going to cost too much and maybe it won’t make it.” But our cost
analyses indicate that silicon cost will not be too high, and that is probably most important. Silicon
also is less sensitive to cell performance than supposed. We found. especially for silicon, that the
simpler satellite at a concentration ration of 1 is preferable.

Annealing is a critically important technology. Preliminary test results showed high promise for the
eventual success of annealing. With annealable satellites. self-power orbit transter after LEO con-
struction appearing promising.

It is becoming clear that new sources would be required to supply gallium for SPS’s even at the
quantities required for the thinnest of our fims. New sources of supply may be available. Questions
of production rate (can enough of it be supplied per year) are very bothersome. Even iy 4 new
supply were available at a reasonable recovery rate, thin tilm technology is :ritical for gallium.
Higher concentration ratios migh alleviate this problem somewhat.

3.2.1 Silicon Photovoltaics

3.2.1.1 Array Analyses

The reference solar array was the basis for comparison of alternate concepts. It was derived i m
the ISC concentrating configuration using silicon solar cells, modified by tihe incorporation of 50

pm (2 mil) fused silica covers to provide more-optimum protection from solar-flar: protons during
a 30-year life. Features of the reference array concept are as follows:
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FEATURE SELECTICN RATIONALE

Concentiration ratio 2, less reflection and mis- Designated as reference case
orientation losses

Substrate Type HF Kapton, with Best available strength for
integral printed circuit weight. Compatible with
intercenncctions printed-circuit cell-to-cell

connections made by welding

Concentrators Aluminized Kapton at Lightest weight of feasible
609 with respect to plane alternates
of solar cells, oversized to
fully illuminate cells when
misoriented in worst-case
manner.

The solar cell design for the reference array is shown in Figure 3.2-1, with features and their selec-
tion rationale outlined in Table 3.2-1. The manner in which cells are interconnected to form strings
on a 650 by 496 meter module is shown in Figure 3.2-2. Each of these modules would contain 110
of these 44-kV strings.

Having both p ard n contacts available on the back side of the solar cell is important for automated
assembly of the blanket. One way of achieving this feature is to run the n-layer doping around the
edges of the cell to contacts on the back. Recent work sponsored by NASA’s Lewis Research Center
indicates that better cell performance will be obtained if only the metallization, appropriately
insulated from the silicon, is run around the edge of the cell.

The initial output of a solar cell in an array depends on the temperature and light intensity. We used
a -0.43 percent per ©C temperature coefficient of maximum. power. a value measured by Comsat
with their violet cells. We also used their temperature coefficient of -0.37 percent per degiee C tor
voitage.

A 257.07 mW/cm?2 solar intensity was used in calculating the performance of cells as summarized
in Table 3.2-2. It was based on the concentrators having a 0.9 reflectance. which heated the cells
to 1150C. We subsequently found that the reflectors would have a reflectance of 0.85, reducing
initial cell temperature to 106°C. This revised intensity and temperature were not incorporated into
the trade study inasmuch as it would not have changed the conclusion.

The blanket assemblv factors represent optimistic values of packing factor and cell uniformity. The
low cover aosorption can be achiev.d with tantalum pentoxide anti-reflective coated cells.

The performance calculations shown in Table 3.2-3 were ereuped to illustrate the true reflector con-
tribution to blanket output. For the arca concentratio  aio = 2 option, these data show that the
effective concentration ratio is considerably lower.
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sPS-234

ELECTROSTATICALLY BONDED
DOW-CORNING BOROSILICATE
GLASS COVER

100?; 6¢m METALIZATION, INSULATED
| FROM S!LICON, CONDUCTS
CURRENT TO CONTACTS ONM
HOLES IN - BACK OF CELL

SUPPORTING KAPTON

PARALLEL-GAP WELDS

MAKE ELECTRICAL
CONNECTIONS AND SUPPORT
CELLS FROM INTERCONNECTCR

INTERCONNECTOR- THAT IS IMBEDDED IN SUBSTRATE

Figure 3.2-1. Solar Cell Design for Solar Power Satellite

Table 3.2-1. Reference Array Concept—Solar Cells

FEATURE SELECTION RATIONALE
TYPE SILICON DESIGNATED AS BASELINE
SEMI N- ON P MORE RADIATION - RESISTANT THAN P -ON -N. MOST OF THE
CONDUCTORS SILICON SOLAR CELL DEVELOPMENT WORK IS BEING DONE ON
N -ON -P CELLS.
RESISTIVITY 2 OHM - CM BOEING TFSTS HAVE SHOWN THAT 2 OHM -CM VIOLET CELLS

HAD ‘I;HE HIGHEST OUTPUT AFTER IRRADIATION WITH
7 x10 " ONE -MeV PROTONS.

A POSSIBLE WIDTH FROM EDGE - DEF'NED, FILM - FED GROWTH
PROCESS (EFG).

10 CM LONR REASONABLE TO HANDLE, AND OBTAINABLE FROM HEAT - TRANSFER
CRYSTAL - GROV/TH PROCESS. PROTOTYPES OBTAINABLE FROM
5 - CM DIAMETER BOOL. LARGER CELLS WOULD HAVE LOWER
EFFICIENCY BECAUSE OF SHADOWING BY CURRENT - COLLECTING

CELL SIZE 5 CM WIDE

GRID.
CONNECTIONS ON BACK OF CELL COMPATIBLE WITH AUTOMATED ASSEMBLY OF ARRAY BLANKET.
EFFICIENCY 18 PERCENT WITH APPEARS ACHIEVABLE IN PRODUCTION BY 1985,
AIR - MASS - ZERO
SUNLIGHT, 25°C
COVER 2. MIL FUSED SILICA, BEST COMPROM!SE, WITH THICKER COVERS INCREASIF'G ARRAY
ELECTROSTATIC - WEIGHT BECAUSE OF QUANTITY OF QUARTZ, AND THINNER COVERS
BONDED INCREASING WEIGHT BEC AUSE OF GREATER AREA TO COMPENSATE
FOR GREATER LOSS OF POWER FROM RADIATIGN DEGRADATIOK
OPERATING 116% DURING 30 - YEAR «.FE,
TEMPERATURE BASED ON THERMAL ANALYSIS,
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o525 " f————
— . | le— 650m —»l
)
5 } rj
cm
w _—K
0 3 { :
cm
40.4 L¢ —
cm
} { 4 ONE STRINGON A
650-m MODULE
B ¥
j 1T mm
)smcms
_/ Tmm -sjle~" BETWEEN CELLS
ONE SOLAR CELL
Cover thickness Voitage at Cells per Lfor one
{zm, mils) load (kV) string® string (km) w (m)
50 (2) 430 521,760 6.65 4.16
Figure 3.2-2. Solar Cell String for Supplying Load Voltage
s Table 3.2-2. Solar Array Output Cakulations

Cell performance factors:

Blanket assembly factors:

Initial blanket output:

T =115°C
PT = P250c (1 - 0.0043 AT)

VT = V250c (1 - 0.0037 AT’
$ = 135.3 + 0.9 x 135.3 = 257.07 mW/cm2

Lost area = 0.96

Cover absorption = 0,98
Cell mismatch = 0.99

12R loss in section = 0.975
Total = 0.9081

P, =257.07 x 0.18 (1 - 0.0043 [115°C - 25°C] )

(0.9081)
= 25.76 mW/cm< = 257.6 W/m2
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Table 3.2-3. Reference Configuration Encegy Conversion B.O.L.

Array specific output at 1 sunidirect
illumination (55°C)

Array temperature degradation
at CR =2 (106°C)

Array specific output (106°C)
from reflected sun

Reflector flatness factor 5%

Net output increment due to
reflectors
Integrated specific output

. _ integrated output
Effective CR = Tgu, direct output —

Efficiency

* ltems subject to degradation
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- 38.5 W/m2*
-128.5 W/m2+

- 13.9 W/m?2

188.8W/m2

76.1 W/m2

264.9 W/m2

9.55%



D180-20689-2

The reference solar array ﬁas a geometric concentration ratio of 2.0, with the direct sunlight seen
by each cell being supplemerted by sunlight reflected from each side of the blanket, as shown in
Figure 3.2-3. With perfect reflectors each cell would be illuminated with suniight having twice
normal intensity.

The actual sunlight at the solar cells is less than twice the direct sunlight. It is reduced by absorption
in the reflectors. non-flatness of the reflecting surface. Also, the reflectors must be oversized to
fully illuminate all cells under worst-case misorientation.

The solar array blanket is shown in Figure 3.2-4. This is representative design whose characteristics
were incorporated in the photovoltaic SPS definition.

3.2.1.2 Reference Configuration

The reference silicon cunfiguration 1s shown in Figure 3.2-5 as adjusted for the revised sizing crite-
ria. The trough width has been reduced to 619m as required for uniform illumination and the addi-
tional beam frames required to react the reflector tensioning loads are shown. Mass properties for
the reference configuration are shown in Table 3.2-4, tracing evolution froin the point-of-departure
mass statement. This mass statement includes a 50% growth allowance as used by JSC in JSC-11568
to facilitate comparisons. Other mass data presented in this report do not include growth allowances.
allowances.

The reference configuration does not meet the requirement of muintaining rated output over 30
years life. Both the soiar blankets and the reflectors degrade. End-of-life performan.e is summarized
in Table 3.2-5. Detailed analyses of solar cell and reflector degradation were conducted. as reported
in sections 3.2.5 and 3.2.6 respectively. Results are summarized in Figure 2.2-6. The basic energy
conversion performance chain has been revised to reflect the 30 year degradation values for both
cells and reflector. The effective concentration ratio is again considerably reduced from the area

concentration ratio of two.
3.2.1.3 Power Maintenance Analysis

Power maintenance methods include initial oversizing, annealing. and array addition. Initial oversiz-
ing is the least attractive option (see section 3.2.1.5). Annealing is the most attractive. if it can be
made to work as well as current preliminary test results indicate. Array addition mairtains solar
array output by adding increments to restore capacity lost bv radiation degradation. The refurbish-
ment schedule shown assumes that the solar power satellite always delivers 10 GW from its Earth
receiving station, and that at the end of each § years an appropriate solar array increment is added.
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P52

Concentration 2, less reflection Designated baseline

fatio and misorientation
losses

Substrate Type HF Kapton, Best available strength for
with integral print- weight. Compatible with
ed-circuit inter- printed-circuit cell-to-cell
connections connections made by welding.

Concentrators Aluminized Kapton, Lightest weight of feasible
oversized to fully alternates
illuminate cells when
misoriented in worst-
case manner

Figure 3.2-3. Reference Solar Array Concept
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r;—.r_(:—::._msm ' CONNECTOR ] 619m
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=22 P
} e

o on o an B Eb o P E o S ov @ W S e o
P--------.-
b e e o - - - - - .-

STRING LENGTH
6652m
ACTIVE ARRAY AREA = 2701 m2 5 ‘l
EA AT 1% BLANKET FACTOR = 2728
JOTAL AREA % L - N\
FOLD DISTANCE CONN
(TYPICAL)

SPECIFIC WEIGHT  0.537 kg/m?

2-il COVERS BLANKET WEIGHT 1465 kg
4-mil CELLS
10 com L
=/, ==
— = TYPICAL
= e BLANKET-TO-
TYPICAL EDGE BLANKET JOINT

SUBSTRATE (2 mil) “STAPLE"™
(INCLUDES KAPTON, CONDUCTORS, AND ADHESIVES)

Figure 3 72-4. Reference Silicon Blanket Design (Design Voltage 44 000 V.EO.L.)
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Table 3.2-4. Photovoltaic Reference Configuration Nominal Mass Summary Weight in Metric Tons

$PS-648
COMPONENT ORIENTATION | MIDTERM | CURRENT REMARKS
1.0 SOLAR ENERGY COLLECTION SYSTEM (36,816) (89,313) (49,812) |INITIAL AREA = 129 kmZ,MIDTERM & CURRENT=148 km?
1.9 PRIMARY STRUCTURE 2,493 14,970 8,000 |OPTIMIZED CIRCULAR CHORDS + REDUCED MEMBRANE
STRESS LEVEL
1.2 SECONDARY STRUCTURE 189 209 209 ~TO ARRAY AREA
1.3 MECHANICAL SYSTEMS 40 40 40 NO CHANGE
14 MAINTENANCE STATION 8% a -~ DELETED TO BE CONSISTENT WiITH THERMAL ENGINE
1.5 CONTAOL 340 340 340 NO CHANGE (200 M.T. DRY WET + 1 YR PROPELLANT)
1.6 INSTRUMENTATION/ 4 4 4 NO CHANGE
COMMUNICATIONS
1.7 SOLAR-CELL BLANKETS. 26,746 37,692 34,111 | SPECIFIC WEIGHT DOWN Y0 .49 kglmz (FROM .64 kolmzi
1.8 SOLAR CONCENTRATORS 6,149 2,978 3,276 INCLUDES TENSIONING/INSTALLATION FACTOR
1.9 POWER DISTRIBUTION 2,570 3,180 3,632 INCLUDES SWITCH GEAR & INSTALLATION FACTOR
20 MPTS 16,371 16,3N 16,371 NO CHANGE
SUBTOTAL 61,887 74,684 64,883 }z?TR:DUCTION FROM MIDTERM - 26% HIGHER THAN
1AL
GROWTH 25,094 37,342 32,442 | (50%)
TOTAL 77,981 112,026 97,326

2-6890¢-0814
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Table 3.2-5. Reference Configuration Energy Conversion E.O.L. (30 years)

Array specific output at | sun direct .
illumination (2-mil coverglass, $§5°C)* 119.1 W/m~

Array temperature degradation -15.7 W/mz*
(89°C)at CR=2

Array specific output (89°C) fzom +61.8 W/m?2*
reflected sun

Reflector flatness factor 5% - 9.1 W/m2

Net output increment due to 370 Wlm2
reflectors

Integrated specific output 156.1 W/m2

integrated output
1 sun direct output ~ 1.31

Effective CR =
Efficiency

5.6%

* Items subject to degradation

srs-a19 ® INITIAL SPECIFIC CUTPUT = 264.2 /M2

EFFICIENCY = 9.557

i // // /
90 - SOLAR CELL
RADIATION DEGRADATION
c 80-
z
4
-}
< 70-
g
z
u.
* & i g8
* o4
59% @ 30 YEARS ORIGINAL PAG
AF POOR QU
50..
40 k1 ) | L] v ) 4
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TIME YEARS ——a

Figure 3.2-6. Array @ “CR = 2" Integrated Degradation
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The comparison of savings t'o be encountered for different maintenance schedules for a hypothetical
1985-18 percent silicon solar cell was needed.

Knowing the volt-ampei= characteristics of the solar arrays, degradation was taken into account and
curves for short-circuit current, open-circuit voltage, maximum power voltage, and maximum power
vs. years of operation were generated, as shown in Figure 3.2-7.

From this data three approaches were considered for installing the strings of solar cells in the array.
Scheme 1 uses the total array installed initially. scheme 2 has its initial array sized to accept a five
year add-on schedule, and scheme 3 has its initial array sized to accept a one year add-on schedule.
All three schemes were analyzed using a lower limit of 17.6 GW and letting the initial array reach its
maximum power voltage at 30 years. The three schemes are shown in Figure 3.2-8.

It is evident that a savings of over three percent can be realized by using the five year maintenance
schedule over installing the total array initially. A savings ot only 0.80 percent can be realized for
using the one year over the five year maintenance schedule.

Thermal anncaling is prohably the best method of restoring a degraded solar-cell array. Investigators
at Simulation Physics. our subcontractor, have found from the literature that thermal annealing will
restore proton damage. As a part of this study a test was conducted by Simulation Physics in which
both electron beam and laser heating were used to anneal proton-irradiated cells that had been
severely damaged by the equivalent of 1016 one-MeV electrons. About 50 percent of the lost capac-
ity was restored. Results are reported in more detail in section 3.2.5.

The concentration ratio 2 configuration revised to meet the requirements of a § year power output
maintenance is considerably larger as shown in Figure 3.2-9. A trough was added on each side and
the overall array was increased in length by more than 3 KM.

3.2.1.4 Nonuniform Illumination Analysis

At a given illumination intensity and temperature the current and voltage of a solar cell will always
correspond to some point on the cell’s volt-ampere curve. The cell is oblivious of extemal circuit
elements and parameters.

Shown in Figure 3.2-10 are two volt-ampere curves, one for a fully illuminated cell and the other
for a cell which is not receiving illumination from one of the reflectors. The poorly illuminated cell
runs cooler, hence can produce higher voltage. but its maximum current is Iess. Both cells. being in
serics. must carry the same current. The dimly lit cell cannot carry much more than ats short-circuit
current, because if forced to do so, it would act as a reverse-biased diode and absorb voltage.
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2.63 EFFECT OF DEGRADATION
ON POWER QUTPUT
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5
TOTALS: POWER -20.6 GW
STRINGS - 48,373
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& MINIMUM GROUND QUTPUT = 10 GW FOR 30 YEAR LIFE
e 5 YEAR POWER OUTPUT MAINTENENCE PLAN

— TOTAL AREA = 244 KMZ

— TOTAL ACTIVE ARRAY = 116 6 KM2

— INITIAL ACTIVE ARRAY = 95.9 KM2

— INITIAL MASS = 102,015 MT TROUGH RESERVED FOR
/— ADDITIONAL ARRAY (18%)
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Figure 3.2-9. Array Addition Silicon Configuration
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Figure 3.2-10. Dimmed Cells Limit String Current
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A solar cell can withstand some reverse bias without overheating. Cousider the dimly illuminated
cell. At its maximum power point it receives 196.2 mW/cm2 of sunlight, and radiates 182 watts of
this as heat. At zero voltage it would radiate as heat all of its input, and at 380 mV reverse bias it
would radiate 210 mW/cmz. All of these values of radiated heat are less than what the cell normally
radiates when illuminated with 250.3 mW/cm2 of sunlight.

If only 15 percent of the string is dimmed, then the fully illuminated cells can produce 15 percent
extra voltage by dropping back to 74 percent of their maximum-power current, reducing string out-
put at 44 KV by 26 percent. Thus it can be seen that partial shadowing causes a disproportionate
reduction of string output.

Further examples of the effect of reflected-sunlight loss are shown on a plot of string output as a
function of average illumination of the cells in a series string (Figure 3.2-11). By average illumina-
tion is meant the sum o!f sunlight times area falling on fully illuminated cells, plus that on partly
illuminated cells, divided by string area.

The solid line represents the maximum output that the string can have, assuming that illumination
intensity does not change cell efficiency. Note the suppressed zeros on the axes.

Again it is evident that reflector defects significantly reduce string output.

The reference CR=2 structural configuration requires beams crossing the reflector ridges in the
manner shown in Figure 3.2-12. A solar cell under the beam would see at times 0.5-meter sections
of the beam cross the Sun’s disk. If the 0.5m beam is 520:n above the solar cell. it could absorb 14
percent of the sunlight that would otherwise arrive at the cell.

The best arrangement for the solar cell strings would be one in which the beam shadow passes over a
few strings in the trough, rather than crossing all the strings in the trough.

3.2.1.5 Configuration Comparisons

A series of configuration comparisons was developed to show the influences of the major tradeoffs.
A gross cost estimating model. derived from the more detailed cost estimates described in section

3 7, was used for cost comparisons.

All satellites were defined to provide a minimum of 10 gigawatts throughout their 30-y'eaf.life. The
one reference system shown in Figure 3.2-13 is a beginning-of-life sized system comparable to the
JSC point-of-departure configuration. It is compared to a 30-year. initially oversized system. Initial

oversizing is a severe penalty: and there are better solutions.
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Figure 3.2.11. Effect of Nonuniform Illumination on Output of Solar Array String
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The set of comparative conﬁgurations shown in Figure 3.2-14 assumes geosynchronous construction
and concentration ratio 2. The oversized configuration has an estimated cost of some 15 billion dol-
lars. An improved way to take care of the end of life/beginning of life problem is to add array at
intervals. We found that a 5-year interval achieved most of the gain. Shorter than S-year intervals
provided little further improvement. Annealing provides the least-cost approach.

The satellite configurations illustrated in Figure 3.2-15 compare concentration ratio 1 (no concen-
tration) and concentration ratio 2 with array addition for power maintenance. Although the CR2
system is very slightly ‘ower in mass, its larger size and greater complexity result in somewhat higher
cost.

As illustrated in Figure 3.2-16, the CR2 versus CR1 trade strongly favors CR1 with annealing. This
is because the reflectors of the CR2 configuration also degrade, but can:iot be restored by anneal-
ing. Therefore, the satellite must be oversized as required to compensate for reflector degradation.

Annealing shows a major advantage over array addition for the LEO assembly option. This is
because the solar blankets used to power the transfer are severely degraded (about 50%. depending
on coverglass thickness and transfer time) and the satellitz: must be correspondingly oversized. In
the transportation study, an analysis of the use of thicker coverglasses on that portion of the array
used for transfer power showed that the added mass of coverglass almost exactly countered the
reduced degradation: no cost advantage was found. The power maintenance options for LEQ assem-
bly are compared in Figure 3.2-17.

The additional radiation exposure resulting from the LEO/GEO transfer also increases the advantage
of CR1 over CR2, again bceause rerlector degradation cannot be restored The comparison is shown
in Figure 3.2-18.

The LEO versus GEO trade is swinmarized in Figure 3.2-19 for the case without an annealable array.
The best maintenance scheme is then adding array at five year intervals: and here we have an indica-
tion of a switchover. (Detailed transportation cost analyses. however, indicate a slight advantage for
LEQ.) The reduced cost of transportation is countered by the higher acquisitions cost for the larger
and more massive LEQ assembly self-power option. LEQ assembly with the annealing-capability
CR1 configuration shows a significant cost advantage because transfer degradation penalties are
minimized.

Silicon performance sensitivities, starting from a reference figure of 18% and dropping 2 points per
step, are shown in Figure 3.2-20. Even at 14% efficiency there is not a dramatic change in either
mass or cost. This indicates that achicving low cell costs is much mere important than maximizing
efficicncey.
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PS5 236
Radiation Degradation Requires Sizing Penalty for
30-Year, 10 GW Minimum Output
REFERENCE
SILICON
CR=2 ‘
0GW BOL og— 507'6"' E
TOTAL AREA: 146 Km? |
ACTIVE ARRAY AREA: 70 KM2 e 25%00m '
TOTAL MASS: 64,883 MT
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CR=2
10 GW FOR 30 YRS.
VIA INITIAL UVERSIZE O b0 7614m
TOTAL AREA: 253.1 Km?
ACTIVE ARRAY AREA: 120.5 Km2
TOT/ L MASS: 105,794 MT L———— 33,245m ———.-l
Figure 3.2-13. Silicon Satellite Sizing for 30-Year Minimum Output
$PS 736
Perivdic Array Additions Reduce Initial Cost Outlay by 137/
(4% Yotal Without Intcrest)
Anncaled Satellite 21% Less $S Than Oversized Sateliite
SILICON
30 YR. OVERSIZE
CR=2 - ————  32285m —————] 761am
10 GW ALIN. FOR 30 YRS.
TOTAL AREA: 253.1 Kn2
ACTIVE ARRAY AREA: 120.5 Km?
MASS: 105,794 MT
PROD{CTION COST § ~108 68440 ]
9TAL COST § ~ 106 1644€ 0
ARRAY ADDITION
CR=2 fe—— ———  31,297m —————] 76%4m
10 GW MIN FOR 30 YRS.
TOTAL AREA: 238.3 Km2
ACTIVE ARKAY AREA: 90.3KkmZ (1133 €E0L)
MASS: 86295 MT (100,480 EOL) ——
PRODUCTION COST S ~ 106 61716 (66426 EOL)
YOTAL COST § ~ 106 13134.6 (148114 EOL}
ANNEALING
CR=2 fe——— 28,715m 6346m
10 GW MIN. FOR 30 YRS
TOTAL AREA: 182.2 Km?2
ACTIVE ARRAY AREA: 86.4 Kme -—
MASS: 76.075 MT 1y
PRODUCTION COST $~106 59565 —
TOTAL CO>T § ~106 121452

Figre 3.2-14. Silicon Satellite Different Approaches to 30-Year Minimum Output
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SPS 737

For GEQ Assembled Silicon Satellites Without Anncaling.

CR 2 Impact on Costs Other Than Array Result jn 47

Advaatage to CR | Evcn Though CR 1 is Initially $'; Heavier
ch~2
TOTAL AREA: 2633 Km?
ACTIVE ARRAY AREA: 798Kk (1133IEOL)
MASS: 80SSOMY (100,460 €EOL) O vo}
PRODUCTION COST:  §~106 6116 16642.6 £EOL)
TOTAL COST: s ~108 131846 (148114 EOL)

—————— 329m ——-| T614m
ca-1
TOVAL AREA: 1418 Ke? ——— 79%a ————{ so7%6a
ACTIVE ARRAY AREA: 1130 Kne? (1.8 E0L)
MASS: 84575 MT (100,387 EOL}
PRODUCTION COST:  § ~108 57846 (62449 EOL) bO
TOTAL COST: $~108 126555 144045 EOL)
Figure 3.2-15. Silicon Srteflite, CR 1 vs CR 2, No Annealing
$PS 738

The CR2 vs CR1 Coumnparnison Emphasized when
Asray Degradation Reduced Via Anneaiing
(4% CR1 Advantage Grows to €'}

SILICON—10 GW MIN. FOR 30 YRS. VIA ANNEALING-GFD ASSEMBLY

CR=2
TOTAL AREA: 182.2 Km? .
ACTIVE ARRAY AREA: 86.4 Krn? r

MASS: 76,075 MT i

PRODUCTION COST S~ 108 5956.5 | =

TOTAL COST § ~ 108 12,145.2
I-—— 28,715

jee 13987m —=~{ 7614m
CR=
TOTAL AREA: 1065 Km?
ACTIVE ARRAY APA: 1065 Km?
MASS: N.728MT o1 'e)
PRODUCTION COST $ ~108 §582.5
TOTAL COST $~10° 11408.1
Figure 3.2-16. Silicon Satellite CR2 vs CR1 With Annealing GEO Assembly
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For LEO Assembly and Sclf Power, Annealing Shows 21% Cost Add

SHIICLi. 10 GW Mi%. FOR v YEARS-CR=2

LETASSIMELY (AINTAINED VIA ARRAY ADDITION

SPS 241

YOTAL LREZ.: 3095 Km?

ACTIVE ARR AY AREA: 1228Kkm2 (1475 EOL)

MASS: 130426 MT (130,267 EOU)

PRODUCTE N COSTS ~106  7047.1 (7664.1 EOL}

TOTAL CC<T $~ 106 143932 (163083 EOL)
MAINTAINED VIA ANNEALING

TYOTAL AREA: 182.2 Ke?

ACTIVE ARRAY AREA: 86.4 Km2

MAS:: 78515 MT

PRODUCTION COST $ ~10% 6032.1
TOTAL COST  §~106 n2rs

Iy
—

28.715m —{

—lpgur- —r-
ETEEY

Figure 3.2-17. Silicon Satellite Power Maintenance for LEO Assembly

CR 1 Advaantage Increases Again Due to Higher Leo Scar vn CR 2

SILICON—10 GW MIN. FOR 30 YRS. VIA ANNEALING—LEOQ ASSEMBLY

CR=2
TOTAL AREA
ACTIVE ARRAY AREA:
MASS:
PRODUCTION COST: $~
TOTAL COST: s~

CR=1
TOTAL AREA:
ACTIVE ARRAY AREA:
MASS:

108
106

PRODUCTION COST: § ~106
TOTAL COST: s ~106

1822 kM2
6.4 sz
78821 MT
6032.1
n3z275

106.5 Km?
106.5 Km?
73177 MT
5620.2
105358

'—o—— 2875 m ——‘1 6345 m

130870 —= pum

Figure 3.2-18. Silicon Satellite CR 2 vs CR 1 With Annealing, LEO Assembly
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513

GEO Assembly More Attractive for Array Addition Maintenance
Scheme Due to Severe Cell Degradation in Orbit Transfer
(8% Initial $, 9% Total )

SILICON — 10 GW MIN FOR 30 YRS. VIA ARRAY ADDITION

LEO ASSEMBLY

CR=2

TOTAL AREA: 3095 Km?

ACTIVE ARRAY AREA: 1228km? (1475 EOL)

MASS: 110,426 MT {130,267 EOL}

PRODUCTION COST: $~406 70471 {7664.1 EOL) 2882m
TOTAL COST: $~08 143932 116308.3 EOL) P usm ——

GEO ASSEMBLY

CcR=2 . }*—-———— 31.297m <] 7614m
T “TAL AREA: 233Km?

ACTIVE ARRAY AREA: 798KkmZ (1133EOL}

MASS: 80529MT {100,480 EOL}

PRODUCTION COST- $~105 6121.6 (6642.6 EOL) t 1
TOTAL COST: $~106 131886 a4 eou -

Figure 3.2-19. Silicon Satellite Periodic Array Addition LEO vs GEO Assembly

s 243 AT}
£9530 ($X106)
o} 12179
79605  (8X106)
o (sx106) na2 LLE Y I
72806 10536 8.6%

b - r——- - — - = —

wor.] Joost wer.| |cost WGT| JCOST
0= 18% n=16% = 14%
REFERENCE (11% PERF) {22% PERF)

Figure 3.2-20. Silicon Satellite @ CR=1 Sensitivity to Cell Performance
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3.22 Galliam Arsenide Photovoltsic
3.2.2.1 Solar Cell and Array Analysis

The gallium arsenide solar cell and array analyses were performed by Hughes Research Laboratories
(3011 Malibu Canyon Road, Malibu, Calif. 90265) under subcontract. Their report is included here
without resion.

GaAs SOLAR CELL STUDY FOR

SOLAR POWER SATELLITE

S. Kamath, R.C. Kncechtli, and R. Loo

April 1977

Final Report
Contract N-933265-9167

Prueparced for

BOEING AEROSPACE CORPORATION
Scattle, Washington 98124
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SECTION 1

SOLAR CELL PERFORMANCE PREDICTIONS

A. EFFICIENCY AT ROOM TEMPERATURE

Our purpose is to predict the performance to be anticipated
from optimized GaAs solar cells in the 1990 time period, for solar
power satellite (SPS) applications. To this effect, a single-crystal
structure of the type illustrated on Figure | is considered first, This
structure is basically the same as that used in experimental cells pre-
sently under development at Hughes Research Laboratories and at
other laboratories. The efficiency of a cell of this type has been
calculated for a number of combinations of design parameters. Repre-
sentative results of our calculations for operation at room temperature
and in the absence of radiation damage are reproduced on Figure 2.
These calculations correspond to the following values of the critical
design parameters, which we consider realistic for future optimized

solar cells:

° Doping level of GaAs: Np = 2¢ 1017 em™3
- 2.1018 -3
N, = 2°10"" cm
° Minority carrier L = 3um
Diffusion length in P
GaAs Ln = 6 um
® (AlGa)As window D = 0.2pm
thickness
° Normalized series Rs = 0.1 SZ(:m2
resistance
. Shadowing ratio 5%

Values of the parameters shown above have already been mea-
sured in selected samples of GaAs material or on experimental solar

cells, even though the combination of all the above parameters in one

57 ORIGINAL PAGE B
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Fig. 1. GaAs solar cell structure.
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EFFICIENCY
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CURRENT DENSITY
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0 10 20 3.0
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Fig. 2. AMO efficiency and short-circuit current density
of (AlGa)As GaAs solar cell.
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optimized solar cell has not yet been accomplished. The rate of
progress toward achieving such optimization has, however, been
rapid enough to give us confidence that the type of performance pre-
dicted by Figure 2 will be available by 1990, for practical GaAs solar
cells. This rate of progress can be illustrated by the data of Figux;e 3
which shows how the maximum efficiency of 2-cm x 2-cm GaAs solar
cells made at the Hughes Research Laboratories has been increasing
with time. It should be noted in the same context that IBM has already
succeeded in making a limited number of smaller-area cells (-0, 1 cmz)
with an AMO efficiency as high as 18, 5%.

' On the basis of these results and of the above considerations,
the beginning-of-life efficiency of a GaAs solar cell under AMO illumi-
nation and in the absence of solar concentration is predicted to be, for
the 1990 time period:

n (AMO) = 20%

B. EFFECT OF TEMPERATURE ON EFFICIENCY

Conventional solar cells are optimized for room temperaiure
operation. When a cell operates at elevated temperatures there is a
sigrificant decrease in the cell's open-circuit voltage and a slight
increase in the short-circuit current.

The open-circuit voltage is expressed as

J
Ve - nKT (ln Jsc + l) (1)
c q °

J, is the diode saturation current given by

D D
T Ny @
o i p Na ™~ Na
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AMO EFFICIENCY, %
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Fig. 3. Hughes Research Laboratories GaAlAs/GaAs solar cell
efficiency.
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where

nZ(T) = NN e (3)

The variation of voc with temperature has been calculated from
these equations and is shown on Figure 4. A representative set of
measured values is also shown on Figure 4, and is found to be in
reasonable agreement with theory.

The variation of the short-circuit current Isc with temperature
is determined by the temperature variation of the optical absorptions
coefficient and of the minority carrier diffusion length, thu« affecting
the quantum efficiency. The relative importance of these effects 2n
non-optimized GaAs cells is illustrated by a representative set of
measurements reproduced in Figure 5. In an optimized cell, how-
ever, the quantum efficiency is expected to be close enough to unity so
that this effect becomes less important. For a conservative estimate
of the variation of the total AMO efficiency of an optimized GaAs solar
cell as a function of temperature, we therefore do not include the
effect of increasing Isc with temperature. The predicted variation of
efficiency with temperature is illustrated on Figure 6 for two cases:
the conservative case just outlined above, and the case where Isc
increases with temperature at the rate determined experimentally on
Figure 5, between 300 and 400 K.

C. THIN FILM VERSUS SINGLE CRYSTAL CELLS

The predictions of performance given above were made for
single-crystal solar cells. Thin-film cells will approach the same
performance under the following conditions:

. GaAs film thickness t is large when compared to optical

absorption deptk 1/a: t >(1/a) where o = optical

absorption coefficient of GaAs for photons of an energy
larger than the bandgap of GaAs.
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Fig. 5. Short-circuit current versus temperature in experimental
(AlGa)As-GaAs solar cell.
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Fig. 6. AMO efficiency versus temperature.
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] Size of individual crystals is large when cocmnpared to
1/a, if GaAs film is polycrystalline,

° Negligible leakage current occurs alorg crystal bounda-

ries, if GaAs film is polycrystalline.

The first condition is required for efficient absnrption of the
light in the GaAs thin film, Insofar as 0»103 for GaAeg, this first
condition will conservatively be satisfied for any film thickness
t >10 pm.

The second condition is required to avoid excessive surface
recombination losses at the crystal boundaries, assuming that these
boundaries exhibit a high surface recombination velocity. This second
condition is also likely te be e:tlisfied if t > 10 um if the crystal '‘men-
sions are on the order of the film thickness t.

The third condition must be satisfied io avoid loss of “en-
circuit voltage. The ability to avoid leakage current along cr,
boundaries depends on surface doping and on surface stetes; it is inti-
mately related to the thin-film growtl technique to be used.

A number of thin~film growth techniques applicable to GaAs are
presently under investigation. They includz: (1) the vapor-phase
chloride system, 1 (2) the peelea film technolngy, 2 (3) metalorganic

3

chemical vapor deposition, and (4} the planar reactive deposition
technique.5 The vagor-phace chloride vystem so fas has beer used
mostly for the growth of AlAs or GoAs, bt it is also being considered

for the growth of GaAs on low-cost substrates. Tre planar reactive

1. W.D. Johnston, Jr., and W.M. Callahan, Appl. Phys. Lett. 28,
150 (1976).

2. M. Konagai and K. Takehashi, Proc. of the Internaticnal Sympo-
sium on Solar Energy (lilectirochemical Soc., May 5-7, 1976,
Washington, D C.), p. 154.

3. P. Dapkus, Proc. of ERIJA Scmiannual Solar ihotovcltaic
Program Rceview Mceting (Aug. 3.6, 1976, Orono, Maine)p. 714,

4, 5. Chu, ibid, p. 777,

5. K.R. Zanio, ibid, p. 921.
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deposition technique has been used so far for the growth of InP, but it
can also be modified to grow GaAs thin film. The other two techniques
are presently being explored directly for GaAs and (AlGa)As.

Because of the early stage of these investigations, no meaning-
ful experimental data are yet available to show if any penalty will
ultimately be associated with the thin-film approach, when compared
to the single-crystal approach. The only meaningful prediction at this
time for the performance of future thin-film GaAs solar cells remains,
therefore, the limiting-case prediction of a performance equal to that
of the single-crystal cells considered above.

ORIGINAL PAGE IS
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SECTION 2

EFFECT OF RADIATION DAMAGE ON
SOLAR CELL PERFORMANCE

A. INTRODUCTION

The solar cell performance predictions given in Section 1
correspond to beginning-of-life conditions (no radiation damage). In
the SPS application, however, high-energy-particle radiation is present.
It is therefore important to evaluate the effect of this radiation on the
performance of the GaAs solar cells considered for this application.

Solar cell radiation damage in a synchronous orbit results fro.n
damage induced by protons and electrons. In solar cells, damage pro-
duced more than a few diffusion lengths from the junction edge has no
effect on either the photocurrent or saturation current. The penetra-
tion depth for a high-energy protcn is deeper than for a low-energy
proton. Thus for a high-energy proton, the distribution of damage
centers in the solar cell can be considered in first approximation to be
vniform, with most damage centers located far away from the junc-
tion. On the other hand, damage centers produced by low-energy pro-
tons are not uniform and can do considerable damage to the junction
space-charge region. This increases the diode saturation current and
decreases the fill factor. This kind of damage can cause serious
reduction in the solar cell open-circuit voltage Vocr in addition to
reducing the diffusion length, the quantum efficiency, and the short-
circuit current, Minimal shielding, however, will make these low-
energy proton effects negligible. Electron damage in general is not as
severe 48 proton damage because the electron mass is considerably
smaller than that of the proten.

Namage-equivalent, normally-incident (DENI) radiation has
been established as a laboratory tool to simulate omnidirectional
radiation in space. It is used in this section for the evaluation of the

effect of radiation damage on the GaAs solar cells. DENI allows the
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calculation of an equivalent laboratory monoenergetic, normal-incidence
radiation fluence Qe equivalent to all components of the actual space
radiation. This equivalent fluence ’e is defined by the following
relationships:

[
®, = 2, [#(>E) - 8>E + AE)] x D(E, t) (4)
E=o
where
®_ = the damage equivalent 1 MeV electron fluence (or 10 MeV

e

proton fluence) incident on a solar cell without coverglass.
®(>E) - ®(>E+AE) = the isotropic particle fluence having ener-
gies in a small energy increment AE greater than energy E, in

the space orbit of interest.

D(E, t) = the relative damage coefficient for isotropic flucnce
of space particles of energy E on solar cells shielded by a

cover glass of thickness t.

For Si solar cells, it has been found that a 10-MeV proton fluence

can be converted to equivalent 1-MeV electron fluence as follows:

¢e(l MeV electrons) = 3000 - ¢e(10 MeV protons) {5)

This relationship is an approximation for silicon only. For GaAs, the
conversion factor has not yet been determined. For the present esti-
mate, however, it will be assumed to be of the same order of magnitude
for GaAs as for Si. This leads to the observation that in synchronous
orbit, most of the damage can be expected to be due to the proton flux
rather than to the electrons (see paragraph 2. D). Our present esti-
mates of GaAs solar cell radiation damage and life for SPS applications
will therefore be based on proton radiation damage in this first-order

approximation.

ORIGINAL PAGE B
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B. RELATIVE DAMAGE COEFFICIENT

The relative damage coefficient D(E, t) is determined by the
relative density of damage centers produced in the semiconductor.
This density is expected to be determined by the total range of the inci-
dent particles that penetrate the semiconductor. This range is related
to the incident particle energy, the angle of incidence, and the cover-
glass thickness. The range of proton tracks in GaAs is almost identi-
cal to the range in Si (see Ref. 6). For the present estimates, we take
therefore the relative damage coefficient D(E. t) for GaAs to be the
same as for Si, as far as proton radiation damage is concerned. For
the present first-order calculations, the values of D(E, t) used for the
GaAs solar cells as a function of coverglass thickness arc thereforc
thke same as those which have been established for Si and which are
given in Ref. 7. (As will be shown further on, this does not mean that

the damage constants are the same for GaAs and for Si.)

C. RADIATION ENVIRONMENT IN SYNCHRONOUS ORBIT

To determine the solar cell perforinance degradation caused by
radiation, the radiation environment to which these cells are exposed
must be defined. To this effect, the radiation environment of an SPS
in the synchronous orbit is assumed to be the same as that applicable
to Intelsat.8 The corresponding electron ervironment in synchronous
equatorial orbit is represented by the following expressions for the

time average integral fluence Spectrum8:

E < 0.3 MeV: logm q;e(>E) =03.0E +7.7 (6.a)
0.3 < E <3.5MeV: log10 ¢c(>E) =-1,25E +7,2 (6.0b)
o, R. Hart, "Proton-Induced Atomic Displacements in Si and
GaAs, " Internal Departmental Correspondence, HRL, Aug.2,1976.
7. J.R. Carter and H.Y. Tada, '"Solar Cell Radiation Handbook, "

Report No. 21945-6001-RU-00, TRW Systems, prepared by
Jet Propulsion Lab Contract No. 953362 and NAS 7-100, June
1973, pg. 4-6, 4-13.

8. Solar Ccll Array Design Handbook, Vol. 1, JPL, October 1976,
pr. 2.5-1, 2.5-5,
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This fluence represents the number of electrons per <:mZ per
sec above energy E in MeV. The integral proton fluence spectrum for

the mission is represented by the following expressions

0.0l <E 1.0 MeV

& (>E) = 6.5x10'° exp(-9.0E) —BEotOnS (4
P cm” - year
1.0 <E MeV
& >E) = 1.5 x10'2 g 1-%3 protons (7. b)
P cm - cycle
D. EFFECT OF RADIATION DAMAGE ON (GaAl)As-GaAs SOLAR

CELL CHARACTERISTICS

The damage equivalent fluence for both protons and electrons
is calculated using the procedure outlined in paragraph 2.A and the
relative Jamage coefficients given in Ref. 7. The fluence spectrum
for both electrons and protons in synchronous orbit and used in this
calculation is that defined in paragraph 2. C. Table 1 shows the
results of this calculation of the equivalent fluences of 1-MeV electrons
and of 10-MeV protons as a function of coverglass thickness.* Table 1
shows that the normalized 1 -MeV electron fluence exceeds the

normalized 10-MeV proton fluence by less than two orders of

=Table | refers to "coverglass thickness, ' with the implication that
the radiation protective material provided on the solar cell surface

is glass. The relevant parameter for radiation protection is, how-
ever, the density of the material multiplied by its thickness. The
primary parameter in Table 1 is thcrefore the coverglass thickness
expressed in g/cmé. The actual thickness in mils given corresponds
to the density of glass. Other materials can be used to provide the
same protection, provided the thickness of such material is related

to the thickness of the equivalent glass cover by the ratio of the
density of this material to the density of glass.

ORIGINAL PAGE I3 7
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Table 1. Calculation of Yearly Equivalent Fluence in
Synchronous Orbit

Electron Fluence Proton Fluence

Coverglass Thickness (Normalized to (Normalized to

I-MeV electron) 10 MeV proton)
g/cmi mil electrons/cm’ protouns/ em?
0 0 6.7 x 10'3 2.18 x 10'4
0.168 x 107! 3 4.64 x 1013 1.67 x 1012
0.335x 107} 6 3.72 x 10!? 8.02 x 10'!
0.671 x 1071 12 2.65 x 1013 3.71 x 101!
0.112 20 1.83x 10'3 2.08x 10'!
0.168 30 1.21 x 10'3 1.33 x 10!}
0.335 60 4.04 x 1012 6.16 x 10'°

magnitude. Alternately, the radiation damage caused by a 10-MeV

proton is expected to be at least three orders of magnitude worse than
that produced by a | MeV electron. (See paragraph 2.A and eq. (5).)
This leads to the observation of paragraph 2. A that proton radiation
damage will be predominant, and that electron radiation damage can
be neglected in our first-order estimates. The equivalent 10-MeV
proton fluence shown in Table | for various thicknessces of coverglass is
also plotted :n Figure 7, for 33 years of synchronous orbit.

The damage equivalent fluence can now be used to determine
the degradation in the minority carrier diffusion length and the result-

ing loss in solar cell efficiency. Equation (8) characterizes the

7
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Fig. 7. Calculation of 10-MeV proton equivalent fluence level in

synchronous orbit as a function of coverglass thickness,
for 33 years.
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degradation of solar cells in terms of the changes in the minority
carrier diffusion length L:

1 1
—5 = 3 +K @ (8)
L* L,

where L, is the initial value of the diffusion length and L is the final
value. KL is the damage constant which is directly proportional to
the density of recombination centers. Once the damage constant KL
and ® are known, then the cell's short-circuit current density (Isc),
open-circuit voltage (Voc) maximum power (Pm) and output power
efficiency (n) can be calculated using the same basic solar cell equa-
tions used in Section 1.
The damage constant KL for silicon has been measured as a

function of incident particle energies and is tabulsied in Table 2.

Table 2. Diffusion Length Damage Constant for Proton Irradiation

Energy (MeV) KL (Si) KL (GaAs)
2 MeV 8x 107" 16x10 "
7 4x10”’ 8x1077
10 3.5 x10° ' 7x10°7
30 3x10"" 6x107
70 1.8 x 1077 3.6x10° "
100 1.6x 1077 3.2x1077
155 lLaxto ' 2.6x10° "
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Furthermore, we.estimate (Ref. 6) that the atom displacement
density caused by proton impact in GaAs is approximately twice that
of silicon. If one assumes that the recombination center density is
proportional to the atom displacement density in both materials, and
since KL is also directly proportional to the recombination center
density, then one can expect KL for GaAs to be two times larger than
for silicon, for the first order approximation. This is also shown in
Table 2. With the values of KL given in Table 2 for GaAs and the
values of equivalent 10-MeV proton fluence shown in Figure 7, the
corresponding values of minority carrier diffusion length, short
circuit current density, and solar cell efficiency after 33 years
(3 solar cycles) in synchronous orbit can be calculated. The results
of such a calculation are summarized on Table 3. The solar cell
efficiency anticipated after 33 year life according to Table 3 ° »lotted
on Figure 8 as a function of coverglass thickness. Figure .  .ovides
our best present estimate for the tradeoff between GaAs solar cell
efficiency and coverglass thickness ¥ for SPS applications, accounting
for the radiation damage expected from 33 years in synchronous orbit.
Inspection of Figure 8 shows at once that GaAs solar cells are
expected to be much more resistant than are Si solar cells to radia-
tion damage in synchronous orbit. This is consistent with the expecta-
tion that most of this damage is caused by exposure to high-energy
protons, provided a minimal amount of coverglass protection is present
for shielding against the lowest-energy protons. The outstanding
ability of GaAs solar cells to resist high-energy proton damage as
comnared to Si solar cells had already been observed in the earliest
studies of GaAs solar cells.9 A qualitative explanation for this
capability is the obrervatior that the optical absorption coefficient of

Gal.s is much larger than that of Si. The tiickness of the active part

*See footnote to paragraph 2. D for radiation protective cover materials
different from glass.

91. J. Wysocki, '"Radiation Studics on GaAs and Si Devices, " IEEI

‘Transactions on Nuclear Science, Nov., 1963, p. 60-70.
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Fig. 8. Power conversion efficiency versus coverglass thickness
after 33 years in synchronous orbit,
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Table 3. (GaAl)As-GaAs Solar Cell Radiation Characteristics
in Synchronous Orbit Normalized to 10 MeV Proton

K= 7x10-7
Total Shcgt Circuit Maximum Power
. urrent Power .
Coverglass Equivalent Densit Output Conversion
Thickness | Fluence/cm? Y, utpu Efficiency
(mnil) -33 yr. IgcmA/cm (mW) %
5% Shadowing P
0 7.2 x 10'° 6 6.79 5
14
1.5 2x10 25.19 22.7 16. 76
13
3 5.5x 10 28.06 25.35 18.73
13
6 2.64x 10 28.86 26.1 l 19.27
13
12 1.22 x 10 29.36 26.56 19.62
12
20 6.86 x 10 29.58 26.76 19.77
12
30 4.39x 10 29. 69 26. 86 19.8
12 -
60 2.0x 10 29. 80 26.9" 19.92

of the GaAs solar cell is consequently much smaller than that of the
Si cell. The minority carrier diffusion length required in the GaAs
cell is correspondingly much smaller. This means that a higher
proton fluence will be tolerable in a GaAs cell than in a Si cell, before
it decreases the minority carrier diffusion length to values sufficiently
low to have a noticeable effect on the cell's efficiency.

While the predictions of Figure 2 and the above considerations
indicate prospects for a superior radiation resistance of GaAs solar
cells, it is essential to emphasize that the predictions of Figure 8

still lack a solid experimental foundation. One assumption that is
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open to question is that the recombination center density is assumed
to be directly proportional to the atom displacement density, with the
same proportionality constant for GaAs and for Si.

E. ANNEALING EFFECTS

The purpose of the coverglass is to prevent radiation particles,
especially low-energy protons, from reaching the semiconductor and
producing damage centers. Alternatively, once such damage centers
are produced, it becomes of interest to examine the possibility of
removing them from the active regions of the solar cell. This can Le
achievedlo either by thermal annealing or by minority carrier injection
or by both. Such annealing could permit reduction of the coverglass
thickness to a nominal value (1 mil or less) sufficient for protection
against the lowest energy protons only (protons of energy <1 MeV,
which are expected to be the most damaging ones).

Table 4 summarizes the results of electron irradiation studies
and of the corresponding thermal annealing on GaAs material. This
shows that most of the defects can be annealed at temperatures between
200C ¢0 300C. In addition to this, Rockwell International has obtained
encouraging resu.ltsll in annealing (AlGa)As-GaAs solar cells at
temperatures as low as 125C, after exposure of these cells to
1-MeV electron radiation. Extrapolation of these results to the GaAs
solzr cells to be used on an SPS is hazardous because these results
apply to damage caused by electron irradiation. While it is plausible

that similar effects will be availabl: to anneal radiation damage due to

lOD.V. Lang and L.C. Kime.ling, '"Observation of Recom iination-
Enhanced Defect Reactions in Semiconductors, ' Phys. Rev. Letters
Vol. 33, No. 8, Aug. 1974.

“J.F. Madcwell and A, A. Nussberger, "A Solar Zowoer System with

GaAs Solar Ccells," AIAA Conl. on the Future of Acrospace Power
Systems, St. Louis, Mo., March 3, 1977.
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Table 4. Electron Irradiation Thermal Annealing Results

Type of Type and Energy Carrier
Authors Matarial of Irradiation Lavels Found Rﬁm::na.l Rate Aunnealing
Brehm & | GaAs Co®® . 1.25 Mav
Pearson Epitaxiat at room temp.
{liquid phase)
n-t 0.13, 0.16, 0.3~V | 0.0079 at 297 K 500 K
{Sa-doped Below Ec 0.0123 at 77 K
1-4 x 1015 ¢m-3 {Hall Effect)
p-type 0.059 and 0.10 eV 0.0011 at 297 K 500 K
{Zn-doped) Above Ev 0.0022 at 77 K
4x 1015 em-? (Hall Effect)
Kalma ln CaAs electron
Berger Bulk
all n-type 1 MeV Ec - 0.15 eV 1.h.2.2 200-200%
30 MeV intrinsic defect 4.5.5.9 Fal 2ev
n-type I MeV Ec - 0.02 eV [ ] 200-300°C
{Si-do; ) 30 MeV 7.5 200-300°C
2x1017 cm-3
p-type 1 MeV Ev+0.17 eV 2.7 150-200°C
{(Zn-doped) 30 MeV Ev+0.17ev [ 150-200°C
6.5x1017 cm-3 30 MeV Ev + 0.06 eV 4.5 150-2002C
Jeong, GaAs electron Ec - 0.15eV 250 K and
et. al. Balk 1.5-2.0 MeV 460 K
at 77 K
Stein GaAs electron Ec - 0.14 eV 2.9 at 80K 250 K and
Epitaxial 2 MeV at B0 K 3.0at 296 K 500 K
n-type neutron at 76 K small anr al
{(S-doped) in range
2x10l5em-3 76-100 K
Mattauch | GaAs electron Ec - 0.3t eV 0.0023 at 77 i 265°C-385°C ]
& Healy Bulk 7 MeV at 300 K Ea 1.07 eV I
n-type
{Si-doped)
2x 1016 cm*? l

the proton flux which is of primary concern in the SPS a_plication,
experimental investigation is still required.

The thermal annealing time required for effective reccvery of
solar cell perfcrmance can be expected to be relatively short, o the
order of hours at most. This provides the opportunity of periodically
annealing groups of cells by forcing an adequate forward diode curreat

through these cells and obtaining the required temperature by electrical

ORIGINAL PAGE IS

ORIGINAL PAGE IS OF POOR QUALITY

79
OF POOR QUALITY



D180-20689-2

heating over limited periods of time. Assuming therm..l radiation
cooling of the cells, the cell temperature could, . instance, be

raised from an operating temperature of 50 C to . annealing tem-
perature in excess of 150 C by providing, via forward current, an

electric power input of less than 0.2 W/cmz.
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SECTION 3

EFFICIENCY VS CONCENTRATION RATIO

The short-circuit current density of the (GaAl)As-GaAs solar
cell has been derived for a aumber of conditions.lz Figure 9 shows
this short-circuit current density as a function of (GaAl)As window
layer thickness. The short-circuit current density is seen to increase
when the (GaAl®’ 's window layer becomes very thin (D < 0.5 um),
which favors thin window layers.

The total series resistance of the cell nas also been dcn-iw:d.13

It can be expressed through the following relationship:

Pg b b
R, = b +o3n2a +g R 9)

window contact contact
layer finge: proper
where

p_ = semiconductor resistivity ((GaAl)As window layer)

D = thickness of {GaAl)As window layer
2a = fiager leng.h

b = finger spacing

w = finger width

h = finger height (thickness)

Zl.uerim Technical Report, Contract F~»615-76-C-212, L .c. 1976.

l3'..zl.aricrly Lrogress Report 1, Contract 05-0164, Ieb. 1977,
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Fig. 9. Short-circuit current density versus window layer

thickness.
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Pg resistivity of finger metal

R
<

"

normalized metal-semiconductor contact resistance
(2 cm?)

The first term of the right-hand side represents the resistance
of the (GaAljAs window layer, the second term represents the losses
due to the resistance of the contact fingers, and the third term repre-
sents semiconductor-metal contact resistance. Figure 10 shows the
total series resistance as a function of window layer thickness. Fig-
ure 10 shows that for a thin (GaAl)As layer (D < 0. 5 um) the total
series resistance increases substantially. This variation of series
resistance with window layer thickness is only a second-order effect
for 1 surilluminationat AMO. However, this may become a serious
effect for a thin-window (AlGa)As layer at higher concentration ratio.
Figure 1 shows the power conversion efficiency versus concentration
ratio for several thicknesses of (GaAl)As layer. For optimum solar
cell design a= a function of solar concentration ratio, the envelope of

the curves of Figure 11 can be used. This is shown in Figure 12.
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Fig. 16. Series resistance versus window layer thickness.
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Fig. 11. AMO power conversion versus concentration ratio,
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SECTION 4

GaAs SOLAR CELL COST AND WEIGHT ESTIMATES

The estimates of cost and weight of the solar cell payload for
SPS applications have to be made on the basis of present technology as
well as on what is ultimately realizable. Practical solar cells made
today are based on single crystals of silicon or GaAs. Single-crystal
substrates 8 mil thick have been used successfully for the fabrication
of GaAs solar cells, and the fabrication method can be successfully
developed for a inanufacturing line. The cost and weight of cells manu-
factured on this basis are calculated to be below the values both for
discrete cells with moderate concentration and for flat panels. The
use of thin-film cells is much more attractive. Even though the tech-
nology for these cells is still in its infancy, the advantages to be gained
are significant enough to justify its development.

In all of our calculations that follow, certain simplifying

assumptions are made.

(1) An efficiency of 20% AMO is assumed for the
GaAs cell, both single-crystal and thin-film.
It is our feeling that at the present stage of
GaAs cell technology, any modification of this
number would be arbitrary.

(2) The radiation damage in GaAs is not well enough
understood to justify quantitatively exact predic-
tions of the end-of-life efficiencies for the cells.
However, the information available both at Hughes
and in the literature leads us to believe that
GaAs cells can be expected to perform with little
degradation, especially if temperature annealing
can be used (see Section 2). Since future tech-
nology will lead to optimization of cell character-
istics using the guidelines presently available,
we feel justified in assuming that an efficiency
close to 20% AMO can be expected from GaAs
cells for 30 years in synchronous orbit.

INAL PAGE ﬁ
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(3) The best way to protect the cells from radiation
damage is still open to some question. Our
calculations in Section 2 indicate that a glass cover
of ~5 mil would be desirable. However, the
weight considerations for space applications and
the complexity of using thick glass covers in
foldable 1-mil plastic blankets would lead us to
believe that plastic cover glasses of the order
of 1 mil thickness would have to be preferred
for the present application. In this case, the
cell efficiency would degrade as a function of
time in orbit; however, by judicious introduction
of annealing cycles as discussed in paragraph 2. E,
the GaAs cells can be =xpected to recover most of
their efficiency. With this mode of operation, the
efficiency of the cells could be maintained close
to the 20% assumed in the calculations.

(4) The use of a concentrator and the optimum con-
centration ratio are dependent on the cost-weight
tradeoffs between cell cost and concentrator cost.
At concentrations over 10, cooling becomes more
and more demanding and has to be factored in.
The cost of GaAs cells, however, can be estimated
independently from those for the concentrator,
and we have done this for several concentrations.
The decrease of system efficiency due to the con-
centrator proper is not considered in the simple
calculations made here, because it is dependent
on the specific concentrating system.

A. SINGLE-CRYSTAL CELLS

GaAs cells with 20% AMOQO efficiency at ! sun can be fabricated
~ith some extrapolation of the present technology available at Ilughes
Research Laboratories. With appropriate radialion shielding, we can
expect a power output of 27 mW/cmZ from these ~ells. The cell area
needed would then be 40 cmZIW. If we assume the cells to be 200 ym
thick, 40 cm2 would have a weight of 4.5 g. In large quantities, GaAs
is expected to cost no more than one dollar per gram for single-crystal
material. Since the processing losses are about 50", the cust of the
GaAs for the 4.5 g of cells should be in the range of C10 00. Spectrolab™

has estimated that the cost of cell fabrication using our present technique

“Hughces Aircraft Company subsidiary.
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will be about $2. 50 for a 4 cm” cell, making it $25. 00 for 40 cm 2.
Thus, the total cost of 40 cmZ of GaAs ¢ ils would be ~$35. 00 for
single-crystal cells. The cost of cells would then be $35. 00/ W at
single-crystal sun concentrations, using 4 c:mZ discrete GaAs cells
with 20% AMO efficiency, and appropriate shielding against space
radaation.

For the SPS application, we have to consider the tradeoff
involved in using moderate levels of concentration to reduce cell
area. The judgement can be made on the basis of our discussion in
Section 3. The tradeoff is between the weight, cost, and complexity
of the concentrator structure with increasing concentration ratiu versus
the simplicity of the total structur~ it concentrations below ~10 suns.
At low concentrations no special cooling of the cells is necessary and
the concentrator can bemade of lightweight (1 mil thick) plastic. The
area of cell required, and its weight, will go down by a factor almost
equal to the concentration ratio. The actual gains will be reduced
somewhat due to the sun-pointing inaccuracy of the concentrator, and
due to reflection losses. In our calculations we neglect these factors,
since a number of improvements on simple concentrator structures
to reduce the effects of sun misalignment are in progress. Table 5
summarizes the above cost-weight considerations for various concen-

tration ratios.

B. THIN-FILM CELLS

The alternative to single-crystal cells is the use of thin films
to produce the GaAs solar cells. Since the miuority carrier diffusion
length in Ga/s is of the order of 5 um, a thin film about 20 ym would
be adequate to give n acceptable solar cell. This wou . be a factor
of 10 less than the $-mil siagle-crystal cells considered in the pre-
vious section and hence shou d reduce the cell weight proportirnately.
The materia's cost .hould alsr be proporti;)natcly lower, and the

utilization of mate rial - probably more efficient, since thin-film
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for Single-Cryscal GaAs Solar Cells

Cost-Weight Estimates as a Function of Concentration Ratio

Concentration Cell Area Cell Weight Power/kW/Kg| Cost (GaAs)
Ratio (cm2/watt) | (g/watt) (cell) ($/watt) Comments
1 40 4.5 0.2 35
Radiational cooling
sufficient
10 4 0.5 2 3.5
100 0.5 0.05 18 0.40 Some cooling

necessary.
Concentrator cost?

1000 0.07 0. 005 160 0.05 Extensive cooling

including liquid
circulation,
Complex and

costly concentrator.
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technology is capable of more efficient GaAs deposition than is
single-crystal processing. The processing cost for the cell may also
be lower ultimately than that for single crystals. However, it should
be noted that there are still many difficult questions to be answered
concerning thin-film cell operation and its ultimate reliability. All
the known results on silicon thin-film technology would lead us to the
conclusion that, with sufficient time and effort, one could hope to
develop thin-film cells that could match single-crystal cells. On the
basis of this projection, we postulate a 25-pm GaAs thin-film cell on
a conducting metal film deposited on a one-mil plastic foil.

The weight of 40 :mz of 'cell" would be only about 0. 5 g of
GaAs on such a structure. The weight of the plastic and metal would
be comparable. The cost of GaAs would be =$0. 50. This means that
a watt of energy could be produced for a GaAs weight of 0. 5 g, and a
cost of $0. 50 fo~ materials. No documented forecast for the fabrica-
tion cost of thin-film cells can be made before further development
of the relevant fabrication techrology. It can be assumed as an
arbitrary guideline that fabrication costs will ultimately be no higher
than materials cost. On this basis, a fabrication cost of $0. 50/ watt
is obtained, leading to a total cell cost of $1/watt. A concentration
of ~5 can be considered for thin-film GaAs cells. If the plastic con-
centrator is made as an integra. foldable sheet with the GaAs thin-
film ce.l at the focus of the concentrating structure, the GaAs weight
and cost can be reduced below that of the continuous thin film. The
cost tradeoff will be between the simplicity of the thin-film deposition
in a continuous sheet against the deposition of discrete clements on the
concentrator structure. The weight advantage will probably rest with
the plastic concentrator design if a 1-mil-or-less foil thickness can be
used economically for this structure. The thin-film cost considera-

tion can be summarized as follows:

91



D180-20689-2

Cost-Weight Estimate for Thin Film (GaAs) Solar Cells

Concentration Cell Area Cell Weight Power/Weight

Ratio (cm2/watt) _ (g/watt)  (kW/kg)cell) Cost/watt
1 40 0.5 2 1.00
5 8 0.1 10 0.20

All the arguments given in the concentrator design for the
single-crystal cells are equally valid for the thin-film cells. The
misalignment with the sun will lower the efficiency somewhat and will
decrease the cost benefit to be gained from concentration. It would
also appear that the thin film would be more susceptible to problems
arising from grain boundaries, especially as the current density
increases with higher concentration. These factors must be under-

stood better before quantitative conclusions can be reached.
C. SUMMARY

The options for the SPS systems definitions should include GaAs
cells since they have demonstrated higher efficiency and excellent life
expectancy and stability from the data presently available. The cost/
weight tradeoff with a concentration below 10 and using a simple plastic
panel seems to be very attractive from projections that can be made
based on data presently available. These will become even more con-
vincing if thin-film GaAs solar cells can be developed and shown

acceptable for long-term space applications.
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ADDENDUM

At the time of writing this report, we have obtained preliminary
experimental evidence on the magnitude of 10-MeV proton radiation
damage for state-of-ihe-art (AlGa)As-GaAs solar cells. This indi-
cates that the values for the 10-MeV proton irradiation damage constant
KL indicated on Table 2 may be too optimistic. An important conse-
quence of this observation is that the possibilities of thermal annealing
of radiation damage on these cells may gain critical importance (see
Section 2. E). The tradeoff between end-~of-life (33 years) power con-
version efficiency and coverglass thickness indicated on Fig. 8 is too
optimistic. Heavier protective cover thicknesses will most likely be
required in th: absence of thermal annealing, leading to unz.cceptable
weight penalties. This penalty can be avoided if thermal annealing is
found to be sufficiently effective. Alternately, a system using rela-
tively high solar concentration ratios could tolerate relatively thick
solar cell coverglass without substantial system weight penalty, if

thermal annecaling cannot be relied upon.
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3.2.2.2 Gallium Required for Solar Power Satellites

Plotted in Figure 3.2-21 is the quantity of gallium required for each 100 km? of solar array, as a
function of thickness of gallium arsenide. The active layer of gallium arsenide need by only 3 to 5
um thick. However. a technique is not yet available for making high-efficiency solar cells from gal-
lium arsenide layzrs so thin.

Possible an- .1 U.S. gallium production quantities, shown as arrows, are from “Availability of Gal-
lium and Arsenic” by Dr. R. N. Andcrson, Professor of Materials Science and Metallurgy, Stanfcrd
University. He states that today’s techniques can recover 10 percent of the gallium in bauxite and
flyash from coal combustion. Ways of ncreasing gallium production are:

o Recover more gallium from bauxite. The French have a process that recovers 20 percent of the
gallium.

o  Extract gallium from sea water.
Develop foreign sources.

o  Extract gallium from oil sludge.

3.2.2.3 Gallium Arsenide Configuration Comparisons

For gallium arsenide, we did not look at array addition as a power maintenance option. Oversizing
and annealing are compared in Figure 3.2-22. With its less severe degradation characteristics, the
overall difference for gallium arsenide would be 1 to 2% in total array mass. The initial difference in
area would only be about 6 to 7% (less than for initial oversizing). The advantages of anneal...g are
substantial but certainly not what was seen for silicon. One of the interesting things about gallium
arsenide is the low projected doilar value. However, later charts show soiic sensitivities which
should temper that view somewhat.

Shown in Figure 3.2-23 is the concentration ratio 2 versus concentration ratio 1 7 . for geos. -
chronous construction. With the high cost of the galiium arsenide array CR2 has a slight advantage.
Piobably the most important factor was th. superior performance of the gallium arsenide array at
cuncentration ratio 2. The difference is small and it doesn’t account for several other factors which
would be an eventual trade. 1) Concentration satio 1, as the construction analysis showed. appears
to be substantially simpler to build. 2) The smaller satellite will have less problems concerned with
coniro! and station keeping.
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Figure 3.2-21. Gallium Required for Solar Power Satellites
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Figure 3.2-22. GaAs Satellite Power Maintenance Comparison
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The same match up of satellites is shown in Figure 3.2-24 but instead of at GEO they are assembled
at LEO and scif-transported. There is no change in the CR-1 — CR-2 comparison. There appears to
be no substantial advantage over the geosynchronous assembly option. The mass totals indicate the
reason the transportation costs arc a smaller factor in the total. As a result, the LEO/GEO cost dif-
ference is relatively insignificant compared to the production of the satellite.

The final look at gallium arsenide shown in Figure 3.2-25 compares low earth orbit construction
versus geosynchronous with two different maintenance schemes, annealing and initial oversizing.
The oversized satellite is less sensitive to the LEO-GEO transfer radiation environment than is the
analogous silicon satellite.

The gallium arsenide system: should be a thin film technology. In Figure 3.2-26 we show the sensi-
tivity of cost and mass to the thickness of the film using the cost parameters described eartier. The
cost sensitivity is large co: ipared to the mass sensitivity. All of these are very thin films. Even at 2
mils {50 microns) although the cost exceeds the silicon nominal, the mass doesn’t. Gallium arsenide
thin film technology is critical not only in terms of gallium supplies but in achieving SPS perform-
ance competitive with what we can expect from silicon.

We analyzed the performance sensitivities for gallium arsenide as we did for silicon. The perform-
ance sensitivity is not as great as for gallium arsenide film thickness. We are starting to observe in
Figure 3.2-27 the effects of constant microwave power transmission mass and cost.

3.2.3 Thin Film Systems

We found very little data base available on thin films. We did have Boeing in-house studies and those
sponsored by ERDA locking at copper-indium-selenide. We had as a part of our subcontract with
GE a space-fabricated silicon thin film study. Both of these are in a stage best described as process
exploration. They certainly lack experimental data to verify any performance. There are data avail-
able based on the University of Delaware fabrication of cadmium sulfide cells and measurements of
their performance. Our best information is that AMO performance is about 6% now. There are old
data available which indicated very favorable radiation degradation characteristics for the same film.
We defined a “‘representative satellite” as shown in Figure 3.2-28. It assumes a cadmium sulfide sat-
ellite with 1 mil cover glasses assuming performance for the cells of 12 percent. The satellite that
results is about the same size as the reference system and substantially lighter at 61,000 metric tons.
If higher thin film performance cai be achieved, (say 15 to 17%) thin films will become a very
advantageous technology. However, th: data base was sketchy not only in terms of experimental
data vn performance but on long-term stability of the filras themselves,



D180-20689-2

CR 1 snd CR 2 3¢ Very Quse in GaAs, (1%) with the Higher Cost of the
GaAs Ascay veducing the CR | Advantage Scem in Siicen

Cale~Y0 G WNL. FOR 38 YRS VIA ARRAY ANNEALWG--GED ASSEMELY

CR=2

TOTAL AREA:
ALCTWE ARRAY AREA:
SAASS:

PRODUCTION COST: $~WS
FOTAL COST: s~ut

-

R

“TOTAL AREA:
ACTIVE ARRAY AREA:
BRASS:

PRODUCTION COST: §~108
TOTAL COST: s~ws

04 Kn?
54 Kut
QI MY
ot

8

-.-h—-l“'-

Figure 3.2-23. GaAs Satellite, CR 2vs CR 1, € GEO

S 245

Asseenbly and Sellpower Does Not Change CR 1 and CR 2
with Annealing Shows No Substantisl Advantaze Over GEO Assembly

GaAs—LED ASSEMBLY -0 GW Miti. FOR 38 YRS. VIA ANNEALING

L2
TOTAL AREA: 1009 Kn?
ACTIVE ARRAY AREA: 5.9 Km?
[TT -5 45820 MY
PRODUCTION COST: $~108 s627.4
TOTAL COST: s~wt s
nn
TOTAL AREA: NI kel
ACTIVE ARRAY AREA: NIKke?
MASS: SINIMT
PRODUCTION COST: $~WS 61979
TOTAL COST: s~1w0* 20

~

= + 1

L

o L

T
{ 1

Figure 3.2-24. GaAs Satellite, CR 2 vsCR 1 @ GEO

ORIGINAL PAGE I8
0% POOR QUALITY



D180-20689-2
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3.2.3.1 Radiation Damage to Thin-Film Solar Cells

A search for data on radiation degradation of thin-film solar cells was conducted; nothing was found
in the recent literature.

A telephone call to Dr. Henry W. Brandhorst at NASA Lewis Research Center confirmed that no
radiation damage testing had been done recently on thin-film solar cells. The reason is that develop-
ment funding provided by ERDA for these cells is directed at terrestrial applications where radia-
tion degradation is not a problem. NASA Lewis Research Laboratory will radiation-test any thin-
film solar cells that turn out to be promising for space applications.

Dr. Brandhorst also explained that the lack of radiation degradation of thin-film solar cells results
from the fact that long diffusion lengths are not a requirement for thin-film cell operation. The ini-
tial minority-carrier lifetime in cadmium sulfide, for example. is only 0.5 ns. As a result. a fluence
of 1017 one MeV electrons had virtually no effect on the output of the cell. Figure 3.2-29, repro-
duced from the reference. illustrates the point.

Dr. Brandhorst felt that the most advanced thin-film cell today is the one being developed by the
University of Delaware. using cadmium sulfide. They are getting 8 percent efficiency in terrestrial
sunlight, which corresponds to about 6 percent in space.

3.2.3.2 Silicon Thin-Film Concept

A space-manufactured silicon thin-film process concept was provided by General Electric under sub-
contract. The remainder of this section presents their report.

For power sateilite applications, the semiconductor thickness and configuration should be designed
to optimize the cost and mass needed to generate the required power.

The left hand of Figure 3.2-30 indicates the inherent efficiency obtainable from one ohm-cm Si
with back surface field as a function of Si thickness {from “Semiconductors end Semimetals™. Vol.
1. “Solar Cells” by H. J. Hovel. Academic Press. 1973). The efficiency climbs toward a limiting
value of about 177 with most of the increase occuring at thicknesses less than 10 to 20 microns.
The right hand part of the figure shows the specific power (watts/gram) considering the increased
weight of Si as its thickness is increased and assuming this is adced to a constant mass consisting of
10 micron Al substrate. front metallization of conventional structure, anti-reflection coating and a
25u cover glass on cach side of the cell. As can be seen. increasing the Si thickness to 20 microns or
more causes a drop from the peak specific power which occurs at about 10 microns. This occurs

because the relative increase in efficiency is less than the relative increase of weight in this range.
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Further work is needed to determine the actual efficiencies obtainable. However, it is likely that an
optimum Si thickness of about 10 microns will stiil apply.

Figure 3.2-31 shows the thin film series collection concept. It has the following features:

o n-p polycrystalline silicon film —Fraction of a micron n-type layer deposited on thin film p-type
polycrystaline silicon.

o  Grains sufficiently wide to approach single crystal efficiency —calculations by Hovel indicates
that the grains’ size should be 2-3 times the grain thickness to obtain efficiencies approaching
single crystal matenials.

o 10 micron alumium backing—it is addaptable to the GE continuous strip production technique.
The aluminum provides for the series connection through a shingle overlay.

o  Shingle series connections with parallel strip front metallizing--it removes the width restriction

on the cells and affords a technique for continuous series connections.

0 25 micron clectrostatically bonded glass cover slip—this is specified reference design in this
study. It is suggested that this should be glass (instead of Kapton) because it can be electro-
statically bonded (therefore no adhesive required).

o Silicon thickness chosen to give maximum specific power (near 10 microns)—gives maximum

power per unit weight.

o  Back surface field to improve initial efficiency and to reduce radiation degradation—adapts
itself easily to vapor deposition technique using multiple sources.

The cost of the thin film cells was estimated based on a continuous strip production facility in low
earth orbit (LEO).

Material cost is based upon a structure consisting of a 10u Al conducting substrate coated with 10u
of Si. The Schottky barrier metallization is a 30 A layer of platinum. 10% of the Pt is covered by
15u strips of Ag conductor. A 1000 A anti-reflection coating is assumed to cover the front face and
a 25u thick cover glass is assumed on each face. Total weight of the cells is 165 gm/m-’-. Since
masks. shields., etc. will become coated with the various evaporated materials, an additional 40% is
added to the materials cost to cover cost of recovery of this material. Material costs are based on
current market costs for the metals and semiconductor. Cost of glass encapsulation is based upon
information from “Integral Glass Encapsulation for Solar Arrays.” 2nd quarter report (Nov. 1976)
ERDA/JPL 954521-70/2.
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We assume a $40 x 106 facility cost based on cost data derived for other types of space manufactur-
ing facilities and satellites.

The transportation cost to LEO is assumed to be $10/pound. Results are shown in Table 3.2-6.
3.2.4 Power Distribution for Photovoltaic SPS
3.2.4.1 Design Objectives and Assumptions

The design objective for the power distribution system is to minimize the total SPS mass required to
generate and convert power. while providing are adequate capability to control and regulate power
supplied to the microwave power transmission system. Power distribution design requirements were
stated under requirements item 1.01.01.03 in section 3.1. The principal design assumptions were,
(1) main power would be distributed at or near 40,000 volts: (2) power processing would be mini-
mized to the extent practicable: (3) conductors will be passively-cooled, 1mm thick, aluminum
sheet conductors. This thickness was sclected as a minimum-gage value.

3.2.4.2 Power Distribution Reference Design
Klystron power and regulation requirements were estimated, including the mu Itiple-voltage require-

ments for high efficiency depressed—collector operation. The Klystron used as a reference for this
study required the power supplies indicated in the following table:

Powcr Supply Voltage (VDC) Current (Amperes)
Collector A 40,000+5% 1.320
Collector B 37,900+5% 0.616
Collector C 4,210x% 0.154
Regulated Anodes 42.100+5% 0.110

(2 ea. 21,050 V supplies

in series)

Heater (30 watts)

Power for the Collector C. the Regulated Anodes, and the Heater can be obtained from a DC/DC
converter with cutputs for cach. A converter efficiency of 96% is assumed. The source for the con-
verter is the same supply that provides power for Collector A. Figure 3.2-32 shows that the satellite
can be designed with all solar cell power generator modules of the same design. The thirty power
generation modules farthest from the rotary joint are connected in parallel and routed over dedi-
cated conductors to the rotary joint. The conductor voltage drop is sufficient to drop the supply
voltage to the required level at the rotary joint. The seventy power geqcration modules nearest the
rotary joint are connected in parallel and routed over separate conductors to the rotary joint. This

104



@ D180-20689-2 m

Table 5.2-6. Cost of i in Fi
gl!!“c"lnlll: Table 5.2-6. Cost of Producing Thin Film Cells spece divieion
$/WATT
AT 13 EFF-
¢ MATERIALS 0.06 - .08
10 4 Al SUBSTRATE $0.0006/W
10 4 Si 0.0052
30 k SCHOTTKY BARRIER 0.0022
15 4 Ag CONDUCTOR 0.0134
1000 A ANTI-REFLECTION 0.01
25 4 EACH SIDE COVER GLASS 00114 ORIGINAL PAGE IS
. -0.0228 OF POOR QUALITY
RECOVERY FROM MASKS, ETC, 0.017
-0.021
e  FACILITY 0.09 - 0,10

FACILITY TO PRODUCT 0.5 X 105M2/YR OF CELLS.
COST $40 X 106/FACILITY AMORTIZED OVER FIVE

YEARS
¢ TRANSPORTATION 0,02
167 GM/M2 AT $10/LB (= $0.022 GM)
o TOTAL $0.17 - 0,20 WATT
SPS-57
REFERENCE PHOTOVOLTAIC POWER SAT.
JSC CONFIGURATION 76T
C.R. 2.0 (MODIFIED)
NOTE: VOLTAGES SHOWN ARE IR DROPS ABOVT KLYSTRON VOLTAGES.
COLLECTOR A [~ COLLECTOR B
POWER SUPPLY | POWERSUPPLY
1KM 1
™ 4
12.4 KM +5866V \
32173V —— +6097V L +T1713V(
1{213|als]e|7]8]|9l10(11]12]13|1a|15|16]17|1|2|3|a|5]|6|7]8
s 15492 A
— +1568V 75— +5713 /- +7108V/ 650
+800v [18|19]20]21|22|23|24| 252627 |28]29{30 |31|3233]|34|35] 9 |10]11 {1213 |14 15 ( M.
-TYP.
Lo ] 5.2 KM
36|37{38|39]40|4142]4a3]44 |45 |46|a7]|a8 |a9|50|51|52]53|16 |17 |18 |19|20]21|22
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1 KMDIA 4 7w
54 55|56 [57[58]59 60| 61[62|63 |64 ]65|66 |67 63(69|70|23(24|25|26 | 27|28 (29|30 \TTV"-
‘ | ¥J .
ONE-HALF SATELLITE “— SOLAR ARRAY ALL ARRAY
CONDUCTOR MASS = 1,436,983 KG 129 SQ KM MODULES
(EXCLUDING) 496 M x 650 M
12R= 7.83 x 108 WATTS ¢ 1980 AMPS
NOMINAL

Figure 3.2-32. Klystron Impact on Power Distribution
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design concept requires a minimum of three slip rings on the rotary joint; one cach for the Collector
A and Collector B supplies, and one for the power return. Overall power distribution efficiency is
91%.

A photovoltaic solar power satellite having a given power output must have array area sufficient to
generate the regular power, plus an increment of area that generates the power lost in the power
transmission network within the array. If the array is made larger to take advantage of cells that use
low in cost but low in efficiency, then the loss-generation requires an increment of array that is
more remote from the :f amplifiers. The effect becomes more of a problem with lower-efficiency
cells and with high aspect ratio configurations.

The effect of transmission losses on array area is shown in Figure 3.2-33 as a function of power dis-
tribution distance.

The reference configuration was analyzed to determine the optimum conductor design operating
temperature for minimizing the total satellite mass. The optimum conductor design operating tem-
perature is approximately 8J°C. As the conductors are made smaller and lighter, their power loss
increases, resulting in a requirement for more solar array to generaie the power to feed the losses.
The optimum occurs where the rate of array mass change begin to exceed the rate of reduction in
conductor mass, as shown in Figure 3.2-34.

The concept for conductor and switchgear installation on the reference configuration is shown in
Figure 3.2-35. The system electrical schematic is shown in Figure 3.2-36.

3.2.4.3 Alternate Design Approach

Since approximately 140,000 solar cells are required in series to yeild 44,000 volts after 30 years, a
configuration which utilized these cells in a straight line was analyzed for.power distribution losses
and mass.

The configuration selected has the celis connected as shown in the inset of Figure 3.2-37, With this
configuration, no shadowing of the cells by superstructure above the cells can be allowed because of
the scevere decrease in the cell string output caused by shadows. As can be seen, the lzR losses and
the conductor mass required are considerzbly less for this configuration than for the reference con-
figuration. This approach is particularly attractive for satellites with concentration ratio 1.

3.2.4.4 Startup Control

An analysis was made of the occultation imposed requirements on the power distribution and con-
trol system. The requirement to be satisfied is to keep the klystron supply voltages within £5% of
nominal.
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JSC CONFIGURATION 76-T
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Figure 3.2-34. Optimired Conductor Operating Temperature

TYPICAL “LOCAL” BUS
{1 mm THICK, 0 TO 41.5 cm WIDE)

SWITCHGEAR FOR LOCAL
TO MAIN BUS FEED
(2600A AT 44 000V
NOMINAL)

WL MAIN BUS
1 mm THICK, WIDTH
(STEP = 415 em PER

650m SECTION)
‘ Figure 3.2:35. Photovoltaic Sateflite Conductor sad Switchgear Installation Concept
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The array specific weight was assumed to be 0.54 Kg/m2 and the total flux falling on the cell was
2503 w/m?'. Figure 3.2-38 shows the temperature response of the cells when the array is occulted
from the sun. A temgp-rature of 121K is reached at the end of 70 minutes. Upon emergence from
the Earth’s shadow, cell temperatures rise rapidly as shown ir Figure 3.2-39. The rate of tempera-
ture rise can be increased significantly by open circuiting the cells. Steady state temperature is
reached in 9 minutes open-circuited versus 20 minutes with the cells providing power to external
loads.

Figure 3.2-40 shows normalized array output as a function of array temperature. As can be seen,
the change in array power and voltage is dramatic. In order to maintain the Klystron supply voltages
within the +5% requirement, the array must be segmented to provide control of the source voltage.
Ten switchable levels are required on the array to provide the required voltage regulation (see Table
3.2-7). This regulation requires considerably more complex solar cell blanket and power distribution
and control systems than does a nonregulated array.

Based upon the considerably more complex blanket and power distribution and control system and
the additional mass required to implement the changes required (approx. 1,000,000 Kg). it was
decided to omit the regulation requirement and wait for approximately 6 minutes until the array
voltage is within tolerance before beginning klystron operation.

3.2.4.5 Power Distribution and Controls For Self-Powered LEO-GEO Transportation

The reference photovoltaic configuration is 5,076 meters by 28.800 meters excluding the antenna.
When divided into 16 segments, each segment is 3,600 meters by 2538 meters as shown in Figure
3.2-41. Thruster panels are required on two diametrically opposed corners.

Earlier estimates of photovoltaic SPS orbit transfer used a value of 7500 sec for argon ion thruster
ISP. Current orbit transfer optimizations have reduced this value to 5000.sec. The basic propulsion
system consists of a thruster panel on each comer of the 3600 meter by 2538 meter photovoltaic
SPS module. Each thrustor panel contains 900 thrusters. Each thruster requires 64.743 watts and
each thruster panel requires 58,268,700 watts after power processing. Using a power processing
efficiency of 0.95 the input power to the thruster panel was computed to be 61.335,474 watts.
Based upon this panel power requirement the deployed array required to deliver the power was
computed. Plasma current losses were computed using the data described in the following section
(3.2.4.6).

The concept for acquiring power from the solar cell array consists of dividing the bay width up into
N segments, each of which provides 1/N of the total bay voltage (i.c. if the bay voltage is 44,000
volts and N=5. each segment provides 8,800 volts). The plasma current was computed and sub-
tracted trom the array current to compute the segment outpur current. Figure 3.2-42 presents the
percentage of the solar cells which must be deployed in order to obtain the required thruster power
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CONCENTRATION RATIO = 2

TOTAL SOLAR FLUX ON ARRAY = 2503 W/M2
ARRAY EMISSIVITY = 0.803

SUBSTRATE EMISSIVITY = 0,90

ARRAY ABSORPTIVITY = 0.90

CONVERSION EFFICIENCY = 0.18 (1-.0043AT)
ARRAY WEIGHT = 0.54 KG/M

SOLAR ARRAY TEMPERATURE ~ %K
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Figure 3.2-38. Array Temperature Response to Solar Occulation
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Figure 3.2-39. Array Temperature Response To Emergence Into Sunlight
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Table 3.2-7

Switching Steps For Maintsining Array Voliage
Output Between 105% And 95% Of Nominal

TEMPERATURE NORMALIZED % ARRAY REQ'D
K VOLTAGE FOR 1.06 Vpyopm
12 2493 a2.17
163 2.256 46.54
202 2041 51.44
37 1.847 56.86
268 1.670 62.87
297 1510 69.54
322 1.368 76.7%
6 1.237 84.88
367 1.120 93.75
386 1.013 100.00°
*OUTPUT AFTER SWITCHING IS 1.013 Vo
PSa
3800M ¢ 563M B
F— 600M  —P]
1 600
Ze
or
5 3
Z a
8
I'yY
y \

\— rowes
BAY

% THRUSTER
PANEL

v ‘ ‘2 PLACES

Figure 3.2-41. Photovoltaic SPS LEO-GEO Transfer Module (1-1/6 Total Satellite)
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for two cases (performing orbit transfer with and without reflectors installed). Much more array is
required to be deployed for the case of no reflectors installed for orbit transfer. This large differ-
ence is due to the following three principal reasons: 1) the solar cell output is less without reflec-
tors, 2) a larger array drea is required to collect the required power causing higher plasma current
losses, 3) the larger array area increases the power distribution losses. Figure 3.2-43 shows the per-
centage plasma current loss for the no reflector and with reflector cases and shows the higher loss
for the no reflector case.

The power distribution and thruster panel power processing mass required to provide thruster panel
power is shown in Figure 3.2-44. Three discrete points are also shown for the condition of running
the thruster screen grid directly from the power bus (i.c. no power processing for the screen grid
supply). These points are not optimum from either the power system mass or the percentage of
deployed array. As the array acquisition voltage increases the total power distribution and process-
ing mass asymptotically approaches the power processing mass of 245,000 kilograms. Figure 3.245
was developed to show the contributic  of thruster power, power processing losses, power distribu-
tion lzR losses. and plasma current power losses for the 25°C conductor temperature-reflector
installed case. As can be seen in this figure, at higher array voltages the plasma current power loss
predominates and at lower voltages the conductor 12R loss predominates.

3.2.4.6 Power Loss By Leakage Through Plasma

The space between 400 km altitude and the orbits of geosynchronous sateilites contains neutral
atoms, free electrons, positive ions. and high-energy charged particles. The high-energy particles,
although damaging to solar cells and optical surfaces, are not numercus enough to carry a significant
current. The free electrons. generated each morning when uitraviolet photons ionize neutral atoms,
have energies of around one to two electron volts. This energy is dissipated in resctions with neutral
atoms and ions. increasing the temperature of the medium to the region of S00° to 2000° K. The

5

temperature of an electron is related to its energy by Boltzmann’s constant, 8.6171 x 107 eV per

oK.

An electrically neutral gas containing free electrons and ions in equal numbers is called a plasma. A
positively charged spherical electrode. say one cm in diameter, will collect electrons when inserted
into a plasma. The volume in which electrons are influenced by the electrode. called a sheath, is
much larger than the sphere. Some of the electrons will orbit around the clectrode and escape back
out of the sheath. Current ccilection is then said to be orbit-limited and is affected in a complex
manner by the radius of the clectrode, the voltage of the electrode. and the temperature and density
of the free electrons.

The high-voltage solar-cell array for a solar power satellite looks more like a sheet electrode than
like a spherical probe. For example, let us assume that 10 km? of a solar power satellite array is
deployed to supply 1500-volt power for electric propulsion thrusters for raising the satellite from
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low-Earth orbit, say 500 km, to geosynchronous orbit. K. L. Kennerud has developed a method of
analyzing the leakage current from such arrays (Reference 1) based on fundamental equations
developed by I. Langmuir (Reference 2). Kennerud’s technique converts the planar array into a
sphere having the same area, and then he calculates the radius of the electron sheath surrounding
the array. His experiments with small positively charged solar-cell panels correlated well with his
predictions. With a negatively charged panel which collected ions, his experimental measurements
did not correlate well with theoretical predictions, perhaps because the ion sheath extended to the
chamber walls.

Using Langmuir’s equations, we determined that at 500 km the electron sheath extends to a few
meters above the plane of the solar cells, in the range of electron concentrations, electron tempera-
tures, and array voltages of interest. The calculation of leakage current then simplifies into analyz-
ing the rate at which electrons drift into ©  clectron sheath having essentially the same area as the
solar array. This electron current (jr) is simply:

Ne Ee

. . 2
j, = ——=—=  (in A/cm*~)
T 37x10!l

where N, = electron density, in electrons per cm3

E.

The calculated leakage currents from a 1500-volt arrav for several altitudes are shown in Table
3.28

= electron energy in eV

A flow of electrons from the plasma to the solar power satellite must be matched an equivalent flow
of electrons out of the solar power satellite. Otherwise the satcllite will become negatively charged
with respect to the plasma. and will cease attracting electrons. This flow of electrons away from the
satellite is provided during orbit transfer by electron emitters which are installed for neutralizing the
ions emitted by the thrusters. In geosynchronous orbit, where the satellite would be generating
power, the electric thrusters would not be in operation. Furthermore. in‘geosynchronous orbit the
electron density is only about 100 per cm3
kV, would be trivial.

. 50 the power lost through plasma leakage. even at 44

A negatively charged solar array would attract ions rather than electrons. However, ions are less
mobile than electrons, and the ion current would be much smaller than the electron current
observed with a positively charged solar array. Thus, the positively charged array is the worst case.

Calculations—Irving Langmuir, in Reference (2). provides the following equation for calculating
clectron urrent from plasma to a positive electrode:

1=dmr” jifrg<P (N
121
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Table 3.2-8. Leakage Current from Positively Charged Solar Armay

ARRAY ELECTRON ELECTRON LEAKAGE CURRENT POWER LOSS'

ALTITUDE. DENSITY, N, TEMPERATURE AMPERES PER PERCENT OF

KM ELECTRONS/cmS ox nA/em? 1500 V STRING®  GENERATED
500 6 x 10° 3,000 8.5 0.8494 .72
700 2 x 10° 3,000 274.8 0.2831 2.57
1,000 7 x 104 3,000 96.19 0.0990 0.90
2,000 2x 104 3,200 28.38 0.0292 a.265
5,000 1 x 104 4,400 16.64 01 0.156
10,000 8x10° 5,400 14.75 0.0152 0.138
20,000 2x108 9,000 476 0.0049 0.084

30,000 1x 102 13,600 6.29 0.0003 0

*THE STRING IS 0.408 m 3Y 255 m, WITH AN AREA OF 133.02 m?
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o = 5,22 = Space-Charge Sheath Radius (cm) &)

D = 2336x100 gvp)i2

a- = afunction of ry/a which is calculated as shown below.

jr = random current density of plasma electrons (amps/cm2)

Ne Ee
3.7x 10!l

Wn
p =a |1 +—E;P— = impact parameter (cm)

a = radius of sphere having same area as array

8 = fraction of sphere surface area uncovered

Vp = potential applied to array, volts

Ee = average energy of electrons

Ne = clectron density (electrons per cm3)

1 = electron current collected by the sphere (amperes)

I,
Langmuir’s table relating % to a is not applicable to the large electrode areas involved in the solar
power satellite. The value of a was determined by iteration of the equation,

a = v-03y>+0.075y3 — 001431829 +0.0021609¢° — 0.00026791+° 3)
where
¥y = logeLO_
a

The analysis technique developed by K. L. Kenne-ud wraps the solar array area (A,) around a
sphere, which then has radius a. Fora 10 km- array,

A . 1ox100x107 109 x 10% = 892x 104 cm
7 4
Iterative calculation of a and the radius of the electron sheath results in the following ratio fora 10
kmZ array at 1500V and at 500 km altitude:

| ¢
:— = 1.00292
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Thus. the electron sheath is only 260 cm above the array, and for all practical purposes has the same
area as the solar array. Therefore. armay radius a can be substituted for ry,. and the leakage current
simplifies to

I =Aj 4)
where

. B Ne E.

I 3.7x 10!!

andE, =T.86171x107

with Ne electron density, electrons. cm3

Te

"

electron temperature. °K

The values of leakage current shown in Table 3.2 — 8 were based on the Figure 3.246 electron
densities and electron temperatures from Reference 3.

Effect of Voltage, Electron Temperature, and Electron Density—It is interesting to note that in
large solar arrays the voltage of the array does not significantly aftect the leakage current. The array
voltage affects only the thickness of the electron sheath which is small compared with its other
dimensions. For example, with a 1500-volt. 10 km- array the sheath is only 2.6 m thick at 500 km
altitude. Increasing the array voltage to 44 KV would increase the shoath thickness by only a few
meters.

Sheath thickness is affected by electron density and temperature. For example. in geosynchronous
orbit the electron density is only about 100 electrons per em?. A 44 K V solar array operating in
geosynchronous orbit would have a sheath radius 13 percent larger than the radius of a sphere
having the same area as the array. Contributing to this large r are the array voltage. the low elec-
tron density and hot electron temperature. However. the plasma leakage current in a solar array of a
power satellite in geosynchronous orbit is limited. not by the electron supply. but by the inability
of the heavy ions to move to the satellite to neutralize the charge deposited by collected electrons.
The leakage electron current would no longer be neutralized by the emitters used with the ion pro-
pulsion engines. and hence would be tnivial.
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Figure 3.246. Electron Density vs Altitude
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3.2.5 Radiation Degradation Analyses and Annealing
3.2.5.1 Environment Predictions

Predictions of the sunspot number for the coming Cycle 21 are compared in Figure 3.247. F. M.
Smith bases his prediction on two non-synchronous components related to planet-caused tidal vari-
ations on the Sun. W. Gliessberg of the Astronomical Institute in West Germany, bases his predic-
tions on 80-year repeatability of sunspot phenomena. Ted Cohen and Paul Lintz base their predic-
tion on a periodicity of 179 years. obtained from a maximum entropy analysis.

A solar power satellite launched in 1990 will experience Cycles 22, 23 and 24 for which no predic-
tions have yet been made. We therefore used data averaged for us by Prof. W. R. Webber, University
of New Hampshire, who is our consultant on solar activity.

The average expected solar proton fluence (> 10 MeV), and a 90°7 value. are shown in Table 3.2-9).
An equivalent 1-MeV electron damage fluence for a 6 mil 10 ohm-cm n/p solar cell with 6 mil cover
slip and 3 mils of equivalent back side Kapton. adhesive and mylar shielding is also given. The pro-
ton damage coefficient used is shown in Figure 3.2-48 as **1/E.” The ¢lectron damage coefficient is
taken from the TRW Solar Cell Handbook. The incident proton spectral shape is shown in Figure
3.2-49, while the trapped electron spectrum is shown in Figure 3.2-5G.

3.2.5.2 Solar Cell Radiation Degradation

A radiation-degraded solar cell in a series string, operating at its maximum-power point to supply a
constant-voltage load. will not also operatc at its maximum-power point when initially in geosyn-
chronous orbit. The volt-ampere characteristic of the solar cell is needed for calculating the cell
performance under the differing illumination. temperature. and degradation conditions in solar
power satellite operation.

The characterization of a 1975 OCLI “Violet™ cell shown in Figure 3.2-51 was useful in our analy-
sis. We had recorded the voltage-current characteristic of the cell under standard conditions after
irradiation by 1013, 1014, 1015, and 1016 one-MeV clectrons. Estimating the curves for 2 x 1015
and 6 s 1015 one-McV electrons was straightforward.

The estimated maximum power points for higher temperatures and light intensities were based on

the current being proportional to light intensity. and a 0.43 percent per degree C coefficient of
maximum power.
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Figure 3.247. Predictions For Solar Cycle 21

Table 3.2-9. Solas Proton Fiuence

AVERAGE FLUENCE 90% FLUENCE
SOLAR CYCLE 21
Q, (>10 Mev)/Cm2 3.28 x 100 10"
1-MeV DEN! ELECTRONS 23 x 1014 6.96 x 10"
SOLAR CYCLE 21, 22, & 23
Q, (> 10 Mevi/CM? 1.1 x 10! 2.25 x 101!
1 -MeV DENI ELECTRONS 7.7 x 104 1.6 x 10'5
TRAPPED ELECTRON FLUENCE
YEARLY FLUENCE ( >0.25 MeV) 3 x 10" efem?
YEARLY 1-MeV DENI FLUENCE 2 x 103 1-MeV o/ecm? -YEAR
{ 8 MIL COVER SLIPS, 10 OHM-CM, n/p}
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Thinner solarcell covers admit more radiation, increasing the radiation damage in the cell. Plotted
in Figure 3.2-52 is the relative damage in a solar cell geosynchronous orbit, as a function of cover
thickness, normalized to a cover of 6-mils of fused silica.

Note that when covers are thinned below 50 um, the damage increases rapidly. This curve was used
in calculating the performance of solar-cell blankets having various thicknesses of covers.

One mil (25.4um) of fuxed silica on a 100 km? solar array weights about 5x100 kg.

The solar power satellite performance estimates are based on, not 1977 solar cells, but rather on
1987 solar cells which are predicted to have an efficiency of 18 percent. Test data from such cells
is obviously not available, so array performance predictions had to be based on extrapolations of
test data from today’s vest solar cells.

An example of such extrapoi:‘ior is shown in Figure 3.2-53 where the maximum power outputs
of Comsat’s completely nonref}-:t:. : solar cells, and several others, are plotted as a function of one-
MeV fluence. This plot comes from the Fall 1975 Comsat Technical Review. We have added to the
plot the fluences that would be experienced by cells during 30 years in geosynchronous orbit when
protected by fused silica covers of various thicknesses. Note the extrapolation to 6 x 1015 one-MeV
electrons, where a nonreflective solar cell with a 2-mil cover has dropped to 63.1 percent of its orih-
inal maximum power. An 18-percent efficient solar cell was assum~4 to likewise drop to 63.1 per-
cent of its initial maximum power after 30 years.

The cell voltage establishes how many cells must be in series to develop 44 kV, and hence how long
the solar-cell string must be. The voltage of a 1976 back-surface-field cell. as a function of one-MeV
electron fluence, appears in the JPL “Sclar Array Design Handbook,” shown in Figure 3.2-54.

Our prediction of the maximum-power voltage of an 18-percent efficient solar ceil is shown as a
dotted line. The right-most “X’’ corresponds to 0.446 volts from a cell protected by a SOum (2-mil)
fused silica cover. after 30 years.

These voltages would be observed at 259C with the cell illuminated by 135.3 mW/cm= sunlight
having an air-mass-zero spectrum.

Summarized in Table 3.2-10 are the results of calculations of the performance of a solar-cell string
after 30 years in geosynchronous orbit, with varying thicknesses of cell covers. The thinner covers
admit more radiation to the cell, reducing power output and voltage. For example. the degraded cell
with a 50 um (2 mil) cover produces only 0.297 volts, requiring 149,390 such cells for 44.44 kV.
The extra 0.44 kV is absorbed by IR and dicde drops in the string. Each string is composed of
groups of 4 cell in parallel.
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Table 3.2-10. Solar Amray Output After 30 Years in Geosynchronous Orbit

Z o — ASSUMED V1,
“x=x~Z SOLAR POWER
! SATELLITE

‘[,}nn bl oo Lyttt
0

sr3232 . . Cell cover thickness (mils)
Characteristic 2 3 6 12 20

Fluence after 30 years
in geosynchronous orbit 6x10% | 27x105 | 1.8x10'5 | 85x 1014 | 46x10™4
Power output after 30
years (mW/cm?2) 15.82 17.46 18.36 18.27 20.89

W/m2 158.2 1746 183.6 192.7 208.9
Maximum-power volt-
age at 115°C (V) 0.297 0.302 0.308 0.318 0.328
Cells in series for ) ’
44,440 volts ) 149,390 147,153 144,286 139,743 135,488
Cells in one string, 4
ceils wide 597,560 588,612 577,144 558,992 541,952
String length (5 + 0.1
cm/cell) (km) 7.62 15 7.36 7.13 6.91
String width with length
constrained to 650 meters
(10 + 0.1 cm/cell) (m) 473 4.66 4.574 443 4.30
Strings per module of
650 by 496m 104.74 106.33 108.45 111.97 115.49
Current per string (A) 10.657 11.561 11.923 12.400 12.740
Current per module (A) 1112.7 1229.35 1293.21 1388.50 1471.46
Power per module (MW) 49.11 54.05 56.90 61.10 64.74
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Each string is serpentined into a module 650 meters long. The 7.62 km string of cells with 50 um
(2 mil) covers would occupy a strip 4.73 meters wide in such a module, and 104.74 strings would
fill a inodule having dimensions of 650 by 496 m. The module would generate 49.11 MW after 30
years in orbit.

Note that the module with 50 um (2 mil) covers generates after 30 years 13.7 percent less power
than the module with cells protected by 150 um (6 mils) of fused silica. However, the thinner

covers represent in a 100 km? solar power satellite a saving of 20 million kg of mass.

3.2.5.3 Annealir; Study

Analyses and tests of silicon solar cell annealing were conducted by Simulation Physica, Incorpo-
rated under a subcontract. The remainder of this section presents their report.
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SECTION I

INTRODUCTION

This report covers Phase I of a study of "Thermal
Annealing of Radiation Damage in Silicon Solar Cells".
Purpose of the study is to establish feasibility for in
situ arnealing of radiatibn damage in silicon solar cells on
the Solar Power Satellite if the satellite were to be
assembled in low earth orbit and transferred to geosynchronous
orbit. The study is directed toward consideration of proton
damage, but the conclusions made are expected to be quali-
tatively valid for damage by electron radiation as well.

Content of Phase I of this program has consisted
essentially of the following:

(i) A review of existing experience relative
to thermal annealing of proton irradiated
silicon solar cells.

(ii) Experimental studies to determine
feasibility of using directed energy
techniques for annealing of proton
irradiated cells.

Existing information ;eqatding annealing of radiation
damaged solar cells suggests that conventional therﬁal pro-
cesses can be effective. However conventionél technique,

which is essentially a furnace procedure, consists of

135 DRIGINAL PAGE I8
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elevating the entire solar cell to an adequate temperature
and maintaining that temperature for a sufficient period of
time. Because necessary conditions involve periods of
minutes at temperatures of the order of 500°C, it is
questionable whether such methods would be realistic for

a practical array in space.

Investigation of the feasibility of utilizing a con-
cept of directed enerqgy annealing has been undertaken because
such an appfoach could be possible in space, probably even on
an array structure which is itself thermally unstable. A
directed energy process uses the erergy carried in a beam
impacting upon the surface of the solar cell undergoing
anneal. The energy can be carried in an electron, laser or
photon flash beam. It is assumed that the heating produced
by the beam is to be transient and spatially localized so
as to accomplish necessary annealing of the solar cell with-
out subjecting surrounding components such as the substrate
to excessive thermal excursion. ‘

The material presented in this Phase I report can be
summarized very briefly as follows:

(i) On the basis of existing informa-
tion it is definitely possible to
anneal proton radiation damage in
silicon solar cells using furnace

environment conditions.
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(iv)
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Degree of annealing depends primarily
upon temperature employed; close to
complete performance recovery can

be achieved withir the thermal limita-
tions of the solar cell itself.

A substantial degree of proton
irradiated solar cell performance
recovery has been demonstrated

using electron and laser beam
directed energy sources.

Achievable degree of performance
recovery using directed energy has
not been determined but is probably

high.
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SECTION II
REVIEW OF EXISTING INFORMATION CONCERNING

ANNEALING OF PROTON DAMAGE IN SILICON SOLAR CELLS

2.1 GENERAL

Since the discovery in 1958 of the presence of large
fluxes of charged par‘icle radiations within the earth's
geomagnetic field, there has been continuing interest in
the effects of radiations upon solar cells for space vehicles.
Earlier studies were concerned both with the generation of
radiation damage and with possibilities for its repair. As
solar array experience increased, the technology tended to
standardize around successful history. Radiation damage
work shifted to emphasize prevention of severe damage in con-
junction with minimization of array initial overdesign
necessary to provide for unavoidable effects. In particular,
effective coverglass methods allowed nonpreventable proton
damage to be reduced tc low levels. Further consideration
was not given to in situ thermal arneal of proton damage
losses.

Proton and electron irradiation of silicon causes
lattice atoms to be displaced, leaving interstitials and
vacancies. Defe-t complexes involving the vacancies or
interstitials and other elements of the crystal are formed

which act to allow carrier recombinations causing loss of
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minority carrier lifetime and degrading solar cell performance.
Although the individual defects created by protons are similar
to those with electrons, the heavy mass of the proton results
in localized multiple centers as opposed to point defects with
electrons. It is generally considered that the cluster defect
complexes associated with protons are somewhat more difficult

to anneal than are the electron induced defects.

2.2 LITHIUM-DOPED SOLAR CELLS

On the assumption that the major threat to the solar
cells of the Solar Power Satellite will be damage by protons
able to penetrate a thin protective cover, lithium doped
silicon solar cell- might be considered. The room temperature
anneal:ag behavior produced by lithium in a P/N cell is
extremely effective for the multiple defect complexes which
are characteristic of damage produced by proton or neutron
radiations. The best available information regarding proton
damage recovery of lithium doped silicon solar cells is
by Anspaugh and Carter(l). They conclude "lithium cells would
be a good choice to power a spacecraft in a radiation
environment dominated by protons, provided the cells can be
annealed periodically at sufficiently high temperature”.
The high temperature referred to in this instance need be
only about 60°C. Figure 1 shows an exahple of normalized
maximum power of N/P and lithium doped P/N cells as functions

of 11 MeV proton fluence. Advantages of the lithium doped cell

are clear.
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2.3 THERMAL ANNEALING OF PROTON DAMAGE

Most of the work relevant to thermal annealing of
proton irradiated solar cells without lithium doping was per-
formed by Beatty and Hill of NASA Langley(2'3) and by

Faraday, Statler and Tauke“'S)

of the Naval Research Labor-
tary. Beatty and Hill investigated low to moderate 300°C
temperature annealing of damage to silicon by high energy
protons while Faraday, Statler and Tauke examined recovery

of silicon solar cell damage due to lower energy protons using

temperatures up to as high as 600°C.

Beatty and Hill

Beatty and Hill irradiate-? both n- and p-type 1 ohm-cm
silicon with 22, 40 and 158 MeV protons. Since minority
carrier lifetime is one of the parameters most sensitive to
radiation damage, they chose to monitor the unnormalized

percentage of damage remaining, defined as

where T and T, are the pre-irradiation and post-irradiation
annealed minority carrier lifetimes respectiveliy. Limited by
an experimental oven facility with maximum temperature of

only 300°C, their efforts on silicon fell shcrt of the practical

results on solar cells by the NRL group. However, some of

their observations are applicable.
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Figure 2 shows percentage of defects remaining in

u 22-MeV protons/cm2 as a

p-type silicon irradiated with 10
function of annealing time at 100, 200 and 300°C. It is
evident that the most recovery occurs at the highest anneal
temperature and that, after an initial anneal period at given
temperature, relatively little additional recovery will occur
as a result of prolonged anneal at the same temperature.

Annealing is fluence dependent. Danaje from higher
proton fluences does not anneal as readily as damage from
lower fluences. Figure 3 illustrates this effect. Annealing
at 300°C is seen to be moderately effective on silicon
irradiated at 22 MeV to fluence 1 x 1011 protons/cm2 and
almost completely ineffective for fluence of S5 x 1012
protons/cmz.

The recovery characteristics of n- and p-type silicon
are similar but recovered minority-carrier lifetime is
apparently slightly better in n-type than in p-type
Figure 4 illustrates this observation.

As proton energy increases, the amount of damage re-
maining after anneal decreases. Figure 5 shows this result

12

for 200°C anneals and 10 protons/cm2 fluences of 22, 40 and

158 MeV protons on n-type material.
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Figure 5. Comparison of 22, 40, and 158 MeV

Proton Annealing at 200° for n-Type
Silicon Irradiated to a_Fluence of
¢ = 1 x 1012 Protons/cm* (unnormalized)
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Faraday, Statler and Tauke

Work at NRL involved 4.6 MeV proton irradiations of
1.5 and 10 ohm-cm N/P Czochralski silicon solar cells. Cell
junctions were approximately 0.5 pm deep which is considerably
more than is typical of present technology but should have
little bearing upon general validity of the results. All
anneals were isochronal for 20 minutes in argon. To illustrate
the apéroximate spacial distribution of damage produced by
these proton irradiations, Figure 6 shows calcuiated energy
deposition versus depth for 5 MeV protons in silicon.

Figure 7 shows tungsten illumination (2800°K) I-V
characteristics of a 10 ohm-cm cell before and after

12 protons/cmz and after annealing at various

irradiation to 10
temperatures. The 502° characteristic shows close to complete
recovery of pre-irradiation performance.

Figure 8 shows recovered maximum power output of 10

ohm-cm cells as a function of annealing temperature fcr three

10 2

irradiation fluences. 1It can be seen that for 10 protons/cm

fluence the 500°C anneal does effect complete recovery, but

11 or 1012 protons/cm® exhibit minor

cells exposed to 10
remaining output loss. The shape of the recovery character-
istics for these cells suggests that they would have benefited

from additional anneal to slichtly higher temperature.
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Figure 7. I-V Characteristics of Proton Irradiated

Cell as Function of Anneal Temperature
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An unnormalized percent damage remaining was defined

o A

I

p (I) = x 100

where Io and IA were short-circuit currents before irradiation
and after irradiation and annealing respectively. Figure 9
shows this percent dam;ge remaining as function of annealing
temperéturu for 10 ohm-cm cells exposed to different fluences.
Figure 10 compares similar data for 1.5 and 10 ohm-cm cells

12 proton/cm2 fluences. It is oovious that a major

after 10
anneal step occurs at temperature above 300°C and recovery is
consistently close to complete after 500°C.

Figure 1l gives the effect of annealing temperature to
as high as 600°C on minority carrier diffusion lengths in
the proton irradiated cells. NRL considered that this data
indicated the hardest damage to anneal is that of high fluences

on low resistivity cells. Nevertheless, even under these

conditions recovery could be quite effective.
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SECTION III
FEASIBILITY STUDIES ON DIRECTED ENERGY

ANNEALING OF SILICON SOLAR CELLS

3.1 RATIONALE

The information summarized above shows that it is
possible to use thermal annealing to restore performance of
a siliqon solar cell damaged by proton irradi.tion. But,
is it feasible? It has been shown that temperatures approach-
ing 500°C or even more are required for periods which are
probably of the order of minutes. While the solar cell can
withstand the environment, the remaining structure of a light-
weight array probably cannot. The process involved is
essentially an oven anneal and it is difficult to visualize
any means to perform the slow exposure without involving
the entire array structure.

However the possibility does ~=xist of alternate anneal-
ing procedures which would not necessarily subject elements
of the array, other than the solar cells, to excessive
temperatures. The concept involves the use of directed
energy beams to produce temperature transients which could
remain primarily localized within the soiar cells. As an
example of this type of annealing action, Simulation Physics
uses a single submicrosecond pulse of relatively low energy

electrons to produce the same annealing of ion implant damaged

UKIGINAL PAGE BB
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layers in silicon as can be achieved in a furnace at 750°C

for 30 minutes(a). The ability to produce satisfactory
annealing by a short duration temperature spike results because
the temperature achieved is higher than would be used in a

furnace but is quenched before any deleterious effects can

occur.

3.2 EXPERIMENTAL TESTING

Among the directed energy beam sources which might be
considered for annealing of solar cell proton radiation damage
are pulsed and scanned lasers, pulsed and scanned electron
beams and high intensity photon flashtubes. To experimentally
investigate feasibility of directed energy methods, tests were
conducted using a scanned DC electron beam and a pulsed Nd:YAG
laser.

Solar cells used were assorted high performance types
supplied by Boeing. The cells had been irradiated to
5 x 1012 1 MeV protons/cmz. Cells did not have protective

coverglasses.

DC Electron Beam

Parameters of the scanning DC electron beam selected

for solar cell tests we-e:
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Beam diameter: 1.3 cm

Sweep raster: 100 x 1000 Hz
Energy: 60-90 kev
Current: 1 mA

Scan duration: 15 sec

Electron beam energy deposition profiles are shown in Figure 12.
Irradiated solar cells supplied by Boeing were mounted
onto aluminum substrates approximately 0.020 inch thick by
conductive silver epoxy. The DC electron beam is meant to
raise temperature of the entire solar cell. The substrate
presented some difficulties with the electron beam heating
because heat transfer from the cell to the aluminum heat sink
occurred in regions with conductive epoxy but not elsewhere.
As a result temperature nonuniformities were produced across
the cell area and it was impossible to evaluate local tempera-

tures.

Nd:YAG Laser

Parameters of the neodymium doped yttrium aluminum

garnet 1.06 um pulse mode laser used for testing were:

Beam diameter: 0.3 cm
Pulse width: 1073 sec
pulse energy: 3 joule/pulse

Energy deposition profile for the laser pulse is given in
Figure 13. Predicted initial local temperature profile is
shown in Figure 14.
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