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Abstract 

The power output of a solar cell panel can be increased by 
the use of auxiliary reflectors or other types of optical con-
centrating devices. The use of concentration with solar cell 
systems is discussed and is contrasted with the situation for 
high temperature solar power converters involving heat engines. 
Theoretical performance and weight estimates are given for var-
ious configurations of concentrating photovoltaic systems. 
Design and selection of components and materials are discussed, 
including cells, cell panels, concentrators, filters, and coat-
ings. A 50-w ground test model is described and experimental 
performance results are given. 

Introduction 

Photovoltaic systems are the only available power source 
of long duration for space vehicles. Several years may elapse 
before nuclear systems or other types of solar power convert-
ers begin to replace photovoltaic systems for long duration 
missions. Photovoltaic systems have many advantages in com-
parison with other kinds of systems, including simplicity, rel-
atively low weight, reliability, and relative lack of sensitiv-
ity to misorientation with the sun. Their primary disadvantage 
is high cost. This paper discusses a method for substantially 
reducing the cost, as well as the weight and folded volume, of 
photovoltaic power systems through the use of auxiliary reflec-
tors or concentrators. The work consisted of a preliminary 
design study followed by the construction and testing of a 50-w 
ground demonstration generator. A concentrating photovoltaic 
generator of the type considered in this program consists of 
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four basic components: solar cells, filters, solar cell panel 
structure, and reflectors. In addition, the ground demonstra-
tion model included an automatic orientation system and a suit-
able set of instrumentation. 

The amount of concentration is a fundamental design param-
eter. For moderate amounts of concentration, the power output 
of a solar cell is roughly proportional to illumination inten-
sity. However, the efficiency is an inverse function of tem-
perature. As the illumination on a cell is increased, its 
power output will increase until the point is reached at which 
the loss of efficiency because of temperature increase over-
shadows the effect of the increasing illumination. For systems 
which accept all usable solar energy and from which heat is 
rejected only by radiation from the solar cell panel, optimum 
concentration ratios are between 2 and 4. Higher concentration 
ratios can be used to advantage by the incorporation of narrow 
band-pass filters on the concentrators, thus rejecting energy 
which is less efficiently converted by the cells1 or by active-
ly cooling the cell panel. The concentration ratio is defined 
as ratio of flux intensity falling on the solar cell panel 
divided by the flux intensity of normally incident unconcen-
trated sunlight. 

In the program described in this paper the use of conven-
tional and available cells, filters, panel structural tech-
niques, and panel configurations was emphasized in order to 
maintain the inherent simplicity of conventional solar cell 
systems as much as possible. Approaches involving narrow band 
pass filters and active cooling loops were considered only on 
an analytical basis. 

Although the p-on-n silicon solar cell was the only type 
available in production quantities, it was hoped that the 
potentially better high temperature performance of other kinds 
of cells might possibly show some advantage for this appli-
cation. In addition to the silicon cell, gallium arsenide and 
cadmium sulfide cells also were considered. Gallium arsenide 
solar cells should perform better than silicon cells at high 
temperatures. At the time the program was initiated, GaAs 
cells had not been made with efficiencies comparable with 
silicon cells. Recently, efficiencies in the order of 14$ 
have been achieved with laboratory GaAs cells, compared to 12$ 
for silicon cells. However, the present cost of GaAs cells is 
many times that of silicon cells, a fact that would completely 
negate any cost advantage from using concentration. If the 
cost of GaAs cells could be reduced to the present level of 
silicon cells, there would be considerable advantage in high 
temperature systems. 
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The situation for cadmium sulfide cells was somewhat 
similar to that for GaAs cells. Theoretically their high tem-
perature characteristics should be considerably better than for 
silicon. However, at the time of this study, experimental re-
sults had not confirmed high temperature advantages over silicon. 
Furthermore, room temperature efficiencies were much lower and 
production quantities of cells were not available. 

Therefore it was concluded that the silicon cell was the 
only type that could be considered for immediate application. 
The highest efficiency cells then available in quantity were 
chosen for the 50-w ground demonstration system. These were 
1 x 2 cm, gridded, p-on-n cells. The cells had nominal effici-
encies of 12$ at 250C, tested in tungsten light. This is 
equivalent to approximately 10^ actual efficiency in space 
sunlight at 25°C 

The most important performance characteristic of the solar 
cell is its efficiency as a function of temperature. This is 
shown in Fig. 1 for typical solar cells having nominal effici-
encies of 10, 11, 12, and 13fo. The curves in Fig. 1 are cor-
rected for space sunlight operation. Actually, the efficiency 
curves would level off at low temperatures below 0 C. However, 
since concentrating systems would never operate at such low 
temperatures, this is not important for the present discussion. 

A second important effect is the influence of illumination 
intensity on cell efficiency. A typical curve of solar cell 
module efficiency as a function of illumination intensity, at 
constant temperature, is shown in Fig. 2. An illumination 
intensity of 140 mw/cm corresponds to a concentration ratio 
of 1.0 

A third effect that must be considered in designing con-
centrating systems is the variation in cell power output as a 
function of radiation incidence angle. This is a function of 
both the cell and the filter (described next). For the various 
types of cells and filters which are being used, it has been 
found that the relationship between power output and incidence 
angle can be expressed by 

P = P (cos 3) 

where P is the power output at normal incidence and 3 is 

incidence angle. Experimental results indicate that the con-
stant n generally has a value between 1.0 and 1.5. For para-
metric analysis of concentrating systems it is adequate to 
assume that n = 1.0. This was found to be sufficiently accurate 
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for the cells and filters used on the 50-w ground demonstration 
system. 

Solar Cell Filters 

Bare silicon solar cells are good solar energy absorbers. 
However, their infrared emissivity is poor. Therefore, they 
reach high equilibrium temperatures when exposed to sunlight. 
In order to increase emissivity at long wavelengths, advantage 
is taken of the emissivity characteristics of glass by cement-
ing glass cover slips over the cells. The cement is protected 
from ultraviolet radiation by the application of a multilayer 
blue-reflecting filter on the glass cover slip. This blue 
filter has the additional advantage of reflecting some of the 
shorter wavelength light that the cell cannot efficiently con-
vert. More sophisticated filters are now being developed which 
also reflect the near infrared energy between 1.1 and 2^ that 
the cell is also unable to convert. In this way, cell tempera-
ture can be minimized. An ideal solar cell filter would re-
flect all energy of wavelength shorter than 0.4ц, and between 
1.1 and 2.5^. This constitutes the bulk of incoming solar 
energy that is not usable by the cell. The ideal filter would 
transmit all energy between 0.4 and l.ln, in order to allow the 
cell to use this energy. The ideal filter would be perfectly 
transparent to energy above 2.5и so that the glass cover slips 
could act as radiating surfaces. Glass has a high emissivity 
for long wavelength radiation. Characteristics of the blue 
filter and two types of the red-blue filters are shown in Fig.^ 
along with the ideal filter. 

The first filters tried on the 50-w ground demonstration 
system were 41-layer red-blue filters, chosen because they were 
the most advanced filters available at the time. They were 
later found to be inadequately developed for use at high tem-
peratures and were replaced with conventional blue filters. 

Optimum Concentration Ratio 

Considering the characteristics of solar cells and filters 
and the spectral distribution of sunlight in space, it is pos-
sible to determine optimum concentration ratios for concentrat-
ing systems without regard to specific configurations. The 
temperature at which the solar cells operate depends on the 
temperature needed to radiate the heat to be rejected. This CĆ 
be found from a power balance. The power absorbed by the solai 
cell panel is 

P. = A Ha.C (Г 
m p f v ' 

312 



POWER SYSTEMS FOR SPACE FLIGHT 

2 
where A = solar cell panel area,cm 

P 2 

H = solar flux intensity, w/cm 

af = absorptivity of panel face, average 

C = concentration ratio 
The total power radiated from the cell panel is 

P = A a(X + O T4 (2) 
r p W 4 f b v ' 

where a = Stefan-Boltzmann Constant 

ef = emissivity of cell panel front surface, average 

e, = emissivity of cell panel back surface 

T = panel temperature 

The generated electrical power is 
T) F P . T] F 

P = ÍUL_H1 = ±JL (A m c ) (3) 
e a f a f p f 

The absorptivity is divided out in this expression because it 
already has been included in the determination of P. . Here 

T] = actual cell efficiency with filters 

F = fraction of panel area occupied by cells. 

The power balance yields 

P. = P + P (4) 
i n r e 

A H a . C = A o T 4 ( e f + e b ) + F AT) HC (5) 
p t p r D p p ' C 

or 

a T 4 ( e f + eb) 
C = H ( a f - ^ c F p ) ( 6 ) 

This equation can be solved for a particular configuration. The 
actual in-space cell efficiency T| is found from the curves of 
Fig. 1. Assuming the use of 41-layer red-blue filters, typical 
values for the quantities in this equation are2 (in w/cm ) 

H = 0, 
e f = 0, 

eb = °' 
a f = 0, 
FP = 0 ' 

.14i 

.85 

.90 

.62 

.85 
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Equilibrium temperature as a function of concentration 
ratio is shown in Fig. 4 assuming nominal 12$ cells. The power 
output per unit cell area is 

P /A = T] F HC (7) 
e p 'c p 

This can be plotted as a function of concentration ratio by 
means of the curves in Figs. 1 and 4, which relate cell effici-
ency and concentration ratios to cell panel temperature. A 
typical plot is shown in Fig. 5. The optimum concentration is 
seen to be approximately 3. This value depends somewhat on 
particular cell, filter, cell panel, and reflector characteris-
tics. However, it will be found that concentration ratios be-
tween approximately 2 and 4 are optimum for concentrating 
systems that do not involve narrow band-pass filters or active 
cell cooling. The concentration ratio can be optimized on the 
basis of system weight or cost, with very similar results3. 

System Configuration 

The practicality of concentrating photovoltaic systems is 
dependent on the choice of a system configuration that will 
provide suitable performance and can be fabricated within the 
allowable weight and accuracy tolerances. In contrast with 
concentrators for high temperature power systems (in which case 
the paraboloid of revolution is clearly superior) there are 
many concentrator-cell-panel configurations that offer compar-
able performance for concentrating photovoltaic systems. The 
variety of suitable configurations is a direct result of the 
low concentration requirements for such systems. The most 
important constraint on the optical configuration is that it 
provide uniform illumination intensity on the cell panel. The 
maximum current that can be carried by a series-connected array 
of solar cells is the short-circuit current of the weakest cell 
At a given temperature, cell short-circuit current is directly 
proportional to illumination intensity. Therefore, if one or 
more cells in a series-connected array are poorly illuminated 
in comparison with the remainder of the array, the total curren 
of the array will be reduced to that which can be carried by 
the weakly illuminated cells. Power output of the array will 
be similarly decreased as this same principle applies for finit 
load impedances. In addition to illumination uniformity, other 
criteria by which various configurations may be compared in-
clude: obtainable concentration ratios, required mirror area 
for a given concentration ratio, incidence angle of concentrate 
light on cell panel, reradiation characteristics, deployment 
considerations, fabrication difficulties, and orientation 
requirements. 
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Many configurations that provide uniform illumination were 
considered for this program. Some typical examples are shown 
in Figs. 6 through 9. The system shown in Fig. 6 is representa-
tive of a class which has the following characteristics: the 
cell panel is a flat plate oriented with its normal parallel 
to the incoming ray; the reflector panels are flat plates at-
tached to the cell panel at their lower edges; and incident 
rays striking the outer edges of the reflectors intersect the 
cell panel at its opposite edge. The nomenclature used in 
Fig. 6 is: 

B = incidence angle of rays from concentrators 

m = reflector length 
b = cell panel width 
9 = angle between planes of reflector and cell panel 

It can be shown that 

! o 2Q cos R , 1 - 2 cos 0 , c m = D 5 = b — ,лч 

cos 0 cos 6 (8) 
The concentration ratio of such a system is 

C = 1 + N R (1-2 cos2e) (9) 
r r 

where N = number of reflectors 
r 

R = reflectivity of reflectors 
r J 

This equation is based on the assumption that cell panel power 
output varies as the cosine of the incidence angle. A maximum 
concentration of 5.0 could be obtained from such a system having 
four reflectors. However, the reflectors would be infinitely 
long. 

An examination of Eq. (8) reveals a very interesting 
special case for the flat plate reflector system. For the re-
flector angle в = 60°, the reflector length m is equal to the 
cell panel width b. In fact, each point on the reflector maps 
itself (by means of the reflected ray) onto a geometrically 
congruent point on the cell panel. Therefore, no matter what 
the shape of the cell panel, uniform illumination can be ob-
tained by using reflectors of the same shape and size mounted 
at angles of 60 with the plane of the cell panel. The only 
limitation is that the reflectors do not interfere with each 
other. An obvious advantage of this arrangement is that the 
reflectors can be folded down over the cell panel for launch-
ing with no wasted area and without requiring that the reflector 
surfaces be bent or furled. 
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As will be described, the lightest flat reflectors involve 
circular hoops which support thin, stretched, reflective mem-
branes. Therefore, it is interesting to see how such reflec-
tors may be used to advantage in concentrating photovoltaic 
systems. One possibility would be to use circular reflectors 
with a square cell panel. Only the included square within the 
circular reflector would be usefully reflective. The remainder 
of the area would be wasted. As has been indicated, it is pos-
sible to use circular reflectors with the circular cell panel, 
thus wasting no area. The geometry of the circular reflector 
system is such that it is possible to use five reflectors with-
out mutual interference. This system is quite interesting be-
cause it provides concentration ratios up to 3.5 (for opti-
cally perfect reflectors) while using the lightest possible 
reflector fabrication approach and the simplest deployment 
techniques. Circular reflector configurations with four and 
five reflectors are shown in Fig. 7. 

An alternate approach using flat cell panels and reflec-
tors is shown in Fig. 8. The cell panel is mounted with cells 
on the side opposite the sun. Typically, four reflectors 
could be mounted below the cell panel as shown in Fig. 8. For 
a system having four reflectors, the concentration ratio is 

C = 4R cos R (10) 
r e 

An advantage of this system is that the reflector length never 
exceeds the cell panel width. However, the reflectors must be 
mounted separately from the cell panel, thus increasing manu-
facturing and deployment problems. Reradiation conditions are 
less favorable than for the configuration of Fig. 6 because 
the cell panel is mounted such that its back surface radiates 
toward the sun and receives direct solar radiation. Further-
more, some thermal radiation emitted from the solar cells can 
be reflected back to the cell panel. 

Many possible arrangements of conical reflectors and 
cell panels can be devised to give uniform illumination. In 
all cases, both the cell panel and reflector must be conical. 
It is not possible to use a conical reflector with a flat cell 
panel to give uniform illumination. One configuration is that 
shown in Fig. 9 in which the cell panel is a direct continu-
ation of the reflector cone. Using a nomenclature of Fig. 9, 
uniform illumination requires that 
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The concentration ratio can be shown to be 

C = sin 6 f~l + Rr (4 cos2e - l)2] (12) 

For a perfectly reflecting mirror, the maximum concentration 
ratio can be found by differentiating and equating to zero. 
The result is e = 2gO c = 2 > 5 g 

opt max 

However, the cone concentrator seems best suited to con-
centration ratios of the order of 2 and cone half-angles greater 
than 35 j because: angle of incidence of direct radiation 
becomes excessive for cone half-angles less than 30 ; required 
reflector area for a given concentration ratio is excessive for 
cone half-angles less than 30°; and cell panel reradiation con-
ditions are poor for narrow-angle cones. The latter consider-
ation is quite important for this type concentrator. Even for 
wide-angle cones, the cell panel reradiation conditions are not 
particularly favorable because of the relatively large view 
factor. Taking all factors into account, the cone system seems 
to offer few if any advantages over the flat plate systems. 

In keeping with the general philosophy of this program, it 
was believed that the simplest configurations having adequate 
performance should be given highest consideration. From this 
viewpoint, the flat plate system with cell panel oriented to-
ward the sun is superior. Its performance is suitable for 
available cells and filters; it is simple and easily fabricated; 
and it can be readily folded for launch and deployment in space. 
A configuration similar to that shown in Fig. 6 was chosen for 
the 50-w ground demonstration system. 

Solar Cell Panel 

Since the primary purpose of this study was to investi-
gate factors unique to concentrating systems, no intensive 
effort was made to develop revolutionary concepts in solar cell 
panel design. The only special requirement was that the solar 
cell panel have excellent heat rejection properties. 

The cell panel for the 50-w system was composed of 30 solar 
cell modules, each of which has 72 cells. Since the effective 
employment of the concentration principle requires each series 
circuit to be uniformly illuminated, it is desirable that the 
area covered by a single series circuit be minimized. There-
fore, each 72-cell circuit consisted of 12 six-cell shingles 
arranged according to the layout in Fig. 10a. In order to 
simplify the mechanical configuration, it was desirable that 
the entire array be approximately square. Therefore, the 
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30 modules were arranged in a 5 x 6 array given an overall 
dimension of 25.8 x 27.4 in. including support framing. Each 
module consisted of a bottomless aluminum box as shown in 
Figs. 10b and 10c. Cells were bonded to the box and spectrally 
selective filters were attached in conventional fashion. A 
particular advantage of this configuration was that of heat 
transfer. Heat to be dissipated from the rear surface of the 
panel need be conducted only through a single thickness of 
aluminum, rather than through an appreciable thickness of honey-
comb such as is used in many solar cell systems. 

The 30 box modules were supported in a welded aluminum 
frame. Each box was bolted at its edge either to its neighbor 
or to the aluminum frame. Each module was divided into four 
18-cell series strings. In order to produce the specified 27 v, 
all 72 cells were connected in series. However, the design 
permitted other interconnections to be made. 

Reflectors 

Reflector specific weight has an important effect on the 
weight savings which can be realized by the use of concentra-
tion. For a typical case, the effect of reflector unit weight 
on system weight is illustrated in Fig. 11. The nomenclature 
of this figure is: 

7] vr = nominal solar cell efficiency 

F = reflector unit weight, lb/ft^ 
w 

W = weight of concentrating system, lb 
W = weight of non-concentrating system having power 

output equal to that of concentrating system,lb. 

Even greater weight savings could be achieved for systems having 
thick cover glasses for radiation protection of the solar cells. 

Several techniques were experimentally evaluated for making 
lightweight flat reflectors having accuracies suitable for use 
with concentrating systems. Two approaches were found to be 
the most satisfactory. In both cases, the mirrors were circular 
discs consisting of tubular metal hoops over which were stretch-
ed thin membranes. In one case, the hoop was an aluminum torus 
and the membrane was a film of aluminized Mylar placed in ten-
sion by means of a set of lacings on the rear side of the re-
flector. Forty-in.-diameter reflectors of this type weighed 
approximately 3.0 oz. This is a unit weight of 0.04 lb/ft 
based on the useful reflecting area of the reflector when used 
in the 50-w system. 

Because of doubts regarding the durability of plastic films 
in space, most of the development work on lightweight reflectors 

318 



POWER SYSTEMS FOR SPACE FLIGHT 

was concerned with all-metal structures. Best results were 
obtained with nickel reflectors made by electroforming a thin 
nickel skin supported by a nickel torus. A plate glass disc 
was used as the master. Vacuum deposited aluminum was applied 
to the reflector faces after electroforming. The lightweight 
reflectors for the 50-w system were of this type. They weighed 
approximately 80 oz. each, which is a unit weight of 0.1 lb/ft 
when used in the 50-w system. 

These reflectors are shown in the unfolding sequence in 
Figs. 12 and 13. 

Because of the fragility of the lightweight reflectors, a 
set of laboratory test mirrors was made for ground evaluation 
of the 50-w model. These were rectangular structures involving 
a honeycomb sandwich structure. The front face of the honey-
comb, which was also the reflector surface, was an electro-
formed nickel skin. The laboratory test reflectors were coated 
in the same fashion as the lightweight reflectors in order to 
provide an exact simulation of the optical characteristics. 
The laboratory reflectors were attached to the solar cell panel 
frame for ground testing purposes. 

50-w System 

The purpose of the 50-w system was twofold: to demon-
strate the feasibility of concentrators for increasing the per-
formance of photovoltaic systems, and to provide a research 
tool for evaluating various parameters variations in concen-
trating systems. The construction of the cell panel and re-
flectors has been described. The laboratory reflectors were 
mounted such that the reflector angle could be varied between 
45° and 65°. This gave concentration ratios between 1 and 3.04, 
assuming that the mirrors have a reflectivity of SOfo and that 
cell panel power output varies as the cosine of the incidence 
angle. 

In addition to the cell panel and reflectors, the 50-w 
system included an orientation system, and was adequately 
instrumented. The complete system, with the rectangular lab-
oratory test reflectors, is shown in Fig. 14. 

The orientation system involved a modified telescope 
mounting. Provisions were made for aligning the solar cell 
panel with the sun and maintaining this alignment by an elec-
tric clock motor drive. This unit provided the necessary 
alignment accuracy for periods of several hours during testing. 
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The instrumentation console contained a variable load 
resistance, switching circuitry, and meters for determining 
current-voltage characteristics of the solar cell panel. A 
selector switch was provided on the panel so that the whole 
panel, or any part of it, could be tested. A function selec-
tor switch was provided which has three positions: open 
circuit, which breaks the circuit, allowing open circuit volt-
age to be read; short circuit, which bypasses the load resis-
tance and allows short circuit current to be determined; and 
load, which places a variable resistance in series with the 
solar panel. The load resistance was a heavy duty rheostat 
having a resistance of 175 ohm. During testing, solar inten-
sity was measured with an Eppley normal incidence pyrheliometer. 
Thermocouples were provided for measuring temperatures at 
various points on the solar panel. 

Test Results 

The previous analysis and discussion regarding equilibrium 
temperatures and concentration ratios emphasized conditions 
appropriate to space operation. Calculated in-space perform-
ance characteristics were verified by testing small models of 
the 50-w system under simulated space conditions. Tests were 
conducted in a vacuum chamber which had cooled walls. High 
flux intensities were provided by means of a modified search-
light solar collecting system. Incidence sunlight was directed 
into the vacuum chamber through a quartz window. Equilibrium 
temperatures and performances were in close agreement with 
theoretical predictions. Results of these tests are available 
in Refs. 3 and 4. 

Operation of the full-scale 50-w system under ground 
atmospheric conditions presented a different set of heat trans-
fer considerations. For ground operation, the cell panel equi-
librium temperature is governed more by atmospheric cooling 
than by direct reradiation. For this reason, equilibrium tem-
peratures are somewhat lower and performance is somewhat better 
than would be expected for space operation at similar solar 
intensities. Typical test results for the 50-w system are 
shown in Fig. 15 which is a plot of power output vs voltage. 
The lower curve is for the solar panel alone without concen-
trators, and the upper two curves are tests using all four 
concentrators mounted at angles of 60 degrees. As can be seen, 
the power was approximately doubled by the use of concentrators. 
Such a great power increase cannot be expected in space, how-
ever, because of the relatively greater heating from the use 
of concentration. A power increase factor in space on the 
order of 1.6 would be more realistic. In order to provide a 
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means of comparing data, test results were corrected to a 
standard solar incidence of 65 w/ft^ (70 mw/cm^)and panel tem-
perature of 30°C. Results are shown in Fig. 16. The solid 
lines are expected system power output as a function of concen-
tration ratio based on measured characteristics of solar cells 
and filters. The squares and circles are actual data points. 
The lower curve was for a test series involving 19 of the 30 
solar cell panel modules. This was made earlier in the pro-
gram prior to completion of the entire panel. The upper curve 
was for the complete 30 module unit. Power obtained at a con-
centration ratio of 1.0 for the 30 module test was slightly 
higher than expected. All other data points fell in line with 
expectations. 

Conclusions 

The following conclusions can be drawn regarding concen-
trating photovoltaic power generators of the type studied in 
this program: 

1) Weight reductions between 20 and 30$ can be achieved 
using present-day solar cells, filters, and concentrator fabri-
cation techniques. Even greater weight reductions could be 
achieved for systems requiring heavy cover glasses for radi-
ation protection. Comparable reductions in launch volume could 
be achieved by using concentration. 

2) Total system cost savings of at least 30^ could be 
achieved using available components and techniques, including 
the costs of the concentrators. 

3) No significant sacrifice in reliability need be suf-
fered by the use of concentration. 

4) The only type of solar cell currently available for 
power systems is the silicon cell. High temperature cells, such 
as the gallium arsenide cell, would show significant advantages 
if they could be made available in large quantities at costs 
comparable with silicon cells. 

5) Using wide band-pass filters, the optimum concentra-
tion ratio is approximately 2.5 to 3.0 when optimized on the 
basis of weight, cost, or unit power output from the cell panel. 
The optimum curves are fairly flat in the concentration ratio 
range between 2 and 3, thus allowing considerable latitude in 
system design. 

In summary, the use of simple flat plate concentrators 
with conventional solar cell panels offers a direct means of 
achieving system performance increases equivalent to a size-
able improvement in basic solar cell efficiency. 
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Fig. 12 Lightweight reflectors partially deployed 
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F i g . 14 50-w ground t e s t system 
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