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SUMMARY 

A minia tur ized  Cassegrainian concen t r a to r  system concept has been devel- 
oped f o r  low c o s t ,  mul t i -k i lowat t  space s o l a r  a r r ays .  The system imposes 
some requirements  on s o l a r  cells  which are new and d i f f e r e n t  from those  
imposed f o r  convent iona l  a p p l i c a t i o n s .  
a c t i v e  area of approximately 4 mm i n  diameter.  
requi red  on both f r o n t  and back su r faces .  
c a l l y  bonded t o  a h e a t  s ink .  The ce l l  should be designed t o  achieve  t h e  
h ighes t  p r a c t i c a l  e f f i c i e n c y  a t  100 AM0 suns and a t  8 O O C .  
must minimize l o s s e s  due t o  non-unif orm i l l umina t ion  i n t e n s i t y  and non-normal 
l i g h t  incidence.  The primary r a d i a t i o n  concern is  t h e  omnidi rec t iona l  proton 
environment . 

The s o l a r  cells  r e q u i r e  a c i r c u l a r  
High r e l i a b i l i t y  c o n t a c t s  are 

The back area must be  me ta l lu rg i -  

The c e l l  des ign  

INTRODUCTION 

Recently,  a p r a c t i c a l ,  low c o s t  sun l igh t  concen t r a to r  system concept f o r  
space a p p l i c a t i o n s  has been developed ( r e fe rence  1). Multi-kilowatt  s o l a r  
a r r a y s  can be assembled us ing  minia tur ized  Cassegrainian type  o p t i c a l  concen- 
t r a t o r  elements t h a t  are assembled i n t o  matrices of p a r a l l e l  and series 
connected s o l a r  cel ls ,  modules, pane ls ,  and a r r a y  b lankets .  Pred ic ted  s o l a r  
c e l l  ope ra t ing  temperature  i n  e a r t h  o r b i t  i n  t h e  o rde r  of 80°C f o r  s o l a r  
i l l umina t ion  levels of 100 air  mass-zero suns makes s i l i c o n  a n  accep tab le  
s o l a r  c e l l  material; however, s i g n i f i c a n t  system e f f i c i e n c y  improvements and 
c o s t  reduct ions  are p ro jec t ed  f o r  u s e  of higher  e f f i c i e n c y  cel ls  such as 
gal l ium a r s e n i d e  and multiple-bandga-p cel ls .  Th i s  concent ra tor  system imposes 
some requirements  on t h e  cells  whether s i l i c o n  o r  ga l l ium a r sen ide ,  t h a t  are 
new and d i f f e r e n t  from those  t h a t  are t y p i c a l l y  imposed on non-concentrator 
s o l a r  cells  f o r  space a r r a y s .  

This  paper d e f i n e s  t h o s e  s o l a r  ce l l  parameters that p l ay  important r o l e s  
i n  t h e  over -a l l  a r r a y  system e f f i c i e n c y  and r e l i a b i l i t y  which cannot be o p t i -  
mized by t h e  a r r a y  manufacturer ,  bu t  r a t h e r  must be addressed by s o l a r  cell  
des igner  s and manuf ac t u r  er s . 

CONCENTRATOR SYSTEM DESCRIPTION 

I The minia tur ized  Cassegrainian concent ra tor  concept is  i l l u s t r a t e d  i n  
f i g u r e  1. The primary pa rabo l i c  r e f l e c t o r  concen t r a t e s  t h e  inc iden t  sun l igh t  
onto a secondary hyperbol ic  r e f l e c t o r  which i n  t u r n  d i r e c t s  t h e  sun l igh t  t o  
t h e  s o l a r  cell .  Under of f -poin t ing  cond i t ions ,  t h e  concent ra ted  sun l igh t  
a l s o  r e f l e c t s  from t h e  s u r f a c e s  of a t e r t i a r y ,  c o n i c a l  r e f l e c t o r .  
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The s o l a r  cel l  back s i d e  is me ta l lu rg ica l ly  bonded t o  a heat  s i n k  
Analysis similar t o  t h e  bonding of a power t r a n s i s t o r  t o  i t s  heat  s ink .  

i nd ica t e s  t h a t  f o r  t h i s  type  of bonding t h e  cel l  t o  heat  s i n k  temperature 
grad ien t  is neg l ig ib ly  s m a l l  f o r  concentrat ion r a t i o s  up t o  and beyond 1000. 
The heat  s i n k  which se rves  as p a r t  of t h e  electrical c i r c u i t ,  i s  mechanically 
s t i f f e r  and s t ronger  than t h e  s o l a r  c e l l  and w i l l  t ransmi t  during o r b i t a l  
thermal cycl ing thermomechanical stresses i n t o  t h e  ce l l .  

The in te rconnec tor / so la r  cel l  j o i n t s  are made by paral le l -gap welding o r  
u l t r a s o n i c  jo in ing ,  depending upon t h e  ce l l ' s  s e n s i t i v i t y  t o  welding. 
c e l l  f r o n t  contac t  interconnector  attachment pad w i l l  be  l a r g e r  i n  area than 
t h e  s o l a r  ce l l ,  r e s u l t i n g  i n  an o v e r a l l  s i z e  of about 6 by 6 mm. The concen- 
t r a t e d  sun l igh t  w i l l  r each  t h e  s o l a r  ce l l  through a 4 mm diameter ho le  i n  t h e  
pad. 

The 

A m u l t i p l i c i t y  of t h e  elements depicted i n  f i g u r e  1 are assembled i n t o  
modules, s eve ra l  modules i n t o  panels ,  and seve ra l  panels  i n t o  a r r a y  "blankets'! 
A panel would t y p i c a l l y  be 2 x 4 m i n  s i z e  and approximately 1 2  mm (0.5 inch) 
th i ck .  On each panel ,  a number of s o l a r  cells  are e l e c t r i c a l l y  connected i n  
p a r a l l e l  and series i n  conventional fashion.  
ric concent ra t ion  r a t i o  of 150 is reduced by r e f l e c t i o n  l o s s e s ,  l i g h t  sp i l l age ,  
and l i g h t  blockage t o  a ne t  r a t i o  of approximately 100. 
element packing f a c t o r  a t  t h e  panel l e v e l  i s  0.90. 

The se l ec t ed  t h e o r e t i c a l  %eomer- 

The concentrator  

SOLAR CELL ARRAY SYSTEM LEVEL REQUIREMENTS 

From a system poin t  of view, t h e  key s o l a r  a r r a y  design d r i v e r  f o r  s o l a r  
cel l  a r r a y s  of multi-hundred ki lowatt  r a t i n g s  i n  near-ear th  o r b i t s  i s  cos t .  
The t o t a l  c o s t  of e lectr ical  power (kW) a t  any given t i m e  i n  o r b i t ,  as w e l l  
as t h e  c o s t  of energy (kWh) throughout t h e  u s e f u l  mission l i f e  span, is  
composed of s eve ra l  c o s t  elements t h a t  relate t o  va r ious  a spec t s  of t h e  arra,y 
design as shown i n  t a b l e  1. The o v e r a l l  l i f e  cyc le  c o s t  Scenario f o r  a space 
s o l a r  a r r a y  system p a r a l l e l s  t h a t  of a t y p i c a l  terrestrial system (not  
r e s t r i c t e d  t o  a photovol ta ic  power system): 
l i f e ,  t h e  accumulated maintenance and r e p a i r  c o s t s  become s u b s t a n t i a l  rela- 
t i v e  t o  t h e  i n i t i a l  a c q u i s i t i o n  c o s t ,  and as t h e  wear-out l i f e  i s  approached, 
per iodic  maintenance and r e p a i r  c o s t s  i nc rease  t o  a l e v e l  where it becomes 
more c o s t  e f f e c t i v e  t o  r ep lace  t h e  system. 

over a long period of s e r v i c e  

For t h e  space s o l a r  a r r a y  discussed i n  t h i s  paper, a recur r ing  c o s t  goa l  
of $30/W i n  1979 d o l l a r s  has been es tab l i shed .  This  c o s t  includes a l l  
materials and labor  up t o  t h e  a r r a y  blanket level,  but excludes bench q u a l i t y  
assurance,  i n t e g r a t i o n  and tes t ,  and main s t r u c t u r a l  support ,  o r i e n t a t i o n ,  
power t r a n s f e r ,  and o ther  components. 
achievable  by t h e  mid 1980s w i t h  a Cassegrainian type  concentrator  concept 
and, if achieved, would reduce t h e  equivalent  c o s t  f o r  present  planar  space 
a r r a y s  by approximately one order  of magnitude. The pro jec ted  c o s t  break- 
down f o r  t h e  Cassegrainian concentrator  a r r a y  i s  shown In t a b l e  2 .  
c e l l  u n i t  c o s t  w i l l  be approximately proport ional  t o  t h e  amount of semiconduc- 
t o r  material used as shown in  f i g u r e  2 and, henee, w i l l  decrease by approxima- 
t e l y  t h e  same f a c t o r  as t h e  sunl ight  concentrat ion r a t i o  increases ,  The amoune af 

The $30/W goal  i s  expected t o  be 

The s o l a r  
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material used f o r  concen t r a to r  o p t i c a l  elements is, t o  a f i r s t  o rde r  approxi- 
mation, n e a r l y  independent of t h e  concent ra t ion  r a t i o .  However, i nc reas ing  
manufacturing complexity and p rec i s ion  r equ i r ed  a t  h igher  concent ra t ion  r a t i o s  
i s  expected t o  d r i v e  t h e  c o s t  f o r  the o p t i c a l  elements upward. Summing t h e  
t h e o r e t i c a l  s o l a r  ce l l  and o p t i c a l  element c o s t  curves  r e s u l t s  i n  a c o s t  mini- 
mum near  concen t r s t ion  r a t i o s  between 50 and 200. For t h i s  reason,  a concen- 
t r a t i o n  r a t i o  of 100 t o  150 w a s  chosen f o r  more d e t a i l e d  s tudy.  

CONCENTRATOR SOLAR CELL DESIGN REQUIREMENTS 

The key requirements  according t o  which a concent ra tor  s o l a r  c e l l  f o r  t h e  
minia tur ized  Cassegrainian concent ra tor  concept f o r  space  a p p l i c a t i o n s  should 
be designed and optimized are summarized i n  f i g u r e  3 .  These requirements  are 
d iscussed  below i n  d e t a i l .  

So la r  C e l l  S i z e  

The r equ i r ed  s o l a r  cells  are r e l a t i v e l y  s m a l l  i n  s i z e ,  approximately 
5 x 5 mm ove r -a l l  wi th  a 4 mm diameter active area. The exact ove r -a l l  s i z e  
must be determined based on a trade-off between h e a t  t r a n s f e r  from t h e  cel l  t o  
t h e  hea t  s ink ,  ce l l  c o s t  v a r i a t i o n  wi th  s i z e ,  thermomechanical stress consid- 
e r a t i o n s ,  requi red  con tac t  area and ease of assembly. The ce l l s  could be  
round; however, squa re  o r  r ec t angu la r  cells of t h i s  s m a l l  s i z e  may be easier 
t o  manufacture. 

So la r  C e l l  Contacts 

The con tac t  m e t a l l i z a t i o n  system must be chosen t o  a s s u r e  h igh  mechanical 
s t r e n g t h ,  long thermal  cyc l ing  f a t i g u e  c a p a b i l i t y ,  m e t a l l u r g i c a l  s t a b i l i t y  
throughout t h e  terrestrial as w e l l  as t h e  space o p e r a t i o n a l  per iods  of t h e  
t o t a l  l i f e  span. 

The c u r r e n t  d e n s i t i e s  in t h e  c o n t a c t s  of concen t r a to r  cells w i l l  be  high. 
A s  an  example, a t  20% in-orb i t  conversion e f f i c i e n c y  and 100-sun inpu t ,  a 
t y p i c a l  s o l a r  c e l l  ou tput  would be about 0 . 7 A  a t  0.5V.  I f  a l l  of t h i s  c u r r e n t  
w e r e  t o  be e x t r a c t e d  from t h e  4 mm c i r c u l a r  opening i n  t h e  f r o n t  con tac t  
through a 2.5 pm (0.1 m i l )  t h i c k  m e t a l  l a y e r ,  t h e  c u r r e n t  d e n s i t y  would be 
about 2000A/cm2. 
migra t ion ,  it c e r t a i n l y  could cause  excess ive  series r e s i s t a n c e  l o s s e s .  

While such cu r ren t  d e n s i t y  is no t  expected t o  cause  ion 

The most convenient c e l l  con tac t  conf igura t ion  is  t h e  convent ional  f r o n t /  
back con tac t .  This  conf igu ra t ion  permits  t h e  e n t i r e  back c o n t a c t  area t o  be 
m e t a l l u r g i c a l l y  bonded t o  t h e  hea t  s ink ,  a s s u r i n g  t h e  lowest p o s s i b l e  electri- 
cal and thermal  impendances between t h e  s o l a r  c e l l  and t h e  hea t  s ink .  A s  a n  
a l t e r n a t e  t o  a back s u r f a c e  r e f l e c t o r ,  t h e  back con tac t  may have a c i r c u l a r  
opening of about 4.5  mm diameter t o  permit pho tovo l t i ca l ly  unusuable in f r a red  
r a d i a t i o n  t o  e x i t  from t h e  cells  and reach  space through a corresponding 
opening i n  t h e  hea t  s ink .  
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The f r o n t  contact preferably covers t h e  e n t i r e  semiconductor f r o n t  area, 
except f o r  a c e n t r a l ,  c i r c u l a r ,  4 mm diameter opening t h a t  permits t h e  con- 
cent ra ted  sunl ight  t o  reach t h e  c e l l ' s  a c t i v e  area. 
contact covers t h e  e n t i r e  cel l  area t o  obtain high mechanical load carrying 
capab i l i t y  and low electrical r e s i s t ance ,  it is des i r ab le  t o  minimize t h e  
shadowing of a c t i v e  cel l  area by t h e  f r o n t  contact.  

Even though t h e  f r o n t  

The l i g h t  catcher cone should preferably be meta l lurg ica l ly  joined t o  
t h e  so l a r  c e l l  f r o n t  s i d e  t o  maximize heat t r a n s f e r  from t h e  cone t o  t h e  heat 
s ink  and t o  eliminate l i g h t  l o s s e s  that wculd occur i n  t h e  gap between t h e  
cel l  surface and t h e  lower truncated cone edge of a l i g h t  catcher cone not 
mounted t o  t h e  ce l l  f r o n t  surface.  I f  t h e  cone could not be joined d i r e c t l y  
t o  the f r o n t  ce l l  contact,  it would have t o  be joined t o  a f l a t  interconnec- 
t o r  which i n  tu rn  would be joined t o  t h e  f r o n t  c e l l  contact.  

E l e c t r i c a l  Requirements 

The concentrator s o l a r  c e l l  should be designed f o r  t h e  highest  p rac t ic -  
a l l y  achievable c e l l  e f f ic iency  a t  100 AM0 suns and a t  80°C ce l l  temperature. 
A minimum ce l l  e f f ic iency  of 20% f o r  s i l i c o n  cells and 30% f o r  GaAs and 
tandem-junction cells is  required a t  28OC and 100 AM0 suns. The AM0 ( a i r -  
mass zero) s o l a r  spectrum i s  somewhat modified by degraded mirror spec t r a l  
r e f l ec t ance  and coverglass s p e c t r a l  transmittance. 
t o  t h e  space environment is expected primarily i n  t h e  short-wavelength range 
of t h e  spectrum below 0.4 um. 

Optical  degradation due 

An important aspect of e f f i c i ency  optimization has t o  address ( i )  shadow- 
ing of t h e  active c e l l  area by contac ts  and g r i d  l i n e s ,  ( i i )  non-uniformity of 
t h e  incident , concentrated s o l a r  i l lumination, and ( i i i )  t h e  angle of i nc i -  
dence of t h e  concentrated sunl ight  on t h e  s o l a r  c e l l  a c t i v e  area. 

The non-unif ormity of i l lumination arises primarily from imperfections 
in t h e  o p t i c a l  elements, alignment e r r o r s  between t h e  var ious  o p t i c a l  ele- 
ments, and from system sun pointing e r ro r s .  Figure 4 i l l u s t r a t e s  t h e  case of 
a pe r fec t ly  aligned o p t i c a l  system oriented a t  0" off-point angle and a t  a 1" 
off-point angle. (The a c t u a l  i n t e n s i t y  contours are smooth; t h e  depicted 
contours w e r e  computer-generated by a ray-tracing program using a r e l a t i v e l y  
s m a l l  number of rays . )  

The angle  of incidence of t h e  concentrated sunl ight  v a r i e s  over a 
r e l a t i v e l y  l a r g e  range of angles due t o  t h e  wide entrance ape r tu re  geometry of 
t h e  Cassegrainian system. Figure 5 shows t h e  r e l a t i v e  energy that is  incident 
a t  var ious  angles. Most energy reaches t h e  c e l l  a t  angles i n  t h e  range 
between about 1 0  and 23 degrees. 
c e l l  a t  such angles,  sur face  t ex tu r ing  may be required. 

To maximize t h e  s o l a r  energy input t o  t h e  
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Radiat ion Resis tance 

The concentrator  s o l a r  cel ls  are sh ie lded  from r a d i a t i o n  by approximately 
0.15 mm (0.006 inch) t h i c k  fused si l ica equivalent  from t h e  f r o n t  and by a 
much g r e a t e r  th ickness  from t h e  back s ide .  
caused pr imar i ly  by protons i n  t h e  lower and in te rmedia te  e a r t h  o r b i t s .  
geosynchronous a l t i t u d e ,  the damage i s  roughly one-half due t o  e l e c t r o n s  and 
one-half due t o  protons.  The proton energy spectrum of i n t e r e s t  t o  t h e  
s o l a r  cel ls  ranges from near-zero energy t o  over 10  MeV a f t e r  emerging from 
the sh ie lds .  The low energy protons ( i n  t h e  order  of 1 0  t o  100 keV) are 
e s p e c i a l l y  worrisome i n  that they  tend t o  come t o  rest on su r faces  and near  
t h e  junc t ion  where they do much more damage than t h e  higher energy protons 
(MeV-level) that pene t r a t e  t h e  cel l .  It may become n e c e s s a r y t o  inc rease  
t h e  s o l a r  c e l l  s h i e l d  th ickness  t o  p ro tec t  t h e  u l t r a h i g h  e f f i c i ency  s o l a r  ce l l  
s t r u c t u r e s  from excessive damage; 
number of protons of a given energy that enter i n t o  a ce l l  throughout the 
t o t a l  mission dura t ion .  

Radiation damage i n  t h e  cell  is 
A t  

however, a l l  one can do i s  t o  reduce t h e  

Thermophysical P rope r t i e s  

Analyses have shown that t h e  s o l a r  ce l l  o r b i t a l  opera t ing  temperature of 
concentrator  a r r a y s ,  and hence t h e  o r b i t a l  opera t ing  e f f i c i ency  c a p a b i l i t y ,  
i s  as  s t rongly  dependent on s o l a r  cel l  absorptance va lues  as it  i s  
f o r  planar  a r r a y s .  Achievement of a low va lue  of s o l a r  absorptance 
i s  the re fo re  mandatory. With pol ished f r o n t  su r f ace ,  back su r face  r e f l e c t o r  
cells, va lues  of 0.75 are i n  production today. However, f r o n t  su r f ace  t ex tu r -  
ing,  which may be requi red  t o  reduce r e f l ec t ance ,  raises t h e  absorptance.  
Another approach i s  t o  l e t  t h e  inc iden t  excess i n f r a r e d  r a d i a t i o n  pass through 
t h e  c e l l  and through an  opening i n  t h e  ce l l  back s i d e  contac t  and heat  s ink .  
Another, more c o s t l y  approach would u t i l i z e  s p e c t r a l l y  s e l e c t i v e  f i l t e r s  on 
t h e  coverglass  and/or the s o l a r  cell .  
would c e r t a i n l y  be des i r ab le .  

Solar  absorptance va lues  near 0.6 

The va lue  of t h e  ce l l ' s  emittance i s  not  c r i t i ca l  because t h e  s m a l l  c e l l  
area con t r ibu te s  only neg l ig ib ly  t o  cool ing of t h e  system by r a d i a t i o n  heat  
exchange. 

Coverglass I n t e r f a c e  

Four op t ions  f o r  i n s t a l l i n g  a coverg lass  i n  f r o n t  of t h e  concentrator  
s o l a r  cells are i l l u s t r a t e d  i n  t a b l e  3 toge ther  wi th  t h e  corresponding t rade-  
o f f  cri teria.  Each conf igura t ion  has technical and economic cons idera t ions  
that need be examined. 

R e l i a b i l i t y  I s s u e s  

High contac t  r e l i a b i l i t y  and electrical s t a b i l i t y  of concentrator  s o l a r  
cells  are of paramount importance. Table 4 i l l u s t r a t e s  some of t h e  more 
h p o r t a n t  r e l i a b i l i t y  i s sues .  
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CONCLUSIONS 

The p o s s i b i l i t y  of s o l a r  ce l l  e f f ic iency  improvement by sunl ight  concen- 
t r a t i o n  opens a new avenue of po ten t i a l ly  reducing space a r r a y  system s i z e ,  
weight, and c o s t ,  e spec ia l ly  i n  conjunction with t h e  use  of more advanced 
very high e f f i c i ency  s o l a r  ce l l  s t ruc tu res .  

An order of magnitude reduction i n  space a r ray  recur r ing  c o s t s  and an 
a r r ay  area reduction by 5% r e l a t i v e  t o  equal-output planar a r r ays  (14% 
e f f i c i e n t  cells  a t  28OC) has been projected i n  re ference  1 f o r  a 100-sun 
concentrator concept using 20% e f f i c i e n t  s i l i c o n  s o l a r  c e l l s  a t  28OC. 
area reduction of 30% could be achieved with 30% e f f i c i e n t  ( a t  28OC)  gallium 
arsenide  o r  mul t ip l e  bandgap s o l a r  cells a t  a neg l ig ib l e  recur r ing  cos t  
penalty, allowing f o r  as much as a $2 per cel l  ($8/cm2) pa r t  cos t .  

An 

* A por t ion  of t h i s  work w a s  performed under cont rac t  NAS8-32986 f o r  NASA 
MSFC. 
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Table 1. Cost Elements Related to  Array Design 

1 Array Design Parameter I Life Cycle Cost Relationship 

Lower Mass 

Smaller Stowed Volume 

Longer In-orbit Life 

I Smal ler Area I 0 Lower assembly cost  

0 Higher solar ce l l  u n i t  cost  

0 Lower recurring materials cos t  

0 Potentially lower launch cost  

0 Potentially lower launch cos t  

0 Potentially higher recurring cost  

(Yo1 ume-re1 ated) 

(Mass-re1 ated) 

0 Lower cost  fo r  lesser amount of o r b i t  
mai ntenance fuel required 

a Lower cos t  for  fewer replacement u n i t s  
(recurring and transportation) 

0 Lower cos t  fo r  less  in-orbit  
repai rlmai ntenance work 

I 

I I 

Table 2. Projected Concentrator Array System Recurring Specific 
Costs ( i n  1979 Dollars) 

Element 

Solar Cell s 
Covers 
Optical Elements 
Substrates 
Heat Sinks 
Harnesses 
Material s 
B1 anket Labor 
Structures 
Structure Labor 

I 

- 

Specific Recurring Costs ( $ / W )  
(1987 Techno1 ogy 1 

Concentrator Array 

5.7 

2.5 

0.7 

4.3 
1.9 
5.5 
4.6 
4.7 

30 .O I Total 
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Table 3. Coverglass Mounting Options 

MEDIUM 

I OPTION 

20 MEDIUM 

I 

mNEp 

INTEGRAL 

SEPARATELY MOUNTED 

I 

ADHESIVE 
MOUNTED 

CELL 

1 
,COVER I 

la 

- 
IlNG 

hDHESIVE 

NONE 

SEVERE 

NONE 

NONE 

Table 4. Solar Cell Related Reliability Issues 

Potenti a1 
Failure Modes 

Cell contact 
separation from 
semiconductor 
materi a1 

Interconnector-to- 
cell contact and 
cell contact-to- 
heat s i n k  jo in t  
fatigue crac k i  rig 

Anomalous electri-  
cal degradation 
( f i l l  factor, 
efficiency, etc. I 

~~ 

Fail ure Cause 

0 Fa i l  ure rate increase 
with increasing 
temperature 

0 Hot spot phenomena 

0 Thermal cycling i n  
orbi t  

0 Thermal cycl ing in 

0 Radiation 

orbi t  

COMMENTS 

B REQUIRES 
DEVELOPMENT 
AND TEST 
EVALUATION 

PRACTICAL 

D BASELINE 
DESIGN 

COOLING 

e POOR 
MECHANICAL 
STRENGTH 
(VIBRATION 
FAILURES) 

Design Action 

0 Lowest possible solar 
absorptance 

0 Connection of many 
ce l l s  i n  parallel 

0 Matching of coeffi- 
cients of linear 
thermal expansion 

i n g  process (ul t ra-  
sonic, weldin , 

0 Selection o f  long- 
fatigue 1 i fe  metal s 
( durabil i ty , etc .I 

0 Reduction of tempera- 
ture range 

0 Selection of best join- 

brazing, etc . 7 

0 Solar ce l l s  must be 
ab1 e t o  to1 erate 
various environmental 
stresses 
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Figure 1. Cassegrainian Concentrator Element Concept 
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Figure 2. Selection o f  Minimum-Cost Concentration Ratios 
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ACTIVE AREA 
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BACK CONTACT 
(CENTRAL OPENINC 
FOR THERMAL, 
CONTROL 
OPTIONAL) 

PARAMETER 

EFFICIENCY AT 
B'C, 100 SUNS 

NORMAL 
OPERATING 
TEMPERATURE 

TEMPERATURE 
CYCLING RANGE 

TEMPERATURE 
CYCLES 

SOLAR 
ABSORPTANCE 

ANGLE OF 
INCIDENCE 

RADIATION 
TOLERANCE 

REQUIREMENT 

20%. Si 
m.Ga As 

-100'C TO +100'C 

60,OOO CYCLES 

5 0.75 

0 TO 30'. 
20' NOMINAL 

PROTONS 1 TO 10 MeV 

J 

Figure 3 .  Concentrator Solar Cell Reference Design and Requirements 

3 98 



Figure 4. Cassegrainian Concentrator In t ens i ty  Uniformity 
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Figure 5. Relative Angular Distribution o f  Solar  Energy 
Incident On a Concentrator Solar  Cell 
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