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PREFACE TO THE SECOND EDITION 

Since the f i r s t  edition of the handbook i n  1973, the solar  cel l  

industry has improved the efficiency of solar  c e l l s  by employing known 

principles and new technologies. Thus the original edition has been 

revised t o  include discussions on some of the ~ e w l y  developed solar ce l l s  

as well as t o  update radiation data. 

As was true o f  the original edition, t h i s  revision was conceived and 

supported by the J e t  Propulsion Laboratory, California Ins t i tu te  of 

Technology. The philosophy underlying the revision was t a  include 
new materials o f  technological achievement, with a minimum amount o f  

alteration i n  the original contents. In t h i s  context, the i n i t i a l  intent 

of this  handbook i s  s t i l l  in tac t ;  that  i s ,  t h i s  handbook should provide, 

for  the purpose o f  assisting solar array engineers, the background knowledge 

and necessary tools and techniques for a proper evaluation o f  solar array 
degr~dation i n  space radiation f i e lds  with a m i n i m u m  amount of reading 

in various related f ie lds .  In t h i s  respect, the aim of th i s  handbook 
i s  practical and concise. If he so desires,  the reader can confer with 

such a book as Solar Cells' f o r  more general and extended so l a r  ce l l  
2 knowledge, or  with Salar Array Design Handbook for organized massive 

and detailed information fo r  solar array design engineering. 

In th i s  edition will be found discussions on some high-efficiency c e l l s ,  

temperature coefficient and radiatjon data, updated  f l i g h t  data, and a 
computer program ?or equivalent fhuence calculation. 

For support anti technical direction, the author gratefully acknowledges 
the  effor ts  of Dr. Bruce E. Anspaugh, project technical director.  Anspaugh 

also provided the considerable amount of da ta  essential to  th is  revision 

and a c r i t i ca l  editorial review. 

I. H.J. Hovel, Solar Cells, &jniconductors and Semimelals, 11, Academic 
Press, London, 1975. 

2. H.S. Rauschenbach, Solar Cell Array Design Handbook,L; TRW DSSG, 
Redondo Beach, Calif . ,  July 1976. 
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FOREWORD TO THE FIRST EDITION 

The purpose of t h i s  document i s  t o  de ta i l  a method of predicting 

the degradation of a so l a r  array in a space radiat ion environment. The 

text  contains a discussion of so la r  ce l l  technology which emphasizes 

the cell  parameters which degrade -in a radiat ion environm~nt. The 

experimental techniques used in the  evaluation of radiat ion e f fec t s  

are discussed. In Chapter 3, the theoret ica l  aspects of radiat ion 

damage a r e  discussed, and the experimental d a t a ,  on which the concept 
of damage equivalent 1-MeV electron f l  uence i s  based, a re  presented. 

In Chapter 4, the methods of developing r e l a t i ve  damage coeff ic ients  

from the experimental data a r e  de ta i l ed .  In t h i s  regard, i t  was found 

necessary to  i n s t i  t u t e  two separate equival ent  f l  uences to  properly 

describe the  changes o f  so l a r  ce l l  parameters under space proton i r r a -  

diat ion.  

Chapter 5 concerns the nature o f  the space radiat ion environment 

a n d  contains predicted so l a r  f l a r e  proton f l  uences f o r  the twenty-first  

solar  cycle based on a proposed model . In Chapter 6 ,  the method o f  

calculat ing equivalent fluence from electron and proton energy spectrums 

and re1 a t i ve  damage coeff ic ients  i s  deta i led .  In addit ion,  computer- 
calculated equivalent f l  uence contributions from trapped el ectrons a n d  

protons a r e  tabulated f o r  an extensive s e r i e s  of c i r cu l a r  earth o rb i t s .  

The estimated annual equivalent f l  uence contributions due t o  so l a r  f l a r e  

protons a r e  tabulated f o r  the  remainder of the current  so l a r  cycle.  

The estimation o f  degraded so l a r  c e l l  output charac te r i s t i c s  from equi- 

valent fluence values is discussed. In Chapter 7 ,  f l i g h t  data from 
s a t e l l i t e s  i s  compared w i t h  estimated degradation. 

J o  R o  CARTER, JR. 
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ABSTRACT 

This handbook i s  intended t o  furnish the  reader w i t h  t h e  necessary tools  

t o  permit him t o  predict the degradation o f  so la r  c e l l  e l e c t r i c a l  performance 

i n  any given space radiat ion environment. I t  begins with an introduction 

t o  solar  cel l  theory, describing how c e l l s  a re  manufactured and how they 

a re  modeled mathematically. The in teract ion of enerqet ic  charqed pa r t i c l e  

radiation w i t h  so lar  c e l l s  i s  discussed i n  de ta i l  and t h e  concept of 1 MeV 

equivalent electron fluence i s  introduced. The space radiat ion environment 

i s  described and methods of ca lcula t ing equivalent fluences f o r  the space 

environment a r e  developed. A computer program was writ ten t o  perform the 
equivalent f luence calculat ions and  a Fortran l i s t i n g  o f  t h e  program i s  

included. Final ly ,  an extensive body o f  data de ta i l ing  the degradation 

o f  solar  c e l l  e lec t r i ca l  parameters as a function of 1 MeV electron fluence 

i s  presented. 

xvii i 



CHAPTER 1 

1.0 THEORY OF THE SILICON SOLAR CELL 

In th is  chapter some elementary concepts of semiconductor theory, 

which are useful in understanding solar cell  operation, are described. 

The operation of the sil icon solar cell i s  discussed in terms o f  an 

equivalent c i r cu i t ,  and the  e lectr ical  characteristics of the equivalent 

c i rcu i t  elements are explained in terms o f  physical quantit ies.  In 

addition, the physical structure of a si l icon solar cell i s  detailed. 

Semi conductor Theory 

1 .1.1 Thermal Equilibrium Relationships and Excess Densities. Semicon- 

ductors are a class of materials which have electr ical  properties and 

physical characteristics intermediate between metals and dielectr ics .  

An important characteristic of semiconductor materials i s  bipol,r  con- 
duction, where charge transport may occur by conduction band electrons 

o r  through empty energy s ta tes  i n  the valence band which behave e l ec t r i -  

cally l ike positively-charged electrons a n d  are referred t o  as holes. 
The equilibrium concentrations of conduction electrons and holes in 

s i1  i con are determined from thermal considerations by the fol 1 owing 

expression : 

where 

- 6 
= 2.2 x lOZ0 cm , for  T = 300 K 

no = the equil ibriun concentration o f  conduction electr~n:(crn-~) 

Po = the equi 1 i brium concentration of holes ( ~ r n - ~ )  

T = temperature ( K )  

k = Boltzmann constant (0.8618 x eV/K) 

For a highly purified semiconductor, the principal source of charge 

carriers i s  thermal excitation of electrons from the valence band t o  the 
conduction band, and the concentration o f  conduction el ectrons w i  l l  equal 

the concentration o f  holes. This s t a t e ,  in which the electr ical  properties 



o f  a semiconductor are  not modified by impurities, may be referred 
to  as i n t r i n s i c .  The electron and hole concentrations in i n -  

t r i n s i c  s i l i c o n ,  for example, are equal t o  1 .5  x 101° ~ r n ' ~  a t  room 

temperature. 

When elements from Column 111 and V of t h e  periodic table occur in 

subst i tu t ional  solid solution in s i l i con ,  they can be thermally ionized. 

In the case of Column V elements, such as phosphorus o r  arsenic ,  the 

ionization resu l t s  in an electron i n  the conduction band and a posit ivety- 

charged donor impurity atom in the s i l i con  l a t t i c e .  Impurities from 

Column 111, such as  boron, undergo ionization in s i l i con  by accepting a 

thermal ly-ionized electron from the valence band. This process creates  

a hole in the valence band and a negatively-charged acceptor impurity 

ion. The activation energies f o r  these donor and acceptor atoms in 

s i l icon a r e  approximately 0.05 eV. For this reason, these, equi l ibrium 

processes go t o  cornpleti on a t  temperatures near 300 K (kT Q 0.026 eV) , 
and the commonly-used Column 111 and V impurities i n  s i l i con  can be 

considered t o  be completely ionized a t  room temperature. 

If s ign i f i can t  quan t i t i e s  of  conduction electrons o r  holes are pro- 

duced by the addition of impurit ies,  as described above, the semicon- 

ductor may be classed as ex t r ins ic .  Extrinsic semiconductors are 
referred t o  as n-type ( i .e ,  , ncgative type) i f  the equil i bri urn concentra- 

tion of conduction electrons exceeds the i n t r i n s i c  c a r r i e r  concentration. 
When the equilibrium concentration of holes exceeds the  i n t r i n s i c  car- 

r i e r  concentration of a semiconductor, i t  i s  referred to  as a p-type 

( i e .  , posi t i v e  type).  The product of the  equil ibrium conduction electron 
and hole concentrations i n  ex t r ins ic  semiconductors remains constant a s  
described by equation ( 1  . I .  1 ) . T h u s ,  boron-doped, p-type, ex t r ins ic  

s i l icon with a r e s i s t i v i t y  of  10 ohm-cm and a hole concentration of 

1 .4  x l C 1 s  must a1 so have a conduction electron concentration 

of  1.6 x 105 ~ r n - ~ .  In  t h i s  case, the holes are referred t o  a s  

majority c a r r i e r s  and the  conduction electrons as minority c a r r i e r s .  

The concept of Fe~rni level may a l so  be used t o  describe several 

aspects of semiconductor theory. The Fermi level of a material i s  defined 



as  t h a t  electron energy s t a t e  a t  which the probabil i ty of occupancy i s  
equal t o  1/2. The Fermi level i s  a t  the center  of the  forbfdden band 
when s i l i con  i s  in t r ins ic .  In an n-type semiconductor, the Fermi level 
i s  above the center  of the  forbidden band. I n  a p-type semiconductor 
the  Fermi level ' i s  below the center o f  the forbidden band. 

Concentrations of conduction electrons and holes in excess of 
thermal equil i brium values can be introduced in a semiconductor by 

e lec t r i ca l  processes, by the absorption o f  electrornaqnetic radia t ion,  
o r  i n  the process o f  stopping h i g h  energy par t icula te  radia t ion.  The 
t o t a l  instantaneous concentration of c a r r i e r s  during an exci ta t ion 
process can be expressed as follows: 

~ ( t )  = Po + ~ ' ( t )  

n ( t )  = no + n' ( t )  

where p ' ( t )  and n l ( t )  a re  the instantaneous excess hole and electron 
concentrations, which i n  the general case wi l l  be functions o f  time. 
The absorption i n  a sample o f  s i l i con  of electromagnetic rad ia t ioz ,  
referred t o  as the optical in ject ion of c a r r i e r s ,  i s  fundamental t o  the 
operation o f  the solar  ce l l  . In the absorption process, an electron- 
hole pair  i s  created for each photon of 1 i g h t  absorbed. The dens i t i e s  
of excess electrons and  holes created i n  t h i s  manner obey the following 
equat ions : 

where geXt represents the exci ta t ion r a t e  per u n i t  volume due t o  an 
external cause, gth is the thermal generation r a t e ,  and r i s  t he  t o t a l  
recombination r a t e .  I f  a net ra te  of recombination, u ,  i s  defined, 

then fo r  t h e  case of holes, f o r  example, 



I t  has been found fo r  semiconductors, for  the case of small excess 

carr ier  dens i t i e s  (o r  a t  "low inject ion l eve l " ) ,  t h a t  i s ,  p ( t )  c c  p,, 

that a good approximation fo r  u i s ,  

where p ' ( t )  i s  defined by equation 7.1.2 and T i s  the 1 ifet ime of  a hole. 
P 

The implication o f  t h i s  can be seen i f  the above expression fo r  t h e  time 

derivative of p ( t )  i s  integrated,  f o r  the case of gext = 0, with the 

i n i t i a l  condition pn(0) = pno .  The r e s u l t  i s ,  

and the l i f e t ime  i s  now seen t o  be the decay time constant governing the 

return of excess holes i n  n-material i f  the external source i s  removed 

a t  t = O .  

An expl i c i  t expression fo r  the 1 i fet ime,  r has been developed by 
P ' 

Hall and Shockley and Read; i t  i s  given by t h e  expression, f o r  holes,  

where oD i s  the cross-section for capture of a hole by what Shackley and 
Rcad have termed a recombination center ,  Vth i s  t h e  thermal velocity o f  

an excess c a r r i e r  and i s  about 10'cm/sec, and Nt i s  the density of the 

recombination centers.  These cen te r s ,  i t  has been determined, are res-  

ponsi bl e for the recombination of excess c a r r i e r s ,  whether injected 

e l ec t r i c a l l y  or  by el ectramagnetic, or  pa r t i c le  radia t ion.  The c r ea t i , , ~  

o f  additional centers of t h i s  type resul t ing from the high energylradia-  

tion in producing l a t t i c e  displacements and vacancies severely shorten 

the c a r r i e r  l i fe t ime as wil l  be discussed in more de ta i l  below. 

1 . 7 . 2  Carr ier  Transport. Current flow or charge transport  can occur by 

e i ther  of two mechanisms in semiconductors. The d r i f t  of charged 
ca r r i e r s  in an e l e c t r i c  f i e l d  i s  observed i n  semiconductors as we11 ss 
metals. The d r i f t  current  for  the case of holes in a p-type 



semiconductor can be described a s  f o l l  ows : 

where J = hole current  density (amperes/cm2) 
P 

q = hole charge (coulomb) 

p = hole concentration 

= hole mobi 1 i t y  (cm2/vsl t sec) 

E = e l e c t r i c  f i e ld  (volts/cm) 

The coeff ic ients  of t he  e l e c t r i c  f i e l d  ( E )  in the above expression are 
related t o  the r c s i s t i v i t y  of the material in the following manner: 

Similar expressions can be writ ten t o  describe conduction electron f l o w  

and combined expressions can be used i f  second ca r r i e r  conddction i s  

s ign i f i can t .  

The second mechanism f o r  charge transport  in semi conductors is 

ca r r i e r  diffusion.  This process results from the random thermal move- 

y e n t  of pa r t i c les  which e x i s t  i n  a concentration gradient. Such d i f -  

fusion i s  analogous t o  flow of heat due t o  thermal gradients and the 

diffusion of atoms and molecules, When a gradient  i n  the concentration 

of holes ex i s t s  i n  a semiconductor, a  hole f lux wil l  flow o p p o s i t e  

t o  the gradient .  The hole current ,  f o r  a one-dimensional geometry, i s  

shown i n  the  following expression: 

where J = hole current  density (A/cm2) 
P 

D = hole d i f fus ion  constant (cm2/sec) 
P * = gradient of hole concentration . d x 



When bo th  mechanisms c o n t r i b u t e  t o  t he  ho le  flow, the f o l l o w i n g  equa t ion  

descr ibes t h e  c u r r e n t :  

A s i m i l a r  express ion can be w r i t t e n  f o r  the conduct ion e l e c t r o n  c u r r e n t  

as f o l l o w s :  

In some s i t u a t f o n s ,  an express ion summing t h e  hole and conduct ion e l ec -  

tron c u r r e n t  components may be necessary LU descr ibe  t h e  c u r r e n t .  

The bas ic  equa t ion  govern ing the  behav io r  of charge c a r r i e r s  i n  

t ime and space i s  the  time-dependent c o n t i n u i t y  equat ion.  Th is  equa t ion  

sums t h e  e f f e c t s  o f  the divergence o f  cu r  .:nt, c a r r i e r  recombinat ion,  

and c a r r i e r  generat ion.  For t he  non-equi l  i b r i u m  steady s t a t e  case, t he  
dn t o t a l  c a r r i e r  concen t ra t ions  ( n  and p )  remain constant ,  and and * equal zero.  I n  t h i s  case t h e  one-dimension61 c o n t i n u i t y  equat ions d t 

f o r  e l e c t r o n s  and ho les  a re  as f o l l o w s :  

n  - no - -- I d  J =,-, 
gex t  ' T n q dx n 

where gext, i n t r oduced  e a r l i e r ,  i s  t he  r a t e  o f  genera t ion  of c a r r i e r s  per  

un i t  volume. If c u r r e n t  f l o w  occurs o n l y  by d i f f u s i o n ,  equa t ion  (1.1.13) 

can be s u b s t i t u t e d  i n t o  equa t ion  (1.1.17), and a s im i  1 ar s u b s t i t u t i o n  

can be made i n  equat ion  ( 1  .I .16), l ead ing  t o  t h e  fo l  l ow ing  equat ions:  

P - P  
Dp 9 - T o = -  

P 
g e x t  



1 . 2  The P-N Junction 

The current-voltage charac te r i s t i c  of a p-n junction i s  one of the 

factors which determine so l a r  ce l l  response. In t h i s  sec t ion ,  the 
general fac tors  which determine diode characteris  t i c s  will be d i  s- 

cussed. The ca r r i e r  concentrations found in a so la r  ce l l  diode are 
shown graphically in Figure 1 . I .  The base o r  p-type region of t h e  device 
has a majority ca r r i e r  density (,i ) of approximately 10' c i 3 .  

P O  
Because the product of the two ca r r i e r  concentrations i s  roughly 1 0 ~ ~ c r n - ~ ,  

the minority c a r r i e r  concentration i s  lo5  ~ r n - ~ .  The surface or diffused 
-3 layer has a majority c a r r i e r  concentration apprsaching l o z 0  cm . 

Equilibrium considerations therefore require the minority c a r r i e r  con- 

centration o f  t h i s  regim t o  be approximately unity. The concentrat idns 
of holes and conduction electrons d i f f e r  great ly  on d i f f e r en t  s ides  of 
the junction. This resu l t s  in two e f f ec t s .  The minority c a r r i e r s  on 
e i the r  s i de  of the junction tend to  d i f fuse  across the junction ( i . e . ,  

create a diffusion current) .  In addit ion,  the very large  concentrations 
of conduction electrons ex i s t ing  in the n-type layer form an e lect ro-  

s t a t i c  potential  barriep t o  oppose electron flow from this p-type region. 
As a r e su l t ,  a1 1 of the mobile charge ca r r i e r s  (holes and conduction 
electrons) a re  swept out of the in terface  region. The ionized impurity 

atoms form a dipole layer i n  the interface region. This layer  i s  also 
referred t o  as a space charge layer.  In a typical s o l a r  ce l l  , the  w id th  

of the n-type diffused layer  i s  roughly 0,4 pm, and the w i d t h  of the 
space charge region i s  very roughly 0.5 urn. 

Equaf ion (1.1.17) can be used t o  determine the behavior o f  excess 

carr iers  i n  the  vegion o f  a junction. In the  case o f  s teady-state 
i l  lumination, 

The solution o f  this equation fo r  a semi-infini te sel-niconductur with the 

boundary condition, t ha t  a t  x = 0, n = n p po' is  
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Figure 1.1 Carrier Concentrations in an Illuminated S o l a r  Cell, Shor t  Circui t e d  



The quanti ty fi has t h e  dimensions o f  length and i s  o f t e n  referred t o  
as  the di f fus ion length ( L ) .  The above r e s u l t  indicated t ha t  the steady 
s t a t e  concentration of conduction electrons in the p-type region will 

approach zero a t  the junction and wil l  increase exponentially with 

distance from the space charge region. This behavior i s  shown in Figure 
1 .1 .  A t  a distance of one diffusion length from the junction, the minority 

ca r r i e r  concentration i s  l /e  t h a t  o f  the equilibrium bulk value. Actual 

diffusion lengths found i n  s o l a r  ce'llc can be as large as 200 pm. This 
parameter i s  of primary importance i n  the determination of the eff iciency 

of a so7 a r  c e l l .  

The equation fo r  the dark current  as a function of bias i s  as To1 lows 
fo r  a p-n junction: 

I n  t h e  case o f  a large forward b i a s  ( V B O ) ,  e "jkT is  much la rger  than 

1 and therefore ,  

J = J,, e qV/kT 

When Vc 0, J = - J o l .  For this reason, Jol  is  a l so  known as the sa tura t ion 

current. If  the saturat ion current  i s  assumed t o  be due t o  the diffusion 

of minority ca r r i e r s  in to  the junction, then: 

Based on di f fus ion limited current ,  the calculated sa tura t ion current 
fo r  an  n-p  10 ohm-cn so la r  c e l l  would be roughly lo-'' A/ca2 a t  room 

temperature. The mea.sured values o f  sa tura t ion currents found i n  such 

solar  c e l l s  a r e  considerably higher than the above value. The 

diffusion theory thus does not adequately explain the current  voltage 

charac te r i s t i c s  o f  a s i l i con  junction diode. 
1 .I 



A second theory of the diode current voltage relationship involves 

carr ier  generation and recombination through defect centers located in 

t he  space charge region. The diode o r  r ec t i f i e r  equation pred ic ted  by 

this theory i s  as follows: 1.1 

The only difference between equations (1 - 2 . 3 )  and (1 .2.6) is  the factor 
of 1 / 2  which appears in the exponent and the form of Joz .  The expression 

for  J C L  i s :  

where W = width o f  space charge region 

r = carr ier  lifetime in space charge region 
0 

i = intr insic  car r ie r  concentration (% 1.5 x 101° crnU3) 

Experimental studies have shown that t h e  generation-recombination model 

and the diffusion model are necessary to  descriae the diode current flow 

a t  a11 voltages. An expression summing the currents of both models can 
be used t o  describe the current flow a t  a1 1 vof tages. 1.1 

As d rcsu7 t o f  manufacturing variations, a solar cell  junction i s  

occasionally shunted by an ohmic resistance, When the value o f  t h i s  
shunt resistance i s  less than l o4  ohms, t h e  shunt current will dominate 

the diode current a t  forwal d biases of s l ight ly  less  than 0 . 2 ~ .  The 

symbol for shunt res is tance i s  R S h  As a result  o f  res i s t ive  volume 
elements in current paths t o  the diode junction, the solar cell  
also has a f i n i t e  resistance which appears in series w i t h  the diode. 

This series resistance ( R ~ )  i s  usually less  than one ohm and will domi- 

nate the current flow through the diode a t  large forward biases. A 
model summing b o t h  of the above elements i s  necessary to  describe t h e  

forward voltage-current characteristic of a si l icon solar  cell  i n  the  
most general case. Such a model i s  shown i n  Figure 1.2. In Figure 1.3, 

a general ized current-vo1 tage characteristic i s  shown f o r  a solar cell  



Figure 1.2 Solar Cell Equivalent Circu i t  Model 



Figure 1.3 Typical Dark  Solar Cell Current-Vol t age  
Characteris t i c ,  Forward Biased 



diode us ing  t h e  above model. Actual so la r  cell's will have considerable 

variat ion i n  the shunt and s e r i e s  res is tances .  

The junction space charge region o f  a so la r  ce l l  has an associated 
capacitance. The capacitance o f  a conventional solar  c e l l  is  related t o  

the width of the space charge regioti in the following manner: 

where C i s  the capacitance,  A i s  area ,  E i s  the d i e l ec t r i c  constant 
and W is  the w i d t h  of the  space charge region. The acceptor density in 
t h e  p-type region adjacent t o  the  space charge region can be re la ted  to  

the capacitance per uni t  area by: 

where V a  i s  t h e  applied voltage, and V b  i s  the  barr ier  voltage (0.6 t o  

0.8~ depending on r e s i s t i v i t y  of  ce l l  base). The above expression assumes 

an abrupt ol- s tep  junction which i s  typical of conventional so l a r  c ~ l l s .  

1 .3  Silicon Solar Cell Theory 

When a s i l i con  p-n junction diode i s  exposed t o  ionizing radiat ion 

o r  l i gh t  with a photon energy equal t o  o r  greater  than the  band gap of 

sf l icon,  electron-hole pai rs  a re  produced i n  the s i l i con .  Because o f  

the gradient of conduction electrons (see f igure 1 . I )  which ex i s t s  in 

t h e  p-type region near t h e  space charge region, the conduction e lect rons  

generated by the radiation d i f f u s e  t o  the junction. When these electrons 

reach the space charge region, they dr i f t  i n  the space charge region 

f i e l d  t o  the  opposite s ide  o f  the junction. A s imilar  behavior occurs 

for holes generated i n  the  n-type regions of a so la r  c e l l .  The d i f -  

fusion f lux of these generated ca r r i e r s  t o  t h e  junction is the  so l a r  

c e l l  generated current. Several invest igators  have developed general 



expressions f o r  generati an current .  '2-1 w 8  These expressions are 
solutions o f  the continuity equations (1.1.1 8)  and (1.1 . 1 3 ) '  f a r  the case 
of optical carrier generation. The expression fo r  electrons i s  a s  

f0l lows: 

where -1 1.9 a = absorption coeff ic ient  fo r  1 i g h t  of wavelength A ,  (cm 1 

N o  = photon f l u x  density 

R = ref lec t ion loss  
x = distance from the junction 

d = distance from front  surface 

This equation can be solved t o  f i n d  the minority c a r r i e r  concentration 

gradient a t  t h e  edge of the space charge region. The current of car-  

r i e r s  in to  the  space charge region can be calculated by evaluating 

current a t  the edgs o f  the space charge region by use of equation (1 .I . I s ) .  

Separate evaluations must be made fo r  the diffused or surface layer and  
electron currents  in the b u l k  response t o  monochromatic l i g h t  as 
fo l l  ows : 1 . 8  

Sur face  Layer: 



B u l k  Response: (assuming S = a t  d = b )  

where a = junction depth (cm) 

b = cell thickness (cm) 

S = surface recombination velocity ( ~ m / ~ ~ c )  . 

T o t a l  Response: 

The above equations are written for the case o f  an n-p solar c e l l .  

I t  i s  also assumed that no significant d r i f t  fields are present. The 

cel l  response in A/cm2 may be normalized t o  the photon flux density (No). 

In this way, the above equations describe the response of the cell  in 

terms o f  amperes per photon/sec o f  incident l i q h t  o f  a given wave length. 

Solar cell spectral response curves are routinely measured. In these 

experimental measurements, the response i s  csual ly normalized t o  the inci-  

dent optical power density (watts cm-2) rather than photon density ra te .  
The calculated response of a typical solar cell  in such terms i s  shown 

i n  Figure 1 .4 .  

The previous equations i l lustrated t h e  role of t he  minority car r ie r  

diffusion length i n  development of the light-generated current o f  a solar 

ce l l .  These response equations can be folded with the  solar  spectral 

irradiance and integrated t o  yield the light-generated solar-cell  current 

under solar i 11 urnination (see Figure 1 . 4 ) .  
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Figure  1.4 Calculated S i l  icon So1 a r  Cell Spectral Response 



The 1 i g h t  generated current  can be combined with previously dis-  

cussed diode r e c t i f i e r  equations t o  determine the current-vol tage 

cha r ac t e r i s t i c  o f  an illuminated sol a r  ce l l  . The model for  an i l  lumi - 
nated solar  c e l l  i s  the same as t h a t  shown i n  Figure 1 . 2  for a dark 

diode,  with the addition of a current  source. l g 1 0  The current  source 

(shown dotted in  Figure 1 . 2 )  represents the  1 ight  generated current .  
On the  basis of  t h e  above model, an equation can be writ ten t o  describe 

t h e  cel l  current  in to  an external load: 

where I = ce l l  current in external load 

IL = l i g h t  generated current  

 ID^ = current  i n  so la r  ce l l  diode Dl 

ID2 = current  in so la r  ce l l  diode 92 

I5 h = current  in internal  so l a r  ce l l  shunt ( R S h )  

Several observations can be made regarding the form o f  the above equation* 

The 1 ight  generated current i s  independent of applied voltage and pr:opor- 
t iona l  to the in tensi ty  of the incident i l l  umi  nation. The development 

of the l igh t  generated current  produces a forward b i a s  Gn the so la r  ce l l  
diodes (Dl and D2).  The l i g h t  generated current  ( I ~ )  w i  11 divide between 

t h e  parallel branches containing Dl, 02, R s h  and Rs  + RL. The behavior 

of the illuminated solar  ce l l  current  ( I )  and vol tage ( V )  as  RL varies 

from zero t o  i n f i n i t y  is referred to  as the  I-V cha rac t e r i s t i c .  This 

charac te r i s t i c  i s  the primary engineering tool used in evaluating so l a r  

cells .  A general expression f o r  the ce l l  current  t o  an external load 

can be obtained by substi tut ion o f  equations (1.2.4) and ( I  .2.6) into 
equat ion (1 + 3.6) .  In the case o f  a good c e l l  under 135 rn~/cm~ so l a r  

i l  luminatfon, the  current in  R s h  can be neglected. I t  has been the prac- 

t i c e  t o  simplify the two diode currents t.ri t h  t he  following expression: 



where l o  i s  an apparent sa tura t ion current ,  and n i s  a  constant ,  between 

1 and 2 i n  value. The resu l t ing  expression i s  often used t o  describe 
solar  c e l l  I-V charac te r i s t i c s :  

The development o f  a  so l a r  cel l  I - V  charac te r i s t i c  from the 1 ight  
generated current  and dark diode charac te r i s t i c  i s  shown graphically in 

Figure 1 .5 .  A n  I L  value of 35 mP,/crnz i s  typical of so la r  ce l l  s  under 

solar  illumination of 135 mld/cm2. This I L  value i s  shown i n  Figure 1.5.  

In addit ion,  the d a r k  diode o r  r e c t i f i e r  charac te r i s t i c s  shown in Figure 

1.3 a re  replotted in Figure 1.5.  The diode character is t ics  a r e  shown 
with and without the s e r i e s  res is tance .  The illuminated so la r  c ~ l  i 1-V 

charac te r i s t i c  for  a hypothetical ce l l  with Rs = 0 i s  obtained by sub- 

t rac t ing the  forward cur ren t  flowing i n  Dl, 02, and R,,, from the l i g h t  

generated current IL. When Rs i s  some s ign i f i can t  quanti ty,  the dark 

diode characteraistic i s  displaced an amount A V  before subtraction from 

IL* The quanti ty AV i s  the voltage drop across Rs when the s o l a r  c e l l  
diode conducts a  forward current  equal t o  +IL 

I t  should be understood t h a t  t h i s  analysis i s  fo r  a  so la r  ce l l  a t  

27°C under so la r  illuminat<on of 135 mW/cm2. The quantity IL i s  propor- 

tional to  the 1 i g h t  in tens i ty ,  a furlction of temperature, and a l so  a 
function of  the spectral content  of the illumination. The dark diode 

currents ID1 and ID2 a r e  strong functions of temperature. Under the  

assumed conditions of temperature and i l l  uminati on, ID, and Rs dominate 
the I-V charac te r i s t i c  o f  the so la r  c e l l .  Under other conditions o f  

temperature and i l l  urni nati  on, the sol a r  ce , l  I-V charac te r i s t i c  may be 

influenced by other fac to rs  such as R,,, and ID*. 

A di f fe ren t  se t  of parameters i s  used t o  describe the  so l a r  c e l l  
charac te r i s t i c  for  engineering purposes. These a r e  ( a )  shor t  c i r c u i t  cur- 

rent IgC.  ( b )  open c i r c u i t  voltage V o c ,  and ( c )  maximum power P,,,. 
The sho r t  c i r c u i t  current  i s  t h a t  current  produced by the ce l l  when the 

load res is tance  ( R L )  approaches zero. In good so la r  c e l l s ,  t h i s  
quantity i s  equal to  the  1 i g h t  generated current  I L  o r  JL* A.  I n  cel l s  



Figure 1.5 Develapment o f  a Current-Vol tage Characteristic 
f o r  an Illuminated S i l i c o n  Solar  Cell 
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with high or excessive internal ser ies  resistance, or in good ce l l s  a t  
higher illumination i l~ tens i  t i e s ,  IS, will be less  than the 1  ight 

generated current. The open c i rcu i t  voltage i s  the voltage produced 
by the cel l  when RL i s  in f in i te .  In this  load condition, a l l  o f  the 
l igh t  generated current is  consumed in forward conduction o f  diodes 
D l  and 02. 

A maximum in the power delivered to the load resistance occurs a t  some 
point of the  solar cell I-V characteristic.  The power developed under 
such a toad i s  called the maximum power (P,,~) A method of determining 

an analyti ca1 expression for  the I-V characteristic from parmeters such 
as ISc .  V ,  Pmax, and Vm,, has been described i n  the l i te ra ture .  1  . I 1  

1 .4  - Solar Cell Coatings and Contacts 

A s i  I icon solar cell  i s  a composite o f  several layers of material. 
The layers of n and p-type sil icon form the basic cell structure in which 
the current i s  generated. Addi tional practi cal problems are involved i n  
maximizing t h e  l ight entering the silicon and providing a l o w  

resistance p a t h  for collection o f  the generated current from the solar 

cell .  When the l ight  passes from one medium t o  another medium which has 

a different index of refraction, some l igh t  i s  reflected. The amount of 

1 i g l ~ l  ref l  ected can be determined from the foll  owing re1 a t 1  onshi p when 
the second medium i s  absorbing. 1.31 

where R = ref lect ivi ty  (fraction o f  normal incidence l ight  intensity 
r e f l  ected) 

n l  = index of refraction, medium 1 
n 2  = index of refraction, medium 2 

k? = extinction coefficient,  medium 2 

The extinction coefficient,  k, i s  the  imaginary part of t h e  index of 
refraction, where k = " h a d  a i s  the absorption coefficient and 1 i s  the 

wavelength. The above r e l a t i o n s h i p  h o l d s  only f o r  normal incidence 1 i g h t .  



The mow general case of l i g h t  incident a t  an a rb i t r a ry  anqle e from the 

normal i s  determined by Fresnel ' s  equation. 1"2 Si l icon has a h i g h  index 
of refraction (between 3.5 t o  6.9 i n  the  optical  regi~n)! ' '3 '1*14 (See Appen- 

dix 8.) Reflection losses of incident l i g h t  a t  an a i r - s i l i con  in terface  

a r e  qui te  s ign i f i can t  (about 30% i n  the long wavelength region, 71% a t  
0.275 urn, and 62% a t  0.3 urn!. The use of an an t i re f l ec t ion  ( A R )  coating,  
a surface l ayer  w i t h  an intermediate index of re f rac t ion ,  will reduce trle 

ref lec t ion loss. 

The r e f l e c t i v i t y  i n  the presence o f  intermediate layers  has an 
optimum e f f e c t  a t  film thicknesses of one quarter  wavelength, ( h , / 4 ) ,  

where the thickness of a nonabsorbing coating dl  s a t i s f i e s  n l d l  = 
( 2  + ) ( / )  and j i s  an integer. "15' The r e f l e c t i v i t y  is  minimum 

when the index o f  ref ract ion fo r  the intermediate layer  i s  

where n o  = ambient index of ref ract ion 

Since n o  is equal to 1 f o r  a i r ,  the optimum index o f  refraction f o r  an 
anti  ref lec t ion coating a t  an a i r - s i l  icon in terface  i s  approximately 1,9. 

Silicon monoxide (SiO), with an  index o f  refraction in t h e  range of 7.8 

t o  1 .9  w s  therefore most often used In the pas t  as at? AR coating on solar 
c e l l s  to  minimize reflectance.  The S i O  has some absorption loss  i n  t he  
vis ible  region. 

Lower average r e f l e c t i v i t y  can be obtained by u s i n g  two AR coatings 
instead of one. ' '15, 1*17-18 1n a practical  space environment appli-  

cation, the  so l a r  ce l l  i s  always covered by glass t o  shie ld  against  radi- 
ation and t o  r a i s e  the e f fec t ive  emissivity f o r  be t t e r  thermal control .  
This cons t i tu tes  the double-layer system, i t  turns o u t  t ha t  the ref lec t ion 
f o r  a two-layer system has e i  ;her a m i n i m u m  or a local  maximum fo r  a quarter  

wavelength optical  coating; i .e., nld l  = n2dp = ~ , / 4 . ~ " ~  The reflectance 
approaches zero i f  (9/n,)2 = n / n  

3 0, 
where ng i s  the  index o f  ref ract ion of 

the  th i rd  opt ica l  layer ,  and the average reflectance i s  lower over a broader 

wavelength range than f o r  a single-layer coating. Thus, the cover glass 
and the adhesive can be used in this context as a pa r t  of an AR coatlng 
system. Since the adhesives have n values of approximately 1 . 4 ,  the 
previous equation reveals t h a t  an AR coating with n = 2.2 - 2.4 would be 

optimum f o r  a so la r  ce l l  t o  be used w i t h  a cover glass. 1.17,1.19-1.21 



T i t a n i u m  oxide (TiO,, n  = 2.20) has bo th  a  h i ghe r  r e f r a c t i o n  i n -  

dex and l e s s  absorp t ion  than s i l i c o n  monoxide (n = 1 .90) ,  and i s  a  

b e t t e r  cho ice  f o r  t h i s  double- layer  system. ''22-''26 Both o f  these 

ma te r i a l s ,  however, e x h i b i t  s t ronger  absorp t ion  i n  t he  s h o r t e r  wavelength 

r ea ion  (0.4 pm), and a re  thus  n o t  s u i t a b l e  t o  a c e l l  w i t h  h i gh  spect ra1 
d 

response i n  t h i s  wavelength reg ion.  Tan ta l  urn '30 ( T ~ ~ O , - )  has 

a h i gh  r e f r a c t i v e  index ( n  = 2.15 - 2 .26)  w i t h  les3 absorp t ion  i n  t h e  

sho r t e r  wavelength r eg jon  than t h e  above two, and i s  s u i t a b l e  f o r  a  v i301et 
" "' Tantalum ox ide  c o a t i n g  was c e l l  appl  i c a t i o n  w i t h  q u a r t z  cover glasses. 

e x c l u s i v e l y  used f o r  a  r e c e n t l y  developed CNR (Cornsat d o n - ~ e f l e c t i v e )  

c e l l  and t h e  re f lec tance  was reduced t o  a  few percen t  i n  a  wide s p e c t r a l  

Many p r o p e r t i e s  o f  AR coa t i ngs  va r y  g r e a t l y  w i t h  t h e  f a b r i c a t i o n  

technique and cond i t i ons .  The t ransparency, r e f r a c t i v e  index, and ab- 

so rp t i on  a r e  a l l  r e l a t e d  t o  the concen t ra t ion  o f  m a t e r i a l s ,  and f i l m  

th ickness,  as w e l l  as defects formed du r i ng  t h e  processes, Chemical vapor 

depos i t i on  o f  Ta205 AR f i l m  on the  v i o l e t  c e l l ,  adopted a t  Comsat Labora- 

t o r y ,  f o r  example, shows f a r  b e t t e r  o p t i c a l  p r o p e r t i e s  than spu t t e red  Taz05 

f i l m s .  1 . 2 7  

The con tac t s  o f  c u r r e n t  commercial s o l a r  c e l l s  a re  formed by evapo- 

r a t i n g  t i t a n i u m  and s i l v e r  metal on t h e  e n t i r e  back su r f ace  and i n  a con- 

t a c t  p a t t e r n  on t h e  f r o n t  surface. The t o t a l  t h i c kness  of t h i s  evaporated 

m e t a l l i z a t i o n  i s  approx imate ly  5 urn. A f t e r  t he  m e t a l l i z a t i o n ,  the  c e l l s  

are u s u a l l y  so l de r  d ipped if n o t  pass iva ted  w i t h  pa l lad ium.  The s o l d e r  

th i ckness  may vary betdeen 10 and 80 urn (0.4 - 3 m i l s ) .  One o f  

t he  p r ims ry  cons idera t ions  i n  t he  s e l e c t i o n  o f  t h e  c o n t a c t  i s  the  e l e c -  

t r i c a l  behav io r  o f  t he  metal  -semi conductor i n t e r f a c e ,  I n  general  , such 

i n t e r f a c e s  should  be ohmic w i t h  l i t t i e  or  no c o n t a c t  r e s i s t a n c e  or Schot tky  

b a r r i e r s .  A Schot tky  b a r r i e r  has a  c u r r e l i t  vo l tage  c h a r a c t e r i s t i c  o f  t h e  

same form as t h a t  f o r  a p-n j unc t ion .  The s a t u r a t i o n  c u r r e n t  f o r  a 
-1.32 Schot tky  b a r r i e r  i s  as f o l l o w s ,  

I 0  
= A T2 exp - (mg/kT) (1.4.3) 



where A = effective Richardson constant ( A ~ c K * ~  K - ~ )  

mB = effective barrier height (eV) 

The quantity A i s  approximately 100 ~Ocrn-'~ K-' and m g  i s  approximately 

0.50 (eV) for  most metals in contact with p-type s i l icon.  The satura- 

t i o n  current (I,) a t  room temperature ( T  = 300 K )  will be between lom2 
and 10-I ~acrn-2. The effect  that the Schottky barrier has on the solar 
cell  will be related t o  the forward resistance o f  the barrier.  Since 

t h e  form o f  the barrier current-vol t a g e  characteristic i s :  

The dynamic frnpedance of t h e  junction i s  as follows: 

I t  can be seen that the impedance of th is  barrier i s  i r rersely proportional t o  

the saturation current. Since the saturation current a t  room temperature 

i s  very high, the impedance o f  a Schottky barrier i s  very low. If  the bar-  
r i e r  potential ( m g )  for a particular metal on sil icon i s  low enough, the 

barrier I-V characteristic will approach low resistance ohmic behavior. 

This i s  the case for a titanium layer on p-type sil icon a t  room tempera- 
ture.  A t  low temperatures the saturation current of such a Schottky bar- 

r i e r  i s  reduced and the diode characteristics hecotre more significant.  In 
th i s  case, the Schottky barrier adds a nonlinear voltage drop t o  the solar 
ce l l  model in ser ies  with R . T h i s  problem has recefved considerable 

attention i n  the 1 i terature. '33-1 '38 The problem associated with non- 

7hmic contacts can be reduced by producing a heavily doped (p+) layer on 
the silicon interface. In such cases, the space charge region associated 

w i t h  the  Schottky barrier i s  general 1 y reduced. Quantum mechanical 
tunneling o f  the space charge region dominates the behavior of such thin 

barr iers ,  and provides a highly conductive metal semiconductor interface. 

Since t he  solar  cell  front ccntact i s  applied to  a s i l icon inter'lce which 
i s  very heavily doped due to  phosphorous diffusion, the tunneling mechanism 
assures a low resistance ohmic contact. 



1.5 Improvement of Solar Cell Efficiency 

For the improvement o f  solar cell  efficiency, certain variables 
affecting the outpu t  must be considered: ( a )  physical properties inherently 

associated with materials such as band gap and absorption coefficient,  

(b) geometry, or configuration such as junction depth and vertical 
junction, and (c)  physical parameters or properties such as impurity con- 

centration that  can be manipulated a f t e r  the f i r s t  two items are decided. 

The choice o f  material i s  important i n  that the physical properties, 

such as absorption coefficient or energy g a p ,  are suitable for  the ef- 

f ic ient  photovoltaic action. Junction depth (thickness o f  diffused layer) 
and cell  thickness also affect  the solar  ce l l  output as expressed in the 

equation (1.3.3) and (1.3.4). A recently developed cel l w i  t h  tetrahedral 

surface structure,  call ed "textured surface", "black" cel 1, or nonrefl ect-  

ing cell  belongs t o  the second category. Bulk (base) res i s t iv i ty  and 

base material type ( n  or p type) can be manipulated by the amount and 

type of dopant. Fabrication technique and configuration a t  the front 

and back contacts change not only the ser ies  resistance b u t  also surface 

recombination vel oci ty. Recently mass-produced was a new technol ogy cell  , * 
the "back surface f ie ld" (BSF) or p t  c e l l ,  which was produced by intro- 

ducing an  impurfty gradient near the  back contact. These variables, 

together with AR coatings are examples of improvements that can be made 

w i t h  new materials, and belong to the t h i r d  category. 

These aspects are briefly discussed i n  the following sections with 

particular emphasis on three types of new techno1 ogy cel l  s  , namely the 
violet  c e l l ,  the BSF c e l l ,  and the textured surface (o r  black) c e l l .  

1.5.1 Considerations for Photovol t a i c  Materials 1.3,1.39 

For a photovoltaic effect ,  the material has to  absorb a photon or 
ionizing radiation energy to  create excess car r ie rs .  Suitable rnateri a l s  

for  achievjng a photovoltaic effect are t b e f o r e  inherently limited t o  
those w i t h  an energy gap s l ight ly less  t h a n  the energy o f  the photon 

* 
The pi- i s  a symbol to  identify a much higher than normal conce T&ratlOn o f  p-type impurity in the base region, approximately 1018 - 10 cm 3 
as compared to the normal concentration o i  1015 - 1016 cm3. 



radiatton under consideration. The material thickness required for com- 
pl e t e  photon  absorption i s  governed by the rnagni tude of the absorption 

coefficient and i t s  change as a function of increasing photon energy. 

Those materials with a large a ( ~ )  and a steep increase in absorption 

coefficient with respect to  photon energy do not require a thick base 

material for complete absorption o f  sunlight, and hence are suitable 

for  use in a thin-film ce l l ;  while those ~ i t h  a gradual absorption 

coeff*icient increase or low a ( h )  require a greater thickness. Materials 

l i k e  silicon and Gap belong t o  the l a t t e r  type while many group III-V 

and II-VI compounds belong to the former. 

For t he  charge separation mechanism, an electrostat ic  potential i s  

created by a metal-semiconductor junction (Schottky barrier) o r  by a p-n 

junction. The l a t t e r  f a l l s  into two types: one i s  the homojunction, 

made from a single semiconductor such as those in group IV compounds 

(Ge, Si,  C )  and group III-V compounds ( ~ a A s ,  InP, A l i b ,  e t c . ) ;  and another 

the heterojunction consisting o f  two different and dis t inct  semiconductors 

separated by the junction, such a s  CUS-CdS o r  group II-VI compounds (CdS, 

ZnS, CdSe, e tc .  ) . Theoretical maximum efficiency under the solar spectrum 

is plotted against the energy gaps for a few photovoltaic materials, 

i n  Figure 1.6' 39. Interestingly, the output o f  every material mono- 

tonically decreases with an increasing temperature, b u t  t he  rates are 
different  (Figure 1 . 6 ) .  The mzximum power of si l icon i s  much less  than 
tha t  of GaAs a t  higher temperature. This i s  the reason why GaAs will 

probably prove t o  be a better solar  cell  material t h a n  Si in h i g h  tempera- 

ture  appl ications such as for solar  concentrators. 1.40 
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FIGURE 1.6 Temperature Dependent Maximum Efficiency as 
a Function o f  Energy Gap for a Few Photovoltaic  
~aterialsl-39 



Violet Cells 

Since the solar irradiance i s  abundant in the blue and ul t raviolet  
regions, an increased spectral response in these regions i s  essential 
for a higher efficiency. A blue-rich solar spectrum creates a heavier 
carr ier  concentration near the front surface o f  the cell than in the  bulk. 
Therefore, i f  a junction i s  placed near or i n  the middle of th i s  heavy 

carr ier  concentration (a stiallow junction), more carr iers  will be col- 

lected before recombination than i n  the cel l  with a deep junction. Since 

a shallow junction introduces a greater sheet resistance in the di ffused 
layer, therby increasing the potential drop there, an improved carr ier  
coll ection mechanism i s  needed t o  increase overall efficiency. 

The sheet resistance can be decreased by increasing the number o f  

grid 1 ines (decreased distance between grids) .  However, increasing the 
number of grid lines increases the shadowing effect  on the ce l l .  The 
grid lines can be made thinner t o  reduce shadowing, b u t  t h i s ,  in turn, 

increases the vo l tage  drop  in t h e  g r i d .  Hence, a careful optimizatfon 
o f  a1 1 the  parameters i s  required to  ensure t he  best blue response. 

A Comsat group 1 ' 2 6 9  *28 developed an improved diffusion technology 

which eliminates the so called "dead layern from the t o p  surface layer. In 
contrast, the ordinary diffusion process normally reduces the minority 

carr ier  lifetime in this  surface region down t o  nanoseconds due to  the 
s t r a in ,  dislocations, and unwanted impuri l i e s  introduced d u r i n g  the processes. 

W i t h  the use of bimetallic diffusion masks, thin grids became a real i ty .  The 
number of grids i s  increased, and the distance between g r i d s  i s  decreased, 

thus lowering t h e  series resistance and the voltage loss. Violet cell  s con- 

t a in  10 to  30 grids/cm with a contact area equal t o  6 t o  7% of the total  
a rea ,  as compared with approximately 3 grids/cm (about 70% o f  contact 

area) f o r  old cel ls .  The ser ies  resistance i s  about 0.05 ohm for  a 2 x 2 cm 
1.41 c e l l ,  considerably less than the 0.2 t o  0.25 ohm o f  the  conventional ce l l .  

Tantal urn o x i d e  (Ta205) i s  a1 so used as an AR coating because of a h i g h  refrac- 

t ion index w i t h  less  absorption in the short wavelength region (see 
1.27 section 1.4). 

Wi th  the above improvements, t he  spectral response in the blue and 

ultraviolet  regions i s  greatly enhanced, hence the name "violet" cel 1 . 



2 The short c i rcu i t  current fo r  AM0 sunlight i s  about 40 mA/cm as compared 
2 with 8bout 35 mA/cm of conventional cel ls .  AM0 efficiencies o f  14 to  14.5% 

ar-e reported for 2 ohm-cm ce l l s .  1.26 

1 .5.3 Back Surface Fie1 d (BSF) Cell s 1.42 - 1.46 

An acceptor impurity gradient can be formed a t  the rear surface by 

diffusing an impurit ,~ (such as boron) or by selectively "alloying" an 

irnpuri t y  (such as a1 uminum). Mandel korn and Larnneck *42 appl ied the 

"alloy!'ngl' process a t  the back contact and produced ce l l s  w i t h  higher V o c ,  

increased IsC and f i l l  factor.  They have attributed these improvements 
to  the presence o f  an e lec t r ic  f ie ld  a t  t h e  back surface due to the 

aluminum doping gradient, hence the name of "back surface f ie ld  (BSF)" c e l l .  

God1 ewski -- e t  a1 . I '44 have proposed a theory to  explain the abnormally 

high open c i rcu i t  voltage phenomenon; the increase i n  Vo, o f  a BSF cell  

i s  attributable t o  a decrease in the reverse saturation current Io ,  thus 

logarithmically increasing Voc i n  the equation 1 9 )  Three possible causes 
were cited to  account for the decrease in 1,: ( a )  the reduction of surface 

recombination velocity a t  the rear contact i n  a conventional cell  model, 
( b )  the presence of a d r i f t  f i e ld ,  and (c )  an a b r u p t  change i n  t h e  

impuri t y  concentration. In thi s i nves t i  agati o n ,  i t  was 

concluded tha t  there i s  no clear choice as t o  which model i s  more 

appropriate for the explanation of the high voltage of the BSF cell  

because experimental resul ts  were 1 acking . Brandhorst, e t  a1 . , have 
constructed BSF ce l l s  by epitaxial deposition of 10 ohm-cm sil icon layers 

onto substrates with various r e s i s t iv i t i e s .  The study showed t h a t  t h e  

low-high junction nude1 i n  reference 1.44 explains such observations as 
(a )  variations of  Voc as a function of substrate r e s i s t iv i ty ,  and ( b )  the 

change i n  V,, and IS, with respect t o  the radiation fluence. 

Further investigation o f  BSF c e l l s  by Mandel korn and Lamneck, 1.46 

in which these investigators used the p p+ ce l l*  a f t e r  removing the n+ 
surface layer f r o m  n+pp+ BSF cel I ,  lead t o  the conclusion tha t  a photo- 
voltage is generated a t  the pp+ back junction o f  the ce l l .  This basic 

phenomenon i s  n o t  new. '48 When a sharp difference in doping (or 
impurity) concentrations ex i s t  between one region and another - called 

*The p+ designates a heavily dope p-region where the p-type impurity con- 
centration reaches as high as  lof8 t o  1019 ~ r n - ~ .  



"low-high junction by Gunn '48 - the difference in the minority 
carr ier  concentration across the interface (or minority car r ie r  concent- 

ration barr ier)  results in a  large potential difference. 

The BSF tends t o  confine the minority carr iers  i n  the p-region (for a 
4- f n pp structure) and away frorn the back contact, which can lower the dark 

current throug, the device and improve the V,, and f i l l  factor 1.41,1.44,1.46 

V,, increases as the cell thickness i s  reduced. The reduction of bulk recom- 

bination due  t o  the thinner cell  tends t o  lower the dark current and raise  

"oc A similar explanation was offered by von Roos '4g f o r  the increased 

Vo, of a BSF ce l l  ; the voltage across the cell  will dis t r ibute  i t s e l f  

among the two interfaces of p-n junction and "low-high" junction in such 

a manner t h a t  the dark current i s  diminishing while the short  c i rcu i t  

current vi r tual  ly stays the same, As the resul t the V increases accord- 
OC 

ing to  equation (1.3.9). Open circui t  voltages of up t o  0.6 V have been 

reported f o r  10  ohm-cm BSF ce l l s .  

7.5.4 Textured Surface (or Black) Cells 1.29,1.30,1.50 

The textured surface cell  i s  based on rearranging the surface geo- 

metry t o  reduce ref lect ivi ty .  While this  concept i s  not new, i t  has only 

recently succeeded in practice. ' *2991 m30 '50 Preferenti a1 chemi cal 

etches by sodium or potassium hydroxide, or  hydranine hydrate applied on 
(700) orientation of t he  sil icon surface can selectively expose <I 1 1 ~  

planes, which intersect the  (100) surface with four-fold symmetry a t  an 
angle o f  54,7". .50 Since incident 1 ight undergoes two reflections b e f o r r  

complete escape (see Figure 1.71, optical reflection losses from these 

surfaces were greatly reduced. In fac t ,  the color of the cell  i s  velvet 

black when viewed from the t o p  because there i s  no reflection i n  th i s  

direction, hence, the second name o f  black c e l l ,  or velvet ce l l .  The 

reduced reflection occurs a t  a1 1 wavelengths in conparison with t h a t  of 
f l a t  surface cel ls .  The Cornsat group then named th is  cel l  "Cornsat lon- 

Reflecting" c e l l ,  or CNR cell  for short. 1.29,1.30 - 
The textured surface consists of random7 y spaced, four-sided, pointed 

tetrahedra o f  varying heights, ranging from approximately one micron to  as 

high as f 5 microns, and with a spacing of 3 10 microns. The textured 

surface not only results in reduced reflections,  b u t  also greatly enhances 



( a )  Refraction a t  Surface (b) Approximati on for G!i; k Response 

Figure 1. 7 Optics o f  Idealized (Tetrahedra of Uni form H e i g h t )  Textured Surface Cell 



the respunse a t  each end of the spectrum as compared to  f l a t  surface 

c e l l s .  The ~cechanism o f  enhanced s p ~ c t r a l  response i s  not a t t r ibu tab le  

to  mere reductioc of surface ref lec t ion.  1.51 

For a given cel l  thickness, the optical  path length i s  increased as 

shown in Figure 1 .7  as conpared with t ha t  o f  f l a t  surface c e l l .  This i s  

equiualent t o  a f l a t  cell with an increased ce l l  thickness and the output 
increases accordingly. Because of refraction a t  the surface,  more ca r r i e r s  

are generated near the surface of the textured ce l l  than f l a t  surfa te  c e l l .  

The ca r r i e r  generation term i n  the steady s t a t e  diffusion equation takes 

a form of  a' ( ~ ~ ) ~ N ' ( ~ , ) . e x p  ( - ~ I ( A ~ ) * x )  ,where 3 '  ) = ~ ( A ~ ) / c o s  ei 

N' (.I1) = cos 0 N ) ,  and t h e  unprimed quant i t ies  reoresent the case fo r  an 

unrefracted beam. This means t ha t  the absorption coeffj  c i  en t  i~ virtual  ly 

increased from a ( ~ ~ )  to  o(hl)/cos e l .  The spect ra l  response i s  thus 
sh i f t ed  by 

and t h e  generated ca r r i e r  concentration changes from N ( A ~ )  t o  

cos ei4N(~,). The spectral  response in long wavelength region i s  en- * 
hanced by four-fold contributions of both primary and secondary beams. 

The increase i n  spectral response a t  shor te r  wavelengths i s  a t t r ibu-  

t ab l e  t o  the inherent spectral  s h i f t  as discussed above and t o  the ca r r i e r s  

generated within and near the pyramid s t ruc tu re .  Within a tetrahedral  

s t r uc tu r e ,  l i g h t  in tensi ty  i s  highly concentrated; f o r  exam~le ,  four-fold 

symmetries of both primary and secondary beams along the symmetry axis 

(but  lower concentrations away from the a x i s ) ,  For t he  primary beam along 

the  symmetry ax i s ,  an absorption coeff ic ient  in t h e  exponent of a carr'icr 
tan 6 sec 

:.-:-eration term changes from ~ ( h )  t o  a '  ( A )  = 
+ tan e l  * a ( h ) .  

- * 
I f  the  edge e f fec t s  are ignored, the ca r r i e r  generation a t  a large distance 
from the surface (as compared w i t h  the oyramid heipht) is  contributed by 
four-fol d primary and secondary beams, This approximati on i s  appropriate 
for the bulk response because of randomness i n  pyramid heiqhts, and the 
problem can be simplified to  the one dimensional case. 1.51 



A t  the wavelength of 0.7 urn, a' = 0.591 a( ) , )  , which will be reduced to 

a' = .583 a ( h )  a t  x = 0.4 urn. Thus, the carr ier  generation from blue 

light i s  very h i g h  i n  the pyramid structure,  and together with the merit 

o f  a shallow junction, the blue response is greatly enhanced from that  of 
comparable f l  at-surface ce l l s .  In Figure 1.8,  the spectral response 

of the C N R  cell (textured ce l l  produced by Comsat Crop. ) i s  compared with 

a f l  at-surf ace cell .  
.-I 

' 5 2  The short c i rcu i t  current observed i s  as la rge  

as 45 r n ~ / c m ~ ,  about 15% improvement over a comparable f l a t  surface 

cell .  1,29,1,30,1,52 

The i ncreased carr ier  generation and col 1 ect i  on e f f i  c i  enc.y, and t b  e 
resultant spectral response of the textured surface cell lead t o  the 

higher radiation toler :we.  As discussed in a l a t e r  chapter, radiation 

damage in the solar cell i s  mainly due t o  the decrease of minority carr ier  

lifetime in the base region. Thus, t h e  enhanced blue response from a 

higher car r ie r  generation and collection efficiency within the tetrahedral 

structure, and an increased response because of a longer optical length 

i n  the base region make the textured surface cell less dependent on the 

base diffusion length. That i s  to  say,  the o u t p u t  i s  less dependent on 

the radiation susceptible parameter, and hence the textured cell  i s  more 

radi a t  ion to1 erant than a comparabl e f l  a t  surf ace ce l l .  



WAVELENGTHS, prn 

Figure  1.8 Spectral Responses of Textured Surface Cell and a Comparabie F l a t  Surface Cell 1.52 
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2.0 INSTRUMENTATION TECHNIQUES FOR MEASUREMENT OF SO1.4R CELL PARAMETERS 

In t h i s  section,  the various commonly used experimental methods fo r  
the analysis  of radiation e f fec t s  a re  discussed. The most commonly used 

measurement i n  the analysis of radiation e,ffects  i n  s i l i con  so la r  c e l l s  

i s  the current-vol tage charac te r i s t i c  under illumination. Since so l a r  

cel l  response i s  a  strong function of optical  wavelength, the  l i g h t  

source i s  a  major variable in the evaluation of so l a r  ce l l  parameter 

changes. 

2.1 Light Sources and Solar Simulators 

The spectral  i rradiance o f  the  sun a t  1 .5x1011 m (one A U)  i s  
of primary importame in so la r  ce l l  analysis  f o r  earth o rb i t s .  The 

values of so la r  spectral i rradiance proposed by ~ o h n s o n ~ ' ~  in 1954 have 
been widely accepted and used f o r  analytical  purposes. Johnson ' s 
resul ts  indicated that the so la r  constant was 139.5 mW/c~*, and a l so  
t ha t  the s o l a r  spectrum closely approximates t ha t  of a 6000 K 

blackbody. Several high-a1 t i  tude measurements made i n  recent years 

have been reviewed . ' * *  The findings indicate  a so la r  constant o f  

135.3 s 2.1 mW/cm2. The proposed so la r  spectral  i rradiance i s  tabu- 
lated in Table 2.1. Sil icon so la r  ce l l  response i s  generally limited 
t o  the region between 0.3 and 1.2 !Am. In t h i s  range, t h e  so l a r  power 
density i s  104.4 rnW/crnz. 

Among several so la r  simulation techniques, the most comnon method 

i s  the use o f  a xenon a rc  lamp with f i l t e r s  t o  remove undesired l i n e  
spectra i n  the near infrared.  Unfiltered xenon lamps a r e  a lso  used in 

t h e  pulsed mode, yhich does not generate the undesired l i n e  spectra.  

Snf i l tered carbon arcs a r e  a lso  used t o  simulate so la r  illumination w i t h  

a reasonable spectral match. A close spectral  match t o  the solar  spectrum 
is  obtained by the use of a xenon-filtered tungsten combination o r  f f  l t e red  

xenon source. These sources match the  so la r  spectrum we71 enough t h a t  

ce l l  measurements made under these sources can be considered representat ive 



TABLE 2.1 
SOLAR SPECTRAL IRRAOIANCE - PROPOSED STANDARD CURVE 2 ' 2  

A - Wavelength i n  micrometers 

E ( n )  - Solar s p e c t r a l  irradlanee averaged over small bandwtdth centered a t  A ,  i n  urn-' 
EfO-A) - Area under the solar  spectral trradlance curve i n  t h e  wavelength range 0 to 1 i n  Wm- 2 

D I O - A )  - Percentage o f  the solar  constant assotlated w i t h  wavelengths s h o r t e r  than A 

Solar constant = 1353 ~ r n * ~  
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o f  that in t h e  space environment. Many other types of l i gh t  sources have 

been used in radiation effects  studies. Unfiltered and f i l te red  incan- 

descent tungsten sources have peak response in the red and near infrared. 

Since this  i s  the wavelength region of the solar cell response which i s  

most changed by irradiation, use of these sources will show m x h  more 

severe ceIl radiation degradations as compared t o  evaluations w i t h  a 
s u i t a b l e  so lar  simulator. This characteristic severely 1 imi t s  the use 

of tungsten source simulation i n  the evaluation of radiation effects .  

Filtered xenon arc so lar  simulators are manufactured by Spectrol ab 

and Aerospace Control s .  The spectral irradiance for the Spectrol ab X-25 

simulator i s  'shown in Figure 2 .1 .  2 0 3  Similar data i s  shown in Figure 

2 .2  for a combination xenon-tungsten source simulator ur?d by Centralab 

Semiconductor Products. 2.4 In Figure 2 . 3 ,  t h e  spectral irradiance i s  

shown for a Genarco Model #ME4CWM carbon arc simulator. 2.5 

An important recent development i n  the f i e l d  of solar  simulators 

i s  the use o f  pulsed xenon arc  lamps for solar  cell  and solar cell array 
2 ' 7  These developments have been prompted by the need for  

a suitable a1 ternative to  tes t ing large arrays in natural sun1 ight on 

the ear th 's  surface. I n  these s!rst,erns, an approximately 2 msec pulse 

of l i g h t  i s  produced. Solar cell  output data can be accumulated during 

about 1 msec of the  pulse length. Sophisticated electronic data handling 
systems are necessary t o  record cell  or array outputs and commutate 
external load  resistances during the l ight  pulse. Variations in t e s t  

cell current due to l ight intensity variations are corrected t o  a normal- 
ized value a t  the desired illumination. The h i a h  intensity peaks in the 
0.8-0.9 urn region of the xenon arc spectrum are not generated by pulsed 

operation w i t h  h igh  current densities. By this  means, i t  i s  possible 
t o  achieve a reasonably c lose match t o  the solar spectrum. 2.7,  2.8 

Array areas up  t o  eight f ee t  by eight f e e t  can be illuminated w i t h  

excel lent temperature control , by such simulators. 
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The extent tq which a 7ack of solar spectral match affects  , a  solar 
cell measurement can be estimated i f  the spectral intensity o f  the l ight  

source and the spectral response of the solar c e l l  are  known. The l ight  

generated current of the i l l u m i n a t e d  cell  can be calculated as follows: 

where R ( X )  = solar cell  spectral response, A/W 

E(h) = spectral i rradi ance, W/crn2-vm 

dx  = an  increment of wavelength, urn 

The above equation can be used t o  determine the light-generated currents 

under solar and simulator i l l  uminations. The generated current under so1a1- 

illumination can be calculated from the generated current under simulator 
illumination i f  the spectral response o f  the cell  and the  spectral 
irradiance o f  the simulator are known. The relation i s  as follows: 

IL ( s  pace) = I L(simulator) (2.1.2) 
R ( A ~  E ( A ) ~ ~ , , ,  d x 

Solar simulator intensi t ies  are determin~d by the short  c i rcu i t  
I 

current o u t p u t s  o f  cal ibrated primary or secondary standard cell  s . The 
primary standard ce l fs ,  commonly in use, were generated by a NASA/JPL 

program of telemetered balloon f1 ights. 2 ' 9 y  2010 Similar programs have 

been conducted by a i r c ra f t  and high a l t i tude  te r res t ia l  measure- 

men t s  . 2m11-2 ' 1 4 ' 2 +  33'2'34 \!hen the e f f e c t s  of atmospheric absorption 

are properly corrected, the results are  i n  good agreement with the 

balloon f l i g h t  d a t a .  2.15 



Primary standard cell  avai labi l i ty  i s  limited and they are considered 

t o o  valuable for general: usage in sett ing simulator intensi t ies .  For ,his 
reason, secondary standzrd cell  s are cali  brated f o r  use as  working standards. 

Palmer has recently reviewed the  methods o f  generating secondary standard 
cell s and concluded that previously proposed methods o f  cal i bration ma,y 

yield poor resul t s  . Palmer has proposed t h e  use O F  a l ternate  methods 
which i nsu re  that secondary standard ce l l  cal i bratlon accuracy will approach 

that o f  primary standard c e l l s .  A solar simulator intensity which pro-  

duces a standard cell response equal t o  t h a i  for free space a t  !me 4U 

i s  referred t o  as one sun, a i r  mass ZPTO o r  135.3 rnGl/cinZ ( f o rmer l y  

139.5 mW/cm2). Sol ar sirnul ator spzctral s ~ a i  i ty  shou ld  be moni tcred 
by use of narrow bandpass or cutoff filf;c.:rs with calibr,;ted spectral 
response detectors. 

2 .2  Current-Vol t age  Characteristics 

The measurement of solar  cell current-vol tage  characteris t i c s  i s  

the primary means of evaluating the device. The evaluation i s  made '3y 

measuring the  cell vol tage devel ~ p e d  and the cell current into 1 oad 

resistances varying between zero and inf ini ty .  The measurement i s  

simple in principle b u t  at tention to several practical detai ls  i s  

necessary to insure accurate results.  Solar cell  response i s  8 strong 

function o f  temperature. For  t h i s  reason, t h e  cell tiiast be in thermal 

equil ibrium a t  a known temperature during the measure~ent. With ade- 

quate heat sinking and cooling, cel ls  measured under one sun irradiance 

a t  rooK temperature can be s t a b i l i z e d  a t  2B°C. To insure  t h a t  the 

vol tages measured are representative o f  those developed on the eel I 
contacts, separate probes are employed to  measurp cel l  voltage 

and current. In this  way, any voltage drops which occur a t  the current 
probe-cell interfaces due t o  contact resistance do not cause errors i n  



t h e  measured ce l l  voltage. The load res is tance  may be varied m a n u a l l y  

o r  e lec t ronical ly .  The current  ,402 tage data i s  usually plotted 14 t h  an 
X - Y  recorder. The solar  ce l l  parameters such as IS, and Yo, can be read 

d i r ec t l y  eli t h  d ig i t a l  meters. Mu7 t ip1 i e r  c i r c u i t s  are available which 
produce a voltage proportional t o  the product of c e l l  voltage and cur ren t .  
This o u t p u t  i s  plotted as a function of c e l l  voltage t o  d i rec t ly  

indicate  the maximum power and vol tage a t  maximum power. The cel l  
s e r i e s  resistance i s  aiso determined from current-vol tag? charac- 

t e r i s t i c s  a t  two o r  more d i f fe ren t  illumination levels.  2.17, 2.18 

2.3 Spectral Resoonse Measurements - -. 

Spectral response measurements a r e  very uscful f o r  evaluating 

changes in s o l a r  c e l l s  due t o  radia t ion e f f ec t s .  The spectral  response 

( A / \ )  i s  a measure o f  the shor t -c i rcu i t  current  density generated by 

t h e  cel l  under various monochromatic illuminations of a known power 

density.  The spectral  response is  often reported i n  terms o f  r e l a t i ve  

uni t s  when absol u te  values of 1 i g h t  i n t en s i t i e s  a re  not determined. 

Various schemes have been used t o  measure the  spectral  response of 

s o l a r  c e l l s .  High resolutiog monochromators are  used when extreme 

accuracy is  desired.  When l ess accuracy is  needed, narrow bandpass 

f i  1 ters can be used as sources of manochromatic l i g h t .  When a rnono- 
chromator i s  used, there a re  two methods to  normalize t he  so la r  ce l l  

output  t o  the l i g h t  in tensi ty .  Tungsten l i g h t  sources a re  usually used 

i n  monochromators, and the entrance s l i t  width can be varied t o  control 

t h e  optical power density i l luminating the ce l l  under t e s t .  In some 

systems,the entrance s l i t  w i d t h  can be automatically controlled to  

maintain a constant  optical power density on the so l a r  c e l l .  An a1 ter- 
n a t e  approach i s  t o  maintain a constant s l i t  w i d t h  and allow the optical  

power density on the cel l  t o  vary w i t h  wavelength, and a t tenuate  the 
c e l l  response a t  each wavelength measured by use o f  cal ibra ted voltage 

di v i  ders . 
One disadvantage of these methods o f  measurement i s  t h a t  the s o l a r  

c e l l  response i s  determined a t  very low minority c a r r i e r  in ject ion l eve l s ,  

So la r  c e l l s  i r rad ia ted  w i t h  neutrons and protons have response 



character is t ics  which Lre dependent upon the concentration of injected 

minority ca r r i e r s .  In  such cases the cel l  must be illuminated with a 
l igh t  source similar  in in tens i ty  and spectral  content t o  the intended 

space environment during the  spectral  response evaluation. A scheme 

for  measuring spectral response under approximate so la r  illumination 
has been suggested by S tofe l .  2.79 

2 - 4  I r radia t ion Methods 

The evaluation of  so l a r  ce l l  radiat ion e f f ec t s  requires a wide 
range o f  special ized equi pment and instrumentation. Charged par t i c le  
accelerators a re  the primary sources f o r  space radiat ion simulat 3n.  

The range o f  electron energies of i n t e r e s t  i s  0.3 t o  10 MeV. Electron 

energies of 0.3 to 3 MeV a r e  usually obtained with Van de Graaff elec-  

t r o s t a t i  c o r  Dynamatron accelera tors .  Higher electron energies can be 

reached with 1 inear electron accelerators.  Proton energies from 0.1 t o  
3 MeV a r e  obtained with Van de Graaff accelera tors .  Proton energies 
greater  than 10 MeV can be obtained from cyclotrons. For lower energy 
protons, i t  i s  necessary t o  transport  the proton beam and perform t he  

i r r ad ia t ion  in vacuum t o  a v o i d  excessive energy losses.  A survey of  

accelerator f a c i l i t i e s  has been pub1 ished b u t  i s  currently out  of date.  2.20 

The Space Radiation Effects Laboratory a t  Newport News, Virginia i s  oper- 

ated f o r  NASA spec i f i ca l ly  f o r  space radiation simulation. 2'21 The f ac i l  i -  

t i e s  include acce.7erators f o r  a l l  electron energies of i n t e r e s t  and a 
600 MeV synchrocycl otron ., Accel era tors  invariably produce i r rad ia t ion  

rates which are  many orders of magnitude greater  t h a n  t%se  o f  space 
environments. Real time i r rad ia t ions  o f  so la r  c e l l s  have been done 
using beta  em? t t i n g  sources. 2 - 2 2 j  2*23 These sources generate a spec- 

trum of electron energies and f l  ux.es s imi la r  t o  t ha t  of some space 

environments. 

A successful experiment must i  nc1 ude accurate krlowl edge of t he  

par t i c le  energy, measurement of cross sectional beam in tens i ty  a t  the  

i r rad ia t ion  area, as  well as the in tens i ty  during the i r rad ia t ion .  

Although there are several methods of accomplishing the above measure- 

ments, a l l  can be done w i t h  a Faraday cup. A design of a Faraday cup 



sui table  f o r  accelerators i n  the 1 MeV range i s  shown i n  the 1 i t e ra tu re .  2.24 

The desirable charac te r i s t i c s  o f  3 Faraday cup are as  follows: 

a .  Shielding thickness muss exceed pa r t i c l e  energy range. 

b. A high cup length-to-diameter r a t i o  i s  desirable.  

c.  Use low Z (atomic number) materials t o  reduce secondary 
e lect ron emission and bremsstrahl ung production. 

d. Cup must be in vacuum o r  potted. 

e .  Cup should be a reentrant  cavity.  

f, Cup should be screened t o  suppress secondary electron 
emission i f  necessary. 

g. Cup should have remote X - Y  t rans la t ion t o  f a c i l i t a t e  b e a ~  
mapping . 

A Faraday'cup requires a current  measuring instrument w i i i h  operates 

in the range of 10-lo t o  lou6 amperes and in tegrates  charge. Instruments 
of t h i s  nature are  produced by Keithley Instruments, Cleveland, nhio 

and El cor Products, Si 1 ver Spring , Mary1 and. 

The p a r t i c l e  energy can be determined by means of a range-energy 
measurement. In t h i s  measurement, increasing thickness o f  absorbers 

a re  introduced in to  a constant f lux beam, while t h o  f lux of pa r t i c les  

exit ing the absorber i s  monitored w i t h  a Faraday cup or a radiat ion- 

degraded s o l a r  c e l l .  I f  the beam i s  monoenergetic, a p l o t  o f  cup current  

(o r  cel l  photocurrent) versus absorber thickness is  extrapolated t o  zero 
current a t  an absorber thickness which i s  equal t o  the projected range 
of the mean pa r t i c l e  energy of the beam. This technique i s  sa t i s fac to ry  
f o r  electrons and high energy protons. Since the beam current  must 

remain constant as absorber thickness i s  increased, a second independent 

means o f  monitoring beam current  must be available.  Van de Graaff 

generators are equipped wi t h  a generating vol tmeter which produces a 

dc voltage proportional t o  the  potential difference on the accelera tor  

tube.  A check cal ibra t ion a t  one operating energy i s  su f f i c i en t  t o  

insure accurate ca l ibra t ion.  Corrections must be made f . energy loss 

i n  the accelera tor  e x i t  window and i n  the  atmosphere between the e x i t  

port and the t a rge t .  



2.5 Diffusion Length Measurement 

The importance o f  minority c a r r i e r  diffusion l e n g t h  ( o r  l i f e t i m e )  i n  
the study of solar  cells was discussed i n  Section 1.0.  A decrease i n  

minority c a r r i e r  l i fet ime i s  the primary reason fo r  s o l a r  ce l l  degradation 
in radiation environments . An experimental technique f o r  measuring minor- 

i t y  c a r r i e r  diffusion length using gama ray or e lect ron i r radia t ion was 

suggested by Gremmel mai e r .  2 '25 This technique requires the uniform gener- 

ation o f  electron-hole pai rs  throughout the act ive volume of the  p-n 

junction device. Under these conditions the  generated current densi t .  

(JL) i s  expressed as fo l lows:  

where q = electronic charge 

30 = generation r a t e  of electron-hole pairs  i n  u n i t  volume 

Lp = hole diffusion length in an n-type layer  

W = width of space charge layer 

L n  = electron diffusion length i n  a D-type layer  

Since L and W a re  usually very small compared t o  L n ,  t 1 . 2 ~  may be 
P 

neglected, and the measured shor t  c i r c u i t  current  becomes proportional 
t o  the diffusion length i n  the p-type base region (L , ) .  The generation 
rate, determined for t h i s  uniform radiat ion,  thus a1 l ows  accurate deter-  

mination of diffusion length from the measured short c i r c u i t  current .  

There are several expe r i~en t a l  methods of uniformly in ject ing electron- 
hole pai rs .  In addition t o  the use o f  g a n a  radia t ion,  h igh  energy elec- 
t rons ,  h i g h  energy protons 2.25 and infrared 1 ightZ."' 2 * 2 8  have been used 

to  achieve uniform inject ion.  To achieve uniform inject ion i n  a so la r  
ce l l  i r radia ted w i t h  1 Mev elect rons ,  i t  is necessary t o  introduce a 
0.030 cm (0.012 in . )  aluminum shield immediately i n  f ront  o f  the ce l l  d u r i n g  

a normal incidence f ron t  i:-radiation. The de t a i l s  of this  procedure and  

the experfmental evaluation of the  generation r a t e  have been covered by 

Rosenzwei g. 2.26 



The experimental measurement of diffusion length by the above 

methods has several inherent 1 imitations. Since the diffusion 1 ength 
i s  that distance from which l / e  of injected minority car r ie rs  will 

diffuse to the junction during their  1 ifetirne, the diffusion length 

concept involves both minority carr ier  lifetime and diffusion. hlinor- 

i t y  carr ier  l ifetime, in the most general case, could v a r y  throughout 

the active region of a solar c e l l .  In p r a c t i c e  this situation arises 
when solar c e l l s  are irradiated with low energy protons which do not 

penetrate the ent i re  active volume of the c e l l .  Diffusion lengths of 
so lar  cel ls  w i t h  a nonuniform minority carr ier  lifetime in the active 

base region cannot be measured by the above methods. Surface recsmbina- 
t ion a t  the solar  cell back contact can also cause errors in measured 

diffusion lengths. These errors are negligible for ce l l s  in which t h e  

t h i  cknes-j exceeds two or three times the diffusion 1 ength. Corrections 

fo r  varying back surface recombination velbcities and f o r  cases where 

the cell thickness i s  n o t  greater than L have been covered in a re vie^ 
paper by Eleul enberg. 2.35 

The measurement of diffusion length by the above methods also assumes 

t h e  external cell -current generated i s  col ;ected enti rely by diffusion o f  

excess minority carriers to the junction. Some recent designs o f  solar  

cel l  structure u t i l ize  "d r i f t  f ie lds ."  In such cases,excess minority 

car r ie r  collection i s  aided by the presence of an e l ec t r i c  f ie ld  in the 
base reginn; and the short c i rcu i t  current under conditions of uniform 

pair  production cannot be related to  diffusion length by the above equa- 

t ion .  

An additional 1 imitation arises i f  1 MeV electron o r  other high 

energy radiations are used in the diffusion length measurement. The 

radiation flux must be kept low to minimize damage t o  the cell  d u r i n g  

the  measurement. The 1 MeV electron beam current during such a measure- 

ment i s  approximately lo-' A/cm2. The generation ra te  o f  excess minority 

car r ie rs  produced by this  electron flux i s  considerably lower than tha t  
produced by s ~ ' l a r  illumination a t  135 mW/cm2. In most cases the diffu- 

sion length o r  1 ifetime is  n o t  dependent upon the concentration of excess 

minority car r ie rs .  In such cases, the diffusSon length measured w i t h  low 
1 evels of injected minority carriers i s  the same as tha t  for  a cel l  under 



one sun i  11 uminali on.  S i  1 icon sol a r  cel l  s i  rradi ated w i  t h  protons and 

neutrons exhi b i t  i ~ j e c t i o n  1 eve1 dependence of the diffusion 1 ength, 

and must be illuminated w i t h  simulated solar  illumination t o  allow accu- 

rate measurement of  the diffusion length. The schemes used by Denney 2.29 

for proton irradiated ce l l s  and Stofel,  e t  a l .  2'19 fo r  neutron i  rradiated 

c e l l s  have shqwn that the  diffusion lengths of such ce l l s  measured under 

approximate so; a r  i  11 umination a re  roughly two times greater than that  

measured under low injection 1 eve1 conditions. 

2.6 - Stat-istical and Error Analysis 

The analysis o f  radiation effects  in solar ce l l s  involves the col- 

lection and evaluation of large amounts of experimental da t a .  Such data 

dre often presented in graphical or tabular form without the use of 

s t a t i s t i ca l  analysis. The basic s t a t i s t i c a l  tools,  which have application 

in the analysis o f  radiation effects data, along with the nature and 
causss o f  errors in the data, will be discussed. 

A common situation in  the analysi; of irradiated solar ce ,101 ves 

measurements af  engineering or physical parameters on a group o t  ,olar 

cel ls  exposed to  a particular environment or radiation fluence. The 

characteristics of such a data set  are a central tendency and a d i s t r i -  

bution about this central value, The most suitable measure of the cen- 

t ra l  tendency i s  the arithmetic mean (a. The i thmetic mean i s  defined 

as follows: n 
C x i  - 1=7 

x = (2.6.1) n 

where xi = measured value on cell  i 

n = number of ce l l s  measured 

The degree t o  which measured values are dispersed or scattered can 

be described in several ways. One such measure i s  the range or differ- 

ence between the largest  and smallest measured values i n  a group. A 
second measu:e of the dispersion in a group of measurements i s  the 

standard devi ation. The standard deviation (a)  4 s defined as fol 1 ows : 

2-14 



An additional measure o f  dispersion i s  the variance, which i s  defined as 
the square of  the standard deviation ( 02 ) .  

Solar cell evaluations usually involve sd~ilgle sizes of 1 ess than 30 

and more often from 3 to  10. When such small sample s i zes  are used, t h e  

mean of experimental results may n o t  be representative of a similar experi- 
ment involvl'ng a large nurnber of samples. The maximum difference which 
may occur between the mean value o f  a small sample and the mean value o f  

a large sample having a normal or  Gaussian distribution can be calculated 

for any desired probability. This difference i s  referred to  as the con- 
fidence 1 i rn i  t s  of a mean value. The confidence 1 irni t s  expressed relat ive 
to  t hz  mean value are as fol lows: 

where tc i s  the cr i t ical  percentile value for  Students ' t distribution. 

Values a f  I-,, may be obtained f ror  s t a t ~ s t i c a l  manuals or handbooks. For  
example, i f  95% confidence levels are desired for a sample s i z e  o f  5,  t, 
i s  equal to  2.78. 

When solar cet 1 experimental data are coll ected for increasing radia- 
tion flucnces, i t  i s  desirable to  display the data graphically in a manner 

which reveals f~ndamer~tal empirical relationships. As an example, i t  
has been empirically observed that  many parameters of irradiated, 5 . lar  
ce l l s  such as IsC, "oc, and 'max can be describdd by equations similar to  

the fol lowing relation: 
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where P,,,(m) = maximum power t o  load a t  f luence m 

Pmaxo = maximum power to  load before irradiation 

= radfatton fluence 

@, = a constant dependent on radiation energy and 
cell  type 

C = a constant dependent on radiation type 

Computer programs can be employed t o  f i t  equations t o  experimental 

data, In most cases, however, curves can be f i t t e d  t o  experimental da t a  

by manual means as  we1 1. 

The coefficient of correlation i s  a measure of t he  degree to  which 

an analytical expression can describe variations i n  experimental da t a  + 

The coefficient of correlation i s  defined as follows: 

where x = value o f  x from f i t t e d  analytical expression 
eqn - 

x = mean value of experimental data 

'i = experimentally observed value 

If t h e  f i t t e d  analytical expression or curve has a correlation coefficient 
o f  I ,  i t  explains a11 of the  experimentally observed variation, If an 
unexplained variation e x i s t s ,  the correlation coefficient n i l  1 be between 
-1 and + I .  I t  i s  usually possible to  describe experimental solar ce l l  
data by expressions which have correlation coefficients very close to  one. 
A few examples of the application of s t a t i s t i ca l  methods t o  solar cel l  

data have appeared i n  the l i te ra ture .  2.30, 2.31, 2.32 



In addition t o  the random errors that affect  data, there are syste- 
matic errors which are inherent t o  the operation of instruments. These 
errors involve 1 imitations of t he  accuracy with which electron f l  uence, 
electron energy, solar simulator intensity,  e t c ,  , can be determined w i t h  

particular instruments. When an experiment i s  designed, i t  i s  desirable 

t o  insure t h a t  the random and systematic instrumentation errors are  neg- 

l igible  or minor with respect t o  the accidental errors.  In such cases, 
the results can be analyzed assuming t h a t  the dispersion o r  distribution 
i n  a group of measurenents is  due only t o  t h e  accidental error and 
characteristic deviation i n  the sample group due t o  manufacturing di f -  

ferences. 
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CHAPTER 3 

3 . 0  RADIATION EFFECTS 

The behavior of solar ce l l s  in a radiation environment can be 

described in terms of the changes in the engineering output parameters 
a f  the devices. This approach limits the understanding o f  the physical 
changes which occur in the device. Since other environmental factors 
may need consideration, an understal?ding of a physical model provi des 

a basis for estimates o f  the behavior in a complex environment. In 
addition, solar  arrays of the future will become more complex and may 
u t i  l i r e  materials which are affected by different aspects o f  radiation 

damage. For these reasons, t h 2  engineer snould be aware of the process 
by which radiation interacts with matter, and understand the physi ca1 

models whlch describe the processes. 

3.1 The Theory of Radiation Damage 

The radiation usually of interest  in the study o f  degradation of 

rnaterli a1 s and devices consists of energetic o r  f a s t  massive particles 

( i . e . ,  electrons, protons, neutrons, or ions). The origin o f  these par. 

t i c les  may be particle accelerators, the natural space radiation 

environment, nuclear reactions, or  secondary mechanisms such as Corr~pton 

electrons produced by gamma rays. Because they have mass, energy and 

possibly charge, these part ic les  or other particles generated by them 

can interact in several ways with rnateri a1 s .  The dominant interactions 

are: 

a ,  Ine la s t i c  Collisions w i t h  Atorni c Elect rons.  Inelast ic  
collisiofis with bound atomic electrons are usually the 
predominant mechanism by which an energetic charged par- 
t i c l e  loses kinetic energy i n  an absorber. In such 
col l is ions,  electrons experience a transit ion to an 
excited s ta te  (excitation) or t o  an unbound s ta te  
(ionization) . 

b ,  El a s t i  c Collisions with Atomic Nuclei. Energetic charged 
part ic les  may have coulombi c interactions w i t h  the posi t i  ve 
charge o f  t h e  atomic nucleus t h r o u g h  Rutherford scattering. 
In some cases the amaunt of energy transferred to  the atom 
will displace i t  fmm i t s  position in a crystalline l a t t i ce .  



This energetic displaced atom may in turn u n d ~ r g o  similar 
collisions with other atoms of the materi a1 -1:ergetic 
particles may also interact  directly by a hard sphere co l l i -  
sion with the nucleus. The probability O F  this ,kype of 
event is  usually less than that for Rutl~erfard scattering, 
except a t  higher energies. Sf suf f i r ien t  energy i s  trans- 
ferred t o  d i s p l a c ~  an atom from i t s  l a t t i ce  s i t e ,  that  atom 
will probably be energetic enough tc~ displace many other 
a toms. 

c. Inelastic Collisions with Atomic Nuclei. This general 
category of interactiorl includes s e v e r 3  processes which 
are important in radi a t i  on damage studies. Highly ener- 
ge t ic  protons undergo inelast ic  ~ o l l i s i o n s  with t he  atomic 
nucleus. I n  t h i s  process the  energetic proton interacts 
with the rwleus and leaves the nucieus in  an excited or 
activated s ta te .  The excited nucleus emits energetic 
nucleons and the recoiling nucleus i s  di splared f r o m  i t s  
l a t t i c e  s i t e .  T h i s  recoiling nucleus i n  turr. causes more 
displacements. This process i s  also referred t o  as spal- 
1 ation. Col l i  sions between neutrons of thermal energy 
and nuclei can also be included in this  group. However, 
these interactions are of 1 i t t l e  importance in solar  array 
degradation. 

The major types o f  radiation damage phenomna in solids which are 

o f  interest  t o  the solar array designer are ionization and atomic dis- 

placement. I t  i s  important to  classify an effect  into one of these two 
categories , i f  possi ble, because the gf neral behavior of each phenomenon 

has been characterized t o  a large extent. 

Ioni zati  on 

Ionization occurs when o r b i t a l  electrans are  removed from an atom 

Dr molecule in gases, liquids or solids. The measure o f  the intensity 

of an ionizing radiation i s  the Roentgen. This u n i t  i s  defined by a 

charge generation of 2.58 x caulomb/kilogram of a i r .  The measure 

of the absorbed dose i n  any material of interest  i s  usually defined i n  
terms o f  the absorbed energy per u n i t  mass. The accepted u n i t  u f  ab- 

sorbed dose i s  the rad (100 ergs/gm or 0.01 joules/kg). 



Through the use of the concept of absorbed dose, various radiation 

exposures can be reduced to  absorbed dose units which will re f lec t  the 
degree of ionization damage in  the material of in t e re s t ,  This concept 
can be applied t o  electron, gamma and X-ray radiations of a1 1 energies. 
For  electrons, the particle fluence i s  mu1 t ipl ied by t h e  electronic stop- 

ping power of t h e  electron energy o f  in te res t  to  determine the absorbed 
dose. I n  this manner, the effects  of an exposure to  fluxes of trapped 
electrons of various energies i n  space can be reduced t o  an absorbed dose, 

In general, t h i s  practice i s  a l so  applicable t o  proton irradiations; how- 

ever, so.ne caution must be exercised. I n  some types of materials, the 
effects 3f the ionization caused by heavy particles i s  confined to  the 

vicinity of the particle track. I f  homogeneous i onizati on i s  produced 

by protons i n  the absorber material of in te res t ,  one can convert proton 
fluences t o  absorbed doses and sum them with doses from other radiations. 

The variations of stopping power and range fo r  electrons and pro- 

tons o f  various energies can be seen in Figures 3.1 and 3.2. The 

data presented are for si l icon and have been normalized for density. 

The stopping power and range of a f a s t  par t ic le  are not strong functions 
o f  the atomic number of the absorber material. For th i s  reason, the 
data i n  Figures 3.1 and 3.2 can be used for  materials with a similar 
atomic number w i t h  a negligible error, 

Radiation may affect solar  cell  array materials by several ionitation- 

related effects .  The reduction o f  transmittance in solar  cell  cover s l ides  

i s  an important effect  o t  ionizing radiation. The darkening i s  caused 

by the formation of color centers in glass or oride materials. The color 

centers form when ionizing radiation excites an orb1 ta l  electron t o  t h e  

conduction band. These electrons become tra-i:ed by impurity atoms in the 

oxide t o  form charged defect complexes whict: -an be relat-rvely s table  a t  
room temperature. 

Radiation produces many ionization-related effects  in organic materials. 
These changes a l l  result from the production o f  ions, f ree  electrons, and 
f ree  radicals. As a result  of these actions, transparent polymers are  
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ELECTRON ENERGY, MeV 

Figure 3.1 Stopping Power and Range Curves for Electrons I n  Silicon. 
Reference, Berger and Seltzer, NASA SP-3036, 7966. 
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PROTON ENERGY, MeV 

F i g u r e  3 . 2  Stopping Power and Range Curves f a r  r'r otons i n  Silicon. 
Reference, Janni , AFWL-TR-65-150, 1966. 
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darkened and cross1 i nki ng between mai n-chai n members may drastically 
a1 ter  t h e  mer.;*anical properties. The contemplated use of polymeric 

materials i n  solar arrays will require the array designer t o  
have knowledge o f  the iotlization-related radiation ef tects  i n  

those materials. 

The use o f  sil icon dioxide as a su r f ace  passivation coating and 

dielectr ic  material i n  sil icon devices results i n  a wide range 

of ionization-related radiation effects.  The development of trapped 

charges in the sil icon dioxides can cause increased leakage currents, 

decreased gain, a n d  surface channel development in bipolar transistors 

and increased threshold voltages i n  M9S f i e ld  e f f e c t  transistors. 

Ionizing radiation in sil icon excites the electrons of the valence band 

t o  the conduction band,  creating electron-hole pairs i n  much the same 

way that  carr ier  pairs are generated by visible l ight. A1 though an 

optical p h ~ t o n  of energy equal or greater than 1.1 eV wi 11 create an 

electron-hole pai r ,  roughly three times this amount o f  energy must be 

absorbed from a high energy particle t o  produce the same carr iers .  In 
si 7 icon devices, the el ectron-hol e pairs which are generated by 

i o n i z i n g  radiation cause photocurrents in the same manner as solar i l -  

lumination. 

Atomic Displaceiflent 

The loss o f  energy by f a s t  electrons and protons caused by collision 

processes with the electrons o f  an absorber or target material account 

for a large fraction of the d i s s i p a t e d  energy. For electrons and protons 

i n  the range of  0.1 t o  70 MeV, these electron colli,ions determine the 

particle range in an absorber. Despite th i s  f a c t ,  a different type o f  
collision process i s  the basis for the damage which permanently degrades 

silicon solar  cel ls  in the space environment. The basis for  this  damage 

i s  the displacement o f  si l icon atoms from their  l a t t i c e  s i t e s  by f a s t  

particles i n  the crystal l ine absorber + These displaced atoms undergo 
other reactions and f ina l ly  form stable defects which  produce significant 
changes i n the equi  1 i brium carrier concentrations and the mi nori ty 

carrier l i f e t i m e .  



The displacement of an atom from a l a t t i ce  s i t e  requires a certain 
m i m i  num energy similar t o  that o f  other atomic movements. The energy 

of sublimation for a si l icon atom i s  4.9 eV. The energy for the form-  
t i o n  of a vacancy i n  the  si l icon l a t t i c e  i s  2.3 eV. The displacement 
o f  an atom involves t h e  formation o f  a vacancy, :he formation o f  a n  
i n t e r s t i t i a l  atom and other electronic afid phonon losses. I t  i s  reasor, 

able t o  expect  that the energy o f  disglacement i s  several times larger 
than  the energy of formation for a vacancy. S e i t z  has estimated t h a t  

the displacement energy i s  roughly four times the sublimation energy. 3 . 1  

Elect~.on threshold energies of 145 keV a n d  125 keV have teen reported by 

various investigators . 3 ' 2 '  3 m 3 y  3 '4  The following equation relates the - .. 
electron threshold energy t o  the displacement energy. 3 .  I 

where Ed = displacement energy (MeV) 

Et threshold energy (MeV) 

rn e = electron mass (1/1836) 

M = atomic weight, Si (28) 

m cz = e l ~ c t r o n i c  mass-energy equivalence, 0,571 MeV e 

T h e  reported threshold energies i nd i ca te  displacement energies o f  12.9 eV 

or 11 ,0 eV, respectively . 
A1 though pro ton  threshold eneryies have not been determined , they 

can be calculated from the classical form o f  the  above equation: 

where MI, = proton mass, 1 . The above values o f  displacement energies 

indicate proton or neutron thresholds of 97.5 or 82.5 eV i n  s i l icon.  
Since par t ic les  below t he  threshold energies cannot produce displacement 

damage, t h e  space environment energy spectrums are effectively c c t  o f f  

below these va lues .  
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For particles above the threshold energy, the probability of an 
atamic displacement can be described in terms of a displacement cross 

section. Using this concept, the number of displacements can be es t i -  

mated f rom: 

where Nd = number of displacements per u n i t  volume 

na = number a f  atoms per u n i t  volume o f  absorber (5 x l oz2  
s i  7 icon atoms/cmz) 

a -: displacement cross section (cm2) 

a - average displacements per prima,-v displacement 

@ = radiation f l  uence (particles/cm2) 

The displacement cross sections for  f a s t  electrons of various ener- 
gies can be calculated f r c : :~  the r e l a t iv i s t i c  gerreralization or' the Ruther- 

ford scattecing cross section For s i l icon ,  the calculated 
displacement cross section f o r  1 MeV electrons i s  about 68 x 10 -24 ,,-2 

and inc 3ses only 10% for  electron energies of  5 MeV and greater. The 

electro displaced s i l icon atom may receive enough energy to  " turn 
displace other si l icon atonis. The mechanism for  these secc~dary displace- 

ments i s  2utherford interactions for  s i l icon atoms of energies greater 
t h a n  103 sV and hard sphere collisions fo r  lower energy atoms. A1 though 

di fferen t tneories c f  t h e  productiorl of secondary di splacernents have been 

presented, the i r  results are very similar.  Using the model of Kinchin 
and Pease, '" the average number of displacements in sil icon i s  1.53 for 

a 1 MeV electron. The electron energy v siation of the various parameter: 

i s  shown i n  rable 3.1. 



TABLE 3.1 

SILICON DISPLACEMENT PARAMETERS, VARIOUS ELECTRON ENERGIES 

The d i r e c t  r esu l t  of the radiation i s  the production bf vacant l a t t i c e  

si tes (vacancies) and s i l i con  a toms which come t o  r e s t  i n  the  interstices 
of the crys ta l  l a t t i c e  ( i n t e r s t i t i a l s ) .  The dis t r ibu t ion  of vacancies wi l l  

not be uniform, because the vacancies from secondary displacements wil l  l i e  
re la t ively  c lose  t o  the associated primary vacancy. 

Electron 
Energy 
(Mev) 

1 
2 

5 

10 

20 
40 

I 

The experimental s tudies  must be reviewed t o  gain a more 

complete model of displzcement damage in s i  1 icon. Vacancies and 
i n t e r s t i t i a l  s are par t icular ly  mobile and unstable a t  room temp- 
erature. In n-type s i l i con ,  i t  has been shown t h a t  vacancies react  

w i t h  oxygen impurities t o  form close coupled vacancy-oxygen pai rs  
(~-~13.6-3.9 (see Figure 3.3), and w i t h  impt!ri ty donor atoms, such as 

phosphorus and arsenic, t o  form close coupled vacancy-donor pa+ rs 
(V-P, V-AS)  3'6y 3.'0 (see Figure 3.3). Both defects  a re  e l e c t r i c a l  iy 

a c t i v e  and can become negatively charged by accepting an electron from 

the conduction band. The acceptor energy levels  of the V-0 and  V-P pairs  

.Ira 0.17 eV and 0.4 eV below the bottom of the conduction band. 3,11, 3.12 

These defects a r e  recombination centers and t h e i r  formati on during elec- 
t ron i r rad ia t ion  c f  n-type si  1 icon reduces the  minority c a r r i e r  l i fe t ime.  3.73 

Since these defec t s  are formed fron s ing le  vacancies, considerations of 

PK~IAQ 
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(cmml ) 
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1.53 
2.00 

10.6 

13.0 

15.7 

18.2 

DV 

cm2) 

7 04 
7 46 

21 2 
261 

314 

363 

7 7 1 2,76 

77 

77 

7 7 

3,39 

4.09 

4.74 



A model of  the oxygen-vocancy complex or A model of the phorphorur-voconcy complex 

the Si-A center. or the 5 i -E  cvnter, 

Model oF the divocancy. 
RCA tentative model for the K-center. 

Figure  3.3 Atomistic Models o f  Radiation D e f e c t s  in Silicon 
Reference, M. M. Sokoloski, "Structure and Kinetics 
o f  Defects in Silicon" NASA TN D-4154, 1967 



mass ac t i on  i nd i ca te  t h a t  the format ion o f  these defects might  have the 

same v a r i a t i o n  w i t h  i n c i d e n t  e lec t ron  energy as t h a t  f o r  the format ion 

of s ing le  vacancies (0;). Th is  r e l a t i o n s h i p  ha? been v e r i f i e d  e x p r r i  - 
mental 1 y , 3 ' 1 4  The Y-P p a i r  anneals r a p i d l y  near 150°C 3115 and the  V-0 
p a i r  anneals r a p i d l y  near 350°C. 3.9 The i n t r o d u c t i o n  ra tes  (change i n  

defect  concentrat ion per u n i t  f l  uence) f o r  these defects a re  i n  t he  

range of 0.1 t o  0.3 c." f o r  1 MeV e lec t rons .  Since the ca l cu la ted  
d i  splacernent r a t e  i s  5.2 cm-' , i t  appears t h a t  many of the  vacancies 

are involved i n  other  reac t ions  a t  room temperature, such as recombination 

w i t h  i n t e r s t i t i a l  atoms. 
The e l e c t r o n  i r r a d i  at! on of p-type s i  1  i con  a t  room temperature 

resul ts  i n  a defec t  s t r u c t u r e  w i t h  ne t  donor c h a r a c t e r i s t i c s .  3.11, 3.12 

This de fec t  can donate an e lec t ron  t o  ( i  .e., accept a hole from) the  

valence band. The energy l e v e l  o f  t h i s  donor de fec t  i s  located 0.27 

t o  0.30 eV above the top o f  t he  valence band. The room temperature 

i n t roduc t i on  r a t e  o f  t h i s  de fec t  i n  s i l i c o n  by 1  MeV e lec t rons  i s  
roughly 0.03 cm" . This value i s  considerably lower than those o f  

defects found i n  n-type s i l i c o n .  I n  add i t i on ,  the  i n t r o d u c t i o n  r a t e  
o f  t h i s  d e f e c t  by 10 MeV electrons i s  about 16.5 t imes greater than  

t h a t  f o r  1 MeV elect rons.  3 '14 Since the s i n g l e  displacement r a t e  

increases by on ly  a f a c t o r  o f  2.5 w i t h  t h a t  e l e c t r o n  energy increase, 

t h i s  defect  appears t o  i n v o l v e  a  more complex s t r u c t u r e .  I t  has been 

shown t h a t  defects i n v o l v i n g  the  coup1 i n g  o f  more than one vacancy w i  11 

r e s u l t  i n  defects w i t h  i n t r o d u c t i o n  ra tes  which increase more r a p i d l y  

w i t h  e lec t ron  energy than does the  d i s p l a c e m e ~ t  r a t e .  3.16, 3.17 

defec t  s t ruc tu res  ( d i  vacancy 3'18a 3'19 and "K"   enter^*^'), which have 

been studied by e lec t ron  s p i n  resonance techniques, may exp la in  t h i s  

behavior. These defects, shown in Figure 3.3, i nvo l ve  the coup l ing  o f  

two vacancies i n  each defec t .  Several attempts t o  determine the  dprni- 

nant recornbi: t j o n  center i n  electron i r r a d i a t e d  p-type st l i c o n  have 

y ie lded conf  1 i c t i  ng resu l  t s  , 3 . 1 7 ,  3 . 1 2 ,  3.21 , 3.22 Recent experiments 

have i nd i ca ted  t h a t  a  de fec t  w i t h  an energy l e v e l  i n  the range o f  0.27 

+ 0.02 eV above the top o f  t h e  valence band con t ro l s  recombinat ion i n  

e lec t ron  i r v d i a t e d  p-type s i  1  This  conclusion is cons i s ten t  

w i t h  t h e  known energy dependence o f  p-type s i l i c o n  i n  t h a t  the d i f f u s i o n  



length damage coefficient has been shown t o  vary with electron energy 3 .23  

Tn the same manner as the introduction rate  o f  the E v  + 0.3 eV level 

defect. 3.12 

The production o f  displacement damage in s i l  icon by energetic protons 
i s  considerably different because the displacement cross sections a re  

several orders of magnitude larger than those for f a s t  electroi-is and vary 

rapidly with proton energy. The calculated s i l  icon displacement cross 

section fo r  1 MeV protons i s  3.5 x crn2.341 The average number o f  

atoniz displacements (0) resulting from such a primary displacenent 

i s  4.8. 3'5 Using equation 3.1 - 3 ,  the displacement rate i s  found t o  be 

8500 cm-I for  1 MeV protons in sil icon. The range of a 1 MeV proton in 

sil icon i s  only 17.5 pm; therefore i t s  energy and displacement rate  will 

change rapidly a f te r  i t  enters a si l icon crystal .  The variation of the 
displacement rate w i t h  proton energy has been calculated by several 

authors. These resul ts  are  shown in Figure 3.4.  A1 though there are  
some differences in resul t s  , the displ acen~ent rate  i s  proportional to  

(In€)/E fo r  protons of energies between 'I MeV and 10 MeV. Above 10 MeV, 

the vai-<ous models d i f fe r  s s  t o  t h e  relative influence of Ruther- 
ford scattering, nuclear scattering, and inelast ic  processes of  spa1 1 a- 
tion. Experimental ly  measured de fec t  introduction rates for proton 
irradiation of silicon a r e  less than one tenth of the calculated dis-  

placement rates. The defect energy levels in proton irradiated s i l  icon 

are those previously discussed for electron irradiated s i l  icon. 3.29-3.31 

The proton damage, however, w i  11 be highly i nhomoge~eous because the 
secondary displacements occur near t he  s i t e  o f  t h e  primary displacement. 

Neutron displacement damage in s i l  icon i s  characterized by two 
important differences. The s i l  icon displacement cross sec t i on  for  a 
1 MeV neutron i s  2.4 x l G  .24 cm2. This value i s  well below those for 

1 MeV protons and 1 MeV electrons . For this  reason, the number o f  pri - 
mary displaced s i l icon atoms will be relatively smal?. The second 
difference involves t he  amount of energy transferred t o  t h e  displ aced 

s i l icon atom by the neutrott. Since the 1 MeV neutron-silicon interaction 
is a hard sphere rather than coulombic col l is ion,  an average of  about 

70 keV i s  transferred to  the recoiling s i i i c m  atoms. The subsequent 

secondary collisions between sif icon atoms will displace about 1500 
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Figure 3.4 Energy Dependent Di spl acement in Proton -1rradi a ted Si 1 icon. 
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s i l i con  atoms. This displacemen : damage wi 11 be clustered near the 54 t e  

o f  the primary displacement. The defects identi  f i a d  in neutron i r r ad i -  

ated s i  1 icon include those previous: y discussed f o r  electron damage. 

Theoretical models of the neutron ds~nage indicate t h a t  the high concentra- 
t ion o f  e l e c t r i c a l l y  act ive defects  in the cluster causes the center  of 

the c luster  to  behave as i n t r i n s i c  s i l i con .  3 .32  This i n t r i n s i c  s i l i con  

core i s  separated from the bulk s i l i con  by a layer  of space charge. 

Extensions of t h i s  model have been used to  explain the majority c a r r i e r  

removal and mi ncr i ty  c a r r i e r  recombination behavior of neutron i  rradi ated 

s i l i con .  3.33-3.35 

The main importance n f  the displacement defects  produced by t he  

i r radia t ion of s i l i con  so la r  c e l i s  i s  in t h e i r  e f f ec t  on the minority 

c a r r i e r  l i f e t ime  of the s i l i con .  In pa r t i cu la r ,  t h e  l i f c t im5 in the 

b u l k  p-type s i l i con  of an n-p so la r  ce l l  i s  t h e  major radiat ion sens i t ive  

parameter. Since minority c a r r i e r  1 i  fetimes a r e  inversely proportional 

t o  the recombination rates, the reciprocal l i f e t ime  contributions caused 

by various se ts  of recombinatiou centers can be added t o  determine the 

inverse of the l ifet ime as f o l l a ~ s :  

where T = minority c a r r i e r  1 i  f e t i m e  

= minority c a r r i e r  1 i iet ime before i r rad ia t ion  

T = minority c a r r i e r  l i f e t ime  due t o  electron i r rad ia t ion  e 

T = minority c a r r i e r  l i f e t ime  due  t o  proton i r rad ia t ion  
P 

One o f  the  most commonly used analytical  tools  f o r  c h ~  determination 

of the p a r t i c l e  type and energy dependence of dzgradation i n  s i l i con  

solar c e l l s  has been developed from the basic re la t ionship  fo r  1 i fet ime 

degradation: 



where r = f i n a l  minor i t y  ca r r i e r  lifetime 

T = i n i t i a l  minority carr ier  l ifetime 
0 

@ = irradiation f l  uence 

K = damage coefficient (l ifetime) 
t 

Minority carr ier  diffusion length is  a more applicable and more eas i ly  

determined parameter for solar  cell analysis than mincrri ty carr ier  

lifetime. Using L2 = DT, the above expression becomes: 

where L = f i n a l  minority ca r r i e r  diffusion length 

Lo = i n i t i a l  minority car r ie r  diffusion length 

0 = part icle  f l  uence 

KL = damage coefficient ( d i f f u s i o n  length) 

= K /D 
T 

When the fluence i s  sufficiently h i g h  so t h a t  L c Lo we have: 

If the L decays w i t h  an increasing c ,  e x h i b i t i n g  -1/2 slope the damage 

coefficient,  KL, can be used t o  uniquely define the par t ic le  type and 

energy dependence of si l icon solar cell  degradation. 

The minority carr ier  l ifetime or diffusion length in an irradiated 

solar  ce'l may be a function of the concentration of excess or nonequili- 

b r ium minority carriers present i n  the semiconductor. In solar  ce l l s  , 
th i s  behavior i s  referred t o  as injection level dependence. This behavior 

i s  u s u a l l y  associated with solar  ce l l s  damaged with h i g h  energy protons 

o r  neutrons. Gregory 3 . 3 3  has shown that the injection level dependence 

o f  l i f e t i m e  i n  neutron irrsdiated solar ce l l s  does n o t  follow classical 

predictions and has proposed a model based on the behavior of  clustered 



damage. Ihe methods of  measuring minority carrierb l i f e t ime  or diffusion 
length often involve the in ject ion of excess minority c a r r i e r  concentra- 

t ions  which a r e  many orders of magnitude smaller t h a n  those found in 

s o l a r  c e l l s  operating in space. Such methods a re  inadequate f o r  t h e  

generation of data for the prediction of proton a n d  neutrbin i r radia ted 

s o l a r  cel l  performance i n  space. 

3 .2  Theory of Silicon Solar Cell Damage 

The basic so la r  ce l l  equations can be used t o  describe t h e  changes 

which occur duri ng i r rad ia t ion .  This method would require da t a  regarding 
the  changes i n  t h e  l i gh t  generated current  ( i  .e., I S C ) ,  and data reqard- 

i n g  changes i n  the se r ies  res is tance ,  s h u n t  res is tance ,  and the basic 
diode parameters of saturat ion current  and diode qua1 i t y  fac tor .  
Although such a method would be a logical  analys is ,  most investiaat ions 

have not reported enough data t o  determine t h e  variat ions in the above 

parameters. The usual pract ice  in t h e  study of so l a r  ce l l  damage has been 

t o  reduce the experimental data i n  terms of changes i n  the ce l l  sho r t  

c i r c u i t  current ,  open c i r c u i t  vol tage,  and maximum power. 

I t  i s  a lso  possible t o  character ize  so l a r  ce l l  damage in terns of 

t h e  changes i n  the minority d i f fus ion length.  Since the  diffusion length 

can be measured experimentally and i s  a measure of the  amount o f  displace- 

ment damage in the base of the so la r  ce l l  , t h i s  method hes been suggested. 

There are several practical and fundamental 1 imitat ions to  t h i s  scheme. 

The most serious l imi ta t ions  involve the evaluation o f  low energy proton 

damage in terms of diffusion length. Very low energy protons do consider- 

able  displacement damage within t h e  junctior~ space charge region of a 

so l a r  cel l  . This nonunifnrm damage increases the diode sa tura t ion current  

( I o )  and  qual i ty  factor (n) by mechanisms which are  not re1 ated tc  minor- 

i t y  ca r r i e r  diffusion.  This damage can cause serious reduction i n  so la r  

c e l l  Voc w i t h o ~ t  chai~ging the ce l l  diffusion length. In addit ion,  the  

re la t ion  between diffusion length and the so l a r  c e l l  output parameters 

i s  not well defined, d i f fus ion length i s  more d i f f i c u l t  to o~lzasure than 

ce l l  o u t p u t  pdrameters ( pa r t i cu l a r l y  i n  the case o f  proton ! r r a d ~ ~ l t e d  

c e l l s ) ,  and accurate measurement of diffusion lenqth i n  t h i n  oi- d r i f t  



f i e l d  cel ls  i s  extremely d i f f i c u l t .  Because of  these problems, methods 
have been evolved t o  evaluate solar cell  radiation effects in terms of 
common engineering o u t p u t  parameters. Experience has shown tna t  the 
variation of common solar cell output parameters during irradiation can 
be described as shown for I B C  i n  the following case: 

The 4, represents the radiation fluence a t  which t h e  Is, s t a r t  t o  
change from a constant value t o  a direct  function of the logarithm of 
the fluence. The constant C represents the decrease in Is, per decade 

i n  radiatiofl fluence i n  t h e  logarithmic region. A1 t h o u g h  the abr,-.n 

relationship i s  empirical, there i s  some theoretical just i f icat ion f o r  

the expression. Several observers have reported that  the relation be- 

tween the solar ce l l  short c i r cu i t  current and the diffusion length 

i s  a s  follows: 3.36. 3.37 

The constants A and B are dependent upon t h e  spectral content and inten- 
s i  t y  of t h e  1 ight  source used t o  measure ISc.  Tada has shown t h a t  the 

above expression i s  theoretically valid over a wide range of diffusion 

lengths f o r  tungsten illuminations and to  a 1 esser range under solar  
i l l ~ r n i n a t i o n . ~ ' ~ ~  A previwsly discussed relat ion,  equation (3.1.6) czn 

be transformed as follows: 

and substituted in equation (3.2.2).  The resulting expression 

has the same form as  equation (3.2.1) .  

The variation of solar ce l l  Vo, during irradiation also may be 

empirically characterized by an expression similar t o  equation (3.2.1 ) . 
- - 
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In general the open c i r c u i t  voltage of a s i 1  icon so l a r  ce l l  can be repre- 
sented by the  following equation which was discussed i n  Chapter 1:  

In using t h i s  expression, i t  i s  assumed t ha t  the sa tura t ion current  ( I , )  

i s  dominated by t h e  diffusion component. In such cases the sa tura t ion 
current density i s  given by equation (1.2.5) .  I f  t h i s  expression i s  
combined w i t h  equation ( 3 . 2 . 3 ) ,  the fo l l  owing expression fo r  the sa tura t ion 
current as  a function o f  radiat ion fluence i s  obtained: 

where S i s  the cel l  area.  Equations ( 3 .2 .4 )  and ( 3 . 2 . 7 )  can be subs t i -  
tuted in to  equation (3.2.6) t o  obtain the fol lowing ex?ression: 

The radiat ion fiuence term ( 0 )  appears tw i ce  i n  the above expression. 
The fluence term in the numerator wi l l  have a much l e s s e r  e f f e c t  on Voc 

than t ha t  i n  t h e  denominator because i t  appears as the natulqal  logarithm 

of the f l  uencc i-?!*her than as the square root of the f l  uence. I t  appears 

therefore t h a t  the V,, var ia t ion w i t h  radiat ion f l  uence i s  dominated 

by the denominator of equation (3.2.8) and can be approximated by 

equation (3.2.5). 

The maximum power (PRax)  of a so l a r  ce l l  can be represented as the 
product of ISc ,  Vo, , and a constant as follows: 

where F i s  t he  form (or  f i l l  ) factor.  The f i l l  f ac to r ,  F, i s  r e l a t i ve ly  

insensit ive t o  electron rad ia t ioa  which penetrates uniformly through a solar  
ce l l .  Tn t h i s  c a se , t heva r i a t i on  of Pmax w i t h  i r r ad ia t ion  i s  t h e  same as 



tha t  for the product of IS, and Y o .  Equations (3.2.1) and (3.2.5) can 
be subs t i  luted into (3.2.9) and the resulting expression ~pproaches the 
,Form of: 

Expressions o f  t h i s  form are found to closely describe the variation of 

'ma, during irradiation. 

3 . 3  The Concept of Damage Equivalence 

The wide range of electron and proton energies present in the space 
environment necessitates some method o f  describing the effects of various 
types of radiation in terms of a radiation environment which can be pro- 
duced under 1 aboratory conditions . Since the changes in most solar cell  
parameters due t o  irradiation are in sc  dy related t o  the minority 
carr ier  diffusion length, i t  i s  possible t o  determine an equivalent 

damage based upon this parameter. I n  Figure 3 .5 ,  the djffusion length 
changes are shown f o r  100-cm, n-p sl l icon solar ce l l s  which have been 

subjected t o  several differer,t types o f  irradiation. The resul ts are 
described by equation ( 3 . 2 . 3 )  where the constant KL i s  dependent upon 
the radiation type. 

The concept of damage equivalence can alternatively be based on 
common solar ce l l  parameters. The variation of short c i r cu i t  current 

density for  10 ohm-em n-p solar  cel Is irradiated i n  various environments 
i s  shown in Figure 3 . 6 .  The IS= variation in each environment i s  

described by equation ( 3 . 2  . I  ) . In th is  case two constants, C and a,, 
are required to  describe the changes in I sc ' Experience has shown that 

the constant C ,  under s o l a r  simulator illumination, does not vary 

g rea t ly  for  different  radiation e~ivironments . For electron i rradi a-  

tions in the 1 MeV and greater range, C i s  approximately 4.5 mA/cmZ- 
decade. For proton and neutron irradiations , C approaches 6 mA/cm2- 

decade. For solar  cel ls  w i t h  the same star t ing ISc, the constant a x  
i s a measure o f  t h e  damage effectiveness o f  different  radiation envi ron- 

ments. The  constant m x  for a particular radiation can be determined 

graphically a t  the  intersection of the s tar t ing ISC and the extrapolation 
o f  the linear degradation region. 
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Since the value of a, i s  dependent upon the starting J,, value, 

i~ i s  not  a good practical measure for  relat ive damage effectiveness, 

I t  has been the practice to  define an arkitrary constant referred t o  
as the c r i t i ca l  fluence (Q,). One method of defining this  value i s  that  
fluence which degrades a solar cell  parameter 252 below i t s  uni rradiated 

s ta te .  Such a parameter i s  valid only when comparing ce l l s  with 

s i ~ i l  ?r uni rradiated parameters. To eliminate this  problem, cr i t ical  

f'iLG,lce may be defined alternatively as that  fluence w!iich will 

degrade a cel l  parameter to  a certain value. 

By use of  the cr i t ical  fluence ( Q ~ )  or the diffusion length damage 

coefficient (Ki), i t  i s  possible t o  construct a model in which the  various 
components of a combined radiation enviro~ment can be described in terms 

of a dar13ge equivalent f l  uence of a selected monoenergetic particle.  
One MeV electrons are a common and significant component of space radia- 
tion and can be produced conveniently in a t e s t  environment, For t h i s  

reason, one MeV electron fluence has been used as a basis of the damage 

equivalent fluences which describe s-i licon solar  cell  degradation. 

The use of the damage equivalent fluence scheme involves two sepa- 

rate  problems. The f i r s t  problem i s  t o  adequately describe the degrada- 

tion of an unshietted s i l icon solar cell under one MeV electron irradiation 

under 1abczrat.ot-y condi t i  ons (i ,el , normal i nci dence) . The second problem 

i s  to reduce the effect of the space radiation environment (i , e l  , conti nu- 

ous energy spectrums of electrons and protons, isotropic i ncidence) on 

a shielded s i l icon salar cell  t o  a damage equivalent fluence of one MeV 

electrons under 1 aboralory condi t i  ons , 

One MeV Electron Irradiatjon of Silicon Solar Cells 

The e f i ~ c t s  of one MeV electron 'laboratory irradiation o f  solar 
ce l l s  are r e v - i ~ w e d  and discussed i n  this section. Data will be present- 
ed in Sect',, J.12 which will form the basis for estimating solar cell  
performance, a f t e r  the space radiation environment i s  reduced t o  a 
damage equivalent one MeV fluence. A very large volume of work has been 
r e p ~ r t e d  concerning the effects  of 1 MeV electron irradiation on s i l icon 



solar eel 1s. However, this  section considers on7y solar simulator data 

and i s  also limited to  the types o f  solar ce l l s  currently in common use 

on spacecraft. 

Currently n-p solar ce l l s  are jn use as a primary power source on 
nearly a l l  ear th  orbiting sate11 i tes .  Variations in base res i s t iv i ty  
and cell thickness cause s ignif icant  differences in the response t o  1 MeV 

electron srrs-liati on.3*239 3 * 3 9 3  3 * 4 6 9  3.47 Other variables such as the 
<rradiation temperature i n  the range of 200 t o  370 ~ , 3 + 4 0  and p-type base 

dopant (boron vs. aluminum) have been shown t o  have 1 i t t l e  or no  effect  on 
the solar cell  response t o  radiation. 3*41-3-44 

The variation of n-p solar  cell  response w i t h  base r e s i s t iv i ty  has 

been studied and reported fo r  t h e  range o f  1 t o  20 ohm-cm. 3 . 2 3 ,  3.45 

Current n-p solar cell usage i s  confined t o  the ranges of 1 t o  3 ohm-cm 
and 7-13 ohm-cm. Cells in the base res i s t iv i ty  range of 1-3 ohm-cm 

have greater i n i t i a l  maximum power output t h a n  ce l l s  i n  the 7 t o  
13 ohm-cm range. The radiation hardness of n-p ce l l s  in the 7 t o  13 ohm-cm 
range i s  greater than that of the 1 t o  3 ohm-cm range, when the hardness 

i s  determined by parameters such as the c r i t i ca l  fluence (m,) or diffusion 

length damage coefficient ( K ~ ) .  As a resu l t ,  10 ohm-cm ce l l s  have greater 

maximum power output a f te r  a certain electron fluence i s  reached; however, 

the 2 ohm-cm c e l l s  produce greater maximum power a t  lower fluences. This 
crossover fluence depends upon cel l  thickness b u t  i s  approximately 1 x I ' l l b  
one MeV electrons per cm2. 

Solar  ce l l  thickness has been shown t o  have a strong effect  on the 

output parameters of irradiated cel l  s . 3439 Cell thickness does not a f f e c t  

measures of inherent hardness such as  the c r i t i c a l  fluence (if  properly 

determined) or the d i f fu s ion  length damage coefficient.  The thickness 

does, however, significantly af fec t  the  cel l  output parameters during 

the in i t ia l  o r  low fluence stage o f  an i r radiat ion,  JPL data showing 

o u t p u t  parameters (I,,, , V and I ) as a f unc t l on  of electron Voc9 P,ax mp mP 
fluence (1 MeV) are shown i n  the  back o f  this chapter, These data, fo r  

a few types of ce l l s ,  wfll subsequently be published by JPL. The t h i n  

c e l l s  (approximately 2 mi 1s) have somewhat lower output than other 



cel ls  currently available. The ce l l s ,  8 mils and thicker discussed 

here, are  available on a production basis from solar  cell  manu- 

facturers. The thin ce l l s  are  custom made, b u t  the d a t a  are included 

since they are expected t o  be representative of production l ine  
cells i n  the near future. Temperature o f  the cel ls  during measure- 

ment was 30°C. 

3.5 Effect of Electron Energy on Solar Cell Degradat:on 

The concept o f  damage equivalent 1 MeV electron fluence requires same 

method of evaluating the damage effectiveness of electrons o f  various energies. 
This effectiveness can be measured by the diffusion length damage constant (KL) 

or solar ce l l  cci t ical  fluence (a,) for  various electron e n e r g i ~ s .  Experl- 
mental data have been reported for  the electron energy range o f  1 t o  3 MeV 3.48 

and f rom 0.6 t o  40 MeV. 3'23 The resul ts  of these studies are in essential 
agreewent and the results of reference 3 . 2 3  are shown in Figure 3,7 (K ) and 

L 
Figure 3.8 ( I n  this  case Q~ i s  defined as that  fluence which degrades 

2 2 
I,, t o  '19 mA/cm under 100 mW/cm uf tungsten l ight .  In both figures, data are 
shown for  ce l l s  of various r e s i s t iv i t i e s .  The short c i rcu i t  current i s  dlrect ly  

r e?a ted  t o  the rninorlty car r ie r  dlffuslon length in the base region. When the 
I,, i s  measured under tungsten l ight ,  i t  varles almost l inearly w i t h  t h e  loga- 

rithm of diffusion length as shown i n  Figure3.9 !'23 Some important observa- 
tions can be made from these d a t a .  The relat ive variations of the KL and ec - t  

w i t h  electron energy are identical.  The relat ive variations o f  both parameters 
with cell base res i s t iv i ty  are also identical.  On the basis o f  the experimental 
d a t a ,  one can therefore def ine a relat ive damage effectiveness for  each electron 
energy which w i  11 be a measure of the ra t lo  of t h a t  electron fluence a t  a given 
energy to  t h e  1 MeV 2lectron fluence necessary t o  degrade an n-p solar cell  t o  

the same output parameter value. For instance, i f  a given 70 MeV electron Plu- 
ence degrades a solar cell  t o  a certain s t a t e  of damage, then a 1 MeV electron 
fluence 16.5 times that of the 10 MeV electron f luence would be required t o  de- 

grade the  same cell t o  t h e  same output conditions. Th is  relationship will hold 
regardless o f  whether 2 o r  10 ohm-cm res i s t iv i ty  ce l l s  are under consideration. 

Wysocki reported da ta  a t  0.8 and 5.8 MeV which indicated that  the 
re1 ative electron damage constant increased more rapidly w i t h  energy. 3.49 
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Gorodetskii , e t  a1 . , 3'50 reported data i n rough agreement with references 

3.23 and 3.48 below 2 MeV, b u t  indicate a much .slower r i s e  above that  

energy. More recent studies by Bernard, e t  a; ,  ,3*37 and Lesbre 3.43 

indicate good agreement with the resul ts  i n  references 3.23 and 3.48 

up to 3 MeV and 4.5 MeV,respectively. 

3.6 Effect of Proton Energy on Solar Cell Degradation 

The concept of damage equivalent 1 VeV electron fluence can be 

extended t o  the effects  o f  proton i r radiat ion,  The prohl em i s  more 
complex, in the proton case, hecause the ranqe of protons below 5 YeV 

Is  less than the thickness of a solar cell  , For th i s  reason, lob: 

energy p r o t ~ n s  produce nonuniform damaqe, This si tuation i s  further 
compl icated by the fac t  that  the damage produced per unit p a t h  length 
increases a s  the proton energy decreases. As a r e su l t ,  when a low 
energy proton i s  stopped in a solar cell  , a 1 arge amount of damage i s 

concentrated a t  the end of the proton t r ack .  

When radiation damage i s  uniform throughout a solar c e l l ,  the 

relative effectiveness of various energy particles i s  the same when 
measured by the diffusion length damage coefficients,  or c r i t i ca l  f l u -  

ences determined by ce l l  parameters such as ISC, VOC or P,,, This 

fact  was graphically demonstrated by comparison of Figures 3 . 7  and 
3.8 .  In the case of protons with energies greater than 5 MeV, the 

damage t o  solar ce l l s  i s  relatively unifarm. In th i s  high energy range, 

the general concept of equivalency i s  direct ly  applicable. A t  lower 

proton energies, the general concept of equivalency i s  noi applicable; 

however, i t  can be used i n  a restricted manner as discussed below. 

Early experimental studies o f  the variation of damage in 11-p 
silicon solar cells wi th  higher proton energies indicated conflicting 
results.  The results reported by workers a t  BTL '51 and TRW 3*52 are 

shown i n  Figure 3.10 i n  normalized form. The major difference involves 
the behavior of the damage constant a t  proton energies greater than 10 Mev. 
Recent experimental jnvest i  agatt  ons have conft rwd that  the -/at-? a- 
t i  an of damag~ in thi  s proton energy range i s  very small. 3.53, 3.54 

The resu l t s  o f  these recent investigations are a1 so shown i n  Figure 3.10. 

The  degradation of n-p solar c e l l s  irradiated w i t h  protons of ener- 

3-28 
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gies  below 3 MeV i s  more complex because of  the nonuniform nature of t h e  
damage. Several experimental s tudies  af low energy proton e f f e c t s  an 

3 .41 ,3 .55 -3 .61  
unshielded so la r  c e l l s  have been reported in the l i t e r a t u r e .  

Although there are  some dif ferences  i n  the reported r e s u l t s ,  a few general 
observations can be made, Protons i n  the energy range from 1.5 t o  3 MeV 

produce a maximum i n  r e l a t i ve  radiat ion damage i n  s i l 'con so l a r  c e l l s .  

The r e la t ive  damage t o  s i l  icon solar  cel: Yo, and Pmax d u e  t o  low energy 

protons i s  more severe than t ha t  exhibited by the I,,. Proton damage 

i n  s i l icon solar c e l l s  can be normalized t o  the  damage produced by protons 
o f  one energy. The proton energy employed f o r  normalization o f  re la t ive  

damage should be close t o  t h a t  producing maximum damage i n  space environ- 

ments, produce re1 at ively uni form damage, and be avai lab1 e f o r  laboratory 
evaluations. The use o f  10 MeV proton damage i s  based on a compromise 

of the above requirements. The resu l t s  ~f several s tudies  o f  proton 

damage have been summarized i n  terms of r e l a t i ve  s i l i con  so la r  cell 

damage as a function o f  proton energy, 3.41, 3.53, 3.54, 3.55 These 

r e l a t i ve  damaqe resu l t s ,  normalized t o  10 MeV proton damaqe, are  shown 

i n  F igure  3.11. The r e su l t s  i n  F iqure  3.71 have been shown t o  hold 
f o r  b o t h  10 ohm-crn and 2 ohm-cm solar  c e l l s  a t  proton enerq ies qreater  

3.53 than 10 MeV, 

I t  i s  emphasized t h a t  the results i n  Figure 3.11 a r e  obtained by nor- 
mal ircidence laboratory i r rad ia t ion  o f  solar  ceFls from the  f ron t  s ide .  
I f  s imi lar  data were prepared f o r  normal incidence rear  i r r ad i a t i ons ,  the 

resu l t  would be s imilar  f o r  proton energies above 10 MeV. 3'53 The e f f ec t s  
due t o  rear  incidence protons w i t h  energies below 10 MeV would be much 
lower t h z n  shown i n  Figure 3.11 3.62 The  lower effectiveness occurs because 
rea r  incident  low energy protons have insuf f ic ien t  range i n  s i l i con  t o  

cause atomic displacements i n  the space charge region of the solar c e l l .  

The var ia t ion of so la r  cef 1 output parameters with 10 MeV proton 

fluence i s  described by equations (5,2.1), (3.2.5) and (3.2.10) i n  much 

the  same way as i s  done for 1 MeV electrons.  The vaf ues of  the ccnstants 
C, C', and C" t end  t o  be somewhat greater than those found f o r  1 MeV 

electron i r radi  a t i  on. Th i  s val ue determines the decrease i n  so1 a r  cel l 
output parameter per decade of radiat ion ffuence. The f a c t  t h a t  these 





constants a re  somewhat d l  f f e r en t  f o r  electron ,and proton i rradi a t i  on 
indicates t h a t  the concept o f  equivalency between the d i f fe ren t  

types of radiat ion has 7 imitations and i s  basically an approximation. 

This equivalence i s  fu r the r  discussed i n  Chapter 6. 

3 . 7  Additional Ef fec ts  o f  Low Energy Protons 

In addition t o  the low energy proton e f fec t s  on unshielded ce l l s  

discussed i n  t h e  previous section,  there are  two aspects of 

low energy proton damage t o  be considered. These involve the e f fec t s  

of low energy protons on small unshielded gap areas on the f ront  of 

solar c e l l s  and on unshielded backs o f  so la r  c e l l s .  

When t h e  ATS-1 and In te l sa t  II-F4 s a t e l l i t e s  suddenly exhibited 

degradations i n  power output 0.f the order of 20% in weeks t o  a month 

a f t e r  launch, the importance of low energy proton damage was dramati- 

ca l l  y demonstrated. Subsequent e f fo r t s  re1 ated th i  s anomalous degra- 

dation t o  the  bombardment of narrow exposed surface areas of the solar  

ce l l  s by t he  intense I ow-energy proton f l  uence exi s t ing a t  synchronous 

a l t i t ude .  The exposed areas resulted from s l i gh t l y  undersized or 

improperly applied cover s l ides  which bared up t o  a 0.038 ern (15 m i l s )  

s t r i p  of sol a r  cell surface.  The high-intensi ty  law-energy proton 
fluence, though incapable of penetrating the solar  c e l l  t o  a depth o f  

more t h a n  a few microns, was able t o  produce junction damage which 
would shunt the power producing capabi l i ty  of the  whole device. Exposed 

s t r i p s  as narrow as 0.005 cm ( 2  mils)  were suf f i c ien t  t o  d r a s t i c a l l y  

a l t e r  the dev ice4s  power producing capab i l i ty .  The absence of t h i s  

e f fec t  i n  e a r l i e r  so la r  array systems was a t t r ibu ted  t o  shingling 

and over1 apping adhesive. 

The r e su l t s  discqssed i n  the previous section c l ea r l y  indica ted  

t h a t  low energy proton i r rad ia t ion  has an inordinately greater  e f f ec t  

upon so l a r  c e l l  Voc and P,,, as compared t o  similar  i r rad ia t ions  w i t h  

electrons or higher energy protons. The anomalous degradation of the 

ATS-1 and In t e l s a t  II-F4 prompted many investigations i n to  the e f f ec t s  



o f  low energy p ro ton  i r r a d i a t i o n  on p a r t i a l l y  s h i e l d e d  s o l a r  c e l l s .  i. 63-3.67 

Cur ious ly ,  Brucker  and coworkers observed and repo r t ed  t h i s  degrada t io r  

e f f e c t  i n  l a b o r a t o r y  s t ud ies  severa l  months be fo re  the launch o f  

ATS-1. 3'63 The r e s u l t s  o f  these s tud ies  i n d i c a t e d  t h a t  unsh ie lded  areas 

amounting t o  l e s s  than 1% o f  t he  t o t a l  c e l l  area can cause s i g n i f i c a n t  

e f f e c t s  on c e l l  power ou tpu t .  As a r e s u l t  o f  these s tud ies ,  a r r a y  

manufacturers have taken measures t o  ct.1~5:. a1 1  areas o f  t h e  s i l i c o n  c e l l  
f r o n t  su r face  w i t h  a  cover sl i de and f i  11 any gaps between the  metal 1 i t e d  

base and cover  s l i d e  w i t h  adhesive. 

The changes caused by t h e  i r r a d i a t i o n  o f  smal l  unsh ie lded areas 

o f  so l a r  c e l l  s w i t h  low energy protons can be exp la i ned  i n  terms o f  

s o l a r  cell  t heo ry .  It was p r e v i o u s l y  ment ioned t h a t  t he  range of low 

energy p ro tons  i n  s i l i c o n  i s  l i m i t e d  t o  l e s s  than  t he  c e l l  th i ckness .  

P a r t i c 7 e s  which do no t  pene t ra te  r h e  re11 produce d e f e c t s  o n l y  t o  t h e i r  

depth 01' pene t ra t i on .  Th i s  l i m i t e d  p e n e t r a t i o n  r e s u l t s  i n  unusual 

e f f e c t s  i n  t h e  case of p ro tons  because lower  energy p ro tons  produce 

more displacements p e r  u n i t  pa th  l eng th .  The r e s u l t s  o f  t h i s  behav ior  

a r e  shown g r a p h i c a l l y  i n  F i g u r e  3.72. I n  t h i s  f i g u r e ,  t h e  c a l c u l a t e d  

number o f  d i sp l aced  s i l i c o n  atoms per  u n i t  p ro ton  pa th  i s  p l o t t e d  as 

a  f u n c t i o n  o f  depth i n  s i l i c o n  f o r  a 3 MeV p r o t o n  (range 92.7 pm), I t  

can be seen t h a t  the damage r i s e s  r a p i d l y  t o  a  maximum near  t h e  end of 

t h e  p ro ton  t r a c k ,  Every p r o t o n  which i s  stopped i n  t h e  s i l i c o n  p ro -  

duces such a damage peak a t  t h e  end of i t s  t r a c k ,  Protons which e n t e r  

t h e  s i l i c o n  w i t h  energies of 0.5 MeV o r  l e s s  produce damage which i c  

concent ra ted w i t h i n  a  few microns o f  t h e  c e l l  surface. The space charge 

reg ion  o f  a  modern c e l l  ex tends f rom O.&, t o  1 mic ron  below t h e  c e l l  

surface. F o r  t h i s  reasoy, low energy p r o t o n  d isp lacement  damage i s  

concent ra ted i n  t h e  j u n c t i o n  reg ion .  

The e n t i r e  s o l a r  c e l l  j u n c t i o n  can he cons idered t o  be an a r r a y  o f  

smal l  pa ra l  1  el diodes, each hav ing a c l ; a r a c t e r i s t i c  desc r ibed  by t h e  pa ra l  1  e l  

combinat ion o f  equat ions (1 ,2.3) and ( 1  .2.6) . Damage t o  only a smal l  

p o r t i o n  o f  t h i s  p a r a l l e l  d iode  a r r a y  r e s u l t s  i n  an inc reased  e f f e c t i v e  

leakage o r  s a t u r a t i o n  c u r r e n t  f o r  t h e  e n t i r e  a r ray ,  3 '619  3'63 1n s e c t i o n  

1.2, t h e  n a t u r e  o f  t h e  generat ion- recombinat ion c u r r e n t  was discussed. 



TOTL DISPLACEMENTS, PROTONS, SILICON ( cm- ' ) 

Figure 3.12 Atomic Displacements as a Function o f  Depth f o r  a 3 k V  Proton i n  S i l  icon 3.26 
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The saturation current due t o  generation-reconbina~io~ in the space charge 

region (equation 1.2.7) increases l inearly a s  the carr ier  lifetime 

decreases ( i  . e .  , displacement damage -increases) in the space charge 

region. The increased leakage current of a solar cell reduces the cell 

Yo, because of the relationship of Vo, and 1, (junction leakage current) 

shown i n  equation (1.3.9). Since cell diode folward current ( I D 2 )  i s  

increased a t  a l l  voltages, the cell P,,, wi 11 also decrease because of 

low energy proton damage to small areas o f  the junction. 

This e f f ec t  i s  i l lus t ra ted  in Figure 3.13. A par t ia l ly  shielded 
solar cell was irradiated with 3 x 1013 p/cm2 of 0.250 MeV protons, 

The cvrrent-vol tage characteristics of th i s  cell  are shown before and 
a f t e r  irradiation, The data indicate that  the protons entered the 

sil icon through a 0.0076 cm gap between the cover s l ide and the metal- 
lized bus s t r i p .  Although the IS, of the cell  was unaffected by the 
irradiation, significant degradations occurred in Voc and Pma,. Since 
solar c e l l  s a re  usi!ally operated near the maximum power point, such 

changes have grave implications on in-f l ight  performance. 

I t  has been observed i n  laboratory studies that the effects of low 

energy protons on small unshielded areas o f  ce l l s  produce a maximum in 

the degradation a t  a fluence of about 3 x 1 013 p/cm2, I t  has been suggested 
3.61,3.68 that  the reversal of degradation i s  due t o  carr ier  removal effects ,  

Considerable data exist  regarding the effect  of p ro ton  energy spectrum 

and busbar-cover sl i d e  gap  width on t h e  degradat io~.3*65 Most reported 

1 aboratory studies have been confined to  normal incidence pro ton  i r r a -  

d i  a t i  ons . 

In the p a s t ,  solar ce l l  usage has been confined to  body-mounted solar 

cel l  s on spinning satel 1 i  tes.  Such applications provide a 1 arge measure 

of back shielding t o  a solar array. The requirements for  increased 

spacecraft power and reduced weight have establ ished trends toward the 

usage of oriented solar panels w i t h  minimal back shielding. Stofel has 
shown that low energy proton back side irradiation degrades silicon solar 
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ce l l s  through carr ier  removal effects .  3'61 33*65 The use o f  thin 
-oldered back contacts or other minimal back shielding should greatly 

reduce these e f fec ts ,  

Effect of Temperature and Illumination Intensity on Radiati0.n 
Damage 

There are two types o f  thermal effects on radiation damaged cel I s ;  one 

i s  reversible and the other i s  irreversible.  In this section, the  effects  
of revers4 ble thermal processes on radi ation damaged o u t p u t  parapeters are 

quantitatively discussed as well as the effects  of i 1 lumf nation ~ntensf  ty .  

High energy radiation causes changes In crystal structures and other 

fundamental properties. The damaged structure may undergo further i r re -  

versible processes a f te r  heating, This i s  because defects s u ~ h  as inter-  

s t i  t i a l  s ,  vacancies, or vacancy-impuri t y  complexes are more mobile when 

the temperature i s  raised. A t  elevated temperature, the recombination 

r a t e  of i n t e r s t i t i a l  -vacancy pairs (or self-heal ing) i s  greatly increased 

by the thermal agitation. Thus, material property values d r i f t  from 
the i r  i n i t i a l  values a f te r  such temperature excursions. A t  room temper- 
ature,  i t  takes a few days t o  a few months t o  complete annealing, 

-following a 'laboratory irradiation. An increase i n  temperature accele- 

rates the annealing process (reduces the apparent damage r a t e ) .  Thus, 
the  damage constant i s  grea ter la t  the lower irradiation temperature. A 
normal spacecraft temperature ranges from -30' t o  80°C. 

The annealing rate i s  also affected by radjation exposure ra te .  

In the laboratory, the radiation exposure r a t e  i s  usually many orders of 

magnitude greater than natural space-radi a t i  on ra tes .  In space, the 

damage and anneal i ng processes occur sirnu1 taneously with the annealing 
rate  much closer t o  the damage rate  than in t h e  laboratory. For these 

reasons, a l l  the d a t a  used I n  th i s  text  are annealed or stabilized data 

except as noted. 

Important solar  cell parameters vary not only with temperature, b u t  

a lso with illumination intensity.  3'121 They can mathematically be expanded 

i n  terms of temperature and intensity, and can be determined by the 
coeffi cf ents o f  the f l r s t  expansion terms. For i rradi ated solar  cel ls  , 
a sophis t i  cated parametric approach, suck as those stud1 ed In references 

3.115 through 3.718, can be adopted f o r  the determlnatlon of  
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temperature coefficient. The success o f  these approaches, however, 
depends ent i rely on the quantity, quality,  and avai labi l i ty  o f  tes t  data. 
Moreover, the application o f  such data may be limited exclusively t o  a 

s p e c i f i c  type or group  o f  cel Is tested, Therefore, an a1 ternate approach 
i s  adopted i n  this  text :  whenever a l inear  approximation i s  warranted, the 
first-order temperature coeffi cient a t  one sun intensity i s  determined 
and the variation o f  t h l s  coefficient I s  expressed I n  terms o f  r4adlatlon 
fluence. With this  technique, a solar cell  output parameter y ( ~ , o ) ,  tem- 
perature o f  T a t  fluence level of 0 can be expressed as 

where 

y(To , 4 )  = The value o f  parameter y a t  the normal l zed  temperature To 
a t  fluence level Q 

b ( @ )  = Temperature coefficient o f  y a t  fluence .level o f  @ 

To = normal f zed temperature 

= radiation f luence 

3.8.1 Unirradiated Cells 

The effects  o f  temperature on solar cell  output parameters are not 
clear from the equation for  IS, and Vo, given in Chapter 1. While a 
temperature term i s  expl ici t ly  Included in each o f  the equatf ons (1.3.8 
and 1.3.9), other parameters i n  the equatlons ( n ,  IL and I,) a lso have 
a temperature dependence tha t  i s  not explici t ly  Identi f l e d .  The resul t  
i s  that Yo, has a negative temperature coefficient as apposed t o  
the apparent positlve coefficient deflned In equation 3.1.9. Solar cell 
output parameters such as IS=, VOC and Pmax vary almost 1 i nearly w i  t h  
temperature in the ranye f rom -50°C t o  100°C. The temperature coef- 

f ic ient  varies n o t  only w l t h  illumination intensity b u t  also with cell  
types, cell  thicknesses, base res l s t iv i  t y ,  e tc .  The dISc/dT o f  an 
unirradiated n/p si l icon ce l l  i s  very small, approximately 0.02 m ~ / c r n ~ - ~ ~  



* 
o r  about 0.05%/"C. The dVoc/dT f o r  u n i r r a d i a t e d  2 t o  10 ohm-crn n/p 

c e l l s  v a r i e s  f rom -2,Q t o  -2.4 mV/OC. 

Since t h e  dVo,/dT i s  nega t i ve  and i s  much g rea te r  than  t he ' d ISc /dT ,  

t h e  dPmaX/dT should r e f 1  e c t  t h e  temperature behavior  o f  dVoc/dT, a  1  arge 

and negat ive va lue,  unless the  form f a c t o r  improves w f t h  an increased 

temperature. The dPmax/dT o f  u n i r r a d l a t e d  10 ohm-cm n/p c e l l s  i s  i n  t h e  
2 neighborhood of -0.07 mW/cm -"C or about -0.6%/OC. 

For a p r a c t i c a l  a p p l i c a t i o n ,  t h e  maximum power p o i n t  must be spec i -  

f i e d  by e i t h e r  t h e  c u r r e n t  o r  t h e  vo l tage  a t  which the  power i s  t h e  maximum, 

The cu r ren t  a t  which the  power i s  maximum, I var ies  a lmost  quad- 
mp ' 

r a t i  c a l l y  wd t h  respec t  t o  temperature, and the  temperature c o e f f i  c i  e n t  

becomes temperature dependent. The vo l tage  a t  which t h e  power i s  maximum, 

",P 
, on the  o t h e r  hacd shows a l a r g e  and a lmost  l i n e a r  v a r i a t i o n  w i t h  re- 

spec t  t o  temperature and hence i s  a  b e t t e r  candidate than t h e  I f o r  
mP 

presen t ing  s imp le r  and more r e l i a b l e  data.  In t h i s  con tex t ,  the V i s  
mP 

used and discussed i n  t h i s  t e x t .  The dV /dT o f  u n i r r a d i a t e d  10 ohm-cm 
mP 

n/p c e l l s  i s  approx imate ly  -2.2 mV/"C o r  about -0.5%/"C. 

3.8.2 I r r a d i a t e d  C e l l s  

The temperature c o e f f  i c l e n t  data o f  i r r a d i a t e d  c e l l  s a r e  sooradi  c. 

Anspaugh 3'119 made thorough measurements f r om -20°C t o  40°C f o r  2 

and 10 ohm-crn n/p c e l l s  bombarded w i t h  7 MeV e l ec t rons ,  The c e l l s  f rom 

s i m i l a r  p roduc t ion  l o t s  were used on a f l i g h t  experiment aboard ATS-5. 

Therefore,  t h e  da ta  may have o n l y  l i m i t e d  app l f  ca t i on ,  however, t h e  

t r e n d  o f  va r ious  temperature c o e f f i c i e n t  behaviors w i t h  r e s p e c t  t o  e l e c t r o n  

f l  uences a re  we11 demonstrated i n  F igures 3.14 through 3.17, taken f rom 

re fe rence  3.119. Those da ta  publ ished i n  t h e  p a s t  a re  a l s o  i nc l uded  f o r  

comparison. 

* 
The temperature c o e f f i c i e n t  expressed i n  terms o f  percen t  p e r  degree 

cen t ig rade  conta ins some con fus ing  and i naccu ra te  elements. Unless t h e  

parameter va lue  o r  temperature a t  wh i ch t he  c o e f f  i c i e n t s  a r e  normal i zed 

i s  speci f ied,  t h e  c o e f f  i c l  ents c i  t e d  have ambi g i  ous meanings. The 

temperature c o e f f i c i e n t s  c i t e d  i n  t h e  t e x t  i n  terms o f  pe rcen t  p e r  degree 

cen t ig rade  a r e  a1 1 taken a t  near  room temperature o f  25°C t o  32OC. 
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lMeV ELECTRON FLUENCE, e/crn2 

Figure 3.14 Temperature Coefficient f o r  I,,, b(m,s) 
i n  Equations (3.8.3) 



]MeV ELECTRON FLUENCE, e/crn2 

Figure  3.15 Temperature Coefficient f o r  VOc, b(@,s) 
in Equation (3 .8 .4)  



1 MeV ELECTRON FLUENCE, e/cm 
2 

F igu re  3.16 Temperature C o e f f i c i e n t  f o r  P,,,, b ( m , l  ) 
i n  Equat ion (3.8.5) 



Figure 3.17 Temperature Coeff ic ient f o r  V 
mP 

1 MeV ELECTRON FUIENCE, e,/crn2 



The dVo,/dT of 2 and 10 ohm-cm n/p  s i l i con  solar  ce l i  s does not change 

s ign i f i can t ly  a f t e r  1 MeV elect ron bombardment {from -2.0 mV/"C t o  -2 .3  mY/"C 
2 as the fluence increases from 1012 t o  1016 electrons/cm ) (see Figure 3 .15) .  

has reported s imi la r  r e s u l t s ,  as did Haynes and ~ l l i s ~ ' ~ ~  who 
i r radia ted the ce l l s  with 2.4  MeV electrons.  The increase i n  dIsc/dT i s  
ra ther  d ras t l  c when i r rad ia ted  wi t h  1 MeV elect rons ,  a threefold increase 
(from 0.18 t o  0.6 n ~ / r m ~ - ' ~ )  fo r  the fluence from lo1* to  1016 eleetrons/crn 2 

(see Figure 3.14),  

The temperature coef f i c ien t  of Pmax i s  negative, and the magnitude 

monotani cal l y  decreases with an increasing electron f 1 uence. There i s 

a dist if ict  difference i n  the temperature coeff ic ient  between 2 and 10 ohm-cm 
ce l l s :  the 2 ohm-cm c e l l s  have a smaller slope than the l a t t e r .  

The dV /dT i s  a lso  negative and the magnitude decreases toward a 
mP 14 

fluence level of 1013 - 10 electrons/cm2. The varlat ion of dVmp/dT 

ranges from -2.2 to  - 2 . 3  rnV/"C f o r  10 ohm-cm n / p  ce l l s  and frorn -7.9 

t o  -2.1 f o r  2 ohm-cm c e l l s ,  

Data a re  extremely l imited on the var ia t ion o f  temperature coeff ic ients  

with proton i r rad ia t ion .  The data f o r  22 MeV protons with a fluence up  
2 t o  2 x 10'' pratons/cn a re  shown i n  Figures 3.14 through 3.17 f o r  

comparison w i  t h  electron data. The temperature coefficients  a f t e r  
proton i r rad ia t ion  t o  the 25% power-degradation point f o r  proton energies 

from 2 t o  155 MeV 3 g 1 2 '  a re  a lso  shown i n  the same f igures .  These points 
a re  so sporadic and so randomly scat tered t ha t  no conc7uslon can be drawn, 

suggesting the  need f o r  more careful measurements and systematic study 
o f  t he  temperature coeffi ci ents  . 

A dependence of so l a r  cell output on illumination in tens i ty  I s  some- 

what predictable from the equations in Chapters 1 and 2 ,  The spectral  
response R ( A )  i n  the equation (2.1 ,1)  i s  independent of spectral  i rradiance 
E ( A )  , and the  1 i ght-generated current  IL becomes praporti anal t c  i 11 umi na- 
t ion  in tens l ty ,  The shor t  c i r c u i t  current  i s  therefore almost equal t o  
I L  (equation 3 . 8 . 4 ) ,  hence i s  almost proportional t o  the i 1 lumination 
in tensi ty ,  



where 

S = intensity s c a l e  f a c t o r  (where unlty = 1 s o l a r  cons tan t )  

and 

I ( T , )  = s h o r t  c i r c u l t  c u r r e n t  a t  one sun i n t e n s i t y  and a t  a 
temperature o f  T°C. 

I n  genera l ,  equat ion (3.8.1) can be expanded I n  terms o f  t he  f i r s t  

order o f  i 11 umina t i  on dn tens i  t y  whl l e  makl ng use o f  temperature co- 

e f f f c i e n t  da ta  such as those presented I n  F igures 3 . 1 4  through 3.17, 

For t h e  s h o r t  c f r c u i t  c u r r e n t ,  

S i m i l a r l y ,  

For the  P,,, 

(T ,~ , s )  = [P  (T ,@,I) + b ( 4 , l ) * ( ~ - T ~ ) l * ~  (3.8.5) 
'max max o 

The d i f f u s i o n  l eng th  damage cons tan t  KL of n-p s o l a r  c e l l s ,  accollding 

t o  a study a t  TRW, 3 m 4 0  i s  independent o f  1 MeV e l e c t r o n  i r r a d i a t i o n  

temperaaturer between -80°C and + 1 30°C, b u t  Increases s i g n i  fl c a n t l y  a t  

1 ower temperature. Workers a t  NRL 3*7093+71 9 3 ' 7 2  have r e p o r t e d  t h a t  

t h e  KL depenos n o t  only on i r r a d i a t i o n  temperatues b u t  a l s o  on measuring 

temperature , 

A study o f  1-MeV e l e c t r o n  r a d i a t l o n  e f f e c t s  on s i l i c o n  so lar  cells 
under ex t reme ly  low temperature and low i l l u m i n a t i o n  ( ~ u p i t e r  environment)  

has been repo r t ed .  3 4 7 2  Debs and Hanes 3*73  repo r t ed  a study o f  3 MeV p ro ton  

damage t o  s o l a r  cel l  s under c o n d i t i o n s  encountered i n  t h e  near-Jup i  ter 
environment. The i r  r e s u l t s  i n d i c a t e  t h a t  n/p c e l l s  have h igher s t a r t i n g  

e f f l c i e n c l e s ;  however, a t  h fgh  p ro ton  f luences ,  t he  p/n 20 ohm-cm c e l l s  



had much l e s s  damage than the n-p c e l l s  a t  Jup i te r  conditions. 3 .73  

Although illumination has been shown t o  a f f ec t  the evaluation o f  

radiat ion damage in s l  licon so l a r  c e l l s  through in ject ion level e f f e c t s ,  

i t  has been assumed t ha t  the production of displacement type radiat ion 
damage i n  s i l i con  s o l a r  c e l l s  i s  independent o f  l l lun~inat ion in tens i ty  
during i r rad ia t ion .  Reynard has reported t ha t  during real  t l m e  beta ray 

i r rad ia t ion ,  s i l i con  so l a r  ce1 IS, illuminated and e l e c t r i c a l l y  l o a d e d ,  

degraded more severely than s imi lar  c e l l s  i r radia ted dark without 
The resu l t s  of a  s imi lar  study d i d  not confirm the above r e su l t .  3 , 7 5  

~ r a b b ~ ' ~ ~  recently reported that  10 ohm-on f loa t  zone s i l i con  solar  

c e l l s ,  which had been degraded w i t h  1 MeV e lec t rons ,  exhibited a furthe'r 

degradat I on when i 1 lumi nated by a 10 sun source. Further investigations 
by many workers 3* 123-3w129 revealed t ha t  photon degradation depends n o t  
only on c rys ta l  growth technique but - ? so  type and amount of dopant as 

well as radia t ion par t i c le  species as  summarlzed below. 

a Many investi  gatars agreed t ha t  cruci b1 e (Czochralski ) 

grown s i l i con  c e l l s  dld not exhibi t  photon degradation 
3*123  According t o  Crabb, except a case reported by Crabb. 

the f l o a t  zone, boron-doped c e l l s  exhfbited no photon 
degradation, whereas the  crucible grown 3-doped ce l l s  
suffered a 6% power loss due to  photon degradation, 

A1 umi num and gall  !urn doped cruci bl e s i l  icon ce1 l s did n o t  

exhi b f  t photon degradation, 

Only boron doped f l o a t  zone s i l i con  .cells suf fe red from 

photon degradatl on. The degradali on was more pronounced 

f o r  the lower r e s i s t i v i t y  c e l l s ;  p rac t i ca l ly  no degradation 
fo r  the 85 ohm-crn cel I s ,  about 5% f o r  about 10 ohm-cm eel 1s , 
and greater  than 10% degradation for the 0.2 O~K-cm c e l l s .  

No photon degradation was observed fo1 lowing 2.5 and 10 MeV 

proton i rradi  a t l  on, 3.128 

Comsat black c e l l s  a lso  suffered from photon degradation 
2 a f t e r  1  x 1016 electrons/cm of 1 MeV electron i r rad ia t ion .  3,129 

The cells lost about 3.4% of maximum power a f t e r  one sun 



i ntensi ty i 11 urn1 na t j  on for about 5 hours. 

Since boron doped f loa t  zone s i l icon ce l l s  are prone t o  photon 

induced degradation, caution must  be exerci sed for  the space appl i ca- 

cations. 

3.9 Effects of Neutron and Gamma Radiation on Solar Cells 

The radiation associated with nuclear weapons degrades solar arrays 
i n  the ;ame manner as the radiation of the space environment. Solar 
array designers must allow fo r  these e f f e c t s  when weapon events are 
included i n  the environment. The radiation from a weapon event i s  
delivered a t  a much higher rate  than space radiation, Because o f  these 
h i g h  radi a t i  on rates,  other aspects of radiation effects  become more 
apparent immediately fol  lowiny a nuclear radiation pulse. 

The most important aspect o f  neutron radiation on s i l icon solar 
cell  s i s  di spl acement damage whi ch r e d u c ~ s  the ni nori ty carr ier  l i fetime 
in the same manner as protons and electrons. When s5 licon devices re- 
ceive neutron irradfation a t  room temperature, a large f rac t ion  o f  the 
di spl acement damage anneals w l  thi n 100 seconds a f t e r  the i r radiat ion,  
The annealing factor i s  defined as the ratdo o f  the i n i t i a l  (maximum) 
damage t o  the damage wht  ch remains a f t e r  annealing i s  c0m~lete.3.77, 3*34 

Annealing factors larger than  10 have been reported. Such behavior 
i s  not surprising, because calculated displacement rates for  various 
rtadi ations are usually much greater t h a n  those found experi!.~ental l y  . 
?he transierri; annealing of neutron damage I s  n o t  an important consldera- 
Lion i n  the design o f  solar arrays; however, the nonannealing component 
o f  neutron damage will contribute t o  the permanent damage produced by 

space radiation. This aspect o f  neutron damage has been studied by 

Brucker , 3'78  owni in^,^'^^  orris ,3'80 Stofel ,  3'81 and ~ i c k s . ~ ' ~ ~  Most 
of these studies u t i l i z e d  f i ss jcn  neutrons from nuclear reactors, If 

the fission spectrum o f  such reactors i s averaged by weighing each 
energy component by I t s  theorett cal dtsplacement damage factor ,  3 * 8 3  the 
mean neutron energy i s  very close to  1 MeV. The degradation of n-p 
s i l icon solar cell  parameters with neutron irradiation i s  shown in 
Fdgure 3.18. 3*81  The conversion o f  neutron fluences to  damage equivalent 



Figure 3.18 Neutron Induced Change in n / p  Silicon S o l a r  Cells 5.81 
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1 MeV electron fluences depends not only on output parameters b u t  a l so  
on the degradation level. For the I,,, t h l s  convers-ion factor varles ap- 
proximately from 1500 to  9000, and a t  the 75% degradation level ,  the ra t io  
i s  approximately 2400, Neutron fluences may thus be converted t o  damage 
equivalent 1 MeV electron fluences by fol  low4 ng expression: 

41 MeV e = 2400 X 41 k y  

When neutron damage i s  evaluated with a solar simulator and described 
by equation (3.2.1), the constant C i s  approximately equal t o  6 .5  mA/cm 2 

per decade fluence. Th is  value i s  significantly larger than t h a t  found 
f o r  electron irradiation. Simi t a r  slope va lu)~s  are found i n  cel ls  i r ra-  
d i  ated with high energy protons. Work by Gregory 3'33 and Stofel 3081 has 
shown that diffusion lengths measured in neutron-irradiated solar cel ls  
depend on carr ier  i n j ec t i on  level and increase w i t h  the excess minority 
ca r r i e r  concentration (see Figure 3.5). This behavior i s  similar  t o  that  
reported for proton-i rradi ated solar cel ls .  

Gamma ray radiation interacts w l  t h  s i l icon mainly by the production 
o f  Compton electrons. These secondary particles have energies high 
enough t o  cause displacement damage i n  sl l icon solar cells.  The effect  
o f  gama radiatlon on sil icon solar  ce l l s  has been reported by Fang 3.84 

and ~icks.~'~' The results o f  Cobalt 60 gama irradiation o f  n-p sll icon 

so lar  ce l l s  are shown i n  Figure 3.6. The displacement cross section of 

prompt gammas i s  very smal7 as compared with tha t  of other radiation 
species and the damage can usually be neglected. 

The most important aspect of gamna r a d i a t i o n  f rom weapons Is the 
transient photocurrent generated I n the array during a nucl ear event. 
The primary photocurrent can be estimated from the f 01 1 owi ng expressi an : 

where f = dose rate  (radfsec) 

L = diffusion length (cm) 

A = cel l  junction area (cm2) 



The t rans ien t  r i s e  and f a l l  of the photocurrent has been t rea ted by Wirth 
and Rogers. 3'85 The peak current  values developed by so la r  c e l l s  under 

these conditions can be very large  and may cause problems i r :  c i r c u i t s  
interfacing with t h e  solar  a r ray .  Current l imit ing by the external load 

and the internal  ce l l  s e r i e s  res is tance  may l i m i t  the observed photo- 

currents t o  values well below the generated current .  Under very intense 

pulses of such ionizing radia t ion a t  room temperature the ce l l  Voc satu-  
ra tes  a t  approximately 0 .7  V .  3*86-3-88 This value appears t o  be re la ted  

to  the bar r i e r  potential (Vb) of the junction as  determined by capacitance- 
voltage measurements. 

3.10 Lithium Doped Solar Cel ls  

In te res t  in t h i s  f i e l d  began w i t h  Vavilov's repor t  of a radiat ion 

res i s t an t  diode made with lithium-doped, crucible  grown s i l i con .  3.89 

Wysocki l a t e r  reported l i  thium-doped so l a r  c e l l  s which degraded under 

electron i r rad ia t ion ,  b u t  rapidly  recovered a t  room. temperature. 3.90 

Float zone s i l i con ,  with a charac te r i s t i c  lower oxygen concentration, 

was used t o  achieve th i s  r e s u l t .  Subsequent work indicated t ha t  recovery 
also occurred in 1 ithium-doped, quartr-crucible s i l  icon so la r  c e l l s .  

Since this i n i t i a l  work ,  the general s u b j x t  was studied in two ways. 
Empf r i ca l  changes in the manufacturing techniques f o r  1 i  th i  um-doped so la r  

c e l l s  were evaluated w i t h  the  a i m  of aptirniting the recovery e f f ec t .  3.91, 3.92 

Other s tudies  were directed a t  the development of a physical model of t h e  

degradation and recovery processes i n  lithium-doped s i l i con .  

Some of the m=re per t inent  f a c t s  gained during these s tudies  a re  

as follows. The lithium concentration i n  a so la r  ce l l  i s  not uniform, 
but increases in a l inear  or  near l inear  manner with distance from the 

solar  c e l l  junction. T h i s  cha r ac t e r i s t i c  can be used t o  advantage t o  

produce c e l l s  with exceptionally high open-circuit voltages.  Solar c e l l s  
with low or insuff ic ient  l i th ium concentrations do not recover in a s a t i s -  

factory manner. Float zone s i  1 icon solar  c e l l  s with exceptional 1y high 

lithium concentrations lose  ef f ic iency during storage i n  the unirradiated 



condition. These same c e l l s ,  when irradiated and recovered, also exhibit 
a time-dependent loss of efficiency. T h i s  loss has been related t o  the 
room temperature diffusion o f  lithium into the active area of the ce l l .  
I t  has also been observed tha t  higher l i t h i u m  concentrations cause fas te r  

recovery ra tes .  Because of the recovery r a t e  dependence of the radiation 
damage in lithium-doped solar c e l l s ,  i t  was d i f f i cu l t  t o  evaluate cell 
performance by accelerator i r radiat ions,  Real time irradiations of  

lithium-doped solar ce l l s  have been done with beta particle sources. 
The results of these beta irradiations indicated t h a t  some 

types of lithium-doped solar ce l l s  are s l ight ly  superior to  n-p ce l l s  

under some temperature conditions, The major potential advantages 

o f  1 ithium-doped solar ce l l s  over conventional n-P  solar ce l l s  a r e  in 
regard to  proton 3053' 3'90 and neutron damage. 3'793 3'93 Fiqure 3.19 

shows that lithium doped solar ce l l s  are clearly sunerior t o  conven- 

tional ce l l s .  The long reccvery period following a neutron exposure 

would probably be a severe limitation in mili tary spacecraft. The 
most advantageous uses of lithium-doped solar ce l l s  would be for  space- 

c r a f t  in proton dominated orb i t s  with high proton f l u x e s .  A t  present, 

such orbits are  n o t  commonly used, A summary of the current s t a t e  o f  

the a r t  in lithium-doped solar ce l l s  was recently published by Berman. 3.94 

3.71 Radiation Ef fec ts  on Shielding Materials 

The degradation due t o  radiation effects  on solar cell  cover s l ide 
material in space i s  d i f f i cu l t  t o  assess. The different radiation com- 
ponents of the environment ac t  individual 1 y and synergi s t i ca l  ly. on the ele- 

ments of the shielding material and also cause changes i n  the interaction 
o f  shielding elements. The complexity i s  i l lus t ra ted  in Table 3 . 2 ,  where 
the vzrious effects  reported f o r  commonly used cover materidls are  summar- 

1 

i z e d  and referenced. In addition t o  the data i n  Table 3 . 2 ,  a large volume 
o f  data has been presented in the l i te ra ture  regarding materials currently 

not in use for  shielding solar c e l l s .  In this  section, the emphasis will 
be on solar cel l  shielding material currently used in array construction. 

The cover glass shielding currently in use in most spacecraft con- 

s t ruc t i  on i s  usually fabricated from Corning #0211 Mi crosheet or Corning 



2 FLUENCE (particle/cm ) 

Figure 3.19 Recovered Power Output o f  Irradiated Conventional 
and Lithium Doped Solar Cells 3.90,3.93,3.53 



TABLE 3 . 2  

RADIATION EFFECTS ON SHIELDING MATERIALS 

* 

t 

Anti -Ref1 ecti ve 
Coat ing  On 
Cover Glass 

Degrades 
Transmission 

3.95, 3.96 
3.97 

. 

keV Protons 

MeV Protons 

MeV Electrons 

U l  travi 01 e t  
Light 

Cover 

Corning #027 1 
Microsheet 

Degrades 
Transmi ssion 

3.95, 3.98, 
3.104 

Degrades 
Transmission 

3.98, 3.99, 
3.100, 3.102, 
3.103, 3.105 

Bleaches 
Transmi ssi on 
Loss Due to 
Radiation 

3.107 

Blue Fi 7 ter On 
Cover Glass 

Glass 

Corning #7940 
Fused Quartz 

No 
Transmi ssion 
Loss 

3.95, 3.98 

No 
Transmission 
Loss 

3.98, 3.1003 
3.101, 3.102, 
3.103, 3.105 

Degrades 
Transmission 

3.1 06 

No Absorptance 
Change 

3.108 

S i  1 i cone 
Adhesives 

Degrades 
Transmission 

3.95, 3.98 

Degrades 
Transmission 

3.100, 3.105 

Degrades 
Transmission, 
Reduced UV 
Rejection 

3.170 

No 
Transmi ssion 
Loss 

3.109 

No 
Transmission 
Loss 

3.709 

Degrades 
Transmission 

3.100, 3.109 



#7940 fused  s i l i c a .  Where t h i n  covers a r e  des i red ,  t h e  usage tends toward 

Microsheet,  because i t  i s  r e l a t i v e l y  inexpens ive i n  t h i n  sec t i ons .  Where 

t h i c k e r  covers  a re  des i red,  Corning #7940 fused s i l i c a  i s  used t o  avo id  

t he  darkening due t o  r a d i a t i o n .  Cover g lasses a re  always used w i t h  a  

MgF2 a n t i r e f l e c t i n g  f r o n t  c o a t i n g  and an u l t r a v i o l e t  r e j e c t i n g  f i l t e r  on 

the  rear sur face.  Cover g lasses  a re  u s u a l l y  a t tached  t o  s o l a r  c e l l s  w i t h  

s i l i c o n e  e lastomers.  

Most exper imental  assessments of r a d i a t i o n  e f fec ts  a re  based on 

acce le ra ted  t e s t i n g  i n  which a  complete space environment i s  n o t  simu- 

la ted .  T h i s  may account f o r  some o f  t h e  d i f f e r e n c e s  between darkening 

o f  cover g l a s s  ma te r i a l  observed i n  l a b o r a t o r y  r a d i a t i o n  s t ud ies  and 

space f l  i g h t  data f o r  covered s o l a r  c e l l s  which i n d i c a t e d  t h a t  r a d i a t i o n  

e f f e c t s  i n  cover  m a t e r i a l s  were i n s i g n i f i c a n t .  3.111 

The r a d i a t i o n  e f f e c t s  observed i n  cover  m a t e r i a l s  can be charac-  

t e r i z e d  as i o n i z a t i o n  damage r a t h e r  than  d isp lacement  damage. I n  genera l ,  

i o n i z a t i o n  e f f e c t s  a re  u s u a l l y  dependent upon t h e  absorbed dose and t o  

t h a t  degree a r e  independent o f  p a r t i c l e  t ype  o r  energy. Some excep t ions  

t o  t h i s  r u l e  occur i n  t h e  case o f  h i g h l y  charged massive p a r t i c l e s ,  In 
such cases, t h e  i o n i z a t i o n  e f f e c t s  may be concent ra ted a long  t h e  p a r t i c l e  

t r a c k  r a t h e r  than u n i f o r m l y  d i s t r i b u t e d  . 3.112 It i s  reasonable t o  assume 

t h a t  t h e  i o n j z a t i o n  damage produced i n  cover  m a t e r i a l s  by space e l e c t r o n s  

and p ro tons  i s  r e l a t e d  t o  t h e  t o t a l  absorbed dose. T h i s  assumption a l l ows  

t h e  va r i ous  r a d i a t i o n  components o f  t h e  space environment t o  be reduced 

t o  a t o t a l  dose, w i t hou t  a l a b o r i o u s  de te rm ina t i on  of degrada t ion  constants  

f o r  each energy and p a r t i c l e .  It a l s o  a l l o w s  t he  use of exper imenta l  data 

from a  s i n g l e  i o n i z i n g  environment such as 1 MeV e lec t r ons .  

The most s i g n i f i c a n t  r a d i a t i o n  e f fec ts  I n  cover  m a t e r i a l  s  i n v o l v e  

changes i n  t h e  t ransmiss ion  of l i g h t  i n  t h e  v i s i b l e  and near  i n f r a r e d  

reg ion.  These data  are comnonly r e p o r t e d  as s p e c t r a l  t ransmiss ion  data. 

The use o f  cover-glass spec t ra l - t ransmiss ion  da ta  i n  de te rmin ing  changes 

i n  s o l a r  cell  output  i s  r a t h e r  cumbersome. Th i s  procedure was ou t1  i ned  by 

Carn7bell. 3*98 An a l t e r n a t e  approach t o  t h e  r e p o r t i n g  o f  t h e  da ta  i s  the 

use o f  so - ca l l ed  "wide band" t ransmiss ion  l o s s .  I n  t h i s  method, s o l a r  

cell  s h o r t - c i r c u i t  c u r r e n t s  a r e  measured under son s imu la ted  c o n d i t i o n s ,  



with cover s l i d e s  attached. The cover s l i de s  a re  attached with a thin 

l iquid  film with an index of refraction (n = 7 . 4 )  s imi lar  t o  t ha t  o f  

s i l icone adhesive. Cyclohexane and n-amyl aicohol have been used fo r  

t h i s  purpose. The "wide band" transmittance i s  defined as the so l a r  

c e l l  I sc  with an irradiated cover s l i de  in place divided by the so la r  

c e l l  I,, with the unirradiated cover s l i d e  in place. Such measure- 

ments are influenced by so la r  c e l l  spectral response. Results 
determined w i t h  unirradiated solar  c e l l s  wi l l  not be representat ive of 

those for  i r radia ted solar  c e l l s .  This e r ro r  i s  probably negligible 

compared t o  the  uncertainty of the available experimental da ta .  

Since t he  "wide band" transmission l o s s  i s  a measure of the loss  

in l igh t  t ransmitted,  i t  d i r e c t l y  a f fec t s  the l i gh t  generated current  
( I L )  and likewise the short  c i r c u i t  current  (I, ,) .  I t  i s  desi rable  t o  

use the "wide band" transmission data t o  est imate the change in so la r  

c e l l  P,,,. Equation (3.2.9) indicates t ha t  c e l l  P,,, i s  proportional 

t o  the product of ISC and V O c .  Because V o c  i s  proportional t c  I n  iSc. 

the following re la t ion can be developed t o  estimate the  change i n  Pmax 
due t o  cover s l i d e  darkening from transmission data:  

where Pmax'Pmaxo = the f rac t ional  change i n  PmaX 

T = the "wide band" transmission of i r radia ted 
cover g lass  

= the shor t  c i r c u i t  current  o f  ce l l  with unirradiated 
Isc cover g lass  

To aid i n  the estimation of solar  a r ray  losses due t o  reduced t rans-  
mission from radiat ion e f fec t s  i n  cover s l i d e  mater ia ls ,  data re la t ing  

transmittance t o  absorbed dose i s  required. In Figure 3.20, "wide band" 
transmittance i s  shown fo r  various absorbed doses. The absorbed doses 

were produced by 7 MeV electron i r rad ia t ions  in a room temperature, a i r  

environment which included no u l t r av io l e t  i l lumination.  This electron 
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.0152cm, 0.006 in) 

ABSORBED DOSE RAD (SO2) , 1 MeV ELECTRONS 

f%lure 3.20 Vari a t i  on of Cover GI ass Transrnl ttance w f  t h  Absorbed Dose 



radiation i s  sufficizntly penetrating t o  produce a relative1 y uniform 

dose t h r o u g h  the ent i re  cover sl  ide,  coating, and  f i l t e r  . The P,a,/P,,a,, 
data shown in Figure 3.20 was calculated from the "wide band" transmittance 

value by use of equation (3.11 - 1 ) .  The da ta  in Figure 3.20 i n c i u d e  

0.0152 cm (0.006 in . )  7940 fused s i l i ca  and 021 1 Microsheet cover slides 

w i t h  antireflecting coating and blue f i l t e r .  I t  i s  an established f a c t  

t h a t  Corning #7940 fused s i l ica  exhibits l i t t l e  or no darkening due ~ E I  

radiation in the vis ible  region. Since tile transmission loss for' 7940 

cover glasses must be assumed t o  be due t o  changes i n  the f i l t e r ,  the 

data can also be used for thicker cover s l ides .  For thicker 0211 Micro- 

sheet cover glass,  the d a t a  in Figure 3.20 cannot be used. 

The dose-depth profiles experienced by cover glass shielding i n  

space are highlynon-uniform due to  the low energy protons stopped -in 

t h e  front surface. To accurately estimate the transmission tirough a 

cover glass w i t h  such a dose-depth profile,  would require t h e  integra- 

t ion of absorption coefficients (as  a function o f  dose) through t h e  

cover glass and i t s  thin film layer,  The lack of absorption coefficient 

data for  these materials fo r  various doses in a  total  space environment 

does no t  allow such evaluations a t  t h i s  time. 

The diversi ty  of technical opinions on transmission loss  in cover 
glass  due t o  space radiation a l s o  includes those who do  n o t  include th is  

factor  in array power estimates and those who simply al low for  a 2% t o  

4% in i t i a l  loss due t o  cover glasses and adhesive darkening due t o  radia- 

t i o n  and ul t raviolet  effects.  Recent studies by Fuedke a t  TRW indicated 
tha t  nearly a l l  darkening produced in 0217 Microsheet by a dose o f  lo7 

rad(Si02) was bleached by a relat ively short ul t raviolet  l i gh t  exposure. 3.107 

Such results indicate t h a t  the use o f  data such as  that i n  Figure 3.20 i s  
probably an overly conservative practice and emphasizes the importance of 

performing cover glass darkening s t u d i e s  in a r ea l i s t i c  environment. 
Some investigations have reported resul t s  wh ich  indicate t h a t  cerium 
doping o f  glass reduces or eliminates darkening due t o  irradiation. 3.104, 3.113 

Other studies indicated t h a t  hydrogen impregnation of glasses reduces 

transmission losses due t o  irradiation effects .  3.114 



3.12 Solar Cell Degradation vs 1 MeV Electrons 

In t h i s  section,  so l a r  ce l l  output parameter degradation data a re  

presented as a function of 1 MeV electron fluence. Five basic o u t p u t  

PaPrmeters ( I S c 3  vOc, P,,,, V m p ,  and I ) of various ce l l  types (See 
mP 

Appendix C f o r  the def in i t ion of cel l  types) were  measured a t  JPL and 

shown in Figures 3.21 through 3.120 fo r  three base r e s i s t i v i t i e s  ( 2 ,  10, 
and 20 ohm-cm). The c e l l s ,  8 mils and th icker ,  are avai lable  on d 

production basis  from sol at- cel l manufacturers. The t h i n  c e l l s  (appro- 
ximately 2 mi Is) are custom made, but the data are  included since they 

are  expected t o  be representat ive o f  production l i ne  ce l l s  i n  the near 
future.  Asterisks in the  f igures  indicate lower than normal output and 

the data a re  probably not representat ive of today's c e l l s .  Temperature 
of the cells during measurement was 30°C. These data wi l l  subsequently 

be published by JPL. 

She i n i  t i  a1 output power and radiat ion hardness great ly  d i f f e r  
depending on the ce l l  types and manufacturer. For a given ce l l  thick- 
ness and base r e s i s t i v i t y ,  however, a ti-end of increasing power output 

i s  in order o f  conventional c e l l s ,  v io le t  c e l l s ,  BSF c e l l s ,  and textured 

ce l l  s (See F i  gures 3.121 and 3.122).  The radiat ion hardness, a s  measured 

by residual output a f t e r  a given radiat ion f luence,  a lso  follows the 
similar  trend when i r rad ia ted  w i t h  1 MeV electrons.  The same statement 

cannot be made f o r  the protcn i r radia ted c e l l s  due to  the sca rc i ty  o f  

data.  
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ELECTRON f WENCE, ELECTRONS /cm 2 

Figure 3.21 Short  Circuit  Current vs 1 MeV Elec t ron  Fluence for 
2 Ohm-cm n / ~  Convent ional  Silicon Cells. 
A t  135.3 rni~/c$ A140 I l l  urnination, 30°C 



ELECTRON F L U E K E ,  

Figure 3.22 Open Circuit Voltage vs 1 MeV Electron Fluence far 
2 Ohm-cm n/p Conventional Silicon Cells. 

A t  135.3 nbJ/crnL AM0 Illumination, 30°C 



ELECTRON FLUENCE, ELECTRO M/=.t 2 

Figure  3.23 Maximum Powep vs  1 MeV Electron Fluence fo r  
2 Ohm-cm n!~:. Conventional . S i  1 icon Cell s .  

A t  135.3 r n ~ l c r n ~  AM0 I 1  1 umi na t ion ,  30°C 



ELECTRON FLUENCE, 

F i g u r e  3.24 Vo l tage  a t  !4aximum Power vs 1 MeV Electron Fluence fo r  
2 Ohm-cm n/p Conventional Silicon Cells. 

Illumination, 



ELECTRON FLUEKE, ELECTRONS/ cm 
2 

Figure 3.25 Current a t  Maximum Power vs I MeV Electron Fluence for 
2 Ohm-cm n / p  Conventional Silicon Cells. 

At 135.3 rn14/crn2 AM0 Illumination, 30°C 
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Figure 3.26 Normalized Sho r t  Circuit C u r r e n t  vs 1 MeV E l e c t r o n  Fluence f o r  
2 Ohm-cm n/p Conventional Si 1 icon Cells. 

A t  135.3 rnbJ/cm2 AM0 Illumination, 3U°C 



ELECTRON FLUENCE, ELECTRONS/~~ '  

Figure 3.27 ~ o r r n a l i z e d  Open Circui t  Vo l tage  vs 1 MeV Electron Fluence for 
2 Ohm-cm n / p  Conventional Silicon Cells. 

A t  1 3 5 . 3  m ~ / c s ~  AM0 Illumination, 30% 



ELECT RON FLUENCE, ELECTRONS/C~ 
2 

Figure 3.28 Normal ired Elaximum Power vs 1 MeV Electron Fluence for 
2 Ohm-cm n/p  Conventional S i l icon Cell s. 

'I 

A t  135.3 mld/cmL AM0 I l luminat ion ,  30°C 



ELECTRON FLUENCE, ELECTRONS/cm 2 

Figure 3.29 Normalized Voltage at Maximum Power vs I MeV Electron Fluence f o r  
2 Ohm-crn n/p Conventional S i l i c o n  Cells. 

2 A t  135.3 mW/crn AM0 I1 lumination, 30°C 



E L K T R O N  FLUENCE, ELECTRONS/C~ 
2 

Figure 3.30 riormalized Current a t  Maximum Power vs  1 MeV Electr:,i Fluence fo r  
2 Ohm-cm n/p  Conventional Silicon Cells. 

2 A t  135.3 mW/cm AM0 Illumination, 30°C 



2 1 - MeV ELECTRON FLUENCE, ELECTtONS/crn 

Figure 3.31 Short C i r c u i t  Current vs 1 MeV Electron Fluence for  
10 Ohm-cm n/p Conventional Si 1 i con  Cell s. 

A t  135.3 m'd/cmL: AM0 Illumination, 30CC 



1 - MeV ELECTRON FLUENCE, ELKTROliS/cr .  

Figure 3 . 3 2  O ~ e n  Circuit Voltage vs 1 '?r'?. Electron Fluence for 
13 Ohm-cm n/p Conventiozal Silicon Cells. 
A t  135.3rvr/crn A710 Tfiu~ination, 30' C 



Figure 3 . 3 3  f!aximum Power vs 1 XeV Electron Fluence for 
10 Ohm-cm n / p  Conventional S i l  i con  Cell S. 

7 

;,t 135.3 r~','/cm" All9 I ~ l u r n i n a t i o n ,  L3!l0C 



1 - MeV ELECTRON FLUENCE, ELECTRONS/~ '  

Figure 3.34 Voltage a t  Xaxirnum Power vs 1 MeV Electron Eluence for  
10 Ohm-cm n f p  Conventional Silicon Cells. 

'1 



lo13 1014 

1 - MeV ELECTRON FLUENCE, ELKTRONS/C~ 2 

Figure 3.35 Current a t  Maxirnun Power vs 1 MeV Electron Fluence f o r  
10 Ohm-crn n/p  Conventional S i l  i con Cell s. 

fi 



1 - MeV ELECTRON FLUENCE, E L K T R O N S / C ~ ~  

F i g u r e  3 .36  Normalized Short Circui t  Current vs 1 MeV Electron Fluence for 
10 Ohm-cm n / p  Conventional Si 1 icon Cell s. 



1013 toJ4 

1 - MeV ELECTRON FLUENCE, E L E C T R O N S / ~ ~ ~ ~  

Figure 3.37 Normalized Open Ci rcu i t  Voltage vs 1 MeV Electron Fluence f o r  
10 Ohm-crn n/p Conventional S i 7  icon Cells. .-, 



loT3 lo14 
7 -MeV ELECTRON FLUENCE, ELECTRONS/WI 2 

Figure 3.38 Normdl i zed  Maximum Power vs 1 MeV Electron Fluence for 
i3 Ohrrl-cm n/p Cunventional Silicon Cells. 



1 - MeV ELECTRON FLUENCE, ELECI R O N S / ~ *  

F i g u r e  3.39 Normalized Voltage a t  Maximum Power vs 1 MeV Electron Fluence f o r  
10 Ohm-cm n/p Conventi onal S i  1 icon Ce7 1 s. 

A t  1 3 5 . 3  rnw/cmZ AM0 I1 lumination, 30°C 



1 - MeV ELKTRON FLUENCE, ELKTRONS/cm 
2 

Figure 3.40 Normalized Current at Maximum Power vs 1 MeV Electron Fluence f o r  
10 Ohm-cm n i p  Conventional Silicon Cells. 



10l3 

1 - MeV ELECTRON FLUENCE, ELECTRQNS/C~ 
2 

Figure 3.41 Shor t  Circuit Current vs 1 MeV Electron Fluence for 
2 Ohm-crn n/p Shallow Junction Silicon Cells, " 
At 137.3 ri!!/cmL !,"O Illumination, 30°C 



lot3 

1 - MeV ELECTRON FLUENCE, ELECTRONS/~ 2 

Figure 3.42 Open C i r c u i t  Voltage vs 1 lleV Electron Fluence for 
2 Ohm-cm n/p Shallow Junctlon S i l i con  Cells. 

n 

: i t  7 3.7.3 rlll/cl:iL A.10 I1 7 urnination, ?7OC 



1 0 ~ 4  

I - M ~ V  ELECTRON FLUENCE, ELECTRONS/C~ 2 

F i g u r e  3.43 b;axirnum Power vs 1 MeV Electron Fluence for 
2 Ohm-crn njp Shallow Junction Si l icon Cells, 

.-, 



1013 1oI4 

1 - MeV ELECTRON FLUENCE, ELECTRONS/un 
2 

Figure 3.44 Voltage a t  Maximum Power vs 1 IleV Electron Fluence for 
2 Ohm-crn n/p Shallow Junction S i l i c o n  Cells. 

CI 



1 - MeV ELECTRON FWENCE, EL€CTRONS/~~ 
2 

Figure 3.45 Current a t  llaximum Power vs 1 !.!eV Electron Fluence for 
2 Ohm-cm n i p  Shallow Junction S i l i c o n  Cells. 

'I 



i d 3  1 0 ~ 4  

1 - MeV E L K T R O N  FLUENCE, ELECTRONS/CIM 2 

Figbr-e 3.46 Normalized Short Circuit Current vs 1 MeV Electrcn Fluence for 
2 Ohm-crn n/p Sl,allow Junction Silicon Cells,  

A t  135.3 rnId/cm2 AM0 Illumination, 30°C 



Figure 3.47 Elomal i z e d  Open Circuit Voltage vs 1 1 l ~ V  E l c c t r r n  F!utlnce for  
2 Ohm-crn n /p  S l ~ a f  low Junction Silicon Cells. 

'> 
:;t 11~ , .3  r , l l i / ~~? ' -  s!? Illumination, ?G0C 



Figure 3.48 Normalized :-laximum Power vs 1 MeV E lec t ron  Fiuence for  
2 Ohm-cm n/p Shallow Junction Silicon Cells. 

At 135.3 mkJ/cmZ AM0 Illumination, 30°C 
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1013 loT4 

1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 2 

Figure 3.49 Nor~alized Vo? t a g e  a t  t.iaximum Power vs 1 MeV Electron Fluer~ce for  
2 Ohm-cm n / p  S h a l l o v ~  Junction Silicon Cells. 

2 A t  135.3 ml.l/cm AI'iO Illumination, 30°C 



F i g i ~ r ~ )  3.50 Norn:alized Current a t  Maximum Porver vs 1 hleV Electron Fluence f o r  
2 Ohm-cm n/p Shallow Junction Silicon Cells. 

A t  135.3 rn~/crn' ARO Illumination, 30°C 



1013 10 ' ~  

; - MeV ELECTRON FLUENCE, ELEcTRONS/C~ 
2 

~ i y u r e  3.51 Short Circuit Cwrent vs 1 r-?eV Electron Fluence fo r  
10 Ohm-cm n/p Shallotr Junction S i l  icon Cells. 

.l 

.",t 13';. :: 1-7: '/cr:' 2'10 T I  lupination, 39°C 



1 - MeV ELECTRON FLUENCE, ELECTRONS/ cm 
2 

Figure 3.52 Open C i r c u i t  Voltage vs 1 MeV Electron Fluence fo r  
10 Ohm-err, n / p  Sha'llow Junct ion S i l i c o n  Cells, 

n 

l'mt 3311.2 r : :~c;~i"  P.:18 I: 1 urnination, 3n°C 



2 1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 

Figure 3.53 Maximum Power vs 1 !+lev Electron Fluence f o r  
10 Ohm-crn n/r, Shallow J u n c t i o n  Silicon Cells. 

2 A t  135.3 i~,W/crn AM0 I1 lumination, 30°C 



1 - MeV ELECTRON F LUENCE, ELECTRONS/cm 
2 

F igu re  3.54 Vo l tage  a t  I.iaxinurn Power vs 1 IleV Electron Fluence for 
10 Ohm-crn n/p Shallow Junction SiIic7n Cells. 
A t  135.3 nlr/cn2 Al iU illumination, 3 I ' C  



1 - MaV ELKTRON FLUENCE, ELECTRONS/C~ 2 

Figure 3.55 Current at :laximum Power vs 1 FleV Electron Fluence for 
70 Ohm-cm n/p Sh2llon Junction Silicon Cells. -. 
;it 127.3 r.l!!/criG ,lI!O I l l t ~ m i n a l i o n ,  3e°C 



1 0 ' ~  1014 

1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 2 

Figure 3.56 Normalized S h o r t  Circuit Current vs  1 MeV E lec t ron  Fluence f o r  
10 Ohm-cm n/p Shallow Junct ion Silicon Cells. 

2 A t  135.3 rn\{/crn AM0 Illumination, 30nC 
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1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 2 

F i g u r ~  3 . 5 7  !lomlalized Open Circuit Voltage vs '1 P'eV Electron Fluence for 
10 Ohm-cn n/p ,. S h a l l o v ~  Junction Silicon Cells. 
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1 - MeV ELECTRON FLUENCE, ELECTR~NS/P~ 2 

F i g u r e  3.58 Mormal ized :.laximum Power vs 1 l!eV E l e c t r o n  Fluence for 
10 Ohm-cn n / p  Shallow J u n c t i o n  S i l icon Cells. 

'1 

J t  115.7 ml ' / cmL AP'q Illumination, 3n"C 



1o13 1014 

1 - MeV ELECTSON FLUENCE, ELECTRONS/ ern2 

Figure  3.59 Normalized Voltage a t  ~'aximum Power vs 7 ;".V Electron Fluence fo r  
10 Ohm-cm n/p S h a l l l ~ w  Junctfon Silicon Cells. 



10'4 

1 - MeV ELECTRON FLUENCE, EL€CTRONS/cm 2 

Figure 3.60 Normalized Current a t  blaximum Power vs  I MeV Electron Fluence for 
20 Ohm-cm n/p Shal low Junct ion Silicon Cells. 

A t  135.3 n,\4/cd AM0 Iilurnin,tion, 30.C 



ELECTRON FLUENCE, ELECTRONS/U~ 
2 

Figure 3 .61  Shor t  C i rcu i t  Current vs I MeV Electron Fluence for 
2 Ohm-cn n/p Back Surface F ie ld  Silicon Cells. 

2 A t  135.3 mldlcrn A r l o  Illumination, 3OPC 



ELECTRON FLUEWE, ELLEcTRONS/C~ 
2 

Figure 3.62 Open Circuit Voltage vs 1 MeV Electron Fluence f o r  
2 Ohm-cm n / p  Back Sur face Fie ld  Si 1 i con Cell s .  

2 !.t 135.3 mW/cm AM0 Illumination. 30°C 
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ELECTRON FLUENCE, ELECTRONS/cm 2 

F i g u r e  3.64 Vol tage a t  Maximum Power vs 1 MeV Electron Fluence f o r  
2 Ohm-crn n/p Back Surface F i e l d  Silicon Cells. 



ELECTRON FLUENCE, ELECTRONS /cm 
2 

Figure 3.65 Current a t  I'axinum Power vs 1 IlcV Flectron Fluence for 
2 Ohm-cn n/p Back Surface Fie ld  Silicon Cells. 



Figure 3.66 Normalized S h o r t  Circuit  Current vs 1 MeV Electron Fluence for 
2 Ohm-crn n/p B ~ c k  Surface Field Silicon Cells. 

2 A t  135.3 mW/cm AM0 Illumfnation, 30°C 
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ELECTRON FLUENC E, ELECTRONS/C~ 2 

Figure 3.67 Normalized Open Circuit Vol tage vs 1 MeV Electron Fluence for 
2 Ohrrl-cm'n/p Back SurFace F i e l d  Silicon Cells. 

2 A t  135.3 mW/cm AM0 Il lurninst ion,  30°C 



Figure 3.68 Narrn~lized Maximum Power vs I MeV Electron Fluence for 
2 Ohm-cm n/p Back Surface Fie ld  Silicon Cells. 

2 At 135.3 pW/cm AM0 Illumination, 30°C 



1014 

ELECTRON FLUENCE, ELECTkONS/em 2 

Figure 3.69 Normalized Voltage a t  Maxiuum Power vs  1 MeV Electron Fluence for 
2 Ohm-crn n/p Back Surface F i e l d  S i l i c o n  Cells. 

A t  135.3 mk!/cm2 AM0 Illumination, 30°c 



lo13 I 0'4 

ELECTRON FLUENCE, ELKTRONS/C-: 
2 

Figure 3.70 Normalized Current a t  Maximum Power vs 1 MeV Electron Fluence for 
2 Ohm-cm n/p Back Surface Field Siricon Cells. 

2 A t  135.3 rnN/crn AM0 Illumination, 30@C 



Figure 3.71 Shor t  Circui t  Current vs 1 MeV Electron Fluence fcr 
10 Ohm-crn n /p  Bask Surfdce F i e l d  Silicon Cells. 

2 A t  135.3 mW/crn A110 Illumination, 30°C 



Figure 3.72 Open Circuit Ve1 tage vs 1 NeV Electron Fluence f o r  
10 Ohm-cm n / p  Back Surface Field Silicon Ce?ls. 



1013 1014 

1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 
2 

Figure 3.73 Maximum Power vs 1 MeV Electron Fluence for 
10 Ohm-cm n/p Back Surface F i e l d  S i l i con  Cells. 
.It 135.7 rll/cn' I l lu r l ina t ion ,  3n0r 



1 - MeV ELECTRON FLUENCE, ELKTRONS/a 2 

Figure  3.74 Voltage a t  Maxtaurn Power vs 1 CleV E lec t ron Fluence for 
10 Ohm-cm n/p Back Surface F i ~ l d  S i 1  icon Cells. 

.7 

n t  135.1 r;;l!/crl' C M ' I  Illumiration, 3'7°C 



Figure 3.75 Current a t  'laxinurn Power vs 1 ::eV E!ectron Fluence for 
10 Ohm-crn n/p Back Surface Field Silicon Cells. 
A t  135.3 n!r/cn2 PrB0  ill~mination, 3q0r 





Figure 3.77 Normalized Open C i r c u i t  Voltage v s  1 MeV Electron Fluence fo r  
10 Ohm-cm n/p Back Surface Field Silicon Cells. 

2 A t  135 .3  rnbJ/crn A1*10 I l l  urnination, 30% 



10l4 

1 - MaV ELECTRON FLUENCE, ELECfROM/cm 
2 

Figure 3.78 Normalized Maximum Power vs 1 MeV Electron Fluence fo r  
10 Ohm-cn n/p Back Surface Field Silicon Cells. 

2 At 135 .3  rnN/crn AMO Illumination, 30°C 



Figure  3 . 7 9  kormalized Voltage a t  Maximum Power vs  i MeV Electron Fluence f o r  
10 Ohm-cm n/p Back Surface F ie ld  S i l i c o n  Cells. 

2 A t  135.3 mW/cr;i AM0 I l l u n , i n a t i o n ,  30°C 

1013 1014 

1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 2 





1 - MeV ELECTRON FLUENCE, 

F igure  3.81 Short C i r c u i t  Current us 1 MeV Electron Fluence f o r  
20 Ohm-cm n/p Back Surface Field Silicon Cells. 

2 A t  135.3 mW/cm AM0 I l luminat ion,  30°C 



F igure  3.82 Open Circuit V o l t a g e  vs 1 MeV Electron Fluence for  
20 Ohm-cm n/p Back Surface Fie ld  Sil icon Cells. - . 

2 A t  135.3 rnW/cm AM0 Illumination, 30°C 



10l4 

1 -MeV ELECTRON FLUENCE, ELECTRONS/cm 2 

Figure 3.83 Maximum Power vs 1 MeV Electron F7 uence f o r  
20 Ohm-crn n/p Back Surface Field S i l i c o n  Cells. 

Illumination, 
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1 013 1014 

1 - MeV ELECTRON FLUENCE, ELECTRONS /cm 
2 

Figure 3.85 Current a t  Maximum Power vs 1 MeV Electron Fluence for 
20 Ohm-crn n /p  Back Surface F i e l d  Silicon Cells. 

A t  135.3 rn~/crn~ AM0 Illumination, 30°C 



TI- 
N 
v 
I 

m 



1013 10'4 

1 - MeV ELECTRON FLUENCE, ELECTROM/cm 2 

Figure-3.87 Normalized Open Circui t  Voltage vs 1 MeV E l e c t r ~ :  Fluence for 
20 Ohm-cm n/p Back Surface Field Silicon Cells. 

A t  135.3 mb//cmi! AM0 Illumination, 30'~ 



I - MeV ELECTRON FLUENCE, ELECTUONS/crn 2 

Figure  3.88 Narmaliied Maximum Power vs 1 MeV Electron Fluence fo r  
2 G  Ohm-cm n/p  Back Surface F i  el d S i  1 i con  Cells. 
At 135.3 mkl:cm2 AM0 I1 lumination, 30°C 



10l4 

1 - MeV ELECTRON F LUENCE, ELECTRONS/~ 2 

Figure 3189 Normalized Voltage a t  Maximum Power vs 1 MeV Electron Fluence for 
20 Ohm-cm n/p Back Sur face Field S i l i c o n  Cells. 

A t  135.3 rn~/crn~ AM0 I l luminat ion ,  30°C 



1013 

t - M ~ V  E ~ T R O N  FLUENCE, ELECTRONS/C~ 2 

Figure 3.90 Normalized Current a t  Maximum Power vs 1 MeV Electron Fluence for 
20 Ohm-cm n / p  Back Sur face F i e l d  Sil icon Cells. 

A t  135.3 tnId/crnZ AM0 I1 1 urnination, 30°C 



1013 loT4 

1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 2 

Figure 3.91 Shor t  Circuit Current vs 7 Me\ Electron Fluence for 
2 Ohm-cm n/p Textured Silicon Cells. 
A t  135 .3  ~! ! /cm"  A:% Illumination, 30°C 



1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 
2 

Figure 3.92 Open C i r c u i t  Voltage vs 1 MeV Electron Fluence for 
2 Ohm-crn n/p Textured Silicon Cells. 
R t  135.3 rll/cn ' Pt:'[! I1 l urnination, 30°C 



loT4 
1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 2 

Figure 3.93 Maxi~num Power vs 7 MeV Electron Fluence for 
2 Ohm-cm n/p T e x t w e d  Silicon Cells, 

r) 

At 131j.d rt~!l/cmi F\; I0 I1 1 urnination, 30°C 



1 - MeV ELECTRON FLUENCE, 

Figure 3.94 Val tage a t  F.laximurn Power vs 1 flleV Electron Fl uence f o r  
2 Ohm-cm n/p Textured S i l i c o n  Cells, 

2 A t  135.3 mt!/cn Ail0 Illumination, 30°C 
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1 - MeV ELECTRON FLUENCE, ELKTRONS/cm 
2 

F i g u r e  3.95 C u r r e n t  a t  Maximum Power vs 1 MeV Electron Ffuence for  
2 Ohm-cm n/p T e x t u r e d  Silicon Cells. 

2 A t  135.3 mW/cm AM0 I1 lumination, 30°C 



1 - MeV ELECTRON FLUENCE, 

F igu re  3.96 Normalized Short Circuit Current vs 1 i!eV Electron Fluence for 
2 Ohm-cn n/p Textured Silicon Cells, 

CL 

:~t 135.3 n\!/cmc Ail0 I1 lurnination, 30°C 



I - MeV ELECTRON FLUENCE, ELECTRONS/CW 
2 

Figure 3.97 Normalized Open Circuit Vol tage vs 1 MeV Electron F lumce  for 
2 Ohm-cm n/p Textured Silicon Cells. 
A t  135.3 rnI4/cm2 AM0 Illumination, 30'~ 



10j3 

1 - MeV ELECTRON FLUENCE, EiECTRON5/cm 
2 

Figure 3.98 f.lormal i z e d  :.laximum Power vs 1 I4eV Electron Fl uence f o r  
2 Ohm-cm n/p Textured Silicon Cells, 

'3 



10'4 

1 - MeV ELECTRON FLUENCE, E L E C T R O N S / ~ ~ ~ ~  

Figure 3.99 Normalized Voltage a t  Maximum Power vs 1 MeV Electron Fluence for 
2 Oh-cm n/p  Textured S i l i c o n  Cells. 

2 A t  135.3 rnW/crn AM0 Illumination, 3 0 O ~  



1 - MeV ELECTRON FLUENCE, ELECTRONs/cm 2 

Figure 3.100 Normalized Current at Maximum Power vs 1 MeV Electron Fluence for 
2 Ohm-cm n/p Textured Silicon Cells. 

2 A t  135.3 mW/crn AM0 Illumination, 30'~ 
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1 - MeV ELECTRON FLUENCE, ELECTRONS/crn 2 

figure 3.101 Short  Circuit Current vs 1 MeV Electron Fluence for 
10 Ohm-cm n/p Textured Silicon Cell s .  - . 

2 A t  135 .3  mW/cm AM0 Illumination, 30°c 
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1 -MeV ELECTRON FLUENCE, ELFCTRONS/crn 2 

F igu re  3.102 Open C i r c u i t  Voltage vs 1 MeV Electron Fluence for 
10 Ohm-cm n/p Texturzd Silicon Cells. 

2 A t  135.3 mW/cm AM0 Illumination, 3 0 ' ~  



1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 
2 

F i g u r e  3.103 Maximum Power vs 1 MeV Elec t ron  Fluence for 
10 Ohm-ern n/p  Textured Silicon Cells. 

A t  135.3 rnw/crn2 AM0 Illumination, 30°C 



1 0 ~ 4  

1 - MeV ELECTRON FLUENCE, E L E C T R ~ N S / C ~  
2 

Figure 3.104 Voltage a t  Maximum Power vs 1 MeV Electron Fluence for 
10 Ohm-crn n/p Textured Silicon Cells. 

A t  135.3 mw/cd  AM0 Illumination, 3 0 ' ~  



0 1d2 loT3 loi4 
1 - MeV ELECTRON FLUENCE, ELECTRONS/C~ 2 

Figure 3.105 Current a t  Maximum Powe: vs 1 MeV Electron Fluence fo r  
10 Ohm-cm n/p Textured Silicon Cells. 
A t  135.3 rnbl/cmL AM0 Illumination, 30% 



1 - MeV ELECTRON FLUENCE, ELECTRON5/cm 2 

Figure 3.106 Normalized S h o r t  C i r c u i t  Current vs 1 ME'! Electron Fluence for 
10 Ohm-cm n / p  Textured S i l i c o n  Cells. 

2 A t  135.3 mW/cm AM0 Illumination, 3 0 " ~  



1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 2 

Figure 3.107 Normalized Open Circuit Voltage vs 1 PleV Electron Fiuence for 
10 Ohm-cm n/p Textured Silicon Cells. 

A t  135.3 rn~/c$ AM6 Illumination, 30°C 
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1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 
2 

Figure 3.108 Normalized Maximum Power vs 1 MeV Electron Fluence for 
10 Ohm-crn n/p Textured Silicon Cells. . . 

At 135.3 rn~/crn' AM0 I1 lumination, 30°C 
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1 - MeV ELECTRON FLUENCE, ELECTRONS/crn 2 

Figure 3;109 Normalized Voltage at Maximum Power vs 1 MeV Electron Fluence f o r  
10 Ohm-cm n/p Textured Si  1 icon Cells. 

At 135.3 rnW/cm2 A110 Illumination, 30°C 



1013 l o T 4  
1 - MeV ELECTRON FLUENCE, ELECTRONS /cm 

2 

Figure 3.110 Normalized Current a t  Maximum Power vs 1 MeV Electron Fluence for 
10 Ohm-cm n j p  Textured S i l  icon Cell s. 

n 

A t  135.3 mw/crnL AM0 Illumination, 30°C 



1 - MeV ELECTRON FLUENCE, E L E C T R O N S / ~ ~ ~  

Figure 3.111 Shor t  Circuit Current vs 1 I4eV Electron Fluence for  
70 Ohm-cm n/p Textured wgth Back Surface Fie ld  Silicon Cells. - 
A t  135.3  rl'/cnz IC'.O Illumination, RQ°C 
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1 - MeV ELECTRON FLUENCE, ELECTRONS/cm 
2 

Figure 3.112 Open Circuit Voltage vs 1 MeV Electron Fluence for 
10 Ohm-cm n/p Textured w i t h  Back Surface Ff eld Silicon Cells. - 
A t  135.3 mll/crnL A710 Illumination. 30°C 
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1 - MeV ELECTRON F WENCE, ELECTRONS/~~ 
2 

F i g u r e  3.113 f~laximum Power vs 1 l!eV Electron Fluence for 
10 Ohm-cm n/p Textured wi th  Back Surface Field Silicon Cells. ,, 

L A t  135.3 nb!/cm A;:O Illumination, 30°C 
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F igure  3.114 Voltage a t  tlaxirnum Power vs I MeV Electron Fl;!cnce for 
10 Ohm-cm n/p Textured w i t h  Back Surface Fie ld  S i l i con  Cells, 
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Illumination, 
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I - MeV ELECTRON FLUENCE, ELHITRONS/cm 2 

Figure 3.1 15 Current a t  :,?axinurn Power vs 1 IleV Electron Fluence f o r  
10 Ohm-crn n/p Textured , . w i t h  Back Surface Field Silicon Cells. 

i At 735.3 ml!/cr? A':0 Illumination, 30°C 
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1 - MeV ELECTRON FLUENCE, ELKTRONS/C~~ 
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Figure 3.11 6 fiomal ized Short  Circuit Current vs 1 FleV Electron Fluence far 
10 Ohm-cm n/p Textured w i t h  Back Surface F i e l d  Silicon Cells. 

CI 

Il! urnination, 



loT3 10l4 

1 - MeV ELECTRON FLUENCE, E L K T R O N S / c m  2 

Figure 3.117 Normalized Open Circuit  Voltage vs 1 l,!eV Electron Fluence f o r  
10 Ohm-cm n/o Textured with Back Surface Field Silicon Cells. 



1 - MeV ELKTRON FLUENCE, 
2 ELECTRQ M /em 

Figure 3.118 tlon~lalired llaximum Power vs 1 !lev Electron Fluence for 
10 Ohm-cm n/p Textured with Back Surface Field Silicon Cells. 

'7 

f,t 135 .3  m!l/cmL All0 Illumination, 30"C 
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1 -MeV ELECTRON FLUENCE, ELECTRONS/m 2 

Figure 3.119 Normalized Voltage a t  Maximum Power vs 1 MeV Electron i-1 uence f o r  
10 Ohm-crn n/p Textured w i t h  Back Surface Fie ld  Sil icon Cells. 

2 A t  135.3  rnW/cm Armlo Illumination, 30°C 
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Figure 3.720 Nonnal i zed Current a t  flaxjrnum Power vs 1 !lev Electron Fltrence for 
10 Ohm-ern n/p Textured w i t h  Back Surface Field Silicon Cells. 
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Figure  3.121 Pm,, o f  Var ious Cell Types, 10 and 20 Ohm-cm, 
0.2 and 0.15 mm Cells 

Figure 3.122 P,,, o f  V a r i  ous Cell Types , 20 Ohm-cm, 0.3 and  
0.25 mm Cells 
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CHAPTER 4 

4.0 RELATIVE DAINGE COEFFI C I E t l T S  FOR SPACE R A D I A T I O r l  

A l a r g e  volume o f  exper imenta l  data i s  a v a i l a b l e  f o r  normal inc idence 

i r r a d i a t i o n  of unsh ie lded s o l a r  c e l l s .  These data a re  n o t  d i r e c t l y  a p p l i c -  

a b l e  i n  t h e  p r e d i c t i o n  o f  space r a d i a t i o n  e f f e c t s  because o f  t h e  ornni- 

d i r e c t i o n a l  na tu re  of t h e  space r a d i a t i o n  and because of t he  energy 

degrading e f f e c t s  o f  cover  g lass  ( s h i e l d i n g ) .  I n  t h i s  sec t ion ,  t he  

a n a l y t i c a l  methods of c a l c u l a t i n g  t he  damage e f fec t i veness  o f  each com- 

ponent of the space r a d i a t i o n  w i l l  be detailed. The damage e f f e c t i v ~ n e s s  

o f  space r a d i a t i o n  i s  c a l c u l a t e d  r e l a t i v e  t o  normal inc idence  1  MeV e lec -  

t r ons  and 1 0  MeV p ro tons  on unshie lded s o l a r  c e l l s .  Th is  concept o f  the  

damage e f f ec t i venec2  o r  r e l a t i v e  damage cons tan t  (D)  i s  an ex tens ion  o f  

t h e  p r e v i o u s l y  discussed concept o f  equ i va l en t  f l uence .  I t  w i l l  a l l o w  

the  r e d u c t i o n  o f  a l l  components of t h e  space r a d i a t i o n  t d  an equ i va l en t  

l a b o r a t o r y  (normal inc idence ,  monoenergetic) i r r a d i a t i o n .  I n  t h i s  way, 

l abo ra to r y  data can be used t o  p r e d i c t  the  behav ior  o f  sh ie lded  s o l a r  

a r rays  i n  space. I n  a d d i t i o n ,  t h e  s i m i l a r  problem of c a l c u l a t i n g  energy 

depos i t i on  a t  va r ious  depths i n  s h i e l d i n g  w i l l  be discussed. 

4.1 Geometr ical  Aspects o f  Rad ia t i on  Fluences 

An omn id i r ec t i ona l  f l u x  i s  de f i ned  as  t he   umber of r a d i a t i o n  par -  

t i c l e s  of a p a r t i c u l a r  t ype  and energy which i s o t r o p i c a l l y  t r a v e r s e  a  

t e s t  sphere o f  u n i t  c ross - sec t i ona l  area per  u n i t  t ime.  .-The commonly 

used sources of space r a d i a t i o n  1  i t e r a t u r e  tabu1 a t e  the  environment i n  

terms o f  omn id i r ec t i ona l  f l u x e s  w i t h  un i  tr o f  p a r t i c l e s  cmm2 dayh1. A 
commonly repeated d e r i v a t i  on i n  t h e  1 i t e r a t u r e  regard ing  t h e  convers ion 

o f  omn id i r ec t i ona l  f l uxes  t o  u n i d i r e c t i o n a l  f l u x e s  i s  as f o l l o w s .  4.1 

Assume a u n i t  o f  p lane area i n  space w i t h  an i n c i d e n t  omn+ id i rec t iona l  

f l u x  of p a r t i c l e s .  

@ n  = t he  component o f  the omn id i r ec t i ona l  f l u x  which i s  
normal t o  a  su r face  

40 
= the  omn id i r ec t i ona l  f l u x  
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4~ = solid angle of t e s t  sphere (steradians) 

e = a n g l e  of radiation incidence (from normal) 

dfl = an increment of solid angle 

= ZK sin 0 de (for rotational symmetry) 

cos e = projected area of unit plane area 

7T 

cos e dn -+ - / cos e dn 
4" 4 1 2  

- - - @o lTI2  IT sin e cos e de  I- - 2 1  sin e cos 0 ds 
4n 

The above derivation implies that the unidirectional fluence i s  equal in 
intensity or "equivalent" to the omnidirectional flux.divided by 2, 

Likewise, if the unit plane area has infinite back shielding (i,e., 
integrate e from o to ~ / 2  only), one-fourth of the omnidirectional 
fluence is equal to the intensity o f  t h e  unidirectional normally inci- 
dent  fluence. The above expression determines the normal component of 
an omnidirectional fl ux. The conversion o f  an omnidirectional f1 ux to 
an equivalent unidirectional f l u x  must properly weight the damage 
effectiveness of a71 angular components. 

The expression for the effectiveness or relative damage constant, 
weighted for a11 angular components o f  an omnidirectional monoenergetic 
flux and assuming infinite back shielding, is as follows: 

D(E,~) = i D(E~, e ) 2-m sine do 

where D(E , t )  = relative damage coefficient of omnidirectfonal 
radiation particles with energy E, relative to 
unidirectional 1 MeV electrons or 10 MeV proton5 

D(€,, 6 )  = damage coefficient of unidirectional radiation particles 
with angle of incidence (9)  and energy (Eo) relative 
to unidirectional 1 MeV electrons or 10 MeV protons 

t = shielding thickness; for t h e  case o f  t=O, E=E, 
4-2 



The q u a n t i t y  2~ s i n  e de 1 s  an increment of s o l i d  ang le  as i n  equa t ion  

(4.1 .I). Equatfon (4,1.2) must be f u r t h e r  mod i f ied  t o  r e f l e c t  the energy 

degrada t ion  i n  t h e  cover  g lass  sh i e l ds  used on s i l i c o n  s o l a r  c e l l s  ( t f  0 ) .  

4.2 E f f e c t  o f  S h i e l d i n g  on R a d i a w  

A common s o l a r  c e l l  con f i gu ra t i on  i nvo l ves  i n f i n i t e  back s h i e l d i n g  

and an o p t i c a l l y  t r anspa ren t  f i n i t e  s h i e l d  cove r i ng  t h e  f r o n t  surface o f  

t h e  c e l l .  The assumption o f  i n f i n i t e  back s h i e l d i n g  i s  n o t  always v a l i d ,  

and t h e  d i f f e r e n c e s  i n  bo th  s h i e l d  th i ckness  and m a t e r i a l  r e q u i r e  separate 

t rea tments  f o r  f r o n t  and back r a d i a t i o n .  I f  an omn id i r ec t i ona l  f l u x  of 

r a d i a t i o n  p a r t i c l e s  w i t h  energy E i s  i n c i d e n t  on a s o l a r  c e l l  s h i e l d  

of t h i c kness  t, t h e  p a r t i c l e s  n o t  stopped i n  t h e  s h i e l d i n g  will e x i t  t he  

s h i e l d i n g  ( i  ,e., e n t e r  t h e  s i l i c o n )  w i t h  an energy of Eo. The energy Eo 

w i l l  be a  s t rong  f u n c t i o n  o f  the  ang le  o f  i nc idence  because o f  va r y i ng  

pa th  l e n g t h  i n  the sh ie l d ,  The p a r t i c l e  t r a c k  l e n g t h  i n  t h e  s h i e l d  i s  

equal t o  t / cos  8. By s u b t r a c t i n g  t he  p a r t i c l e  t r a c k  l e n g t h  i n  t h e  s h i e l d  

( t / c o s  e )  from t h e  range o f  t h e  p a r t i c l e ,  R(E) , i n  t h e  s h i e l d  m a t e r i a l ,  

one can determine t h e  r e s i d u a l  range, R(Eo), of a p a r t i c l e  w i t h  energy Eo. 

Thus: 

where R" i s  a convenient  form used t o  represen t  an i nve rse  f u n c t i o n  

o f  t h e  range-energy re1  a t i o n  R.  Proton and e l e c t r o n  range-energy data 

s u i t a b l e  f o r  t h i s  c a l c u l a t i o n  have been conven ien t l y  t abu la ted  by 

~ a n n i ~ ' *  and Berger and S e l t z e r .  4.3,  4.4 

4.3 E lec t ron  Sn-ce Rad ia t i on  E f f ec t s  

The eval ,  dn o f  D(E,e)  i s  necessary t o  complete t h e  i n t e g r a t i o n  of 

equa t ion  (4.1.2).  The data r ega rd i ng  t h e  exper imenta l  eva lua t i on '  o f  t he  

r e l a t i v e  damage c o e f f i c i e n t  f o r  n-p s i l i c o n  solar  c e l l s ,  D(E) f o r  va r i ous  

e l e c t r o n  energ ies a t  normal inc idence  i s  presented i n  F i gu re  4.1 (dashed 

1  ine) .  E lec t rons  i n  t he  MeV energy range pene t ra te  s i l i c o n  s o l a r  c e l l s  

tho rough ly  enough t h a t  t h e  damage produced by an e l e c t r o n  can be cons idered 

un i f o rm  a long i t s  t r a c k .  For t h i s  reason, t he  amount of d l  splacement 



damage produced by a high energy electron i s  proportional t o  the  to ta l  
track 1 ength produced in a solar cel I , and hence: 

D(E,,o) cr ( pa r t i c l e  track l e n g t h )  (projected cel l  area)  (4,3.1) 

The length of an individual electron track i r ~  a solar  c e l l  i s  proportional 
t o  sec 8 or l/cos 0 .  The number of electrons interc6:pted by the ce l l  i s  

proportional t o  i t s  projected area normal t o  t he  direction of  the radia-  

tion o r  cos 8, The net  r esu l t  of these two fac to rs  on equation (4.3.1) 
i s  cancel l a t i o n  of the terms involving the angle o f  incidence ( 0 1 ,  and 

D(E,e) i s  shown t o  be independent of e or equal t o  D ( E )  , The f ac t  tha t  

f a s t  electron damage of unshielded s i l icon solar c e l l s  i s  independent of 
the angle o f  incidence was experimentally conf irn~ed by Barret t .  4.5 

Equation (4.1 -2) for  the case o f  electron space radiation can be 

modified t o  the following expression: 

Equation (4.3.2) can be evaluated with the a id  of equation (4.2.1) t o  
evaluate Eo and the data in Figure 4.1 t o  evaluate D(Eo,O). The integra- 

t ion o f  equation (4.3.2) has been performed by machine and the resu l t s  
are  a1 s o  shown i n  Figure 4 .1 .  The r esu l t s  a r e  a1 so t abu l a t ed  i n  Tab le  

4.1. Because of electron straggling,  there might be some question re-  

garding the s u i t a b i l i t y  of equation (4.2.1) t o  determine Eo,  however use 

of a l ternate  Monte Carlo methods yielded r e su l t s  identical to  those i n  
Figure 4.1. Rosenzweig published sirnitat- space electror, damage factor  
curves.4m6 Barret t  a l so  published a s imi lar  analysis based on the di f fu-  
sion length damage coeff ic ient  and empirically f i t t e d  acalytical  expres- 

sions t o  the data .4*5 

The evaluation o f  ionization dose i n  so la r  array materials due t o  

omnidire:tional space electron fluences i s  analogous t o  t h a t  j u s t  corn- 

pleted for s i l i con  solar cel l  degradation. In the  case o f  absorbed dose, 

the energy deposited by t i t ,  radiat ion in the  shielding i s  determined in 

terms of rads or  joules per kilogram, To evaluate t h i s  energy deposition 
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Flgure 4.1. Re1 a t i  ve Carnage C o e f f i  c i e n t s  f o r  Space Electron 
I r radia t ion o f  Shielded N/P Silicon Solar  CeTls 
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a t  various depths in t h e  shielding, an expression similar to  equation 

( 4 . 3 . 2 )  can be used. Equation ( 4 , 3 . 2 )  i s  modified t o  the extent that 
the electron stopping power 

replaces D ( E o ) ,  and D ( E , t )  becomes the absorbed dose per u n i t  f luence.  
The results of t h i s  integration are shown i n  Figure 4.2 and i n  Table 4.2. 

Rosenzweig has pub1 i  shed similar curves. 4.6 

4 . 4  Proton Space Radiation Effects 

For proton space radiation, the evaluation of equation (4 .1  - 2 )  i s  

more complex than that previously discussed f o r  electrons. Two problems 
ar ise  in the treatment of space protons w i t h  energies less  than about 
50 MeV, because o f  their  1 imited penetration and increased damage produc- 

tion. One problem exists because the relat ive damage constants based 
on silicon solar cell ISc, "oc, and '.ax are different and diverge a t  

low proton energies, The second problem i s  that  l ow  energy proton damage 

has been experimentally characterized only for normal incidence i  rradia- 
t ion, and basic considerations indicate that  the damage i s  a strong func- 

tion of the angle of incidence. The normal incidence proton coefficients 

for  energies o f  10 MeV and greater can be assumed t o  he independent of 

the angle of radiation incidence for the same reasons discussed for elec- 
tron irradiation in the previous section. 

The physical distribution of low energy proton damage was discussed in 

section 3.7.  The most significant aspect of t h e  low energy proton damage 

i s  the  fact  that a majority of the  displacement^ are produced a t  the end 

of the proton track, as i l lustrated in Figure 3 - 7 2 .  The high damage con- 
centration near the end aF the proton track allows the construction o f  

a simple damage model for the prediction o f  the effect  of angle o f  inci-  

dence on l o w  energy proton damage i n  si l icon solar c e l l s ,  I t  i s  assumed 
that the effect  of a low energy pro ton ,  of arbitrary angle of incidence 
and energy, i s  roughly equal to that of a normally incident proton with 

a range equal to  the perpendicular penetration of the non-normal incident 
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Figure  4.2. Absorbed Dose Per Unit Fluence of Space Electrons 
f o r  Various Depths in Planar Fused Si l ica  Sh ie ld ing '  
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proton, To partla1 l y  correct  the inaccuracies of this proposed model , 
a fac to r  i s  employed which re la tes  the  r a t i o  of t he  to ta l  displacements 
produced by the non-normally incident proton t o  those of a normally inci -  
dent proton w i t h  t h e  same perpendicular penetration in the s i l i con  solar  

c e l l .  The low energy proton re la t ive  damage coeff ic ient  given by the 
above model can be expressed as fol~dws: 

where D(Eo,e) = r e l a t i ve  damage coeff ic ient  f o r  protons entering a 
s i l i con  so la r  ce l l  with energy Eo a t  an angle e 

D(E,, ,O) = r e i a t i ve  dank& coeff ic ient  f o r  a proton of normal 
incidence ( e  = 0) w i t h  range equal t o  R(Eo)-cos e 
or energy En 

Ic- 

Ntd (Eo) =>kq to ta l  number o f  s i  1 icon d i  spl acernents created 
by ?iqjlroton entering the s i l i con  with energy Eo 

T.. 

"5, 

cos e = the projedt~$ area of a u n i t  c e l l  area 

When the range of a proton incid&?.t a t  angle e exceeds the product 
I.. 

of the thickness of the c e l l  and the sec'bx of e ,  D ( E , , ~ )  i s  calculated 
as  f o l l o w s :  

'k., 

D(Eo,e) = D(E,,O) ( 4 , 4 2 1  

Equations (4.4.1) and  (4.4.2) allow the evaluation 0 f ' * 3 ~ u a t i o n  ( 4 . 1 . 2 ) .  
This integration has been done by machine using the D(E,",P. values shown 

i n  Figure 3.11. Separate integrations were done fo r  ~(€,,~)'.,!.alues based 

Eva1 uation o f  equation 4.1.2 f o r  ce l l  thicknesses of 0.0254 cm""~.,,. 

(0.010 i n . )  and 0.0457 crn (0.018 i n )  has shown tha t ,  f o r  practical  pu;J%.,., 
poses, t h e  r e su l t s  can be considered independent of ce l l  thickness. The ''x.,., 

's. 

r e su l t s  of these integrations fo r  several coverslide thicknesses a re  -.., 

shown i n  Figures 4.3 and 4.4.  The same data a re  printed in tabular  form 

in Tables 4.3 and 4 .4 ,  
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Figure 4.3 Re1 ative Damage Coefficients for Space Pro ton  Irradiation 
of Shielded N/P S i l  i con So la r  Cells (Based on 1 ~ ~ 1  
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Figure 4..4 Re1 a t i v e  Damage C o e f f i c i e n t s  f a r  Space Proton I r radia t ion 
o f  Shi e? ded N/P S i  1 icon S o l a r  Cell s (Based on P,,, or V,,) 
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Table 4.4. Proton Damage Coefficients for V,, and Pmax 
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The values of r e l a t i ve  damage constants fo r  omnidirectional fluences 
o f  protons on shielded so la r  c e l l s  allow a space proton environment t o  be 

reduced t o  an equivalent fluence of normal ly incident 10 MeV protons on 

unshielded s i l  icon solar  cel Is, Experimental s tudies of s i  1 icon solar  
c e l l s  have indicated t ha t  a fluence of narn~ally incident 10 MeV protons 
produces damage which can be approximared by a fluence of 1 MeV electrons 

which i s  3000 times t ha t  of the 10 MeV proton fluence. 

The evaluation o f  the absorbed dose in shielding materials  due t o  
space protons requires an analysis  similar  t o  t h a t  done fo r  space electrons. 

For t h i s  evaluation an expression similar  t o  equation ( 4 . 3 . 2 )  i s  used. 
1 dE The guanti ty D(E,) i  s replaced by t he  stopping power ( -  - -) f o r  protons 
o dx  

of energy ( E o )  a n d  the quanti ty D ( E , t )  becomes the absorbed dose per uni t  
incident omnidirectional-flux protons of energy E and a t  shielding depth t. 
The r e s u l t  of t h i s  integrat ion fo r  several shielding thicknesses of fused 

quartz a r e  shown in Figure 4 . 5  and Table 4 .5 .  Rosenzweig has published 
similar  d z ~ t a . ~ . ~  

4 . 5  Alpha Part icl  P Space Radiation Effects 

Solar f l a r e s  have been shown t o  have a component of energetic alpha 

par t i c les  ('helium nuc le i ) ,  The evaluation of t h e  e f f ec t s  of solar  f l a r e  

events on solar  ar rays  requires alpha p a r t i c l e  data s imi lar  t o  t h a t  f o r  
electrons and protons. Smith and Blue compared e f fec t s  of 10.5 !lev pro- 

tons and 42 lleV alpha par t i c les  on s i l  icon solar  ce l l  d q r a d a t i ~ n . ~ . ~  

The r e su l t s  showed t h a t  the 42 MeV alpha par t ic le  f lux degraded the 
s i l icon c e l l s  3.8 times as f a s t  as a s imi lar  f lux of 10.5 MeV protons. 
These r e su l t s  were i n  good agreement w i t h  a theoretical  damage r a t i o  of  4.  

Based on the  experimental r e su l t s  of Smith and Blue, the  proton 

damage constant curve shown in F igure  4.4 can be t rans la ted a f ac to r  of 
four higher i n  energy and a fac to r  o f  four higher i n  r e l a t i ve  damage 

constant t o  represent a s imi lar  family o f  re la t ive  damage constants for 
alpha par t i c les  i n  space. Although the relat ionship found by Smith and 
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Blue may not extend t o  lower pa r t i c le  energies, a  s e t  of ef fect ive  damage 

constants f o r  alpha par t i c les ,  obtained by the above two t rans la t ions ,  i s  

shown in Figure 4.6.  Data are  shown based on P,,, and V o c  Data based 

On ISC may be obtained s imi lar ly  for alpha pa r t i c l e  e f fec t s .  

The methods f o r  estimating so l a r  c e l l  degradation in seace are  based 

on the techniques described in References 4.8 through 4.10. In summary, 

the omnidirectional space radiation i s  converted t o  a damage equ ' val ent  

unidirectional fluence a t  a normalized energy and in terms of a specif ied 
radiation par t i c le ,  This equivalent fluence wil l  produce the same damaqe 

as tha t  produced by omnidirectional space radiat ion considered i f  the 
re la t ive  damage coeff ic ient  ( R D C )  i s  properly defined t o  a l l  ow the con- 

version. When the equivalent fluence i s  determined fo r  a given space 

env i r~r~ment ,  the parameter degradation can be evaluated in the laboratory 
by irrdd.1 at ing the so la r  ce l l  with the calculated value of fluence level 

of unidi rectiorral nomai incident f lux*  The equivalent f l  uence i s  normal 1y 

expressed i n  terms of 1 MeV electron fluence or 10 MeV protons. In the 
presence of a cover sh ie ld ,  angular dependence of b"th "effect ive  shield 

thickness" and damage effectiveness,  o r  stopping power, a re  integrated 
throughout angles f o r  a given energy, assunri ng semi - inf i  ni t e  planar geo- 
metry. As a r e s u l ~ ,  the RDC for a given shield thickness, such as shown 

in Figures 4.1 through 4.5, i s  computed only once f o r  an equivalent fluence 
calculat ion,  resardless of the change in the energy spectrum of t he  space 
environment. 

4.6 A1 te rnat ive  Approaches 

An a l ternat ive  approach f o r  estimating so l a r  ce l l  degradation has been 

proposed by Carosel 1 a 4-11 and Plccianno and Reitman. 4 '12 This method deter-  

mines the energy spectrum a f t e r  i sot ropic  space radiat ion passes through the 
cover g lass  (or before entering the so l a r  ce l l  su r face) ,  assuming an i n f i n i t e  
back shielding.  Then, the damage coeff ic ients  applicable t o  normally inci-  

dent pa r t i c les  are appl ied t o  determine the damage. Thcre are  two drawbacks 
in this approach: (a )  the energy spectrum hL the s o l a r  cel l  surface must 
be re-computed for  every change in e i t h e r  the energy saectrum of the space 

environment or  of cover glass thickness. Therefore, the c a~n~u ta t i on  i s  
need'lessly repet i t ive ,  ( b )  the cal culated energy spectrum a t  the so la r  
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Figure 4-6 Re1 a t i v e  Damage Coefficients fo r  Space A l  pha Particle Irradiation 
of Shielded N/P Silicon Solar  Cells (Based on P,,, or V,,) 



cell  surface no longer contains information on angular dependence on 

energy, and i s  ne! ther  i sot ropic  o r  unidirectiorial . Yet the damage 

coefficient  applied i s  appropriate only fo r  normally incident radiat ion.  
The problems relat ing to  the angular content of the "modified" spectrum 

emerging from the shielding are of no consequence fo r  some calcula t ions ,  
such as abrrrbed dose, RDC f o r  e lec t rons ,  o r  high-energy protons. I t  i s  

therefore jus t i f i ed  to  weigh the "modified" spectrurrl with RDC's t o  eval- 

uate electron damage in terms of a damage equivalent monoenergetic normal 
incidence fluence. In the case of low-energy protons, the use of the 

referer,ced methods incorrectly assumes t ha t  proton damage i s  independent 
of the angle of incidence. This shortcoming i s  par t icular ly  serious In 

the case o f  many corrmon space environments i n  which the lower energy pro- 
ton damage dominates the so l a r  cel l  degradation. 

Wil kinson and Horne 4 ' 1 3  have proposed an analytical aoproach based on 
a computer code ("p-n code") developed by Leadon e t .  a1 4-  ,?* camhi ned 

w i t h  a Monte Carlo shielding code. The p-n code solves the one-dimensional 

time-dependent d i f fe ren t ia l  equat,ion %r  t h e  flow of charge c a  s and 

the e l e c t r i c  f i e l d  inside the so la r  c e l l .  The shielding code . mines 

the energy spectrum a f t e r  t h e  space radiat ion penetrates the  cover glass.  
The energy spectrum i s  then used to  ca lcula te  a spat ia l  displacement 
prof? l e  using a theoretical  model . 4*16 Using t h i s  spat ia l  displacement 

profi 1 e and the experimentally determined damage constant f o r  m i  nori ty  
ca r r i e r  l i fe t ime correlated w i t h  the c a l c u l a t & ~  to ta l  displacement density,  

the variat ions of so la r  cell parameters w i t h  radiat ion a re  determined from 
the p-n code. Problems with t h i s  approach include the following: 

( a )  The p-n code must adequately represent the  par t icular  ce l l  type being 
eva: uated. 

( b )  The experimentally observed physical parameters were not rf qorously 

correlated w i t h  the spa t i a l  defect  d i s t r ibu t ion  p rof i l e .  Rather, the  
parameters were correlated with the aggregate e f f ec t  of inhomogeneous 

defect d is t r ibut ion in terms of to ta l  defect density (primary recoi ls  
plus t h e  average displacements by primaries). In this respect ,  the 

application o f  such (aggregate e f f ec t )  experimental data t o  the 

damage qradi ents or  defect  d i s t r ibu t ion  profi 1 e i s  simply i~adequa t e ,  



( c )  Assumptions made f o r  proton damage such as point defects are in- 

adequate. 

( d )  The displacement damage "cross sect ion"  used i s  not the  cross 
section b u t  rather is  a c r i t i c a l  f lux or r e l a t i ve  fluence level 
t o  measure t he  damage equivalence. 4.76-4.19 

Both p-n and Monte Carlo shielding codes are huge and perhaps expen- 

s i  ve t o  run. To make use o f  these analyti cal  a~proaches , the cel l  and  
physical parameters have t o  be adjusted and experimentally v e r i f i e d  f o r  

each ce l l  t ype  before the  prediction. 
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CHAPTER 5 

5.0 THE SPACE RADIATION ENVIRONMENT 

The r a d i a t i o n  environment near t he  ea r t h ,  cons i s t s  o f  e l ec t r ons  and 

protons t rapped  i n  the  geomagnetic f i e l d ,  corpuscular  r a d i a t i o n  assoc ia ted  

w i t h  l a r g e  s o l a r  f l a r e  a c t i v i t y ,  and t o  a l e s s e r  ex ten t ,  g a l a c t i c  cosmic- 

ray r a d i a t i o n .  Near J u p i t e r ,  an environment s i m i l a r  t o  t h e  e a r t h ' s  t rapped  

p a r t i c l e  r a d i a t i o n  e x i s t s ,  b u t  t he  i n t e n s i t y  is f a r  qreater than t h a t  near  

earth,  due p r i m a r i l y  t o  the l a r g e  magrs t i c  f i e l d .  I n  t he  f o l l o w i n g  sec t i ons ,  

each environment i s  q u a l i t a t i v e l y  descr ibed t o  a s s i s t  t h e  reader  i n  de te r -  

min ing t h e  proper  environment f o r  use i n  making s o l a r  c e l l  degradat ion 

estimates . Quan t i  t a t i  ve, o r  de ta i  1 ed, desc r i p t i ons  o f  each env i  ronment 

are beyond t h e  scope o f  t h i s  manuscr ipt .  

5.1 &!ornagneti c a l l  y Trapped Radi a t i  on 

The geomagnetic d i p o l e  f i e l d  i s  respons ib le  f o r  the  r a d i a t i o n  b e l t s  

near the  e a r t h ,  ho l d i ng  t h e  t rapped charged p a r t i c l e s  f o r  l ong  pe r i ods  o f  

time. It i s  a plasma c o ~ f i n e d  i n  an inhomogeneous magnet ic f i e l d .  The 

understanding o f  charge t r a n s p o r t  w i t h i n  t h e  f i e l d ,  l o s s  and cap tu re  

mechanisms o f  charged p a r t i c l e s  have improved cons iderab ly  over  r e c e n t  years.  

The dynamics o f  t h i s  r a d i a t i o n  environment a re  g r e a t l y  i n f l u e n c e d  by s o l a r  

a c t i v i t y  . 
Geomagnet ical ly t rapped r a d i a t i o n  may be e i t h e r  o? n a t u r a l  o r i g i n  

o r  o f  a r t i f i c i a l  o r i g i n ,  such as h i g h - a l t i t u d e  nuc lear  exp los ions.  A 

p a r t i c l e  has t o  possess a charge t o  be t rapped  i n  a geomagnetic f i e l d ,  

and t he  c o n s t i t u e n t s  a re  e l e c t r o n s  and protons.  Regardless o f  the  o r i g i n ,  

the  p a r t i c l e  w i t h  j u s t  t h e  r i g h t  momentum and p i t c h  ang le  will be t rapped  

i n  the f i e l d .  The p a r t i c l e s  w i l l  then s p i r a l  about a f i e l d  l i n e  w i t h  

vary ing p i t c h  angle and cu rva tu re  i n  the  inhomogeneous f i e l d .  They con- 

t i nue  t h e  mot ion  u n t i l  t h e y  reach t ho  m i r r o r  ( o r  r e f l e c t i o n )  p o i n t  where 

the p i t c h  ang le  becomes zero,  and then bounce back i n t o  t he  o t h e r  hemi- 

sphere. They cont inue t o  bounce back and f o r t h  between t h e  m i r r o r  p o i n t s  

( l a t i t u d i n a l  mo t ion ) ,  and a t  t h e  same t ime d r i f t  i n  t h e  l o n g i t u d i n a l  
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direction as the result  o f  forces due to  the gradient of f ie ld  strength 
and the curvature o f  f ie ld  1 i nes . During a quiescent s t a t e  (periods of 

normal so la r  activity) , the trapped particles can be characterized by 

three periodic motions: ( a )  cyclotron osci 1 l ation about the fie1 d 1i ne 

with Larmor frequency, (b )  1 a t i  tudi nal motion between mi rror poi nts , and 

(c)  longitudinal d r i f t .  The direction o f  motion for electrons i s  

opposite t o  that of protons because of an onposi t e  charge. Near the mirror 

points ,  t h e  particles coll ide with upper atmospheric gases, gradually 
losing thej r energy and changing t r a  jector,y unti 1 they are lo s t  in the  

1 ower atmosphere. 

A t  some distance from the earth,  the f i e ld  is  distorted by the "solar 

wind" as shown i n  Figure 5 .7 .  The so lar  wind i s  a plasma f rom the sur;. 

consisting mastly o f  protons with an average energy o f  a f e w  keV and a 
3 density on the order o f  1O/cm . The solar wind interacts with the  geo- 

magnetic f i e ld  resulting i n  the formation of a shock wave. As the solar 

plasma passes the shock wave, the rand~m speeds of t he  particles increase 

produci7,g tu;-bulence in  the magnetic f ie ld.  There i s  a region of h o t  

plasma near the earth-sun line on the day side.  The solar  wind deforms 

the yeornagnet4 c f ie ld  t o  form the mhgnetosph~re. 

The geomagnetic f ie1 d 1 ines j u s t  behind the magnetostleath are qua1 i -  

tatively similar t o  those associated with the simple dipole model and 

trap corpuscular radiation as descri bed above. During quiescence, a 
relatively steady flow of solar wind blows the f i e ld  away from the sun, 

contributing t o  an asymmetric shape of the radiation be1 t ,  compressed on 

t h e  sun I s  side and forming the t a i l  o f  the magnetosphere and the thin 

neutral layer on the dark side o f  the earth. 

~ c ~ l w a i n ' * ~  has proposed a coordinate system consisting of the mag- 
netic f ie ld  B and the integral invariant I which can adequately relate  

measurements made a t  different geographic locations. He introduced a 
parameter L = f ( B , I )  , analogous t o  a physical distance in a dipole f ie ld  

(the equatorial radius o f  a magnetic s h e l l ) ,  thus reducing the number of 

variabl es needed t o  descri be the physical si tuation of trapped charged 
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part.icles and presenting f i e ld  data in a manner which faci 1 i t a t e s  i t s  

physical interpretation. For a radial distance of R and  a dipole moment 

of M ,  the transformation us ing  the dipole relation i s  expressed as 
foilows: 

where R i s  L cos2 A ,  M i s  the geomagnetic dipole moment, and A i s  the 
magnetic la t i tude .  McIIwain expanded the parameter L into a polynomial 
funct ion of a variable which i s  a function of I ,  B, and M and elegantly 
represented t h e  physical phenomena of t;apped particles.  

Since i t s  introduction, numerous particle f i e f  d data were pl-zsen ted 
in this (B,L) coordinate system. Ve t te  and coworkers have concentrated 
efforts on the compilation of part ic le  f ie ld data reported by numerous 
i n v e s t i g a t o r s  and have constructed models o f  the radiation environment. 
These data are  regarded as the best consolidated source o f  information 
available on trapped radiation environments, and are used as the single 
source of data on t h i s  subject throughout this  manuscript. The reader 
may consult the referenced publ <cations5* 2 - 5 v 8  for detai 1 ed and q u a n t i t a t i v e  
discussions of the trapped electron and proton environment models. 

5.1.1 Trapped Protons 

The most recent description o f  the trapped proton el~vironrnent i s  
aresented i n  refwences 5.2 through 5.4. The 1 argest proton concentra- 
tion of intermediate energies i s  near the ea r th  within an L-value of 

four (geecentric) earth r ad i i ,  peaked a t  about two earth radi i .  The 
high energy protons concentrate even closer to  the earth,  peaked a t  
1 .5 earth radii  whereas the distribution of the lower energy protons 
extends nearly t o  synchronous a1 t i t u d e  ( L  = 6.6 R,). Generally speaking, 
the energy spectrum becomes softer as t he  L-value increases. A t  synchro- 
nous a l t i tude ,  the spectrum i s  so so f t  that  practically no protons w i t h  

energy greater than two MeV exist .  



5 . 1 . 2  Trapped Electrons 

Trapped electrons with energies o f  a few hundred keV extend t o  the 
outer boundary of the ~agnetosphere, which fluctuates a t  8 to 10 earth 
rad i i .  There are two intense regions: an inner one covers the t-values 
in  the range o f  1.2 < L e 2.8 and peaks about 1 . 4  earth rad i i ,  whereas 
the outer zone ranges 3 L 11 and peaks a t  around 4 to  5 earth radii 
w i t h  t h e  flux about 107 elnctrons/cm2-sec for both zones. 

The outer zone i s  a very dynamic region o f  space, and the particles 
are considered t o  be pseudo-trapped because t h e  lifetimes are shorter 

than t h e  d r i f t  time around the earth. Htwever, powerful sources, such as 
galatic and so1 ar  origins, s u p p l y  electrons to  this -9gion of space, ard 
t h u s  substantial fluxes are always present. In this  zone, the flux has 
large short-term temporal variations related t o  the local time as well as 
a long-term change in the average flux associated with a solar cycle. 

In the inner zone, the e f f e c t  of geomagnetic storms on the average f l u x  

i s  significant a t  high L-values and higher energies. A.long-term increase 

in the inner zone flux i s  correlated with the increased solar act ivi ty .  
Another source of temporal variation i s  due to  a decay of residual elec- 

trons from the Star f i sh  nuclear exp1l)sion. These temporal variations 

are  accommodated in t he  recent compilation of data and pub1 ications on AE3, 
5.5-5.8 AE4 and AE5 by Vette,, 

5.2 Orbital Integration 

5.2.1 Circular Orbits 

Vette and coworkers have time integrated b o t h  the trapped proton 

and electron environments for  convenient energy ranges and tabulated 
t J e  average daily Pluence for  various alti tudes and inclinations,  There 

are two forms of spectra in h i s  data: one i s  o f  t h e  form of integral 
flux and another difference flux, the l a t t e r  of which should n o t  be 

confused w i t h  the differentia1 flux. 

If 4 ( E )  i s  a differential  f lux a.t energy E i n  MeV, normally exptxessed 
i n  terms of particles/cm2-sec-MeV, and a(>E) i s  an integral flux with an 
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energy greater than E ,  expressed i n  par t ic l  es/cm2-sec, the re1 at ionsh ip  

of these two quant i t ies  i s  

On the  other hand, the difference fluence A@ i s  simply 

5.2.2 Trajectories Other Than Circular Orbits 

For the spacecraft t r a j ec to r i e s  other than c i rcu la r  o r b i t s  tabulated 
in references 5 .2  through 5.7 ,  the radiation environment encountered by 
the spacecraft may be determined by some other method, 

One approximate method, sui table  for hand calculations,  i s  t o  divide 

the t ra jectory in to  small segmer~ts with sui table  time intervals  A t ,  so 
tha t  during a t  the environment can be regarded the same as t h a t  i n  a c i r -  

cul a r  orbi t a t  a1 ti tude r and i ncl ination i . The envi ronment, wei ghted 

by f l i g h t  time, tlwn i s  

The di f f icu l ty  o f  t h i s  approximation i s  tha t  ( a )  the  a '  i s  averaged over 

a c i rcu la r  o rb i t  so  t h a t  the 4 '  i s  not equal t o  an instantaneous f l u x  a t  
( r , i ) ,  and (b )  the i i s  constantly changing i f  i f 0. Thds the error can 
be very 1 arge and may approach an ctrd tr of magnitude calculation i f  

I 

i  # 0. 

A more accurate  b u t  more time consumfng way of estimating the environ- 
ment i s  t o  determine a t ra jectory on an i s o f l u x  contour map o f  energy En plot- 

ted on geographic coordinates. By knowing instantaneous f l u x  a t  ( r , i )  and 
the time interval a t ( r , i ) ,  the integral  f lux can be time integrated by 



This calculation will determine the flux o f  an init:qrel spectrum a t  En. 

I f  isoflux contour maps for different energies are aveilable, a ser ies  

of such calculations leads t o  several points on an integral spectrum. 

The most acctrrate way t o  determine the environment i s  t o  slake 
use of the physically significant coordinate system (R,L) so titar, uncer- 

tainties and inaccuracies attributable to  the geographic coordi,~ate 
system are eliminated. A s e t  of s t a t e  vectors or classical orbital ele- 
ments can be used to solve Kepler's equation and generate a trajectory 

w i t h  suitable time intervals.  These geographic coordinates are then 
transformed into geomagnetic she1 1 coordinates (B,L) on which isofl ux 

contour maps are pl olted. This approach i s  computational 1 y i nvol ved 
and hence i s  practical only with the aid o f  a computer. 

The instantaneous flux $(>E ,t.) i s  thus determined and i s  time 
n J  

integrated on each flux map of energy En in the following manner: 

Upon time integration o f  instantaneous f l u x  +$roughout a given trajectory, 
performed on one isoflux contour map o f  specified energy En and part ic le  

type, one point i s  finally determined in an integral flux-energy spectrum 

@(>E). I f  similar calculations are performed on a number of maps of 

different energies, exactly the same number of points can be determined 

in the final spectrum. 

An energy spectrum a t  an arbitrary point in space, i n  general, is 
a function o f  both B and L coordinates and can be expressed i n  e i ther  

exponential o r  power form. I f  such a distribution function i n  e i ther  
form i s  applicable t o  an ent i re  energy region for a l l  po in t s  i n  space, 
only one isoflux contour map i s  required to  determine the time integrated 
f l  ux-energy spectrum. 



I f  FN(>En,>Ek,L;) i s  an energy d i s t r i b u t i o n  func t ion  f o r  a p a r t i -  

t ioned energy greater  than Ek 

The L !  i n  FN i s  t h e  L value i n  t h e  input  t ab le  and i s  the n e a r e s t  t o  t h e  
J 

computed value L The En i s  an energy spec i f i ed  i n  an i s o f l u x  contour 
j 

map. The f l u x  + ( > ~ ~ , t ~ )  i s  in tegra ted  i n  each energy shell Ek as t he  

t ime i n t e g r a t i o n  proceeds throughout a t r a j e c t o r y .  

The d i s t r i b u t i o n  func t ion  f o r  an exponential spectrum w i t h  a param- 
e t e r  E o ( > E n , B , ~ )  i s  dof ined  as 

The FN i s  thus normalized a t  En, and hence the En should  agree w i t h  the 

energy speci fy ing an i s o f l u x  contour map. For a power form, t h e  d i s t r i b u -  

t i o n  fuqc t ion  i s  def ined as 

where P(>E B L .) = Exponent of power form which depends on the  energy n' j '  J 
spec i fy ing  the i s o f l u x  contour map, as well as 

special  1 ocat ion o f  trajectory i n  B-L coordinate 

( B j . L j )  

and again the FN i s  normalized a t  En. As an example o f  the above method, 

the geomagneti ca l  ly - t rapped pro ton  environment i s  machine calculated f o r  

a h i g h l y  e l l i p t i c a l  o r b i t  w i t h  an i n c l i n a t i o n  rr f  63.5 degrees and i s  shown 
i n  Figure 5.2. 
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5.3 Cosmic-Ray (Galactic Cosmic-Ray) Radiation 

Galactic cosmic rays a re  a highly penetrating radiat ion originating 

beyond t h e  solar  system. They possess energies greater  than 1 Rev 
(some may exceed 108 8eV) and are capable of extraordinary in teract ions  
with matter i n  the upper atmosphere such as spal la t ion,  f i s s ion ,  frag- 
mentation, a n d  the subsequent secondary processes. The local cosmic-ray 

radiat ion i n  the atmosphere contains protons, neutrons, pi-meso mu- 
mesons, electrons,  photons, and strange par t i c les .  

Near t h e  upper 1 imits of the atmosphere, the primary radia t ion,  

consist ing of 79 percent protons and 20 percent alpha par t ic les ,  p r e -  

dominates over the products of nuclear reactions and the decay products, 

thus the  components change wi  t h  a1 t i  tude. 

The a b i l i t y  of charged part icles t o  penetrate a magnetic f i e l d  i s  

1 irnited by t h e  Lorentz force and i s  measured by a quanti ty ca l led  the mag- 

netic r i g i d i t y ,  defined by the ra t io  of the momentum t o  the charge. The 
radius of curvature of charged par t ic les  i n  the f i e l d  i s  then related 

to  the magnetic r i g id i t y ,  and hence the a b i l i t y  of pa r t i c le  penetration. 

The magnetic cutoff momentum, and hence the c u t o f f  energy, f o r  a given 

ver i i ca l ly  incident pa r t i c l e  a t  a given a l t i tude  i s  closely re la ted  t o  
the l a t i t u d e  of the geomagnetic f i e l d .  Only protons with energies 

greater  than about 15 BeV can penetrate the ea r th ' s  magnetic f i e l d  a t  
the equator. 

One remarkable charac te r i s t i c  o f  cosmic rays i s  t h e i r  isotropy.  

The average diurnal e f f ec t  i s  very small ; however, there  i s  a de f in i t e  

relat ionship between the fluctuation and so la r  a c t i v i t y  in general; 

27-day e f f e c t s ,  an 11-year t luctuation cycle,  and the  Forbush decrease 

associated with the magnetic storms a re  examples. Although the energy 
i s  very high, the f lux i s  negligibly small compared w i t h  cther eAviron- 
ments considered, and t h i s  environment i s  ignored i n  so la r  ce l l  array 

degradation cases a t  present. 

5.4 So la r  Flare (Solar Cosmic-Ray) Radiation 

So la r  f lares  occur i n  the neighborhood of sunspots, very seldom emit 
white l i g h t ,  and cause a sudden iccrease i n  in tens i ty  o f  the hydrogen 
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7 7 - 5 6  
a1 pha 1 i  ne (6,563 i) . After i t s  inception, the f l a r e  rapidly expands 
over an area o f  a few mil 1 ion t o  a b i l l ion  square n i l e s  q f  the so l a r  

d i  s k ,  reaching a peak i  ntensi ty  and gradual l y  decayi ng and compl e te ly  
disappearing within several minutes t o  several 'hours, depending on the 
s i z e  of the f l a r e .  

Within half an hour o r  more foi!owing the appearance of large solar  
f l a r e s ,  energetic pa r t i c les ,  consisting mostly of protons, a r e  detected 

a t  the ea r th ,  par t icular ly  in the polar regions ipside the auroral zones. 

The radiation dies away with a time constant o f  one t o  three days. The 
consti tuent  par t ic l  es a r e  el ectrons, !)rotons, a1 pha par t ic l  es , and very 

small numbers sf medium nricl e i  ( C  , N, and 0 ) .  The ra t ios  of protons t o  
a1 pha pa r t i c l e s ,  and of protons to  medium nuclei vary considerably between 
solar  events, whereas the r a t i o  o f  alpha par t ic les  t o  rnedi1.m nuc'lei remains 

re1 at ivel  y constant. 

Although the f luctuation in f l u x  in tens i ty  is much more severe and 

random than those o f  ga lac t i c  cosmic rays,  the followicg phenomena have 

been observed: (a )  there may be an 11-month cycle i n  the peak 
nunber of events, ( b )  there is a semiannual variat ion which has maxima 

in March and September, probably near the  equinoxes, ( c : ~  the maximcm 
number o f  events occurs on the average near the Septerber equinox and 

t h e  t imum during December o r  January, ( d )  the number of flares varies 
with ,7e I1 -year solar  cycle,  and ( e )  there i s  a  de f in i t e  tendency fo r  

f l a r e  events producing a large  proton f l  uence t o  occur during the increase 
o r  decrease o f  sunspot a c t i v i t y  rather than during t h e  maxi rn~rn .~*~  

Observed sunspot numbers f o r  the previous so la r  cycles and the  predicted 

numbers l'or cycle 21 a re  shown i n  F igure  5.3. 5.10 

Solar. f l a r e  pa r t i c le  fluxes arr iviny a t  the ear th  a re  highly time 

depmdent  i n  in tens i ty ,  spectrum and i  ~ t r o p y .  The rise .time 

varies w i t h  the individual event and is strongly energy-dependent, reachGng 
the maximum intensi ty  f i r s t  a t  higher energies and -thus showing a harder 

spec>.rum a t  the beginning. After the peak o f  radiat ion,  the integral  
f lux decays with time a t  a r a t e  approximately proportional to  t-" where 

t i s  time and n i s  a  number, roughly equal t o  3.  The par t i c le  f lux  arr iv-  

i n g  in the upper atmasphere i s  f o r  the most part  i sot ropic :  however, 
s ignif icant  anisotropic? frequently ex i s t  f o r  shor te r  durations, ar r iv ing 

from a nighly preferred and fair ' l  y narrow direction i n  space from 30" t o  
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60" west of the earth-sun l i n e  for  a period of a few minutes. 

A model described by McCracken ' i  s 1 argely based on experirr~ntal  
cbservation. The following i s  an excerpt from his a r t i c l e :  

* 
"Figure 5.4 shows the model f o r  t he  magnetic regime 
created by the plasma disturbance originating in a large 
so la r  f l a r e  (not necessari ly a f ,,re t ha t  r esu l t s  in a 
large proton ev;?t). The plasma ejected by the f l a r e  
ca r r i es  the l ines  o f  force of the sunspot with i t ,  the 
l ines  o f  force being stretched outward from the sunspot 
in a quasi-radial fashion. The sun's rotation causes 
the l ines  t o  curve westward. The configuration of the  
1 ines o f  force near the leading edge o f  the plasma dis-  
turbance i s  not ye t  knodn; however, i t  i s  known to  exclude 
cosmic rays from outside,  and t o  i nh ib i t  t h e  escape of 
cosmic rays injected a t  points inside the magnetic regime. 

In the Forbush decrea ;e, the  ar r ival  o f  the 1 eading edge of 
the plasma disturbance a t  the earth i n i t i a t e s  the magnetic 
storm, and once the ear th  i s  inside the magnetic regime, 
some ga lac t i c  cosmic rays are screened away from the ear th .  
This phenomenon now provides a d i rec t  magnetic connection 
from the earth to  t h e  sunspot group. Consequently, i f  
another f l a r e  were now t o  produce cosmic rays, they would 
travel rapidly along the magnetic 1 ines o f  force t o  the 
ear th .  They would, therefore,  ar r ive  a t  the earth soon 
a f t e r  the occurrence of the  f l a r e  (about 20 minutes), and the 
maximum i ntensi ty wou? d rapi dly be reached. The d i  vergen t 
nature of the magnetic l i ne s  n f  force implies t ha t  the  
cosmic rays woul d tend t o  become coll imated, eventual l y  
travel  1 ing roughly para l le l  t o  the 1 ines of fcrce. Also, 
the p a r t i t i  es would be pa r t i a l l y  trapped within the mag- 
net ic  configuration; and so a f t e r  a period o f  anisotropy, 
a period of isotropy may be observed. 

* 
A t  a point outside the magnetic regime, Figure 5.4a , there 
i s  no d i r ec t  connection t o  the sunspot, and hence cosmic 
rays cannot ar r ive  rapidly a t  the ea r th .  They can only 
a r r ive  by diffusion across the l ines  of force-a process 
t h a t  tends t o  delay and i so t rop i re  them.  Therefore, an 
appreciable time delay ex i s t s  between par t ic le  production 
and a r r iva l  a t  the earth (30-120 minutes), and the in tensi ty  
r i s e s  slcwly t o  a maximum some hours a f t e r  the f l a r e .  The 
maximum omnidirectional in tens i ty  of radiat ion i s  l e s s  than 

1s tha t  which would be observed i f  the earth has a d i r ec t  mag- 
net ic  connection to  the sunspot. The radiation may be 

OF POOE mildly anisotropic,  with t h e  maximum intensi ty  oriented 
along the l ines  of force leading t o  the s u n ,  but not t o  
the sunspot group in which the f l a r e  occurred." 

* 
Figure numbers a1 tered from original  t e x t .  
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Until recently,  observations of so l a r  fl  are pa r t i c les  were made 
only for those with re1 a t ive ly  high energies (1 0 ,  30 and 100 MeV), 

much higher than the energy range normally of interest i n  connection 

with sol a r  cel l  degradation. The time integrated spectrum normally 
exhibits  an ~xponentiaf form with respect t o  r ig id i ty  and  i s  custamarily 

expressed i n  terms o f  t h e  character is t ic  r i g id i t y .  Ro as  fol lows: 

( 1 -R/R* 1 
( R )  = 4 )  e 

where voltbarn -set , or ( vo l t )  R = r ig id i ty  ( joule ) , (+) 
coulomb cou omb 

E = to ta l  energy 

T = kinetic energy 

p = momentum (MeV/c),( joul e sec/m) , or (newton. sec) 

m,c2 = res t  mass energy, 938 MeV per proton 

zq = atomic charge 

@ ( > I ? )  = integral  f lux having r i g i d i t y  
greater  than R 

The Ro varies not only with each event b u t  within the spectrum of 

an event. Integral so l a r  proton f lux i s  tabulated i n  Table. 5.7 f o r  

selected f l a r e  events from 1356 through 1972 together with 
the charac te r i s t i c  r i g id i t y .  5*1235414  he annual in tegra l  flux for 
solar  cycle 19 i s  shpdn i n  Table 5 .2 .  The Ro computed f o r  the annual 

f lux i s  s ~ a l l e r  during the  years near sunspot maximum (50 % 70 MV) b u t  
the to ta l  annual f luence i s  h i g k r  during these years.  

Since so la r  f lare par t i c le  fluxes are r ich i n  low r i g i d i t i e s ,  a 

strong cutoff phenomenon i s  expected. Dur ing the qui escent s tate,  the 

cutoff r i g id i t y  a t  low la t i tude  i s  a strong function of direction as 
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TABLE 5.1 INTEGRAL I'RBTON FLUX AT 10, 30, AN0 100 MeV AND 

CORRESPONDING CHARACTERISTIC R I G I D I T Y  R, 5 .72  

ORIGINAL PAGE IS 
OF POOR QUAIJJTY 

DATE 

4/ 5/60 

4/28/60 

4/29/60 
5/ 4/60 

51  6/60 

5/13/60 

6, 1/60 
8/12/60 

9/ 3/60 

9/26/60 

1 1 /I  2/60 

11/15/60 

11/20/60 

7/11/61 

7/12/61 

71 J a161 
7/20/61 

9/28/61 
11 /10/61 

2/ 4/62 

10/23/62 

i 

t ( r  10 MeV) r(> 30 MeV) I(> 100 M ~ V )  

(protons/un2) 

- 1.1 x l o 6  - 
1.3 x l o 7  5.0 x 106 7 x lo5  

- 7 x l o 6  - 
;.2 x lo7  6 x 106 I .2 x 106 

- 4 x 106 

1 . 5 x 1 0 7  4 x 106 4.5 x lo5  
- 4 x 10S - 
- 6 x lo5 - 

9 x 107 3.5 x 107 7 x 106 
z 107 2.0 x 106 1.2 x lo5 

4 x l o 9  1.3 x l o9  2.5 x 108 

2.5 x l o9  7.2 x l o 8  1.2 x 108 

1 . 4 x 1 0 8  4 . 5 x 1 J 7  8 x 106 

1.7 x 107 3 x l o 6  2.4 x l o5  
5 x 108 4 x l o 7  1 x lo6  

1 x -109 3 x 108 4 x 107 

1.5 x 1 O7 5 x lo6 9 x l o 5  

5 l o 7  6 x 106 1.1 x l o 6  
- - - 

- - - 
6 x 1 0 5  l . 2 x 1 0 5  1 x l o b  

' H,(30-100) R,(10-30) ' 

(MV) 

- - 
104 102 
- - 

127 147 
- 
94 7 7 
- - 
- - 

127 108 

73 44 
124 9 1 
11 4 82 

118 90 

81 59 
56 40 

102 a5 
120 93 

121 4 8 
- - 

- - 
83 6 3 



TABLE 5.1 INTEGRAL PROTON FLUX AT 10, 30, AND 100 MeV 

AND CHARACTERISTIC RIGIDITY R, 5.14 

1 DATE 
INTEGRAL PROTON FLUX, PROTONS/cm2 

a(> 10 MeV) a(, 30 MeV) a(> 100 MeV) 
Ro (MY) 



TABLE 5.2. OBSERVED ANNUAL INTEGRAL SOLAR PROTqN FLUX 5.12 

Year 

1556 

7 957 

1958 

1959 

1960 

1961 

1962 

1963 

b 

Number o f  Events 

4 

9 

8 

6 

15 

6 

2 

1 - 
5 2 

Solar-cycle t o t a l  

lnte~ral F1 ur (protons/c~.9)  
-- 

Rc 
I 

(MV) 
250 

60 

5 0 

7 0 

130 

90 

100 ( a v . )  

@(>I0 MeV) 

2.0 x 109 

- - - 
7.0 x 10 

1 

@(>30 MeV) 

1.0 x 109 

4.0 x lo8 
7.8 x lo8 

o(>100 MeV) 

3.5 x lo8  

2.0 lo7 

2.4 x lo7 

4.6 x lo8 

3.8 x lo8 

4.2 lo7 

1.3 x 10 9 

2,2 x lo10 1 4.2 x lo9 

6.8 x 10' 1 2.2 x 10' 

1 .6  x lo9 

3.9 x 10~' 

3.5 x lo8 

9.0 x 10' 



well as  of l a t i tude  (approximately proportional t o  cos4 A fo r  I ~ r g e  

geomagnetic l a t i tudes} ,  and hence of 1. Galactic cosmic rays fo l l  ow 
th i s  normal Stbmer  cutoff as do the f l a r e  par t ic les  jus t  before the 

plasma cloud h i t s  the geomagnetic f i e l d .  After the impact of the plasma 

f ron t ,  t h e  f i e l d  i s  disturbed (magnetic storm) in such a manner t h a t  

the f i e l d  due to a time-dependent ring current appears to  superimpose 

on the normal geomagnetic dipole f i e l d ,  causing the disturbed l i n e  o f  

force t o  s t re tch  fur ther  o u t  o f  the ear th  a t  a given l a t i tude .  As a 

resul t ,  the par t i c le  r ig id i ty  necessary t o  penetrate a t  a given l a t i t ude  

i s  greatly reduced, and the cutoff  energy becomes time dependent. A 

recent s a t e l l i t e  observation indicated that  the cutoff energy a t  syn- 

chronous a1 t i tude seems to  be much l e s s  than expected, and 

f l a r e  protons with energy as  1 ow as a few hundred keV were observed 

during the  storm. I f  t h i s  i s  the case, t h e  cutoff energy due t o  the geo- 
magnetic f i e ld  becomes ins ignif icant  a t  t h i s  a l t i t u d e ,  because the cut- 
off due t o  a solar  c e l l  cover shield i s  normally f a r  greater than the 
magnetic c u t o f f  during a storm. If both a l t i t ude  and l a t i t ude  a re  low, 

the f i e l d  perturbation due t o  the s torm may be ins ignif icant ly  small 

compared with t h a t  of the quiescent s t a t e ,  and the ~ t 6 r m e r  cutoff  approxi- 

mation may prevai 1 . The geomagnetic shielding phenomena are  shown in Figure 

5.55'13 fo r  protons i n  a c l ass  three f l a r e  on July 18, 1961. 

For the purpose o f  predicting the s ize  and spectrum o f  so l a r  f l a r e  

proton events, manl! s t a t i s t i c a l  analyses have been made on profmn ,:vents 

observed near or  on the earth Unfortunately, t h e  correlat ion between 

the prediction and observations has been rather poor. A Poisson d i s t r i -  

bution may be appropriate f o r  sunspot numbers and so la r  f l a r e s  on the 

sun, b u t  not for  so l a r  f l a r e  proton events. The f l a r e s  which a re  large  

enough t o  emit a 1 arge number of energetic par t ic les  and fur ther  s a t i s f y  

the requirements o f  protons t o  reach the earth obviously belong t o  a 

special c lass  of so7 ar f l a r e  events. Phenomena observed during 

solar cycle 19 a r e  enumerated below for review, placing par t i cu la r  em- 
phasis on those which appear t o  be dependent on so la r  a c t i v i t y .  
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a. The f l a r e s  cay:..:ble o f  producing l a r g e  p ro ton  events tend 
t o  occur  when t he  r a t e  o f  change i n  annual sunspot 
numter becomes g rea te r .  

b.  The c h a r a c t e r i s t i c  r i g i d i t y  o f  s o l a r  f l a r e  protons i s  
randomly d i s t r i b u t e d  throughout  an 11 -year cyc l e ,  
b u t  bo th  t h e  annual expec ta t ion  va l ue  and var iance 
a re  no t .  During  a p e r i o d  of i n c r s a s i n g  o r  decreasing 
sunspot a c t i v i t y ,  t h e  Ro becomes l a r g e r  on t h e  average 
than t h a t  du r i ng  t h e  ~-sxiniurn, and t h e  va r iance  becomr 
sma l l e r  d u r i n g  t h e  s o l a r  maximum. That i s  t o  say, tht: 
s o l a r  f l  a re  p ro ton  events are r e l a t i v e l y  steady and 
con f i ned  i n  a sma l l e r  r i g i d i t y  range d u r i n g  t he  s o l a r  
maximum, whereas t h e  s i z e  and spectrum become e r r a t i c  
when t h e  r a t e  o f  change i n  sunspot a c t i v i t y  becomes 
severe. 

c. The s i t e  o f  each event, as measured by an i n t e g r a l  
p ro ton  f l u x  o f  energy g rea te r  than 30 MeV, i s  
almost randomly d i s t r i b u t e d  over an 11 -year c y c l e  , 
bu t  a  l i n e  connect ing t h e  successive annual f l uence  
p l o t t e d  .against  el!- i p o t  number i s  n o t  a s i n g l e -  
valued f u n c t i o n  

K ing5*14 made a p r o b a b i l i s t i c  study on s o l a r  p r o t o n  f l uence  l e v e l  

baszd on 1366-1972 data.  The p r o b a b i l i t y  14 th .  which any g iven  s o l a r  

proton f l u e n c e  l e v e l  w i  11 be exceeded was computed f o r  t h e  a c t i v e  phase 

o f  the n e x t  s o l a r  c y c l e  (1977 - 1983) .5*15 The probabi  1  i t y  i s  a f unc t i on  

of fl uence l e v e l ,  p ro ton  energy th resho ld ,  and m iss i on  du ra t i on .  He as* 

sumed t h a t  fluences o f  a1 1 anomalously l a r g e  events have a spectrum g iven  

by the  August 1972 event,  and f luences o f  the  o r d i n a r y  events obey a l o g  

normal d i s t r i b u t i o n .  The compu.ter code developed f o r  t h i s  ca l  c u l a t i o n  5.16 

i s  p rov i ded  t o  supplement the equ i va len t  f l uence  c a l c u l a t i o n  code aod i s  

shown i n  Appendix D. The s o l a r  f l a r e  p ro ton  environment o f  s o l a r  cyc le  

20 i s  shown i n  F igure  5.6. The spectrum f o r  an anomalous event  
5.14 

i s  

a lso  shown i n  01 de r  t o  compare w i t h  the spectrum used i n  Reference 5.13, 

A spectrum s o f t e r  than  t h e  August 1972 event  i s  used f o r  t h e  l a t t e r  

model and t h e  annual f l  uence l e v e l  i s  sca led accord inq t o  t h e  s o l a r  

a c t i v i t y  as measured by  smoothed sunspot number (F i gu re  5.7) .  
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CHAPTER 6 

6,O SOLAR ARRAY DEGRADATION CALCULATIONS 

In the previous sections,  the three bas ic  i n p u t  elements necessary 
to perform degradation cal culations were developed. The f i r s t  of these 
elements i s  degradation data for solar ce l l s  under normal incidence 1 MeV 

electron irradiation. The second inpvt element i s  the effective relat ive 

damage coefficients for omnidirectional space el ectrons and protons of 

various energies for solar ce l l s  with various thickness of cover glasses. 
The third input elrrnent i s  space radiation environment d a t a  for 
the orbit  of interest. The section will cover the use of these data t o  

perform a so lar  array degradation estimate, 

6.1 General Procedure, Equivalent Fl uence 

The effective re1 at ive damage coefficients allow the conversion of 

various energy space electrons and protons into equivalent fluences. 
The equivalent fluences are  based on normal -incidence monoenergetic 

irradiations for  which the degradations o f  the solar ce l l s  of interest  
are characterized. The process of wei g h t i n g  an i ntegrzl energy spectrum 

of electrons for a given orbi t  can be described as follows: 

- - 9 [ Q ( > E )  - m(>E + A E ) ]  D ( E , ~ )  ( 6 * 1  * I  ) '1 MeV e - 
E=O 

where '1 lleV e = t h e  darna. e equivalent 1 MeV electron 
f 1 uence 9 e/cm2-year) 

a ( > E )  - a(>E + AE) = the  isotropic par t ic le  f l  uence h a v i n g  
energies in a small energy increment 
greatsr than energy E (e/crn2-year) 

D(E,t) = the relative damage coefficient for 
isotropic fluences of space particles 
of energy E on solar ce l l s  shielded 
by cover glass of thickness t 
(dimensionless) 

The quantities @(>E) - a ( > €  t A E )  for a range o f  energies are also known 

as t h e  difference spectrum. T h i s  spectrum can be generated from an 
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in teyra:  energy spectrum f o r  any energy increments des i red .  For t he  case of 

space protons,  equat ion (6.1 .l) can a7 so be used w i t h  t h e  except ion 

t h a t  D(E,t)  values f o r  p ro tons  a re  based on 10 MeV p r o t o n  f luences  

r a t h e r  than  1 MeV e lec t r ons .  The c a l c u l a t e d  equ i va l en t  f l uence  w i l l  

t he re fo re  be a damage equ i va l en t  10  MeV pro ton  f luence .  The e q u i v a l e n t  

10 MeV p ro ton  f luence  can be conver ted t o  equ i va l en t  1  tleV e l e c t r o n  

fl  uence as f o l  1  ows : 

- 
'1 MeV e ' '10 MeV p x '900 

The above r e l a t i o n s h i p  i s  an approximat ion which must be made f o r  the  

purpose o f  combining e l e c t r o n  and p ro ton  damage. I n  Sec t ion  3.3, t h e  

di f ferences between el e c t r o n  and p ro ton  degradat ion were discussed. 

Since t h e  s l ope  o f  t h e  degradat ion curve ( t h e  cons tan t  C i n  equa t ion  

3.2.1) i s  d i f f e r e ~ t  f o r  1  MeV e l e c t r o n  and 10 MeV p ro ton  i r r a d i a t i o n s ,  

t he  cons tan t  i n  equat ion (6.1 - 2 )  w i l l  d i f f e r  depending on t h e  l e v e l  o f  

degraded c e l l  ou tpu t  a t  which t h i s  cons tan t  i s  determined. A t  p resent ,  

t h e  bes t  i n f o r m a t i o n  a v a i l a b l e  i n d i c a t e s  a va lue equal t o  3000 when c e l l  

ou tpu t  parameters a re  degraded by 25%. I n  cases when t h e  c e l l  degrada- 

t i o n  i s  e n t i r e l y  dominated by p ro ton  damage, t h e  ce l l  degradat ion cou ld  

be es t imated  more accu ra te l y  by c a l c u l a t i n g  t h e  equiva ' lent  10 MeV p r o t o n  

fluence, and us i ng  10 MeV p ro ton  c e l l  damage data, than  t he  use o f  t h e  

equ iva len t  1  MeV e l e c t r o n  f l uence  and e l e c t r o n  data. 

An addl t i o n a l  problem a r i s e s  i n  c a l c u l a t i n g  equ i va l en t  f l  uences f o r  

p ro ton  environments. The results shown i n  F igures 4.3 and 4.4 have 

shown t h a t  d i f f e r e n t  va lues o f  D(E,t) f o r  p ro ton  i r r a d i a t i o n  a re  found 

when t h i s  damage cons tan t  i s  based on c e l l  I,, o r  P and Vo,. T h i s  max 
d i f f e r s  w i t h  t h e  r e s u l t s  o f  e l e c t r o n  i r r a d i a t i o n  where one va lue  o f  

D(E,t) desc r ibes  the  behav io r  o f  a l l  c e l l  ou tpu t  parameters. Because 

o f  the  two s e t s  o f  D(E,t)  values f o r  p ro ton  i r r a d i a t i o n ,  two d i f f e r e n t  

equ i va l en t  70 MeV p ro ton  fl uences must be considered. One o f  these w i l l  

descr ibe t h e  v a r i a t i o n  o f  s o l a r  c e l l  Pmax and Vo,. The o t h e r  w i l l  

descr ibe t h e  v a r i a t i o n  o f  s o l a r  c e l l  Is,. 

The va lues  o f  D(E,t) have been c a l c u l a t e d  by assuming i n f i n i t e  back 

sh ie l d i ng .  Al though t h i s  c o n d i t i o n  i s  o f t e n  approached i n  t h ~ t  body- 



mounted solar  arrays of spinning spacecraft, i t  i s  not generally true.  

The designer must a1 zo evaluate the contribution o f  equivalent fluence 

resulting from radiation incident on the back side of the solar ce l l s .  

The result  i s  a front and a back component of equivalent f l  uence. A 
question ar i ses  as t o  the values of D(E,t) t o  be used for back irradia- 

tions. In the case of trapped space electron i r radiat ion,  i t  i s  reason- 
able to use t he  same values of D ( E , t )  for  both  front and back irradiations.  

The  only problem in this case i s  to convert the backshielding of the 
Z panels, s a t e l l i t e ,  etc. ,  t o  an equivalent planar shielding (gm/cm ). 

The case fo r  space protons i s  considerably more complex because of 

the nonpenetrating nature of low energy protons, There is an increasing 
need for a technique to  evaluate rear irradiation effects with the in- 
creased use o f  light weight solar panels with negligible back radiation 

protection. Low-energy proton irradiation from the rear not only 
increases bulk res i s t iv i ty ,  thereby decreasing the f $ 7  1 factor,  and 

greatly changes the forward dark I-V characteristic curves. 6.14-6.16 These 

phenomena, peculiar t o  rear irradiation, must be considered and included 

i n  the evaluation of D ( E , t ) .  Scarcity o f  usable data and lack of proper 

technique prevent the appropriate evaluation of D(E, t )  a t  present, The 

only alternative i s  t o  use the front irradiation data,  assuming tha t  
both front and back irradiations produce the same resu l t  as long as a11 

protons penetrate through the j u ~ c t i o n .  To allow fo r  the self-shielding 

effect  fo r  ce l l s  irradiated w i t h  protons from the rear ,  the back contact 

solder thickness (approximately 0.01 to  0.08 mm) plus the thickness of 

the cell minus the junction depth should be included in the total  back- 

shielding. 

The var ious contributions and va r ia t i ons  o f  equivalent fluence which 

can be encountered in a natural space environment are  summarized i n  Table 

6.1. Columns i n  the r ight  side o f  the table indicate the  contributions 

from the various radiation components t o  the two different  types o f  equiv- 

alent fluence. Although the most general case can involve a71 the con- 
tributions shown i n  Tab1 e 6.1, i n  a typical earth o rb i t  only a few o f  

these contributions may be significant.  

ORIGINAL PAGE IS 
OF HIOR QUALITY 



n
 

U
 

0
 

w
 n
 X
 

rd
 

n
 E
 

V
 

"
 

C
r 
s
 
0
 

L
 

'4
- .a

 

V
) 

c
 
0
 

.IJ
 

0
 
L
 

n
 

m
 

cll 
a
 

L
I 

rd 
L

 
F

 

ffl 
E
 

Q
I 

-0
 



o f  the temperature coefficients discussed in Section 3.8 .  The evaluation 

of changes in solar cel l  response due t o  reduced 1 i g h t  transmission in the 
cover s l ide  materials will be covered f n  the n ~ x t  section. 

6.2 Effect of Reduced L i g h t  Transmission on- Solar Cell Response 

To use the cover glass darkening data previously presented, a 
procedure i s  necessary to  evaluate the absorbed dose produced by the 

various radiation components of the space environment. This cap be done 
by use o f  the data developed in Chapter 4, The procedure i s  similar 
to  that used for equivalent fluence, w i t h  the exception that  the s~sorbed  

dose i s  a point function and %herefore varies with depth in the cover 

material . To calculate the absorbed dose a t  a particular depth i n  the 
cover materials, the foll  owing expression i s  used: 

where Dose(d) = the absorbed dose i n  the cover material a t  a depth d 

I (E,d) = the absorbed dose per unit fluence for isotropic 
space radiation particles o f  energy E a t  depth d 
i n  the shielding material. Figures 4.2 and 4.5, 
Tables 4 . 2  and 4.5 

The absorbed dose must be calculated a t  several depths in the cover mate- 

rial and the electron and proton portions o f  the environment must be 

summed to  determine the dose-depth profi 1 e. The necessity of including 

contributions from back radi a t i  ons must a1 so be consi dered. In practice,  
t h e  dose deposited will decrease greatly with increasing depth into the 

coyer materials. The greater dose near the surface i s  due largely t o  low- 
energy t r a p p ~ d  protons, and contri butes l i t t 1  e t o  the average dose 

deposited i n  the cover materials. Because of the uncertainties in 

evaluating cover materi a1 transmission loss in space, there i s  1 i t t l  e t o  be 
gained i n  m a k i n g  an extremely accurate evaluation of the surface dose. When 
the average dose deaosi ted i n  the cover materi a1 i s  known, t h e  degradation in 

transmission can be estimated from the data i n  Section 3.11. These loss 

factors may then be applied to  the estimated solar cell  o u t p u t  parameter 
values . 
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6.3 Rough Degradation Calculations 

A rough determination of the equivalent fluence can be made by 

following the procedure described by t-quations ( 6 1 . 1 )  and (6.1.2). The 
energy increments (El, E 2 )  used in these calct4'1ations are those comnonly 
tabu1 ated in c i rcular  o rb i t  integrat ions 6*1-6 '7 ,  The D(E, t )  values used 

are taken from Tables 4.1, 4 . 3  and 4.4 f o r  the  mean energy value of the 
energy increment. Calculations are shown for cover glass thicknesses of 

2 2 0.0335 gm/cm (0.006 i n .  fused s i l i c a ) ,  0.0671 gm/crn (0.012 i n .  fused 
2 s i l i c a ) ,  and 0.1675 gm/cm (0.030 i n  fused s i l i c a ) .  The de t a i l s  of such 

an equivalent fluence citlculation are shown in  Table 6.2 f o r  trapped 
proton radiation in  a c i r cu l a r  o rb i t  a t  835 km (450 n mi) a l t i t ude  and 

90" inclinatf  on, The D ( E , t )  values used in  Table 6 .2  a re  those based on 

P,ax and Voc* 

Several observations can be made regarding the cal cul a t i  ons in  
Table 6.2. The l a rges t  contribution t o  the  equivalent fluence for 
0.0335 gm,;m2 (0.006 inch fused s i l i c a )  shielding occurs i n  the  f lux 

increment between 4 and 6 MeV. The equivalent fluence contributions 
from protons w i t h  energies greater  than 30 MeV appear t o  be negligible.  
The use o f  the D ( E , t )  value for  5 MeV (1 - 2 5 )  leads to  serious equiv- 

valent fluence e r ro rs  in the  energy increment of 4 t o  6 MeV because D ( E , t )  
changes very rapidly with energy in t h i s  region. The equivalent 1 MeV 

electron fluence calculated fo r  0.0335 gm/cm2 shielding by t h i s  rough 
method is 6 .81~13*e /cm~-~r .  A s imilar  detai led machine calculat ion 
( t o  be discussed) employing much small e r  energy increments yielded an 

equi val ent  1 MeV electron f l  uence of 6 .I  1E13 e/cm2-yr. This difference 
i s  en t i r e l y  due to  the  use o f  smaller energy increments i n  a machilie calcu- 
l a t ion .  The accuracy of the  manual calculat ion can be improved by this pro- 

cedure, but additional values of @(El )  and D(E,t) must be obtained by 

interpolat ion.  I t  should be noted t ha t  t h i s  equivalent fluence i s  the 
f ront  radiation contribution only. The back contribution must be cal cul ated 

*Throughout th i s  sect ion,  the f loa t ing  point notation will be used t o  
represent exponential quant i t ies .  6.81E13 = 6.81 x 1 O 1  



Table 6.2 Manual Calculation o f  Equivalent Fl~ence (Trapped Protons) (P,,,, V,,) 
Circular Orbit 835 km (450 n mi), 90 Degree Incl-tnation 

Integral 
Energy Energy * Difference 

Increment Spectrum Spectrum 1 

I 1 
Equivalent 10 MeV protons/cm2-day 

Shielding Thickness Shielding Thickness 
0.0335 gm/crn2 0.0671 gm/cmZ 

I Equiv. 

dayslyear X 365 X 365 X 365 
Equivalent 10 MeV protons/cm2-year 2.27E10 9.50E9 3.50E9 

Equivalent 1 M t V  eIectrons/lO MeV proton X 3E3 X 3E3 X 3E3 
Equivalent 7 MeV ~lectrons/cm~-year 6.81E13 2.85E 13 1.05E13 

Equivalent 1 MeV elo~trons/un~-~ear,  P,,, , Voc 
(Machine Ca!culation)** 6.11E13 2.67E73 

I * I 
References 6 . 2 ,  6 . 3  

**See Table 6.19 



separately and added t o  the f ront  contribution. The omnidirectional 

flux should not be reduced by a f a c to r  of 112 to  allow f o r  the 

assumed i n f i n i t e  rear  shielding,  because t h i s  fac to r  i s  already 

included i n  the D ( E , t )  term, In Table 6.3, the ahove calculat ion i s  

repeated u s i n g  D(E, t )  values based on I,,. The procedure and problems 

are ident i  cal t o  those previously discussed. 

In Tables 6 .4  and 6.5, the trapped proton contributions of  equivalent 

1 MeV electron fluence a re  calculated by manual methods fo r  a c i r cu l a r  

earth o r b i t  of 4630 km (2500 n mi) a1 t i t ude  and 90' inc l inat ion.  Such an 
o rb i t  penetrates the region with t h e  most intense trapped proton f lux .  

As in the previous case,  the major equivalent fluence calcu'lations occur 
in the lower proton energy increments, and protons of energies greater  

than 30 MeV can be ignored without s ign i f i can t  e r ro r .  In t h i s  and the  
previous exampJe, proton energies below 4 MeV have been omitted because 

they a r e  "cut offi '  by the  l i gh t e s t  shielding considered [ i . a . ,  D(<4,6) = 0 1. 
The cal cul ated equi val ent  f1 uencbs fo r  t h i s  o rb i t  a re  approximately one 

thousand times greater  than found a t  the lower a l t i t u d e  previously con- 

sidered. In the c i r cu l a r  o rb i t  of 4630 krn (2500 n mi ) a1 t i t u d e ,  90" 

inc l inat ion,  there i s  a l so  a re la t ively  high f lux of trapped e lect rons .  

The rough evaluation of t h i s  contribution t o  the equivalent fluence i s  

shown in Table 6.6.  The values of @(>El) shown a re  taken from integrated 
o rb i t  tables  from maps AE4 and ~ € 5 . ~ ' ~  The values of D ( E , t )  a r e  taken from 
Table 4.1 . The cal culat ion procedure fo r  trapped electrons i s  exactly the 

same as t h a t  for  trapped protons, with the exception t h a t  one equivalent 
fluence value will describe the variation of the so l a r  ce l l  parameters 

Isc* 'max and Yo,. As in the  case o f  the trapped proton evaluations, the 
major equivalent f l  uence contributions occur i n a few 1 ower energy incre- 
ments. For cover glass shielding of 0.0335 gm/cm2 (0.006 t n .  fused s i l i c a ) ,  
an equivalent fluence of 2.24E13 equivalent 1 MeV el ectrons/cm2-yr i s  deter-  

mined by these rough  methods. A deta i led  machine calculat ion of this 
value i tidicates 1.83E13 equivalent 1 MeV electl*ons/cm2-yr. A1 though t h i s  
fluence i s  large enough t o  produce s ign i f i can t  so la r  ce l l  degradation, i f  
consi dered separately, i t  i s  only one-thousandth o f  the  prev'iousl y ca7 cu1 ated 

trapped proton equi val en t  f l  uence contribution f o r  this o rb i t .  . On t h i s  

basis, i t  i s  reasonable t o  1 gnore the trapped electron contribution t o  

equival en t  f l  uence i n  t h i s  o rb i t  [4630 krn (2500 n mi ) , 90'1. 

6-8 



Table 6.3 Nanual Calculation of Equivalent Fluence (Trapped Protons) (I,,) 
Circular O r b i t  835 km (450 n m i )  90 Degree Inclination 

Equivalent 10 MeV pr~tons/crn2-day 
days/year 

Equival ent 10 MeV protons/cm2-year 
Equivalent 1 MeV el ectrons/lO MeV proton 
Equival e n t  1 MeV el ectrons/~rn~-~ear 

Energy 
Increment 

€2 

(MeV ) 

4 6 

6 8 

8 10 
10 15 

15 20 

2 0 3 0 

30 50 

50 70 

70 100 

100 1 50 

150 

lg Thickness 
r5 gm/cm2 - 

Equi v. 
Fl uence 

Equivalent 1 MeV e l  ectrons/cm2-year, ISC 2.94E13 7.51El3 6.81E12 
(Machine Calculation)** 

Integral 
Energy 

spectrum* 

@(>El 

(p/cm2-day 

6.96E7 

4.24E7 

3.1 2E7 
2.51E7 

1.74E7 

1.37E7 

1.00E7 

8.11E6 

6.74E6 

5.12Eli 

3.28E6 

Difference 
Spectrum 

)-m('E2) 

  hi el ding Thickness 
0.0335 qn/crn2 

D(E,6) 

Shiel d i  
0.16 

D(E,30) 
Equi v.  
Fl  uence 

( p/crnz-da~) 

1.290E7 

0.622E7 
.284E7 

.296E7 

.142E7 

,142E7 

.061 E7 

.a41 E7 

.038E7 

.028E7 

Shielding Thickness 
0.0671 gm!cm2 

(p/cm2-day) I I 

2.95E-1 

3.17E-1 

3.45E-7 

3.40E-1 

3.00E-1 

2.35E-7 

1 . W E - I  

D(E,IZ) 

3.60E-1 

4.47E-1 

2.72E7 

1.12E7 

0.61 E7 

0.77E7 

E q u i  v. 
. Fl uence 

2 
(p/crn -day) 

0.403E7 

0.273E7 

1 

4.75E-1 

5.55E-1 
4.65E-1 

3.85E-1 3.80E-1 

3.65E-1 
3.75E-1 

3.50E-1 

3.00E-1 

2.35E-1 

1 .50E-1 

0.37E7 13.85E-1 

0.292E7 

0.135E7 

0.1 39E7 

0.066E7 

0.041 E7 

0.038E7 

0,028F7 

0.37E7 

1.89E6 

1.37E6 

1.62E6 

1 .84E6 

3.84E-1 

3.50E-1 

3.00E-1 

2.35E-1 

1 .SO€-1 



Table 6.4 Manual Calculation o f  E uivalent Fluence (Trapped Protons) (I,,) 
Circular Orb1 t 4530 km 9 2500 n mi), 90 Degree Inclination 

Energy 
Increment 

E2 

(MeV) 

4 6 

6 8 

8 10 

10 15 

15 20 

20 30 

31: 50 

50 70 

70 100 

100 150 

150 

Integral 
Energy . 

Spectrum 

4 >El 1 

Di f ference 
Spectrum 

@ ( > E l  )-@(>E2I 

Shielding Thickness I Shielding Thickness 
0.0335 gm/crn2 

I 
0.0671 gmlcm? 

2 Equivalent 10 PiV protons/cm -day 

dayslyear 
2 Equivalent 10 MeV protons/crn -year 

Equivalent 1 MeV electrons/lO 1 k Y  proton 
2 Equivalent 1 MeV e1ectrons/crr; -year 

Shielding Thickness 
0.1 675 grn/cm2 ! 

D(E,12 )  

Equivalent 1 MeV e lectrons,  Pmax, Voc 
** 2 (Machine Calculation) e/cm -yr 

* 
References 6.2 ,  6.3 

*See Table 6.15 

I I I 

Equi v. 
Fluence 

2 
(plcm -day) 

D(E.30) 
Equiv. 
F l  uence 

2 
(p/cm -day) 



Table 6.5 Manual Calculation o f  E uivalent Fluence (Trapped Protons) (Pmax, Voc) 
CTrcular O r b i t  4630 km 72500 n mi), 90 Eegree Inc1:natian 

* 
References 6.2, 6.3 

**See Tabie 6.19 

2 Equivalent 10 MeV protons/cm -day 5.741E10 1.413E10 2.57E9 

dayslyear x365 x365 x365 
2 Equivalent 10 MeV protons/cm -year 2.09E13 5.16E12 9.38E13 

Equivalent ! MeV electrans/lO MeV proton x3E3 x3E3 x3E3 
2 

Equivalent 1 MeV electrans/cm -year 6.27E16 1.55E16 2.82E15 

Equivalent 1 MeV electron fluence, Pmax,VoC, ** 2 
(Machine Calculation] e/cm -year 5.18E16 1.40E16 2.07E15 

Energy 
Increment 

El E2 

(MeV ) 

4 6 
6 8 

8 10 

10 '1 5 
15 20 

20 30 

30 50 

50 70 

70 100 

100 150 

150 

Shielding Thicknr;= 
0.0671 grn/cm2 

Shielding Thickness 
0.0335 yn/crn2 

Integral 
Energy * 

Spectrum 

* ( > E l  ) 

(p/cm2-ddy) 

5.10E10 
1.78E10 

8.45E9 

4.75E9 

1.67E9 

7.98E8 

2.83E8 

2.24EB 

1.74E8 

1.19E8 

6.37E7 

ShieldFng Thickness 
0.1 675 qm/cmz 

D(E,12) 

9.8CE-1 

9.53E-1 

5.70E-1 

4.35E-3 

4.00E-1 

3.55E-1 

3.00E-1 

2.35E-1 

1.50E-1 

D(E,6)  

1.25EO 
1. 27EO 

8.27E-1 

5.23E-1 

4.37E-1 
4. DOE-1 

3.63E-7 

, 3.00E-1 

2.35E-1 

1.50E-1 

Difference 
.Spectrum 

@(>El )-'f lE2) 

(p/cn?-day) 

3.32E10 
0.835E10 

0.370E10 

0.308ElO 

0.087E10 

0.0515E10 

0.0059ElO 

0.0050E10 

0.0055E10 

0.0055E10 

D(E ,30) 

6.30E-1 

4.30t-1 
3.86E-1 

3.50E-1 

3.00E-1 

2.35E-1 

'1.50E-1 

Equi v. 
Fl uence 

(p/cm -day) 
2 

0.820E10 

0.352E10 

0.176ElO 

0.038E10 
0.021E10 

0.002Eln 

0.002E10 

0.001E10 

0.001E70 

Equi v. 
Fl uence 

(p/cmL-day 

4.150E10 

1 .06CE10 

1). 305ElO 

0.161E10 

0.038E 10 
0.021E10 

O.OO2ElO 

0.002ElP 

0.001E10 

0.001Ei0 

Egui v. 
f l  uence 

(p/cmZ-day~ 

0,194E10 

0.037ElO 
0.020ElO 

0.002ElO 

0.002E10 

0.001 El 0 

0.007E10 



Tab1 e 6.6 Manual Calcu la t ion  of E uivalent  Fl uence  r rapped Electrons) 
Circular Orbit 4630 km 1 2500 n m i ) ,  90 Deyree Inclination 

1 integral  
Energy I Energy 

Ir, rement Spectrum* 

Equiv. 
Fluence E, E* 

(MeV) 

.O5 .25 

-25 -50 
.50 .75 
-75 1.00 

1.00 1.25 
1.25 1 .50  

1.50 1-75 
1.75 2.30 

2.00 2.25 
2.25 2.50 

2.50 2.75 

2.75 3.00 

3.00 3.25 

3.25 3.50 

3.50 3.75 

3.75 4.00 
4.00 4.25 
4,25 4.50 

Equiv. 

Z.8E'-3 .4032EIO 
6.5E-2 

1.9E-1 .4770€10 
3.5E-1 

5.4E-1 

9.6E-1 
1 .? . I  52E10 

1.4 -106E10 

1.7 .OB54E10 

1.9 .053El t 
2.2 .048E10 

2.4 .021E10 
2.6 .013E10 

2.8 .006E70 
3.2 .003E10 

Difference 
Spectrum 

Equiv. 
1 ( > ~ ~ )  

(e/crn2-dly) 

.714E13 

.161E13 

.170E12 

.493E11 

.242E11 
-149Ell 
,844~10 
-515E10 
.320E10 
.193E10 

.117E10 

.667E9 

-384E9 
.166E9 
.74ZEB 
.259E8 
.911E7 

.190E7 

Shielding Thickness 
0.0335 gm/crn2 

*(>El )-4(,E2) D(E.6) 

(e/rrn2-day) 

55,3E11 
14,4E?1 1.4.F-2 

1.307Ell 1.2E-1 

.251Ell 2.7E-1 

.102E11 4 3 - 1  
-0556Ell 6.5E-1 
. O ~ Z ~ E I T  a x - i  
-0195Ell 1.1 
.0127Ell 1.4 
.0076Ell 1.6 

,005OEll 1.9 

.OGZflEll 2.1 

.0022E11 2.4 

.0009Ell 2.6 

.0005E11 2.8 

.0002Ell 3.1 

.0001Ell 3.3 

! days/year 
Eaui v a l e n t  1 MeV e lec t ran-  fluence 

5 .oo 

(jknlia7 talculat ion) 'e/unZ-yr - 
Equival  e n t  1 #eV electron fl uence 1.83E13 l . l lE13 
(fbchine Calculat ion) e/cm2-yr ** . 

Shieldinp Thickness 
0.0671 grn/crn2 

I I i i t I I 

*Reference 6.5 
**See Tabie 6.11 

Shislding Thickness 
5.1675 gm/cm2 

Equivalent 1 MeV electrons/cm2-day 6.14E10 3.31E10 1 -037ElD 



A t  a l t i t udes  greater  t h a n  4650 km, t h e  trapped proton contribution 
t o  the equivalent fluence decreases rapidly and the  trapped electron 

contribution becomes more s ignif icant .  A t  synchronous o r  geostationary 

a1 t i  tude, the  trapped proton contribution can be neglected. An example 

of a rough calculat ion of equivalent fluence f o r  three d i f fe ren t  shield- 
i n g  material s f o r  synchronous (35,900 km, 79400 n mi) a l t i t u d e  and 0" 

incl ination is  shown i n  Table 6.7. The rough calculated equivalent 1 MeV 

electron f l  uence for  c e l l s  with 0.0335 gm/cm2 of shielding i s  3.43E13 

e/cm2-yr. Detail ed machine cal cul a t i  ons of t h i s  quantity indicate  3.74E13 
equivalent l MeV electrons/cm2-yr. The reason f o r  the higher value found 

by the  rough manual calculat ion i s  again  rclated t o  the s i z e  of energy 

increments i n  the lower energy range and  t he  rapidly changinp values of 

O(E,t) i n  these ranges. 

The calculation of absorbed dose i n  shielding materials i s  very s i -  

m i  l a r  t o  the equivalent fluence calculat ion and i s  described mathematical ly 

by equation (6.2.1). The I(E,t) value i n  Figures 4.2 and 4.5 and Tables 

4.2 and 4.5 may be used fo r  th i s  purpose. Although the  absorbed dose con- 
tr ibuted by geomagnetical ly trapped protons is often very h i g h  in the 
surface layers of shielding,  t h i s  is  usually not a s ign i f i can t  contribu- 
t ion t o  the average absorbed dose in the shielding.  

6 .4  Computer Cal cul ated Equi v a l  ent  Fl uence 

The aforementioned rough calculat ions can be improved in accuracy 
and speed w i t h  the aid of computer processing. Although the  quanti ty 
computed i s  exactly the same as  before, the  selection o f  difference flux 
and the corresponding damage coeff ic ient  can be programmed to  achieve 

higher accuracy and more consistent  results . The increased accuracy o f  
calculated f l  uence i s  achieved mainly by use of f ine r  energy increments 

f o r  a given environment. A computer program tha t  performs t h i s  
function i s  l i s t e d  i n  Appendix D. 
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Table 6.7. Manual Cal culati an of Equivalent Fluence (Trapped ~ l e c t r o n s )  
Circular  O r b i t  35,900 km (19,400 n mi), 0 Degree rnclinatlon 

day s/y ear 

Equivalent 1 MeV el ectrons/cm2-year 

cn 
I 
-L 

P 

Equivalent 1 MeV e lec t ron  3.14E13 1.95E73 6.06E12 
(Hachine Caf cu la t i on )  e / ~ m Z - ~ r * *  

*Reference 6.5  
**See Table 6.8 

Energy 
Increment 

El E2 

(MeV) 

.05 -25 

.25 .50 

.50 .75 

.75 ?.OD 
1.00 1.25 

1.25 1.50 

1.50 1.75 

1.75 2.00 

2.00 2.25 

2.25 2.50 

2.50 2.75 

2.75 3.00 

3.00 3.25 

3.25 3.50 

3.50 3.75 

3.75 4.00 

4.00 4.25 

1 Equival en t  1 

In tegra l  
Energy 

Spectrum* 

@(>El 

(e/cm2-day) 

3.97E12 

1.38El2 

4.20E11 

1.30E11 

3.9BE10 

1.24E10 

3.82E9 

1.22E9 

3.69E8 

1.19E8 

3.65E7 

1.13E7 

3.46E6 

1.36E6 

3.80E5 

8.45E4 

3.28E4 

MeV el 

Dif ference 
Spectrum 

E l  - E 2  

(e/cm2-day) 

25.90El1 

9.60E7 1 

2.90El1 

.902EI 1 

*274E11 

*0868E11 

.0260E7 1 

.0085E11 

-0025Ell 

.0008Ell 

.0003EI 1 

.0001 El  

ectrons/cm2-day 

Shielding Thickness 
0.0335 gm/cm2 

Shie ld ing Thick ess 
0.1 675 gm/crn 9 

D ( E , ~ )  

1.4E-2 

1.2E-1 

2.7E-1 

4.5E-1 

6.5E-1 

8.8E-1 

1.1EO 

1.4EQ 

1 .6EO 

1.9EO 

2.1EO 

2.4EO 

2.6EO 

2.8EO 

3.1EO 

3.3EO 

Sh ie ld ing  Thickness 
0.0671 gm/cm2 

D(E,30) 

1 .BE-1 

3.3E-! 

4 .BE-1 

6.8E-1 

9.OE-1 

1.1EO 

1 -3EO 

1.5EO 

1 -7EO 

2. OEO 

2. ZEO 

2.4EO 

2 .7 t0  

Equi v. 
F l  uence 

(e/cm -day) 2 

1 -334E10 

3.480E10 

2.435E10 

7 -233E10 

.564E10 

.185E10 

,094ElO 

.035E10 

.014ElO 

-006E10 

.OOZE10 

9.39E10 

D(E,f 2) 

2.8E-3 

6.5E-2 

1 -9E-1 

3.5E-1 

5.4E-1 

7.5E-1 

9.6E-1 

1.2EO 

1.4EO 

1.7EO 

1.9EO 

2.2EO 

2.4EO 

2.6EO 

2.8EO 

3.2EO 

Equiv. 
Fluence 

(e/cmZ-day) 

0.493E10 

0.286El0 

0.125E10 

0.058E10 

0.022E10 

0.009E10 

0.004E10 

0.002E10 

-999E15 

Equiv. 
Fluence 

(elcm2-day ) 

.269E10 

1.885E10 

1.714ElO 

.959E10 

.469E10 

.195E10 

.il82Ei 0 

.030E10 

.011E10 

.005€10 

.OOZE10 

5.62E10 



For c i rcular  o rb i t s  around the ea r th ,  Vette, e t  a l .  6.1-6.8 , have 
time-integrated both electron and proton environments f o r  convenient 
energy ranges, various a l t i t udes ,  and incl inat ions  of o", 30", 60", 
and 90". The average daily fluences are  tabulated in references 6.1 

through 6.8. The electron environment i s  taken from reference 6.5 in which 
both inner zone (AE-5)  and outer zone (AE-4) electron models are Inte- 
grated and tabu1 ated.  

For the trapped proton environment, three maps are  used: AP5 

(reference 6.1) f o r  the energies from 0.4 t o  4 MeV, AP6 (reference 6 .2 )  

for  the  energies from 4 t o  30 MeV, and AP7 (reference 6 .3 )  for  the ener- 
gies greater  than 50 MeV. For a given a l t i t ude  and incl inat ion,  an 
integral  spectrum of AP7 was e x t r a p ~ l a t e d  back t o  30 MeV and the 
in tens i ty  was normalized t o  AP6 i n  order t o  eliminate a discontfnui ty 

there. Simi 'liirly, the in tens i ty  a t  4 MeV from AP5 was normalized 

to  t h a t  of t he  AP6. The AP1 d a t a  (reference 6.8) f o r  t he  energies from 
30 to  50 MeV was not u t i l i zed  because i t  i s  obsolete data, with the 
spectrum n o t  readily avai l ab1  e and the energy in.ierva1 covered being 
too small on a logarithmic scale  t o  add any s ign i f i can t  information. 

A1 though lower energy proton fluxes a re  more damaging than higher 
energy proton f luxes,  most of the low energy component described in  
AP5 (reference 6.1) i s  eliminated by the cover g lass .  Thus, the most 

important portion of the energy spectrum from the standpoint of solar  
ce l l  damage i s  i n  the neighborhood of a few M e V ,  and hence, a normaliza- 

t ion t o  AP6 i s  of physical and pract ica l  s ignificance.  

The assessment of sol ar - f l  are proton e f fec t s  i s  cornpli cated by 

several probf ems : 

a. the unpredictable nature of future so l a r  f l a r e  
proton fluxes and energy spectrums 

b .  the undefinable nature of geomagnetic cutoff energy 
during a f l a r e  event ,  and hence, the evaluation o f  
the near-earth f f  are  environment 

c. the uncertainty in the isotropy of f l a r e  f luxes 
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The magnetic cutoff energy varies with bo th  a l t i tude and lati tude 
even during quiescent periods, and thus i t  becomes time-dependent for 
spacecraft mvin.g with respect t o  the earth. Further compl ications are 
caused by the plasma disturbance and magnetic f i e ld  regime sweeping 
through the earth,  the magnitude of which depends in part on the s ize 

and location of flares on the solar d i s k .  Therefore, i t  i s  impossible 
t o  generalize a l l  these conditions; however, there are two d is t inc t  
cases 5n which certain assumptions are val id as previously discussed: 

( a )  a t  h i g h  a1 t i  tude and lati tude, the geomagnetic f i e l d  makes almost 
negligible contribution to  the cutoff phenomena during, the storm, and 

I I 

(b )  a t  very low al t f tude and la t i tude,  the Storrner's cutoff approximation 
may prevai 1 . 

The damage cbefficient for  omnidirectional flux can be exclusively 

used with the f o l l o w i n g  understanding : 

a. If the solar  f l a re  proton f l u x  i s  omnidirectional 
throughout the event, the equivalent f l  uence computed 
with the omnidirectional damage coefficients described 
i n  Chapter 4 will n o t  resul t  in any error from the 
di rectional i ty of proton flux. 

b. If the flux i s  unidirectional throughout the event, 
t h o u g h  such an event i s  very rare, the computed equi- 
valent f l  uence based on the omnidirectional damage 
coefficient will be in error by a factor o f  two. 

Therefore, the uncertainty in flux directional i t y  can be removed by the 
use of the omnidirectional damage coefficient with the provision. tha t  
the estimate can be very reasonable for  most of the events w i t h  a very 
small probability of a factor of two underestimate. 

The annual equivalent 1 MeV electron f l  uences resulting from geornag- 
netically trapped part ic les  are tabulated in Tables 6.8 through 6.19 for  I,, 
and Voc (and Pmax ) degradation estimates, and summarized i n  Table 6.21. 

Although the damage ra t io  between 10 MeV protons and 1 MeV electrons varies 
with degradation level and depends on the solar cell  output parameter, 6-10 the 
rat io  of 3,000 was assumed throughout the computation. The equivalent 1 MeV 



E Q U I V .  1 HEV ELECTRON FLUENCE FOR JSC - C I P C t L A R  O R B I T ,  I N C  0 DEGREE.  
DUE TO G E O R A G  T R A P P E D  E L E C T R O N S ,  R E F *  A E 4 t  A E 5 #  AND AE3 .  

. .. 

A L T I T U D E  S H I E L D  T H I C K N E S S ?  GMlCHZCCnl 
( N O H *  1 ( K M  1 0 .  5m59E-03 1 . 6 8 E - 0 2  3e35E-02  6 . 7 1 E - 0 2  1.12E-01 1.68E-01 3 a 3 5 E - 0 1  

I D * )  (2154E-31  (7.64E-33 5 E 2  ( 3 r 0 5 E - 2 1  ISa09E-2) (7.64E-21 (1152E111 

Table 6.8 Annual Equivalent 7 MeV Electron Fluence Due t o  Trapped Electrons, Circular 
Orbits , Inclinat ion 0 Degree, Inf ini te  Backshielding Assumed. 



E Q U I V *  1 HEV ELECTRON FLUENCE FUK J S C  - C I R C U L A R  9R31T1  I N C  ' 3 0  DEGREES 
DUE TO G E O r A G  T R A P P E D  E L E C T R D N S ,  REF.  A E 4 9  A E 5 ,  A N D  AE3. 

A L T I T U D E  S Y I E L O  T H I C K N E S S *  G M I C M Z ( C H 1  
t N . H o )  ( K N )  0 5 - 5 9 E - 0 3  l e 6 8 E - 3 2  3.35E-02 6.71E-02 1 .12E-01  l r 6 a E - 0 1  3 .35E-01 

10.1 ( 2 0 5 4 E - 3 )  ( 7 . 6 4 E - 3 )  (1m5ZE-2) (3rOSE-21 (5.07E-23 ( 7 . 6 4 E - 2 1  t lmS2E-11 

Table 6.9 Annual Equivalent  1 MeV Electron F l  uence Due to Trapped Elect rons , Circular 
Orbits, Inclination 30 Degrees, I n f i n i t e  Backshielding Assumed. 



EQUIV. 1 HEV ELECTRON FLUENCE FOR JSC - C I R C U L A R  U R B L T I  INC 6 0  DEGREES 
DUE T O  GEDHAG TRAPPED ELECTRONS# REF. 4 E 4 s  AE5,  AND 4E3. 

A L T I T U D E  S H I E L D  T H I C K N E S S ?  G Y I C Y 2 l C t l l  
INmHo 1 ( K H  1 0 5059E-03 l o 6 B E - 0 2  3.35E-02 6 0 7 1 E - 0 2  

I0.1 (2e54E-31 ( 7 . 6 4 E - 3 )  I 1 . 5 Z E - 2 1  [3*05E-23 

Table  6,lO Annual E q u i v a l e n t  1 MeV Electron Fluence Due t o  Trapped Electrons, Circular 
Orbits , Inclination 60 Degrees, Infinite Backshiel d i  ng Assumed. 



E Q U I V .  1 HEV E L E C T R O 4  F L U E N C E  F O R  J S C  - C I R C U L A R  3 K B I T r  I N C  = 90 D E G R E E S  
DUE T O  G E O H A G  T R A P P E D  E L E C T R O N S ,  R E F .  A E 4 r  A E 5 r  AND AE3.  

ALTITUDE S H I E L D  THICKNESSs G f l / C H Z ( C H )  
( N . H .  1  I K H )  0 .  5a59E-03 lmb8E-02 3.35E-02 6 r7 lE -02  1.12E-01. 1.68E-31 3m35E-01 

(0.1 ( t . 5 4 E - 3 )  ( 7 . 6 4 E - 3 3  (1.525-2) ( 3 . 0 5 E - 2 1  15.09E-2)  (7.6CE-2) (1a52E-1) 

Table 6.1 1 Annual E q u i v a l e n t  f MeV Electrqn Ff uence Due t o  Trapped Electrons, Circular 
Orb i t s  , Incl ination 90 Degrees, I n i f n i t e  Backshiel d i n g  Assumed. 



- - 
E Q U I b . 1  H E b E L t C T R C h  P L U i h C F  FIR J S C  - C I R C L . L I R  Dllb1T1 I h C  = 0 O E G R L E .  

D U E  T O  G E C M A G  TPAPPEL PRLTGbSr R E F .  ~ P 5 r  APCI AND A P 7 .  
- -- -- - .  

AL T I  T LDE S H I E L D  T H I C K h E S S r  GH/CHt(CHl 
tlu.r+) 1 K n  0 .  5.59~-03 1.68~-oz 3 . 3 ~ ~ - 0 2  6.71~-02 1.1~~-01 I . ~ B E - O ~  3 . 3 5 ~ - 0 1  

I U . 1  ( 2 . 5 4 t - 3 1  (7.b4E-31 (1.5iE-21 ( 3 r O 5 E - 2 )  t 5 . 0 9 E y Z )  - ( 7 . 6 4 E - Z ) _ J l . 5 2 E - l )  

Table 6.12 Annual Equivalent 1 MeV Electron Fluence for J Due t o  Trapped Protons, 
Circular Orbits, Incl i na t ion  0 Degree, ~ n f i n i  teC Backshiel d i n g  Assumed. 



EPUZV. 1 N E V  ELECTRGk I-LUENCE F C R  J S C  - C l d C U L A k  C C K I T ,  I L C  = 30 LEGdEES 
DhE T O  G t C R h G  T P L P P F P  PRLTCNS, R E F .  A P C ,  A P L ?  Ah0 A P 7 .  

A L T I T L D E  S H I E L D  T t I I C C N L S S ~  G M / C M 2 I C H I  
( N 4 P . l  ( K M I  C .  5.596-03 1rb8E-02 3.35E-02 6m71t-02 lm1ZE-01 

( 0 . 1  ( 2 0 5 4 E - 3 )  ( 7 . 6 4 E - 3 )  ( 1 . 5 2 E - 2 1  (3 .05E-2)  ( f o O 9 E - 2 1  

Table  6.13 Annual Equiva len t  1 MeV Electron Fluerlce fu: J,, Due t o  Trapped Protons, 
Circular Orbits, Inclination 30 Degrees, I n f i n i t e  Backshiel ding Assumed. 



E Q L I V .  1 U E k  E L E C T R L N  FLUEKCE FLR J S C  - C I R C U L A R  O P B I T )  I N C  a 66 D E G R E E S  
DUk TO G t O H A G  T R A F P E C  P R L T O t i S r  R t F .  A P 5 p  A P 6 p  Ah0 A P T .  

A L T I T L D E  
( N - P r )  ( K t ! )  

1 . S S E t 0 2  2.78E+02 
3.00EtOZ 5 .56 t+02  
4m50E+O2 @e34E+02 
b.OOEtO2 l m l l E + 0 3  
8eOOE+OE 1 * 4 B E + 0 3  
1e00E+03  1 . 8 5 € + 0 3  
l e 2 5 E + 0 3  i .32E+03 
1 .50€+03  i . 7 B E t 0 3  
1m75E+03 3.24E+03 
2mOOEt03 3 e 7 1 E t 0 3  
L.ZSE+03 4 * 1 7 E + 0 3  
2.50Et03 4 * 6 3 E + 0 3  

m 2.75 E+03 5m10E+03 
I 3 * 0 0 E + 0 3  5m5tE+03 
N 
W 

3.50E+03 t .49E+03 
4.00€+03 7m41Et03  
4.50€+03 6 .34Et03  
5.00E+33 $.26E+03 
5.50E+03 I .OZE+04 
6 .00Et03  l . l l E t 0 4  
7 * 0 0 E + 0 3  1.30€+04 
8.00Et03 1 .48€+04  
9.00Et03 1mb7E+04 
l.OOEtG4 l m 6 5 E + 0 4  
1.10€+04 i . 0 4 E t 0 4  

1.40E+04 2 . 5 O E + 0 4  
1.50E+04 2 * 7 b E + 0 4  

1 . 7 0 E ~ P 4  3 * 1 5 € + 0 4  
1 + 8 0 E t 0 4  3 * 3 4 E + 0 4  

Table 6.14 

- - - 

S H I E L D  T H l C K h E S f r  G M / L Y Z I C H l  
0. 5.59E-02 lm6BE-02 3 r 3 5 E - 0 2  b.71E-02 1 + 1 2 € - 0 1  l .bBE-Ol 3r35E-01 
(0 .1  (2.54E-3) ( 7 m 6 4 E - 3 )  (1.52E-2) 13.05E-2) (5.09E-23 ( 7 . 6 4 5 - 2 1 .  ( _ l m 5 2 E - 1 }  

C . 
Or- 
0 .  
0 .  
0-1 - 
0 . 
G. 
0 . 

Annual Equivalent 1 MeV Electror. Fluence for JS, Due t o  Trapped Protons, 
Circular Orbits, I n c l i n a t i o n  60 Degrees, I n i f n ~ t e  Backshielding Assumed. 



E Q U I V .  1 H t b  E L E C T R O N  F L U E h C E  FLP J S C  - C I S C U L A W  F R & l T ,  I N C  40 b t G R E E S  
Dbk T O  GEEMAG T R b P P E O  PRLTONL9 K t F .  A P 5 r  A p t ,  AhD AP7 .  

A L T I T L D E  S H I E L D  THICKNESS, GM/CHZ(CM) 
(N. F+) ( K M )  G * 5e59E-03 1 . 6 8 E - 0 2  3.35E-02 6.71E-CIZ 1 . 1 Z E - 0 1  1.6bE-01 3.35E-01 

( G s  (2.5+€-3) [ 7 . 6 4 E - 3 1  (1 .52E-21  (3.OSt-21 (5m09E-21 1 7 . 6 4 E - 2 3  (1.52E-1) 

Table 6.15 Annual Equivalent 1 MeV Electron Fluence fzr  J,, Due t o  Trapped Protons, 
Circular Orbits , Inclination 90 Degrees, Inf in1  t e  Backsbiel d i  ng Assumed. 



o c  EQUIV. 1 H E Y  ELECTRON F L U E N C E  FOR VOC hND PHAX - C I R C U L A R  O R B I T *  I N C  0 D E G R E E .  

9 2  DUE TO GEOHAG T R I P P E D  PROTONSr REF. APSr APb* AhD APT. 

ALTITUDE SHIELD, THICKNESS# ~ n ~ c n z c c n )  
INwH*)  IKH) 0 1 5.59E-03 1.68E-02 3.35E-02 6.71E-02 1.12E-01 

(0.) ( 2 ~ 5 4 F - 3 )  t7a64E-31 (la52E-2) (3.05E-21 (5aOPE-21  

T a b l e  6.16 Annual E q u i v a l e n t  1 MeV Electron Fluence fo r  V,, and Plq, Due t o  Trapped Protons, 
Circular Orbits, Inclination 0 Degree, Infinite Backs i e l d i n g  Assumed. 



EOUIV. 1 n E v  E L E C T R O N  FLUENCE F ~ R  voc AND P ~ A X  - CIRCULAR O ~ B T T ,  INC = 30 D E G R E E S *  
CUE T O  GEUHAG T R A P P E D  PROTONS,  REF. Ap5y  d P 6 r  AND A P 7 .  

ALTITbOE S H I E L D  T H ~ C K N E S S I  GH/CMZlCHl 
( N e M m )  (KH I 0 1 5.59E-03 1.6 BE-0.2 3.35k-02 6.71E-0Z le12E-01 

( g o )  (2154F-3 )  (7.64E-33 (1.52E-21 13e05E-21 15.09E-2) 

Table 6.17 Annual Equivalent 1 MeV Electron Fluence for Vat and PmaY Due to Trapped Protons, 
Circular Orbits, Inclination 30 Degrees, I n f i n i t e  B a c k s h ~  el d i n g  Assumed. 



E P U I V m  1 U E V  ELECTRON FLUENCE FOR V O C  APJn P H 4 X  - CIRCbLLR O R B I T j  INC b 0  DEGREES.  
DUE TO G t O H A G  T R A P P E D  PROTONSv REF. ADS# bvb* A N D  dP7. 

ALT ITUDE , S H I E L D  THICKhESS, G n l C f l Z ( C t ! )  
( N  rn n m l (KH)  0 m 5 . 4 9 E - 0 3  1 e 6 8 E - 0 2  3135E-02 b m 7 1 E - 0 2  1 . 1 Z E - 0 1  1 m 6 8 E - G 1  3035E-01 

(0.1 f Z r 5 4 E - 3 1  ( 7 . 6 4 E - 3 1  (1 .52E-ZI  ( 3 . 0 5 E - Z I  (5.09E-23 [ ? . b 4 E - 2 )  1 1 m 5 2 E - 1 )  

Table 6.18 Annual Equ iva len t  1 Me\' Electron Fluence for Vg, and P,,!, Due to Trapped Protons, 
Circular Orb i t s ,  Inclination 60 Degrees, Infini te  Backshielding Assumed. 



EQUIV. 1 HEW ELECTRON FLUENCF F O R  V 9 C  AWn Q * A X  - C I R C U L A R  O R 6 I T p  I N C  90 D E G R E E S *  
DlJE TO GECHAG TRAPPED PRPTPNS* REF. APb, 4ND AP7.  

ALT ITUDE SHIELD THICKNESS* GM/CMZ(CU) 
(NmtloI  ( K M I  0.  5.59F-03 1m58E-02 3m35E-02 6.71E-02 1 mIZE-01 

( 0 . )  (2054E-31 (7eb4E-31  (1.52E-23 (3.05E-21 (5.09E-2) 

1 0 5 0 E + 0 2  2.7eE+O2 2.15F+14 1 m19F+13 4.36E+12 1 . 8 1 E t l Z  b . f3E+11  3.37E+11 
3mGOE+02 5.56E+02 1 * 5 8 F + 1 5  9*98E+13  3.57E+13 i m 4 5 k t 1 3  6*23E+12  3 m 3 0 f + l 2  
4*50E+O2 Be34E+OP 4.75E+15 4.O?E+X4 1.45€+14 b m l l E t 1 3  2*67E+13  ImCZE+13 
6mDOE+32 l * l X E + D 3  1 ~ 1 7 E + l b  1 * 2 2 E + 1 5  4mC9E+14 l m % l E + 1 4  8m41Et13  4.47E+13 
BmCOE+O2 1m48E+03 3 * 4 7 E + 1 6  4.46E+15 1 * 6 8 E + 1 5  7m17E+14 3m15Et14 1mb3E+14 
1*0GE+U3 1.85E+03 P*60E+16 1 . 1 9 F t l b  4mb lE+15  1.5iBE+15 8m34E+14 4m14E+34 
lm25E+03  2m32E+03 2 * 0 2 E + l f  3,91E+16 l * Z O E + l b  5 .14Et15 2a00E+15 9 m 2 7 f t 1 4  
lm50E+D3 2.78E+03 4mD3Et17 6*06E+16 2m47E+16 1.05E+16 3e?OE+15 l r 5 6 E + 1 5  
1 a 7 5 E t 0 3  3 1 2 4 E + 0 3  6 0 9 1 E + 1 7  1.1bE+17 4.S4E+1b 2 r O l E t l b  6.57E+15 2 0 5 7 E t 1 5  
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2.  EBE+11 
2 * 2 3 E + l Z  
9m43E+12 
2 0 9 3 E + 1 3  
1 m 3 5 E t 1 4  
2m 55E+14 
5 .4bEt14  
8 * 4 5 E + 1 4  
im33E+15  
1 * 7 5 E + 1 5  
ZmCi7€+15 
2m07€+15 
1- B9E+I5 
1 s  58E+15 
lmOBE+15 
7 0 4 1 E + 1 4  
3m55E+14 
1.26€+14 
4m72E+13 
1m78E+13 
Zm 5 Z E + l Z  
3 * 8 6 E + l l  
3*7UE+10 
3*bPE+C9 
C. 
0. 
0. 
0 * 
0. 
C. 
0. 
i i .  

Table  6.19 Annual Equivalent 1 MeV Electron Fluence for Voc and PmaY Due t o  Trapped Protons, 
Circular Orbits , Inclination 90 Degrees, Infin-t t e  B a c k s h ~ e l d i n g  Assumed. 



electron f l  uences from solar f l a re  protons are calculated f o ~  free space 

and are tabu1 ated in Table 6.20. The environment, based on Reeerence 6 .9 ,  

i s  commonly used in rnili tary sate1 l i t e  systems.  in^^"' '6*12  made pro- 
babilist ic analyses of f la re  protons o f  solar  cycle 20 and prooosed 
empirical so lar  proton models . Such model s and the subsequently developed 
computer code 6*13  can be incorporated with the code for equivalent fluence 
calculation to  estimate the damage from solar  f la re  protons. A code 
developed by S tassi  nopoul os 6 * 1 3  (SOLPRO) f o r  f r e e  space was incorporated 
in t he  equivalent fluence code described in Appendix D .  For a trajectory 
near the earth,  a partial magnetospheric shielding i s  operative, and a 
fractional exposure to f la re  proton environment has to  be calculated i f  

the  cutoff energy attributable t o  cover glass thickness i s  less than the 
geomagneti c shielding cutoff energy a t  various trajectory ~ o i n t s .  Tn this 

case, the determination of a solar f la re  p r o t o n  environment requires con- 

siderations of bo th  spacecraft trajectory and time dependent f l a re  proton 
spectrum. 

The energy spectrum used by ~ e i d n e r ~ "  i s  much softer  than the 
spectrum adopted by King '*lo for  anamolous events, which was based on 
August 1972 so lar  event (see Figure 5 . 6 ) .  Because a larger annual f l  uence 

level was assumed in Reference 6.9,  the equivalent fluences tabulated i n  
Table 6.20 for  free space will resul t  in a conservative estimate. A com- 

puter code in Appendix D ,  on the other hand, results in a probabilist ic 
estimate, using a s t r a i g h t  l ine  energy spectrum extrapolation (on a log- 

log scale) toward energies lower than 10 MeV. The equivalent f l  uence 
due to the August 1972 solar f l a r e  protons i s  shown i n  Figure 7.2,  

The damage produced by back radiation i s ,  for  the f i  rst-order 
assumption, regarded as the same in nature and rnagni tude as that  pro- 
duced by t he  front radiation. In this  context, an equivalent fluence 
attributable t o  the back radiation can be added t o  the front contribu- 
tion by estimating an effective thickness of back shielding. This 

assumption i s  not valid when higher order effects are considered. If 

a composite back-shielding material i s  similar to  the front  cover glass, 
a correction factor for a stopping power established by the material 's 

atomic number Z f s small (proportional to Z )  and only a density correc- 
t i o n  i s  required for the estimate. T h i s  i s  done by shift ing a curve 

of equivalent f l  uence vs cover-gl ass thickness by a density factor. 

ORIGINAL PAGE IS 6-29 

OF POOR QUALI'IY 



TABLE 6.20 PREDICTED EQUIVALENT 1 MEV ELECTRON FLUENCE FOR SOLAR FLARE 
PROTONS, BASED ON REFERENCE 6.9 

Years 

1975-1977 

1978-1979 

1980-1 982 

1983-1984 

1985-1987 

Cell 
Parameter 

JSc 
V and PRax 

OC 

Jsc 
'oc and 'max 

J,, 
V oc and P,,, 

Jsc 

"oc and Pmax 

J,, 
V and Pmax 
OC 

2 Annual 

0.0168 

2.9E13 

6.7E13 

1 .XI4 

3.3E14 

2.9E14 

6.7E14 

1.5E14 

3.3E14 

2.9E13 

6.7E13 

Equiva lent  1 

0.0335 

1.7E13 

3.4E13 

1.3E14 

1.7E14 

1.7E14 

3.4E14 

1.3E14 

1.7E14 

1.7E13 

3.4E13 

MeV Electron Fluence, Various Shi21ding (grnfcm ) 

0.0671 

8.7E12 

1.6E13 

0 -1 1 1  5 

5.3E12 

8.6E12 

0.1675 

3.7E12 

5.5E12 

I 
4.4E13 i 2.6E13 

I 

0.3350 

1.9E12 

2.6E7 2 

1.8E13 

2.7E13 

3.7E13 

5.5E13 

I .BE13 

2.7E13 

3.7E12 

5.5E1 2 

8 .OE13 

8.7E13 

1.6E14 

4.4El3 

8.OE13 

8.7E12 

1.6E13 

9.7E12 

1.3E13 

1 .9E13 

2.6E7 3 

9.7E12 

1.3E13 

1.9E12 

2.6E12 

4.3E13 

5.3E13 

8.6E13 

2.6E13 

4.3E13 

5.3E12 

8.6E12 



Table 6.21 Summary of Data i n  Tables 6.8 Through 6.20 

Envi ronment  

Trapped 
Electrons 

Trapped 
Protons 

S o l a r  Flare 
Protons 

Reference 

AE4. A E ~ ~ . ~  

AE36.4 

Orbi t a l  
Parameters 

Circular  O r b i t s ,  
Various A1 ti tudes 

Inc l ina t ion  0" 
Inc l ina t ion  30" 
Inc l ina t ion  60" 
Inclination 90" 

C i  rcu7 ar Orbits , 

Equi  val  efl t Fl uence 
for  Various Sh ie ld ing  
Thicknesses, I,= 

Tabfe 6.8 
Table  6.9 
Table 6.10 
Table 6.11 

A P ~ ~ * '  

A P ~ ~  " 
AP~'*~ 

Equi val e n t  F l  uence 
for Various Shiel ding  
Thicknesses, Voc, 

'max 

Table 6.8 d a t a  applies 
Table 6.9 data  app l i e s  
Tab1 e 6.10 data  appl i es  
Tab1 e 6.11 d a t a  appl i es 

Table 6.12 
Table 6.13 
Tab le  6-14 
Table 6.15 

Table 6.2@ 

Various A1 t i  t u d e s .  
Inc l ina t ion  0° 
Inc l ina t ion  33" 
Inclination 60" 
Incl  i n a t i o n  90" 

Table 6.16 
Table 6.77 
Table 6.18 
Table 6.79 

Table 6-20 
f 

NASATM Free Space, 1 AU 

~ 5 3 8 6 5 ~  



If the Z i s  vastly d i f fe ren t ,  the equivalent fluence should be recorn- 

puted according t o  the e f fec t ive  damage coefficient for the new shielding 
material.  

6,s Solar  Array Degradation 

The process of calculat ing an  equivalent 7 MeV electron fluence 
reduces the  space radi a t i  on envi ronment t o  a 1 abora tory electron envi ronment 

f o r  which so la r  cell degradation has been evaluated. When the damage 
equivalent fluence i s  known, the estimation of so l a r  array degradation i s  

almost completed, The next s tep  i n  estimating array degradation i s  t o  
make use of such variables as base r e s i s t i v i t y  and ce l l  thickness in order 

to  choose proper so l a r  ce l l  radiation da t a .  The equivalent f l  uence then 

allows the  estimation of so l a r  ce l l  output parameters through the use of 

such data i n  Figures 3,21 through 3,120, 

The previously calculated equivalent fluence data f o r  synchronous 
o rb i t  wi 11 be used in  the following example t o  i l l u s t r a t e  the degradation 
o f  a s o l a r  array: 

Sol a r  Cell 

Cover Gl ass 

10 ohm-cm r e s i s t i v i t y  
0.0305 cm (0.012 i n . )  thick 
conventional ce l l  
0.015 cm (0.006 i n . )  thick 
0.0335 grn/cm2 
fused s i l i c a ,  an t i re f l ec t ing  
coat ing,  blue f i l t e r  

Backs h i  el ding In f i n i t e  

Equivalent 1 MeV Electron Fl uence 
Trapped Electrons 3.14E13 
Trapped Protons 0 

Total 3.14E13 e/cm2-yr. 

Solar Cell O u t p u t  
Absolute Re1 a t  i  ve 

A t  0 Months Equivalent Fluence, 0 



Ahsol ute Re1 a t i  ve 

A t  4 Months Equivalent Fluence, 1.05E73 e/cm2 

ISC 34.57 mA/cm2 0.996 
0.5422 V 0.999 

' l a x  13.92 mw/cm2 0.992 

V m ~  0.436 V 0.992 

A t  1 Year Equivalent Fluence, 3.14E13e/cm2 

ORIGmAL PAGE IS A t  3 Years E q u i  val ent Fl uence, 9.42E13 e/cm2 
OF POOR Q U ~ ~ ~ T Y  

Isc 33.40 mA/cm2 0.963 

Voc 0.5310 V 0.978 

'ma x 13.00 mW/cm2 0.927 

vmP 0.4230 V 0.962 

The e f f e c t s  of cover glass transmission loss due t o  radiation darken- 
ing have been omitted from th i s  estimate. The average absorbed dose due 

7 t o  trapped electrons in th i s  orb i t  i s  approximately 10 rad(SiOp) per year. 
The data i n  Figure 3.20 indicate that such a dose would cause a transmis- 

sion loss of about 0.5% reflected in solar cel l  IS, or Pmax. The effects 
o f  solar flares on solar ce l l  degradation as well as  adhesive darkening 

due to uf t raviolet  illumination have been omit ted from th i s  calculation. 
An additional factor which a l so  must be included i s  the r ~ f l e c t i o n  loss 
due t o  glassing o f  solar ce l l s  with si l icon monoxide anti-reflection 

coatings. With conventional s t a t e  of the a r t  cover glasses and solar 

c e l l s ,  glassing may cause a 2 t o  6% i n i t i a l  decrease i n  short c i rcu i t  
current. As discussed in Chapter 1, cei  1 s w i t h  improved anti -ref1 ection 

coatings exhibit significantly reduced glass ing  or reflection loss. 

Modern cells w i t h  Ta205 AR coatings commonly exhibit an increase in 

output of approximately 2% due t o  the mounting of the coyer glass. 
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CHAPTER 7 

7.0 FLIGHT DATA 

Considering t h e  number o f  sa t e l l i t e s  in o rb i t ,  there i s  a very limited 

amount of currently usable solar cell  radiation degradation data available, 

Sate1 1 i t e  operations have tended to be concentrated i,n two re1 atively 
low level areas of the geomagnetical ly trapped radiation belts,  The early 

satel 1 i tes were placed in low a1 ti tude earth orbi ts  ( I  ess than 400KM) 
where the levels of trapped radiation are very low. Subsequently, as 

satel 1i t e  1 aunch capabil i t i e s  improved rnost sate1 1 i t es  were placed in 
synchronous orbit, again avoiding the most intense radiation areas. 

The f l i gh t  data are of two types: (1) the data obtained directly 
from f7 ight experiments speci fica! ly  designed for  the solar cell  perfor- 

mance analyses, and ( 2 )  the solar array performance data from operational 
7.1 ATS-57*2, 7 . 3  ATs-67.4 spacecraft. The experiments flown on ATS-1 , s 

~ ~ s - 6 ~ ' ~ '  7 * 6  and ~ ~ s - 1 ~ ~ ~  sa t e l l i t e s  belong t o  the f i r s t  category, - - while 

examples of the second type are analyses o f  the IDSCS arrays'" and Hughes 
7 1" 

A i  rcraf t  Company satel  l i t e  arrays. I .  IU I t  would be reasonable t o  expect 

that the data from a well designed solar  cell experiment would be compre- 

hensive and easy t o  analyze and correlate with laboratory experiments. 

However, even we1 l desi gned experiments have had suff ic ient  unexpected 

events to  make correlation of flight/laboratory data d i f f icu l t .  The 

following sections discuss the factors affecting and also comment on the 
fl ight data analysis ci;rrently available, 

Q Radiation Environment 

For the determination of the  radiation environment, the 

following are required (a)  spacecraft orbital  parameters, including 
launch date and f l i g h t  duration, ( b )  the solar  panel and surrounding 
structural configuration, and ( c )  the most re7 iable radiation map 

represent ing radiation environment during the f l igh t  time span in 

question or d a t a  from on-board radiation spectrometers (see 
Sect? on 5.2) .  Frequently, the information regarding the parking 
or transfer orb i t  and the f l i g h t  duration were neglected in the 

published f l i g h t  data. These i n i t i a l  phases o f  spacecraft f l i gh t  



may be of importance t o  r a d i a t i o n  damage if the  t r a j e c t o r y  traverses 

the  intense p a r t  o f  Van A l l e n  a e l t  f o r  a prolonged period. Launch 

data and f l i g h t  dura t ion  are a lso  needed t o  determine a poss ib le  

occurrence o f  a so la r  f l a r e  proton event dur ing  the  f l i g h t  under 

considerat ion (see Sect ion 5.4). 

The most v i  ta1 p a r t  o f  the environment determinat ion 1 i es  i n  

the select ior t  o f  a r e l i a b l e  r a d i a t i o n  map. V e t t e  and h i s  c o l -  

leagues a re  p e r i o d i c a l l y  updat ing the  model environments (see 

references i n  Chapter 6), which are  considered t o  be the  most 

au tho r i t a t i ve .  Yet the models themselves inc lude a f a c t o r  o f  two 

i n tens i  t y  uncerta inty ,  n o t  t o  mention spec t ra l  and temporal va r i a t i ons  

( f rom so la r  a c t i v i t y ,  s o l a r  cycle, l o c a l  t ime and such). The 

value o f  equ iva len t  f luence depends e n t i r e l y  on the  r a d i a t i o n  

model on which the  c a l c u l a t i o n  i s  based, and a f a c t o r  of ten  d i f f e r -  

ence i n  the r e s u l t a n t  equivalent  f luence i s  n o t  uncommon because 

o f  the choice of environment. I n  t h i s  respect,  the  geonagnetical ly 

trapped pro ton  model l a s t  publ ished i n  1970 and used i n  compil i n g  

tab les  i n  Chapter 6 i n  the Handbook may no longer be a su i tab le  

candidate f o r  the f l i g h t  data o f  today. 

I n  comparison w i t h  the  unce r ta in t i es  i n  the r a d i a t i o n  

environment, the  s o l a r  panel o r  surrounding s t ruc tu re  geometry 

i s  o f  lesser  importance. However, these f a c t o r s  must be considered 

s ince v a r i a t i o n s  i n  s o l a r  panel substrates, and s t r u c t u r e  sh ie ld ing  

can s i g n i f i c a n t l y  a f f e c t  the  equivalent  f luence. Def ic ienc ies  

i n  so la r  c e l l  covers l ide  assembly techniques, such as those d is -  

cussed i n  Sect ion 3.7, can lead t o  unexpected degradation because 

o f  the change i n  r a d i a t i o n  environment which i s  no t  accounted f o r  

I n  the f luence ca lcu la t ion .  In addi t ion,  Sf the sides o f  t he  so la r  

c e l l s  are n o t  p roper ly  protected, espec ia l l y  f o r  the  case when a 

t h i n  substrate i s  used and the  back r a d i a t i o n  becomes substant ia l ,  

the phenomena s i m i l a r  t o  those discussed i n  Sect ion 3.7 can occur. 

An example of an unexpected r e s u l t  was the  more than predic ted 

degradation o f  f l o a t  zone c e l l s  i n  the  space environment. This 
phenomenon c a l l  ed "photon degradati onit explained by Crabb 



(section 3.8) was circumvented by using cruci ble-grown cel ls  
instead of f loa t  zone ce l l s .  

G Parameter Measurement Conditions - 
The accurate evaluation of cell  f l  ight performance data 

requires n o t  only the cell  outpu t  parameters b u t  a l s o  such factors 
a s ;  (a)  solar cell  temperature, (b )  sun angle, ( c )  earth position 

i n  terms o f  seasonal solar irradiance, (d )  structural shadowing 

o f  the array, ( e )  identification o f  "bad" ce l l s ,  etc. A "shadowed" 

cel l  or "bad1' cell  i n  a s t r ing w i  1 1  become a load instead of a 

current generator, The spacecraft measurement and telemetry 

system must be capable of providing the above 1 isted da ta .  

In addition, the telemetry resolution and sampling are o f  impor- 
tance since sun angle, cell temperature, and shadow problems 
are  usually time dependent. 

Most published f l  ight d a t a  were s a i d  t o  be corrected for 
the  solar cel l  temperature and sun angle. However, i r regular i t ies  
i n  the reduced da ta  lead one t o  suspect t h a t  these measdrement 
conditions were improperly reported. 

Lack o f  Solar Cell Descriptions and the Pertinent Experimental Data 

Many pub1 ished f l ight  da ta  lack detailed solar cell  descr ipt ion.  

The lack of information on the cell  manufacturer, fo r  example, 

may make a substantial difference in the predicted values of solar 
cell  parameters ,  even f o r  ce l l s  with the same physical parameters, 

The base res i s t iv i ty  and cell thickness influence the output 
parameter degradation, and the decay ra te  should be known for an 
accurate corre' i t ion, 

7.1 Flight Data a t  Synchronous Orbit 

o Early F l i g h t  Data a t  Synchrono~~s O r b i t  

The data in Table 7.1, relating t o  so lar  array performance 'n 
synchronous o r b i t ,  were collected by L. A .  Gibson of the Aerospace 

Corporati on ,  7 g 9  All the solar cells used in these s a t e l l i t e s  have 
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Tab7 e 7.1 Synchronous Orbit So1 ar Cell Array Degradation 

-P 

4 

? 

Contractor 

Launch 

Configuration 

Design Life, yrs. 

Coverslide Thickness, m i 1  s 

Covers1 ide  Material 

Solar Cell Resistivity, 
ohm-crn 

Solar Cell Array: 

Time, years 

Power Degradation, X 

DSP 

TRW 

6Nov70 

Drum & 
Paddles 

3 

6 

Micro- 
sheet 

10 

1 

~5 

TACSAT I 

H AC 

9 Feb 69 

Drum 

3 

12 

Fused 
S i l i ca  

10 

3 

c6 

IDSCS 

Phi 1 co- 
Ford 

16Jun66 
18 Jan 67 

24-s i ded 
Polygon 

5 

2 0 

Fused 
Sil ica 

10 

5 

t17-22 

NATO A/NATO 5 

P h i  lco-Ford 

A : 2 1 N o v 6 9  
0: 20 Mar 70 

Drum 

5 

6 

Fused 
Sil ica 

10 

2 1 

-4 -2 

I 

ATS-5 

H AC 

12 Aug 63 

Dr urn 

3 0 

Fused 
S i l i c a  

10 

1.7 

4 
4 

INTELSAT 3 

TR W 

38: 18 Dec 68 
3C: 5 Feb 69 
30: 21 May 69 

Drum 

3 

12 

Fused 
Sil icl .  

10 

I 

%6 

1 

INTELSAT 4 

HAC 

-Feb 71 

Drum 

7 

12 

Fused 
Sil ica 

'1 0 

0.7 

-3 



10 ohm-cm base r e s i s t iv i ty  and cover glass shielding varying from 
0.015 cm (0.006 i n )  microsheet t o  0.076 cm (0.030 in)  fused s i l i ca .  

No information was reported regarding cell thickness or back- 

shielding. The reported degradation in power in most cases i s  

between 2 t o  6 percent a f te r  one year. The power ioss estimated 
i n  Section 6.5 on the basis of trapped electrons alone was 3 per- 

cent per year for cell  s with 0.015 cm microsheet shielding. How- 

ever, th i s  percentage loss does not include 2 t o  6 percent in i t i a l  

loss due t o  glassing and a smaller loss due t o  glass and 

adhesive darkening. In addition, the percentage degradation i s  
estimated from the data in Chapter 3 for  currently available 

comnercial cel ls ,  n o t  those flown almost a decade ago. Considering 
the above facts,  together with the omission o f  equivalent fluence 

contributed by solar f l a re  protons ~~greement between 
sate1 1 i t e  performance and the predi c t i  ons i s  reasonably good. 

The omission of solar f l a re  equivalent fluence contributions 

appears justified in these cases, as f la re  activity was relatively 
1 ow during the time period of the reported f l  ight data. 7 ' 9  1 t  was 

reported t h a t  the poor performance of IDSCS sate1 l i t e  solar arrays 
was attributable to  excessive ul t raviolet  transmission loss i n  the 
cover glass adhesive due t o  the use of an improper primer. 7.8 

A1 though degradations due to  solar  fiares are often estimated 
and projected over long s a t e l l i t e  missions, the f la re  events are 
discrete and the i r  effects occur as rather abrupt degradations. 

An excellent example of this  behavior i s  shown i n  Figure 7.1 for  

two sa t e l l i t e s  i n  synchronous orbits during the f la re  events of 

August 1972 (a l so  see Figurz 7.4) .  The analysis was provided by 

H .  Riess of TRW. 7'11 The solid l ine  i n  Figure 7.1 i s  based on 
solar cel l  degradation predictions based on trapped electrons a t  
synchronous a1 t i  tude. The data indicate that the f l  ares produced 
an abrupt 2% loss i n  maximum array current ( i  .e . ,  short c i rcu i t  

current) i n  b o t h  satel  l i t e s .  I t  also can be observed that 5 nonths 

a f t e r  the f la re ,  the f l i gh t  3 array current had recovered t o  within 
nearly 7 percent of the value predicted without solar f lares .  This 

indicates that cons1 derable annealing of f lare  radiation damage 

occurs a f te r  termination o f  the event. 

7-5 



- - - - -  - -  - - - 

SOLAR ARRAY OUTPUT 
SOLAR ARRAY SUN ANGLE (8) = 90" 

I AU 

- 

O TELEMETRY DATA - FLIGHT 2 

TELEMETRY DATA - FLIGHT 3 PREDICTED - NO SOLAR FlARES 

14 1 I I I 
10 100 loo0 m 

TIME IN ORBIT, DAYS 

TIME !N ORBIT, MONTHS 

Figure 7.1 Performance o f  Two Satel l i t e  Solar Arrays in Synchronous 
Orbit During the August 1972 Solar Flares 



The sixth Lincoln Laboratory Experimental Sate1 1 i t e  (LES-6) 

was launched into a synchronous orbi t  on 26 September 1968. 

Al though I-V characteristics were measured periodically 

through 1975 for  30 experimental ce l l s ,  t h e  outputs of only a few 

types o f  ce l l s  a re  correlated with the equivalent fluence calcula- 

tion because of the lack of experimental data, 

The radiation environment for LES-6 consists of trapped 

electrons in t h e  Van Allen Belt a t  synchronous al t i tude and  o f  

free-space solar f la re  protons during 1970 and 1972. For a properly 
fabricated glassed ce1 I ,  low-energy trapped protons are  no threat 
to  the cel l  and so are not considered in th i s  discussion. Solar 

f lare  proton fluences for energies greater t h a n  10 MeV are shown 

i n  Table 7.27+6 Equivalent 1 MeV electron fluences attributable t o  * 
solar f lare  protons and trapped electrons are  plotted in Figure 7 .2  
fo r  various cover-glass thicknesses. The equivalent 1 MeV electron 

fluences for 1 mil and 6 mil coverglass thicknesses are tabulated 

i n  Table 7.3 a t  1400 days after launch, a f t e r  the August 1972 solar f l a re  

proton event and 6-1 /2 years a f t e r  1 aunch. Percentage degradation 

o f  maximum power and short c i r cu i t  current are estimated for  10 ohm-cm 

n /p  cells and are  shown in Table 7.4, assuming the ce l l s  are comparable 

t o  conventional 12 mil thick ce l l s .  

The following i s  an extract of f l igh t  data analyses quoted i n  

Reference 7.12 in summary. 

Penetrating radiation damage t o  solar ce l l s  was above 3.5% per year 

f o r  the f i r s t  three years, plus 1.75% per year for the next three 
years, p lu s  an add1 tionaS 4% t o  10% i n i t i a l  degradation of 

Jr 
The c u t o f f  energy a t  synchronous al t i tude seems t o  be somewhere around 
5 MeV according to  an early ATS observation, contrary t o  the previous 
be1 ief o f  the theoretical cutoff energy of approximately 26 MeV. Therefore, 
no cutoff energy resulting from geomagnetic shielding was assumed for the 
equivalent fluence calculation. Th is  approximation leads t o  no appreciable 
error i f  the cutoff from cover-glass thickness i s  somewhere around 5 MeV or 
greater. 



Table 7.2 Solar  Flare Proton Fluence f o r  Energy Greater Than 10 M ~ v ~ "  

DATE - PRO TONS/^^^ 
23 July t o  25 July,  1970 8.1 lo7 

14 Aug t o  17 Aug, 1970 2.6 x lo8 

4 Aug t o  9 Aug , 1972 2.3  x 10" 

26 Sept, 1968 t o  1 Aug, 1972 4.3 x l o 9  

Table 7,3 Equiva lent  7 MeV Electron Fluence 

Trapped E l  ectrons 
1400 days (3.83 y r s )  

Aug 1972 Solar Flare 
Protons 

Pmax and "oc 

ISC 

Trapped Electrons 
1000 days (2.74 yrs) 
Af ter  Aug 1979 

P and Voc wax 

ISC 

\ 

Cover G l  as.s Thickness 

0.0254 rnm (1 mil ) 

/Event 

2.07 El4 

1.5 El4 

7.3 El3 

1 .48E14  

1.48 €74 

, 
0,152 tnm ( 6  mils) 

Accum. 

2.07 E l 4  

3 .6E14 

2.8 El4 

5.1 El4 

4.3 El4 

/Event 

1.19 El4 

6 . 6 E 7 3  

4.3 El3 

8 . 5 E 1 3  

8.5 El3 

Accurn . 

1.79 E l 4  

1 . 9 E 1 4  

1.6 €74 

2.7E14 

2.5 El4 
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COVER G LPSS THICKNESS 

Figure 7.2 Equ iva len t  1 MeV Electron Fluence for Various Cover Glass 
Thicknesses Due t o  Geomagneti cal ly Trapped E l  ectrons a t  
Synchronous O r b l t  and August 1972 Solar  Flare Protons 
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(A) Attributable to Solar Cell Radiation Damage Only. 

(0 )  Include (1.5% rn Z.O%)/Year Cover Glass Transmission Loss. 

* AT 1400 DAYS ( 3 . 8 3  YEARS) 

Pmax 

I sc 

(c) Analyzed Flight Data (Approximate Readings From Figure i n  Reference 7 . 6 ,  See Figure 7-3).  

Table  7.4. Predicted Percentage Degradat ion o f  LES-6 Cells, 
Using Data for Heliotek 10 Ohm-cm 12 Flil Cells. 

COVER GLASS THICKNESS 

0.0254 mm (1 mil) 

I • AFTER AUGUST 1972 SOLAR FLARE PROTONS ! 

Pmax 
t 
15.3 

0.152 mm (6 mils) 

A 

11.5 

6 .5  

j 
I i I 

' s c  

AUGUST 1972 SOLAR FLARE PROTON 
CONTRI BUT IONS 

B C I 

- t 
17.2 ' 19.2 16.5, 19 I 12.2 - 14.2 15 

21.0 - 23 :26, 23.5 

14.6 - 16.6 121, 24.5 
I 

I 
8.9 

C 

17, 21.5 

A 

8.5 

0 

14.2 - 16.2 

11.0116.7 ' 18.7 19 
I 

5.5;11.2 - 1 3 . 2  (14, 15.5 

A Pmax -3 .8 

1-2.4 A ' sc  
I 

AFTER 6 1/2 YEARS I 

4.6 

i 
I- . 9 .  1 1 

Prnax 

I sc 

10.3 ' 12.3 11.5, 12.5 

4 
4 
I 
m 
m 

17.8 

10.0 

1 

-2.5, I 

j 
I 

22.5, 28.5 

16.5, 19 

I I 
i I I 

27.6 '  30.8 

1 i I 

29.5, 27.5 

' I 
13.2323.0 ' 26.2 

19.8 - 23.0 2 4 . 5 ,  22.5 7 . 4  17.2 - 20.4 
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Figure 7 . 3  Analyzed F l i g h t  ~ a t a ~ . ~  LES-6 n/p 10 Ohm-crn S i l  i con Sola r  Cells 



covers1 ide darkening. These in i t ia l  degradation estimates are 

based not only on these experiments, b u t  also on investigations 

into ultraviolet  and synergistic environmental effects on cover- 

slides according to  Reference 7.15. 

Solar f la re  act ivi ty  decreased the power o u t p u t  of relatively un- 
damaged 10 ohm-cm ce l l s  with 0.15 mm thick covers by 0.85% per 

10 2 10 protons/cm ; power output of similar ce l l s  with 0.025 mm 
2 thick covers were decreased by 1.4% per 10'' protons/cm . 

Presence or absence of small , uncovered, active area s t r i  ps had 

no noticeable effect  on the degradation occurring from a solar 

flare.  

. An abrupt drop in the cell  output occurred a f t e r  t h e  August 1972 

solar f la re  event. The predictions are in good agreement with 

the observati ms. 

. I t  i s  important t o  shield the solar cell  edges from low energy 

protons. Approxi~ately half the ce l l s  were shielded with a 4 mi1 

BeCu "picture frame" which protected the cell edges and the contact 

bar area. The other half had no edge protection. These demon- 

strated that 8-12% i n i t i a l  degradation can occur from low energy 

protons i f  adequate cell  edge protection i s  not provided. 

Solar cell  radiation experiments, consisting of several types of 

solar ce7l/coverslide combinations representing 1968 technology, 
were mounted on ATS-5 and launched into synchronous orb i t  in August 

1969. 

The solar cell  s were 2 and 10 ohm-cm cruci ble-grown si 1 icon 
with thicknesses o f  0.2 and 0 . 3  mm. Coverslides were 7940 fused 

s i l i ca ,  ranging i n  thickness from 0.15 mm to  1.52 mm. The ce l l s  

were mounted on two panels, one a r i g i d  a1 uminum honeycomb structure 
giving essential 7y i n f in i t e  backshielding, and the other  a t h i n  

Kapton-fi berg7, ass substrate offering minimal protection to  the 

rear surfaces of the ce l l s .  



Cell electrical output was corrected t o  st.andard temperature 

and solar intensity using experimentally derived, radiation- 

dependent correction factors. The corrected maximum power o f  
n /p  10 ohm-cm cel l  i s  shown fo r  over 6-1/2 years of experimental 

operation in Figure 7.4. 

Some pertinent observations and conclusions drawn f rom th i s  

experiment are: 

a The degradation of solar ce l l s  mounted on the rigid panel 

w i t h  protected rear surfaces i s  as predicted using the 

equivalent 1 MeV electron fluence calculated i n  Chapter 6, 

V,, degradation i s  somewhat less than predicted, b u t  lsc 

and Pma, degradation i s  more than predicted. 

The cel ls  on the flexible panel degrade much more rapidly than 

predicted, while the r i g i d  pane7 ce l l s  follow the predictions 

f a i r ly  well, Possible causes fo r  the excessive cel I degradation 

on the flexible panels include; deposition o f  a contaminant 

on the cell coverslides, or low energy protons entering from 

the edges of the ce l l s  or from the back through the Kaptonr 
Ti berg1 ass substrate. 

An abrupt change in a l l  outputs was observed acter the 

August 1972 solar f l a r e  proton event. The equivalent 1 MeV 

electron fluence for  this  proton event shown i n  Figure 7.2 

was used t o  construct the predicted curve i n  Figure 7.4. 

The prediction i s  within the observation error. 

As in the case o f  LES-6, t h e  solar cell  degradation seemed ta  
accelerate m r e  than predicted as the time progressed. This 

may be due to  (1) a s l ight  rise i n  ce l l  temperature (averaging 
approximately 7 'C per year),  or ( 2 )  f 1 uence dependent degra- 

dation t h a t  may be cornanding, If  the l a t t e r  i s  the case, 

the o u t p u t  will degrade fas te r  than that  predicted by the f i r s t  

order degradation estimate technique described i n  Chapter 4 ,  

as demonstrated in Reference 7.16. 



0.2 0.5 1 .O 2.0 10.0 
TIME IN ORBIT, YEARS 

Figure 7.4 Degradation of So1 a r  Cell Maximum Power Versus Time in 
Synchronous O r b i t  , ATS-5 Experimental Cell s 7.2,7.3 



The ATS-6 solar cell  experiment, with the 13 different types o f  
so lar  cell/coverslide combinations, was launched into synchronous 

orb i t  on 30 May 1974. A few comments are made on the data pre- 
sented in Reference 7 .4 ,  

Soon af ter  orb i t  insertion, the output of a l l  of the cell  con- 
figurations on the rigid panel was greater than when measured 
under the pulsed Xenon solar simulator, attributing to  an 
electronic offset  of the signal processor units.  The lack of 
correlation between simulator response and f l ight  data may very 
well be due t o  improper calibration including spectral content 
of the Xenon simulator. 

The temperature of the rigid solar  panel ranged from 56'C t o  
91 " C ,  with outputs reportedly corrected for both  temperature 
and sun angle. However, data i nconsistencies prohibit drawing 
clearcut conclusions. The inconsistency my be attributable t o  
the temperature gradient within the cell  i t s e l f ,  7*17  inaccurate 
laboratory temperature correction data, or inaccurate ce7 1 
temperature measurement and sun angle on the f l igh t  experiment. 

Despite o f  incomplete f l i gh t  data and cell  specifications, the 
attempt was made t o  correlate the prediction with the f l igh t  
data as shown in Table 7.5 .  I t  i s  assumed that  a l l  the cel ls  
are conventional . Approximately one third of the predicted 
values agrees with observed values. 

Flight Data a t  Other Than Synchronous Orbits 

o NTS-7 (Timation 111) 7.7,7.12 

The NTS-1 s a t e l l i t e  was launched on 14 July 1974 into a nearly 

circular o r b i t  hav ing  a perigee o f  12,193 km, an apogee o f  13,606 
kin (average of about 7000 n m i ) ,  and an inclination of 125.1°. The 

orbital  radiation environment i s  severe. A solar  ce7 1 f l igh t  experi- 

ment aboard carr iers  conventional si l icon Centralab and  Heliotek 
cel l s ,  and Centralab lithium-doped, Cornsat violet ,  and Ferranti 
float-zone solar ce l l s .  Solar cell  covers include Corning 7940 



Table 7.5 Percentage Degradation of Predicted and Observed 
ASS-6 Solar  Cell Experiment ~ u t ~ u t ~ ' ~  

RESISTrvlTY 

(Ohm-MI) 

10 

10 

10 

10 

I0  

2 

2 

CELL 
THICKNESS 

(4 

.030 

,030 

.020 

.030 

.030 

.030 

,030 

OOVE 5 
THICL.-=> 

,0076 

.015 

.015 

,030 

,076 

,015 

.015 

AVERAGE PERCENTAGE LOSS 

50 DAYS 

Is c 

247 DAYS 

PREDICTED 

1.4 

1.2 

1.2 

.8 

.2 

2.5 

3.4 

OBSERVED 

1.7-3.1 

1.1-2.7 

1.5-2.9 

1.6-5.0 

1.8-3.2 

.9-1.3 

-9-3.1 

Isc I "0, 'max 

PREDICTED 

5.2 

4.6 

4.6 

3.6 

2.8 

7.3 

9.4 

PREDICTED 

9.9 

8.6 

8.6 

7.7 

3.9 

72.7 

13.5 

OBSERVED 

7.6-11.2 

3.3-11.1 

9.0-10.6 

3.4- 7,2 

8.7-13.7 

6.1- 9.5 

4.6- 9.2 

PREDICTED 

3.0 

2.6 

2.6 

2.0 

7.0 

4.2 

5.0 

OBSERVED 

2.3-17.5 

5,6-17.2 

7.1-11.1 

7.8- 7.2 

3.5-12.5 

7.5- 9.9 

6.2- 8.6 - 

OBSERVED 

1.2-7.6 

1.2-2.0 

1.1-1.5 

.7-1.5 

-9-1.7 

.5- .9 

.3- ,7 



fused s i  1 ica,  P i  1 kington-Perkin Elmer ceri a-doped mi crosheet, and 
Corning 7070 integral coverglasses . Solar c,eIls are connected into 

modules consisting mostly a f  strings o f  5, 23, 47 or 48 cel ls  i n  

se r ies .  Therefore, the resulting data tends t o  be dominated by 

the lowest output or most severly degrading cell  in each string. 

Possible radiation environments a t  an al t i tude of 7,000 n mi 

and an inclination o f  30" have a spread of more than an order of 
magnitude and are as shown in Figure 7.5. 7w1837'20  he equivalent 

fluences for 6 mi 1 and 12 mi 1 coverglass thicknesses are cal- 

culated for  three chosen environments and are shown in Table 7.6 

for  I,, and Pm,, The resulting maximum power degradation pre- 

dicted by the  equivalent f l  uerice due to  so lar  cell  radiation 

damage only i s  shown i n  Table 7.7, according to  the classification 
of different cell  parameters and manufactwes. These degradation 

predictions are compared with the f l igh t  data a r ~ a l ~ z e d . ~ ' ~  

Assumptions for incomplete cell specification are a750 indicated. 
Within the error  bound of environmental uncertainties, the pre - 
dictions agree with the f l igh t  data very we1 1. 

0 Low A l t i t u d ~  C i r ~ u i a r  Orbits 
. .  .-. 

.-. . 
A l i m i t e d  amount of f l i g h t  data are  also available from 

s a t e l l i t e  solar arrays operated in circular orbi ts  a t  lower 
alt i tudes.  Data f rom several such sa t e l l i t e s  are tabulated in 

Table 7.8. 7*21-7*23 The equivalent fluence 1 s obtained from 
approximate tables i n  Chapter 6 by interpolating bo th  a1 t i  tude 

and thicknesses. For microsheet cover glass, only a density 
correction i s  made on fused s i l i c a  (si02) cover glass data. 

For 0604, the  equivalent f l  uence fo r  90' inclination i s  used 

instead o f  ths  actual inclination of 86". Both electron an4 

proton contributions are shown i n  Table 7,8, In these al t i tude 
and inclinations, the equivalent fluence i s  mainly contributed 

by pro'xns, The assumptions made are (1)  in f in i t e  back shielding 
exis t s ,  and (2 )  cover materi a1 darkening 1 osses are negligible. 

The equivalent fluence va%ues are used to  estimate" solar cell 

parameter changes from o l d  radiation data 7024. The predicted 
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Table 7.6 Equ iva len t  1 M e V  Electron Fluence for NTS-1 
Based on the Environments Shown i n  Figure 7.5 

Annual Equivalent 
1 MeV Electron Fluence 

261 days ( $ 7 1  yrs) Eyf.,ivalent 1 MeV Electron Fluence, 
Contributed by Both 'i-apped Electrons and Protons 

Trapped 
E l  ectrons 

ORIGINAL PAGE IB 
OF POOR QU- 
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" 

Is c 

'ma x 

Trapped 
Protons 

Envi ronrnent 

(1 

( 2 )  

( 3 )  

Environment 

(1) 

( 2 )  

( 3  1 

(1 1 

12) 

(3) 

Isc 

'max 

Cover Glass Thickness 
0.152 mn (6 m i l s )  

4.84 €1.3 

2.68 El4 

7.27 El2  

1.9 E l 4  

4.7 €14 

. Cover GI ass Thickness 

0.305 mm (12 mils)'  

3.84 E l3  

2.11 El4 

5.61 El2 

3.0 €13 

7.5 El3 

0.152 m ( 6  m i l s )  

1.7 El4 

3 . 3  E l 4  

1.4 El4 

3.7 El4 

5.2 El4 

3 . 4  €14 

0.305 mn (12 mils) 

4.9 El3 

1.7 E l4  

2.5 El3 

7.8 E l 3  

2.1 El4 

5.8 E l 3  



Table 7.7 Predicted Percentage Degradation of NTS-1 Maximum Power 

(1) Base r e s i s t i v i t y  

( 2 )  Cell thickness 

(3) Cover glass thickness 

(A) Analyzed f l i g h t  da ta  i n  reference 7.7 

(B)  Predictions based on equivalent 1 MeV electron fluence shown in  Table 7.6 
(Solar c e l l  degradation only) 

4 3 )  

mn (mils) 

0.15 (6)  

0.15 ( 6 )  

0.15 (6)  

0.30 (12) 

0.30 (12) 

Percent Degradation of P,,, 

Manufz-turer 

Central Lab 

Central Lab 

Central Lab 

P (1 1 
ohm-cm 

10 

? 

? 

2 

10 

Ccll Type 
- - 

Conventional I?) 
Violet 

Violet 

Assumptions fo r  Calc. 

Base r e s i s t i v i t y  - 
1O'Ohm-cm. Cell 
charac te r i s t ics  s imilar  
t o  Spectrolab ce l l s .  

Spectrolab conventional 
cel l .  

(A) 

18.7 

15.3 

15.1 

20.5 

15.0 

tc 
(2) 

mn (mils) 

0.1 ( 4 )  

0.3 (12) 

0.3 (12) 

0.3 (12) 

0.3 (12) 

Central Lab Conventional ( ? )  

ilel ios 

(B) 

no data 

15.1-18.1 

'15.1-18.1 

9.4-18.5 

11.5-19.5 



T a b l e  7.8 Solar  Cell A r r a y  C e g r a d a t i o n ,  Va r ious  C i r c u l a r  O r b i t s  

P: P r o t o n  c o n t r i b u t i o n .  
E: E l e c t r o n  c o n t r i b u t i o n ,  

Observed 

0.96 @ 1 y r  

0.95 @ 6 nio. 

-- 'max - 

'maxo 
0.70 P 6 riio. 

0.72 @ '1 y r  

0.65 @ 2 y r  

Predicted 
(from equivalent  

f l  uence) 

- Is' = 0.96 B 1 yr 
Isco 

I 
E_ = 0.96 @ 6 mo. 

- Isc = 0.79 @ 6 mo. 
Isco 

0.57 @ 6 mom 
G o  = 

h= 0.77 @ l yr 
'rnaxo 

= 0.725 @ 2 y r  

- ~ 

Sate1 1 i t e  
Launch 

Date 

0604 

28 Ju ly  1967 

Orb i t  
A1 t i  tude , 

Inc l ina t ion  

930 km 
(500 nmi) 

86" 

, Equivalent l M e V  Electron 
Fluence (Assuming trapped 

Ce l l s  & I rad ia t ion  only & i n f i n i t e  
Shielding Data I back =h ie ld ing)  

N/P 10 ohm-crri 
0.015 crn microsheet 

N/P 10 ohm-cm 
0.01 5 crn microsheet 

2 P: 3.7 x 1013 e/cm -yr 
E: ?icm2-yr 
Total :  3,8 x 10 e/cm 2- -yr 

P: 7.9 x 1013 e/cm -yr  2 

E: i1.8 e,,m2_ , 
Total:. 8.2 x l o i 3  e/crn2-yr 

I 
1963-38C 

28 Sept  1963 

1110 km 
(600 nmi) 

90' 

- 
N/P 1 ohm-cm 

0.051 cm fused s i l i c a  

2 P: 2.3 x lo15 e/cm -yr 

E: 9.4 j012 e/cm2-yr 

Total:  2.3 x e/crn%r 

ERS, 6 
1963-1 4C 

9 May 7963 

Explorer 38 
(RAE 1 )  
4 Ju ly  1968 

41 70 km 
(2250 nmi) 

90" 

6700 km 
(3600 nmi) 

60" 

N/P 10 ohm-crn 
0.0473 cm s o l a r  cel ls  

0.102 cm fused s i l i c a  

14  2 F: 4.2 x 10 e/cm -yr 
E: 3.5 2 -rr 
Total:  4-2 x 1014 e/CmZ-Yr 

I 



changes are shown i n  Table 7.8 along with  observed parameter 

changes from f 7  i gh t  data. The predicted degradations are in 

reasonabl e agreement with observed values . 
The results of experiments on ERS 6 included several obser- 

va t ions  which have important consequences in array degradation 

The ce l l s  of th is  s a t e l l i t e  were observed to  
2 degrade i n  short c ircui t  current a t  a ra te  o f  5.5 + 0.2 mA/ cm - 

decade. Th i s  value compares we11 with those reported in Section 

3 .3  for laboratory proton irradiations i n  the 10 MeV energy 
range. Since the above rates are higher than those normally 

found for 1 MeV electron irradiations,  i t  would be more accurate 
t o  use experimental protoq degradation data for  proton dominated 

orbits i f  sttch data were available. I t  was also observed that 
cell  s w i  t h  adhesively-attached cover glass shi el d s  degraded a t  

the same ra te  as those with mechanically-attached (no adhesive) 
shielding. I t  was concluded t h a t  adhesive darkening effects 

were less than  the experimental error or negligible. The data 

also indicated that  transmission loss in cover glass i s  no t  an 
important factor in array degradation. 
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APPENDIX A 

SHIELDING THICKNESS CONVERSIONS 

DRIGLEJAX PAGE IS 
OF POOR QUALITY 

Areal Density 

g /cm2 

0.0168 

0.0335 

b 

0.0671 

0.112 

0.168 

0.0489 

Fused S i l i c a  
2.2 g/cm3 

cm 

.OD762 

.01524 

.0305 

M i  crosheet 
2.5 g/cm3 

I 

in 

.003 

.OO6 

,012 

cm 

0.00671 

0.0134 

0.0268 

A1 urni nm 
2.7 g!m3 

i n  

0,00264 

0.00528 

0.0106 

0.0176 

0.0264 

cm 

.OD621 

.01242 

-0248 

.W14 

,0621 

. M O B  

.a762 

~n 

0.00244 

0.00489 

0.00978 

0.0163 

0.0244 

1 

.020 

.030 

0.0447 

0.0671 



APPENDIX I3 

CONSTANTS, PROPERTIES AND VALUES 

SIL ICON 

Atomic keight 

Density 

Crysta-1 Structure 
L a t t i c e  Constant 
Atomic  Ra'dius 

Atomic Density 

Energy Gap@300K 

Energy Gap @ 0 K 
Electron Mobll i t y  (intrinsic) 
Q 300K7 P, 
Hole ~ o b i i i t ~  (intrinsic) 
@ 300K, pp 

Electron Di f fus ion  Constant 
(intrinsic) @ 300K, D, 

28.09 

2.33 (g/cm3) 

Diamond, 8 a toms/un i t  cell 

5 . 4 3 x 1 0 ~ ~ ~ m ,  5.43 (i) 
1.18xl0-'~m, 1.18 (i) 
5.00~1 02' (cnW3) 

1 . 7 8 x ~ i 0 - ' ~  ( J ) ,  1 . I T  (ev) 

1 . 9 1 x 1 0 - ~ ~  ( J ) ,  7 2 1  i o v )  

tiole Diffusion Constant 
( i n t r i n s i c )  @300K, D 

P 12 (cm2/s) 9 i@ 300K 1 .5x10" (crnp3) 
Die1 ectric Constant 11.7 

Specific Heat, C @ 300K 
P 0.7 ( J f g  K) 

Thermal Conductivj ty @ 300K 1 .5 (N/cm K )  
Coefficient o f  Thermal Expansion, 

Debye Temperature 658 (K) 
A c t i v a t i o n  Energy, S e l f  Diffusion 7 . 7 ~ 1 0 - ~ '  (J), 4.8 (eV) 

Energy o f  Ionization 5.76~10'" (J)  , 3.6 (eV) . . . . 

Energy o f  Sub1 ima t  icn 7.80~10‘'~ ( J ) ,  11.9 (eV) 
E l a s t i c  Modul i 

C1 1 
C1 2 

C44 

Index o f  Refraction 

Absorption Coefficient 

Mohs ' Hardness 

3.5-6.0 (See Figures 8-1 and 8-2) 

1-lo5 (cm") (See Figure 6 - 3 )  

7 
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0.2 0.3 0.4 0.5 0.6 G.7 0. i3 4 .  ? 1 .O t .1 

WAVELENG'fh, MICRONS 

Figure B-1 R e f r a c t i v e  Index o f  Silicon 5-1. 0-2 

" 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .0 1.1 

WAVELENGTH, MICRONS 

Figure B-2 Ext inc t ion  Coefficient of Si 1 i con  B-1, B-2 



0.6 0.8 1 .O 

WAVELENGTH, MICRONS 

'igure B-3 Absorption C o e f f i c i e n t  o f  S i n g l e  Crystal S i  1 i c o n  
a t  77 K and 300 K ~ - ~  
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APPEND1 X B (Con ti nued) 

S I L I C O N  (Continued) 

Sol ar Absorptance 0.8 

Hemi spherical Emi ttance 0.3 

Molecular Weight 
gens i ty 

Energy Gap 

Dielectric Constant 3.5-3.9 

Index o f  Refraction 1.46-1.51 

Specific Heat, C 
P 'f (J /g K)  

Thermal Conductivity 0.014 (W/cm K) 

Coefficient o f  Thermal 
Expansion, A 1. 0.55x10-~ (K-') 

L AT 

Mo hs' Hardness 4.9 

Young's Modulus 7.16~10'~ ( ~ / r n ~ )  
Rigidity Moduf us 3.10x10~~ ( ~ / m ' )  
Poisson's R a t i o  0.16 

Solar Absorptance 0.01 

Hemispherical Emit tance 0.78 

Sol ar Absorptar~ce (on array) 0.75-0.05 

Hemi sphericd Emittance (on array) 0.78-0 -80 

Density 1.1 (g/crn3) 
Index o f  Refraction 1.47 
Coefficient o f  Thermal 
Expansion, - b L 300x10-~ (K-I) 

LAT 

Thermal Conductivity @ 300K .0017 (W/crn K) 

SpecifSc Heat @ 300K 1.0 (J/g K) 
Bond Thickness Between Cover 
Glass and Solar Cell 75-150 (,m) 



APPENDIX 0 (Continued) 

SOME USEFUL PHY 2ICAL CONSTANTS 

Bol tzmann ' s  Constant, k 1 .38x1 o - ~ ~  (J/K) , 8 . 6 2 ~ 1 0 ' ~  (eV/ K)  
Planck's Constant, h 6 . 6 3 x 1 0 - ~ ~  (J s) 
Speed of L igh t ,  c 2 . 9 9 8 ~ 1 0 ~  (m/s) 
Electron Charge, e 1 .602x1 0-I' (C) . . 

Permittivity o f  Free Space, E~ 8 . 8 6 ~ 1  0- l2  (F/m) 
Permiability of Free Space, p, IP.6xl0- '  (H/m)  
Electron Rest Mass, m, 9.1 I XI o'~' (kg) 

CL" 

Proton  Rest Mass 
'P 

1 .67x1 (kg) 

Avagadro ' s Number 6 . 0 2 2 ~ 1 0 ~ ~  rg-rnole-') 
Photon Energy 

SILICON SOLAR CELL DATA 

Ac t i ve  Area o f  2 crn by 2 cm 
So la r  Cell 3.8  ( ~ r n ' ~ )  
Series Resistance, R, 0.2-0.5 (ohm) 
Shunt Resistance, R,,, > 1000 (ohm) 

References : 

B-l . H. R .  Philipp and E. A .  Taf t ,  "Optical Constants o f  Silicon in the 
Region 0;' 1 t o  10 eV," Phys. Rev. 720, 1 , 37, 1960. 

B-2. O. E. Gray, Ed., American Institute of Physics Handbook, 6, 3rd 
Edi ti on, McGraw-Hi l 'I , 19?2. 

B-3. W. C. Dash aod R. Newman, "Intrinsic Optical Absorption i n  Single- 
Crystal Germanium and Silicon a t  77°K and 30O0, Phys. Rev. 99, 4 ,  
1151, 1955. 



APPENDIX C 

SOLAR CELL TYPES 

The following a re  ext racts  from reference C - I :  

The only solar  ce l l  type currently in use f o r  space applicat ions 

i s  o f  planar geometry and i s  made from single-crystal  s i l  icon. 

Classif icat ion o f  Solar Cells  

Solar  ce l l s  may be c lass i f i ed  i n to  d i f fe ren t  device families and 

cel l  types according to  cer ta in  techno1 ogi cal characteri  s t i c s  or according 

to  some practical  aspects. Technological c lass i f i ca t ion  i s  usually related 

t o  peculiar so l a r  cel l  designs, materials and fabricat ion processes as 

follows: 

General design features  

Semiconductor material 

Semiconductor material propert ies 

Base (bul k )  r e s i s t i v i t y  

Cell polarity 
Dr i f t  f i e l d s  

Junction depth (spect ra l  response) 
Front surface preparation 

Anti r e f l e c t i v e  coating. 

Each of these families of devices may, w i t h  small variat ions of 

certain process steps, y ie ld  so la r  c e l l s  t ha t  can be fu r the r  c lass i f i ed  

according t o  t he  following character is t ics :  

a Efficiency (power output) 

r Size 

a Thickness 
0 Contact type and configuration 
a Number of gr id l ines  o f  f ron t  contact ( s e r i e s  res is tance)  

0 Contact metals 
a Contact metal coatings. 

ORIGINAL PAGE IS 
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Cl ass i f ica l ion of solar  c e l l s  according t o  practical aspects !s  

often re la ted  t o  usage o r  to  certain aspects re la t ing t o  t he i r  development. 

Typical c lasses  o f  ce l l s  ( a l l  are of n-on-p polar i ty)  are as follows, l i s t ed  
i n  order of increasing power output: 

o Conventional Solar  Cells 

A1 so c a l l  ed "standard" o r  "vani 11 a" solar  ce l l  s .  These 

ce l l  s uti l ize pre-1972 fabricat ion technology and are 

characterized by the following: 

Start ing Material: Crucible-grown p-type 
s i l icon,  e i t he r  nominal 2 ohrn.cm (range 1-3 
ohmmcm) o r  nominal 10 ohm-cm (ranges 6-15, 
6-14, 7-14 or  7-15 ohm-cm). 

Junction Depth: Held between 0.3 and 0.5 
pm which correspcnds to  a sheet resistance 
of between 35 and 55 ohms per square. 

Contact Configuration: Ohmic col leccor bar 
between 0 .9  and 1 .25  mrn in w i d t h ,  three 
gridlines/cm, l ines  are 0.15 to  0.20 mm in 
width. 

Antireflection Coatinq: Always s i l i con  
monoxide ( S i  9,). 

Cell Thickness: Ranges from 0.20 mrn nomi- - 
na'l to  0.35 m i  nominal, usually k0.05 mm. 

Cover: . .Cut-on f i  l t e r  typical ly  arouIld o r  - 
above 400 nm. 

These ce l l s  have been produced fo r  space programs in 

greet quant i t ies  from 7964 on and a.re neither "stand- 
ardized" in design or performance, nor are  they re- 

l a ted  to "standard solar  c e l l s "  i n  conjunction with 
the calibrat ion of the so la r  l i g h t  in tens i ty .  

0 Hybrid Solar Cells 

These ce l l s  are  a l s o  know as intermediate, shallow 

junction, bl ue, v iole t ,  K6-A (Hughes Aircraf t  Desig- 
nation),  high ~f . f i c iency ,  o r  Comsat c e l l s .  However, 



there i s  solile controversy over whether or ;lot the 

Comsat cell has a back surface f ie ld .  A subdivision 

into Hybrid A and Hybrid B cel ls  i s  based on power 

output only. Hybrid ce l l s  do n o t  contain electro- 

stat'.. fields o f  the type which characterizes "field" 

cell  s described be1 ow. 

0 Field Cells 
I- 

T!ese cel ls  are a1 so known as p , BSF (back surface 

f i e l d ) ,  lielios (Spectrolab designation), or K6-B 

(Hughes Aircraft designat< on)  cel-1 s. . These ce-1'1,s are - . 
o f  the d r i f t  f ie ld  type. The electrostat ic  d r i f t  f ie ld  
is bui 1 t i n t o  the base region immediately adjacent 

t o  the back contact. 

o Black Solar Cells 

These ce l l s  are also known a s  C C b ?  (Comsat non- 

reflecting),  "vel vet" textu~,~ized, (NASA-Lewis des- 
ignation), textured, sculptured (Hughes Aircraft 

designation), or nonreflecting cells. 

These cells comprise the newest f a m i l y  of high- 

efficiency solar ce l l s  t h a t  i s  characteri . . d  by a 
"rough" front surface i n  contr<~st  t o  a71 other solar 

ce l l s ,  which have a "smooth" ( f l a t )  or polished 

front surface. The rough f r o n t  surface i s  produced 

by an e tch ing  process t h a t  produces small "pyramids". 

This pyramidal, "sculptured, I '  o r  "textured" surface 

exhibits a low reflectance, i .e., i t  "looks black." 

C-1. H.S. Rauschenbach, S o l a r  Cell Array Design Handbook, 1; TRW DSSG 
Redondo Beach, C a l i f .  July 1976. 



APPENDIX D 

COMPUTER PROGRAM, EQFRUX 

PROGRAM DESCRIPTION 

This program wi7 7 compute an equivalent fluence f o r  a given 
space radiation environment f o r  the purpnse of estimating so l a r  ce l l  

degradation. Geomagnetical?y trapped electron energy spectrum, or proton 
energy spectrum, or b o t h ,  can be i n p u t  as the space radiation environ- 

ment. With a proper choice of i n p u t  parameter, a free space so l a r  f lare  
proton spectrum will be calculated with the use of a computer code developed 

by S t a s s i  nopoul os ,D-l (named SOLPRO) based on Ki ng I s  sol  ar proton modelDu2 

for the years of 1977 through 1983. 

The equivalent fluence for a given parameter p, as deta i led  in 
Section 6.1, i s  defined as follows: 

where 

Equivalent f l  uence of s o l a r  ce l l  output parameter 
p ,  normalized t o  k t h  nar t ic le  in t h e  presence of  
cover glass thickness t. 

@.(E-) 
J 1 

Integral f qux  o f  j t h  radiatign par t i c le  a t  energy 
Ei ' 

D j  (p ,Ei  ,t) R e l a t i v e  damage c o e f f i c i e n t  (RDC) f o r  solar ce l l  
output parameter p under radiat ion pa r t i c l e  j a t  
energy E i  in the presence o f  cover glass t i . ' ;k-  
ness t. 

Radiation damage r a t i o  between j t h  p a r t i c l e  and 
normalized k t h  pa r t i c le  by which both par t i c le  
and energy are  normalized (conventionally 1 MeV 
elect rons) .  

Conversion f a c t o r  f o r  annual f l  uence. I f  the 
in.cegra1 spectrum i s  in units  o f  fluence per day, 
for example, T = 365.2422. 



The space radiation environments should be in a form of integral  

energy spectrum of e i t he r  e lec t rons ,  protons o r  both. The required re la-  

t i v e  damage coefficients  ( R D C )  f o r  the fluence calculat ion are provided in 

BLOCK DATA. The short c i r c u i t  current  RDC's are  provided for  both electron 

ana proton environments and the open c i r c u i t  voltage RECLs fo r  the proton 

environment. The RDC's a re  evaluated f o r  omnidirectional flux and i n f i n i t e  

back shielding.  

Basically, a l l  t h a t  i s  needed t o  run th,.is program i s  ( 7 )  t h e  

alphanumeric input t o  ident i fy  the problem ( o r  case run), and ( 2 )  e i t h e r  
electron, proton o r  both energy spectra as  the radiation environment input 

in the namelist format, or  proper input t o  determine the solar  proton 

environment from the subroutine bu i l t  in the program. I n  a l l  cases, the 
equivalent f l  uence ca7 culation fol lows. 

A time uni t  of integral  f lux can be changed as  necessary with a 

proper choice of conversion factor  i n  order t o  obtain a desired exposure 
time. For interpolat ion of both RDC and integral  f l u x ,  the energy entry 

of RDC data can be divided in to  any a rb i t ra ry  number of points, NSTEP, fo r  

accuracy. A n  NSTEP of 2 t o  4 i s  l i k e l y  t o  produce an optimum resu l t .  

Interpolation scheme i s  l i nea r  on a chosen scale ,  i  . e . ,  i f  the RDC data are 
plotted on a log-log scale,  the interpolat ion i s  l i nea r  on this log-log 

scale,  thus the RDC i s  expressed fragment3lly i n  terms of power o f  energy. 

Integration 1 imi t of equation (D-1) can be controlled by a f l ag  INTFLG. 

When INTFLG = 0, the integration proceeds over a l l  energies f o r  which the 

RDC's are  avai lable ,  and the i n p u t  spectra may be extrapolated I f  

necessary. When IHTFLG = 1 ,  the integration extends only over the inpur: 
energy range, thus i s  equ iva len t  t o  a cutoff RDC a t  the lowest energy 
value of the  input and an energy cutoff a t  the highest i n p u t  value. 

Input energy spectra a re  specif ied by variable names ESPEC f o r  

trapped electrons and PSPEC f o r  trapped protons. The number o f  input data 
are indicated by NESPEC and NPSPEC, respectively,  and are  zero fo r  no calcu- 

l a t ion ,  I f  NPSPEC = 1 ,  a so la r  f l a r e  proton spectrum will  be calculated 
from the subroutine named SOLPRO with two required inputs: ( a )  mission 

duration and (b )  probabi 1 i; ti c confidence level . Note t ha t  the  missi on 
duration cannot be greater  than 72 months and the confidence l im i t  cannot 

be less  than 80 percent. The damage r a t i o  between 10 MeV protons 
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and 1 MeV electrons for a given solar cel l  output parameter can 

also be altered with t he  use of  PEDRI and PEDRV. Desired cover glass thick- 

nesses can be only those specified in THICK in data and can be input in T 

in ascending order of thicknesses. Print f l a g ,  PCKE and PCKP,  are also pro- 
vided t o  check the detailed intermediate calculations. 

Input Variables 

HEADER A7 phanumeri c 80 character description which prints as 
the first  line of each o u t p u t  page for  case of run 
identification. 

Namlist Variables -- 
NESPEC Number o f  input points  (maximum of 50) for  omnidi- 

rectional electron energy spectrum. No electron energy 
spectrum may be i n p u t  i f  subroutine SOLPRO i s  used. 
I f  NESPEC = 0 i s  used, no  equivalent fluence cal cu- 
lations for trapped electrons are performed. 

NF3PEC Number of input points (maximum of 50) for omnidi- 
rectional proton energy spectrum. I f  NPSPEC = 1, solar 
f la re  proton flux i s  calculated from subroutine SOLPRO 
and subsequently the corresponding equivalent fluence. 
I f  SOLPRO i s  used, inputs TAU and IQ are required, 
otherwi se they are d i  sregarded. 
No electron spectra may be i n p u t  i f  subroutine SCLPRO i s  
being used to  calculate solar f l a r e  proton fluences. 

ESPEC Integral energy spectrum of space electron environment, 
( I , J )  I ranges from one t o  NESPEC. 

PSPEC Integral energy spectrum o f  space proton environment. I ranges 
(1 ,a from one t o  NPSPEC. 

J = 1 for Energy i n  MeV. J = 2 for integral energy fluence. 

NT Number of cover glass thicknesses i n p u t  (maximum 8). Defauf t 
value = 1 (cover glass thickness = 0 ) .  

T Vector o f  cover glass thicknesses for  whjch equ i va len t  fluence 
i s  calculated. Input must exactly match values in vector 
lV,hickl! 

NSTEP Number o f  p o i n t s  between energy entr ies  o f  relat ive damage 
coeff-lcf ents for Interpol a t ?  on (default value = 2 ) .  

TIMIN 12 character Hollerith string which describes time interval 
represented by i npu t  spectra. For example i f  input spectra 
represent fluences per day 

TIMIK = 12HDAY 
If input spectra represent fluences per second 

1IMIN = 12HSECOND 0nf~mAL FAGE Is 
 IF POOR Q U ~  



Name: i s t  Variables (Cont . ) 
TMULT Number o f  "TIMIN" units f o r  which equivalent fluence i s  t o  be 

computed. For example i f  input spectra represent fluence per 
hour and equivalent fluence i s  to  be computed for 24 haurs 

TMULT = 24, 
(TMULT should be input such ?:at TMULT = TIMOUT/TIMIN) 

TIMOUT 12  character Hollerith str*i ng which describes total  time 
o f  exposure and i s  the product of "TIMINit units and TMULT. 
Fnr example i f  TIMIN = "1 day" and TMULT = 365.2422 

TIMOUT = 12H1 Year 
I f  TIMIN = "1 Month" and mission duration i s  34.2 months 

TIMOUT = 12H34.2 MONTHS 
or TIMOUT = 12H1 MISSION 
Default values are: TIMPUT = 12H1 YEAR,  TMULT = 365.2422 
TIMIN 12HDAY 

PEDRI Damage ra t io  between protons and electrons for IS,. 
(Default value = 3000). 

PEDRV Damage ra t io  between protons and electrons for  Voc 
(Default value = 3000). 

TAU Mission duration in months (used by subroutine SOLPRO). 

I 9 Confidence level that determines solar f l a r e  proton f l u x  
(used by subroutine SOLPRO). 

PCKE , Flags to cause printing o f  differenti  a1 f luence, damage 
PCKP coefficients , equivalent fluence, etc. for  electrons 

(PCKE) and/or protons (PCKP), 8 values f o r  each variable may 
be i n p u t  corresponding t o  cover glass thi  cknesses (default  
value = 0 f o r  no print, s e t  = 1 for pr in t ) .  

IDIAG Flag  t o  print namelist i n p u t  as a diagnostic aid.  (Default 
value = 0 for  nc p r i n t ,  s e t  = 1 for pr in t ) .  

I NTFLG Flag t o  establish limits of integration. Proceeds over a1 1 energies 
f o r  which damage coefficients are available and input spectra 
are extrapolated iF necessary. When INTFLG = 7 integration 
2roceeds only over t h e  f n p u t  energy range, namely, energy inter- 
vals ESPEC (1, l )  t o  ESPEC (NEsPEC,~ ) and PSPEC{I , I  ) t o  
PSPEC(NPSPEC,l) default value = 0. Therefore, the RDCs are 
regarded as 0 .  for the energies less t h a n  ESPEC(1 , I )  and 
PSPEC( 1 , I )  , respectively, and an ener y cutoff for  energies 
higher than ESPEC(NESPEC,~) and PSPEC 7 NPSPEC,l ) , respectively. 



COMPUTER PROGRAM LISTING 

* * 
8 PROGRAM F09 COHPUTf  NG EQUIVALENT FLUENCE FROM SPACE ELECTRON * 

AND PROTON ENERGY SPECTRA AND RELATIVE QKHIGE COEFFICIENTS * 
* F O R  TilE PURPOSE OF ESTIMATING SOLAR CELL DEGRAOATPON- * 

MACHINE I FORTRAN FEATURES NECESSARY 1 

NAMELIST INPUT/  OUTPUT L 

I N P U T  U N I T  t CARD READER I IS FORTRAN UNIT 5 I# 

* 3UTPUY U N I T  ( P R I N T E R )  IS F O R T R A N  U N I T  6 
1 BLOCK DATh S U B P R O G R A H  

p R O G ? A R  WRITTEN F O R  U N I V A C  1108 IFORTRAN 4 C O f l P A T I B L E I  
lrtPHANUHERIC INPUTfOUTPUT i * A m  FORMAT 1 ASSUMES 1 

6-CHARACTER ChPABILITYw HBLlE RTTH S T R I N G S  ARE USED AS * 
1 CHAPACTER COUNT ( SHIBCDE I AND AS QUOTE STRINGS. 1 

I b + + + ~ + + + + l + l t ~ ~ t ~ ~ + ~ ~ + * + * t + * 1 S * 1 * 8 * 8 * 8 * * * + l * + + + t l + * + * * + 1 * + 1 * 1 + * + I  

D I M E N S I Q N  TIHINI2~ r T I H O U T ( 2 I  
DIMENSION HEADER I 1 4  1 rTHICK(0) tCONDf2  I 
DTMENSION E 8 € 6 Z ) r P 3 [ 6 5 1  t P V I 6 5  1 
DfFENSION ESPECIICi2lrPSPECt70t21rTr8~ 
DIMENSION E Q U I V E I B )  rEQVIDT(8) iEQVlDVI8) 
D I H E N S I O N  EMLN t 7 C l  tPHLN170' 
DIPlENSTnN E P T D T V I B l  rEPTOTf  ( 0 1  
O I H E N S I L N  ESPLNf7Gr2 ) r PSPLNf 7D,2) 
DIMENSION T f H I C K t B l  rITHICKI8) 

INTEGER 'A3ErPCKE(B) rPCKo18)  

DATA T H I C K ~ O ~ r 5 ~ 5 9 E - 3 r l ~ 6 8 E - 2 ~ 3 ~ 3 5 E - 2 i 6 ~ 7 l E - 2 ~ l - l 2 ~ ~ l ~ l ~ 6 Y 5 E ~ l ~  
*3 -35E-1/ 

DATA NESJEC/O/r NPSPECf O / r N T / l t  I N S T E P / Z I ~ I D I A G / O / ~ T ~ B * O W ~  
D A T A  P E D R I  mPEDRV/3OCO .r3GCO./tPCKErPCKP/16*O/r INTFLG/O / 
DATA T I  MIN/ I Z H O A Y  / 0 T I f l W T I 1 2 H l  YEAR / * 

TMULT/365.2422/ 

*+** * * * *+**  *****.**.** . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  **  * * * * * * * * * * * * *  
* INPUT V A R I A B L E S  . . . I) 

HEADER ALPHANUHER1 C RECORD t 80 CHARACTERS) TO I D E N T I F Y  CASE.* 
8 

THE FCLLCUING ARE NAHELIST VARIABLES + 
PUNCH NhHELIST I T E M S  S f  ARTXNO I N  COLUMN 2 

* 
NESPEC*  NPSPEC NUMBER OF I N q l T  DATA F O R  E L E C T R O N  AND PROTON * 

ENERGY SPECTRA. I F  NPSPEC=l SOLAR FLARE PROTON FLUX IS * 
CALCULATE3 F R O M  SUB T O U T I N E  SOLPRO AND S U B S E Q U E N T L Y  THE * 
C D R R E S P O N C I N G  EQUIVALENT F t U E N C E v  INSTEAD OF CALCULATING * 
EQUIVALENT FLUENCE D U E  10 A N  PNPUT PROTON SPECTRUM. 
I F  SOLPRO 15 USEDt  I N P U T S  TAU AND fQ ARE REQUIREDv 
C THE? Y I S E  THEY ARE DISREGARDED. PROGRAM I S  CURRENTLY 



COMPUTER PROGRAM LISTING (cont inued) 

D I M E N S I O N E D  F O R  A HAXIHUH OF 50 ELECTRON AND 50 PROTON 
SPECTRAL VALUES* 

NOTE: NO ELECTRON SPECTRA HAY BE I N P U T  I F  
S U B R O U T I N E  SOLPRO IS B E I N G  USED f 0 
CALCULATE SCL AP FLARE PROTON FLUENCES- 

( S E E  NSSOC P U B L I C A T I O N  75-11 (STASSfNOPDULOS) FOR 
D E T A I L S  GF SUBROUTIRE S0LPRO.I 

ESFZC(Iw J l  *?SPEC IT* J? INTEGRAL ENERGY SPECTRUM O F  SPACE 
ELECTRON AND PROTON ENVTRONHENYSa J = l  ENERGY I N  HEV. * 
J=Z INTEGRAL. FLUX I N  P A R T I C L E S  PER SQUARE CENTIHETER 
PER UNIT T I M E .  INPUT S P E C T R A L  DATA I N  ASCENDING ORDER? 
LCWEST ENERGY F I R S T  I HIGHEST LAST, 

NT N U M B E R  OF C O V E R  GLA5S THICKNESSES INPUT IMAXIMUH 81. s 
DEFAULT VALUE z I (COVER G L A S S  THICKNESS = 0.1 I 

T V E C T O R  OF COVER GLASS T H I C K N E S S E S  FOR WHICH EOUIVALEHT 
FLUENCE IS CALCULATED* INPUT MUST EXACTLY MATCH VALUES 
f N  V E C T O R  'THICK*  ABOVE.  ). - . c --. - -. .--I* * - . .  C 

NSTEP NUMBER OF POINTS BETWEEN ENERGY ENTRIES OF R E L A T ~ ~ E  + 
C A M A G E  C O E F F I C I E N T S  FOR INTERPOLATION (DEFAULT VRLUE = 2 1 s  

T I M I N  I t  CHARLCTE? HOg.LERITH S T R I N G  U H I C H  D E S C R I B E S  T IHE s 

I N T E i l V A t  R E P R E S E N T E D  BY INPUT SPECTRA. FOR EXUHPLE I F  
INPUT S7EZ:9A REPRESENT FLuENCES PER DAY I 

TIHIN = I Z H D A Y  
I F  INPUT SPECTRA REPRESENT F L U E N Z E  PER SECOND 

T I H I N  l 2 H S E C O N D  
THULT IJUHBEP OF 'TIMIFt' U N I T S  F9R U H I C H  E l U I V A L E H T  FLUENCE 

I S  TO BE COMPUTED. FOR EXAHPLE I F  INPUT SPECTRA 
I EP4ESEYT FLUENCE PER H O U R  AND EQUIVALENT FLUENCE I S  
TO BE COMPUTED FOR 24 HOURS II 

TMULT = 24- 
t fHULT SHOULD 6E INPUT S U C H  THAT THULT = T W O U f / T X H l N I  

TXYCUT 12 CHARACTER HOLlERLlH  5 T R I N G  WHICH DESCRIBES TOTAL 
TIME O F  EXPOSURE AND 1 5  THE PRGDUCT OF ' T I H I N *  UNITS 
AND THULT.  F O R  EXAMPLE IF T I M T N  = '1 DAY' AND t 

TBULT = 365.2422 
YIHOUT = 12H1 YEAR 

----------*----------------------------------- 

I N Z L U D E  ALL 1 2  CHARACTERS I N  THE NAHELIST 'INPUT I 

I N C L U D I N G  T R A I L I N G  BLANKS r 
-l-__l-d----______-------d---------------------- 8 

IF TIHXN = '1 M O N T H '  AND HISSION DURATION I S  34.2 I 

MONTHS a 
TIMOUT = 12H34 -2 WONTHS 8 

OR TIHOUT = 12H1 M I S S I O N  ------------------------------------------------ * 
INZLUOE ALL 12  CHARACTER^ I N  THE NAHELIST I N P U T  a 

INCLUDIFIG TRAIL ING BLANKS- • 
----_--dll-l-----__----------------------------- 1 

* *NCTE**  DEFAULT VALUES A R E :  t 

1 I M I N  = 1 2 H D A Y  
T ~ U L T  = 365.2922 t 

TI~OUT = 1 2 ~ 1  YEAR 
P E D R I  DAHAGE RATIO BETWEEN PROTONS AND ELECTRONS F O R  I S C -  

(DEFAULT VALUE = 3 0 0 0 - 1  
PEDRV DAMAGE R A T I O  BETWEEN PROTONS AND ELECTRONS F O R  WC s 

tDEFAULT VALUE = 3000.1 
TAU HISSION DURATION I N  MONTHS (USED BY SUBROUTINE SQtPROl. 



COMPUTER PROGRAM LISTING (cont inued) 

C r IO CONFIDENCE LEVEL THAT DETERHINES SOLAR FLARE PROTON 
C t FL UX ( USED B Y  SUBROl!TINE SOLPRO I . 
C PCKEI P C K P  FLAGS T O  CAUSE P R I N T I N G  OF DIFFERENTIAL FLUENCEw * 
C DAHAGE COEFFICIENTS* EQUXYALENT FLUENCEv ETC- FOR I 

c ELECTRONS ~ P C K E ~  ANDIOR PROTORS IPCKPP.  B VALUES F O R  
C 8 EACH V A R I A B L E  HAY DE INPUT CORRESPOHDING TO COVER GLASS 
C I THICKNESSES [DEFAULT VALUE=D F O R  NO PRINT. I 

C SET= I  FOR PRINT.) 1 

C IDIAG F L A Q  T O  P R I N T  YAHELXST TNPUT A S  A DIAGNOSTIC AID- 8 

C * l D E F A U L T  VALUE = O FOR NO PRINT.  SET = 1 FOR PRINT.]  I 

C s INTFLG FLAG T O  ESTABLISH LIMITS OF INTEGRATION 
C YHEN INTFt6 = 0 INTEGRATXON PROCEEDS O V E R  ALL ENERGIES 
C FO7 W H I C H  DAMAGE COEFFICIENTS ARE AVAILABLE AND INPUT 
C I SPECTRA ARE EXTRAPOLATED I F  NECESSARY. I 

C I W H E N  INTFLG = 1 I H ~ E G R A T I O N  PROCEEDS ONLY O V E R  THE I N P U T  
C I ENERGY RANGE* NAMELY I ENERGY ZNTERVALS ESPEC (1 el  1 TO 8 

C 1 ESJ EC (NESPECel) AND PSPEC(1 t l  l TO PSPEC(HPSPECe11 
C I GEFAULT VALUE = 0 
C I I 

C 1 

c . + t . * I I I I L + * L + * I * 8 C * * *  * 8 * 1 8 1 * * * * * * I  S * * * * 8 * I * * * * I * * * * * * * * * * * * * * S * * *  

C 
C 

N T  = 1 
PhGE=Q 

C 
C READ HEADE2 CA?D ( I D E N T T F f E R  INFORHATlON 1 
C 

1 0 0  READf5t20~END=99991 HEADER 
C 
C I N I t I A t I Z E  TOTAL FLUENCE VECTORS 
C 

ORIGINAL PAGE IS 
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11 EPTOYILf$=O.  
C 
C READ INPUT DATA ( N A H E F I S T  ' H I K E *  1 
C 

READ( S r  M I K E )  
I F t I D i  AG -EQ.  0 t FC TO 1 2  
PAGE=?.AGE+I 
URITEI6r25 1 HEAFERtPAGE 
YRITE(6 rMfKE1 

12 CONTINUE 
XF(NESPEC . E l .  Ul G O  TO 1 0 5  

C 
C BYPAS5 I F  N O  ELECTRON S P f  CTRUH 
C 

P A G E = P A G E + l  
Y R I T E ( 6 r 2 5  1 HEADERtPAGE 
UAITEI6r321TIHINtf ( E S P E C ~ I I J I ~ J = ~ ~ ~ ~ ~ X = I , N E S P E C I  

C 
C TAKE M G S  OF ELECTRON FLUENCES 
C 

00 101 J=lr NESPEC 
101 ESFLNIJPP!  = A t O G f E S P E C t J o 2 ) )  
105 I F t N P S P E C  oE3. 01 G O  TO 107 

ORIGIN& PAGE 
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COMPUTER PROGRAM LISTING (csnt i  nued) 

I F I H P S P E C  * G T m  1 1  GO TO 104 
C 
C CALCULATE SOLAR FLARE PROTON SPECTRUM BASED ON TAU AND IQ USING 
C S U S R O U T I Y E  SOLPRO 
C 

CALL SOL'RO(TAUVIQUPSPEC(~I~~ I P ~ P E C C ~ ~ ~ ~ * I O R I I E R R ~  
I F t l E R U  .GT. 0 J 60 TO 1 0 G  
PGGE=PAGE+l 
IFlf3R m G T  01 G D  TO 4 0 5  
C O N D ( I J = '  O Q D I e  
CON0 ( 2  ) = ' N A R Y *  
GO TO 407 

4D5 C O R D ( 1  I = *  ANOUA' 
COND(21='LOUSv 

407 WRITEIGr27 k CONDIPAGE t T A U t  IP 
Y R I T 5 6 1 9 7 1  [PSPECIIrf)rPSPEC[I~21rI=lrlO1 
T M U L T = l *  
NPSPEC=lE 
G O  TO 10111 

1 0 4  CONTINUE 
PAGE=PhGE*l  
WRITE16 r 2 5 )  HEADE4r PAGE 
Y R I T E ( 6 * 3 3  1 T I H I H s  I IPSPECtItJI*d=1*2) I I = ~ ~ N P S P E C )  

1041 COHTINUE 
C 
C TAKE LOGS 9F PFOTON ENERGIES AND FLUENCES 
C 

DO 106 J = l r N P S P E C  
PSPLNt J111 = A L O G  ( P S P E C ( J I ~ ~  ? 

DO 120 J = l r 8  
I F i T f L I  .EQ* T H I C K I J J )  G O  TO I80 

120 CONTINUE 
U R I T E i 6 r 3 4  1 T t L I  
GO T3 91100 

l a c  C O N T I N U E  
C 
C TAKE LOGS OF R E L A T I V E  D A M A G E  C O E F F I C I E N T S  AND RELATED ENERGIES 
C 

I F I N E S P E C  *EC- E )  GO TO 190 
00 187 K=1*17 
IFCL .GT .  1 1  G O  T O  181 
E M L N I K ~ ~ h L O G ~ E H E V ( K 1 )  

181 I F ~ E D E f t K ~ J 1 1 1 8 3 r l 8 3 ~ 1 8 5  
183  EDtKj=-50. 

GO TO 187 
l a 5  E D ( K I = A L c G I E D E ~  ~ K I J Y I  
187 CONTINUE 
190 IFCNPSPEC aE3. O )  G O  T O  200 

0 0  150  K = l t 6 5  
T F I L  -GT .  f l GO T O  125 
PNLNIK IZALOG [ P H E V ( K I  

1 2 5  IFIPfSCIKvJ~Y 1 3 U t 1 3 D t 1 3 5  
1 3 0  P I ( K  I= -5C.  

GO TO 1 4 0  
135 P I t K I = A L O G i P I S C I K * J l l  



COMPUTER PROGRAM LISTING (continued) 

1 4 0  I F ( P V O C ( K I J I I  1 4 S t l 9 5 r 1 4 7  
1 4 5  P V  I K  l=-50 

GO TO 150 
147 PVtKl=ALOG tPVOC(KtJ1 1 
150 CONTINUE 

L 

C COMPUTE E O U I V b L E N T  FLUENCE FOR ELECTRON SPECTRUH 
C ( B Y P A S S  I F  NO ELECTRON SPECTRUM) 
C 

200 L I N E Z I  
I F I N E S P E C  .E3m Ol G O  f 0 400 

E U L I M  = CSPECINESPECt I  1  
C 
C ITERATE OVER ALL ENERGY I N C R E M E N T S  
C 

DO 300 K = l  r 4 6  
D I F F = E H L N I K + I ) - E H L N O  
D E t T h = D I F F  IN STEP 
OELZ=DELTAI2. 
D O  300 I=l tN Sf  EP 
S P E C I = E H L N [  K)+DELTA* ( 1 - 1  I 
DSPECZSPEC 1+GE L2 
EK=EXP t SPEC 1 I 
EKI=EXPISPECI+DELTAI 

C 
C PERFORM L I N E A R  XNTERFOLATSON OF PHT VSm E ( S E H I - L O Q i  
C 

CALL I N T P ~ E K ~ P H X ~ ~ E S P E C ~ ~ I ~ ~ I E S P ~ N I ~ ~ ~ ~ I N E S P E C ~  
CALL T N T ? ( E K l r P H I 2 r E S P E C I I r l l ~ E S P L N ( l w 2 I t N E S P E C )  
P H I 1  = E X P i P H f l l  
PHI2 = E X P ( P H I 2 1  

C 
C D A M A G E  C O E F F I C I E N T  VS- E ( L C G - L o G I  
C PERFCRM LINEAR INTERPOLATION OF 
C 

CALL INYPtDSPTCrDlrEHLN(l~*EDt1lt47F 
D-EXP [Dl) 
I F l D  .Lfm 1.E-41 C=O.G 

C 
C USE RESTRXCTEC I N T E G R A T I O N  L I M I T S  I F  INTFLE .GT. 0 
C 

IF t I H T F L C  .EG. 0 1 GO TO 2 0 1  
IFtEK .LT. ELLIH .OR. E K 1  * G T :  CULIHI G O  TO 202 
G O  TO 201 

2a2 PHII = 0.0 
PHI2 = 0-G 

201 D P H I  = P H I 1  - P H I 2  
PROD = DPHI * D 

C 
C SUH PRODUCTS O V E R  ALL ENERGY INCREMENTS 
c 

E Q U I V E t L I  = E Q U I V E I L )  + PROD 
I F [ P C K E ( L I  mEO. 0) G O  T O  3011 

C 
C PRINT I N T E i  MEOX ATE CALCULATIONS OF D IFFERENTIAL  FLUX# R E L A T I Y E  

ORIGINAL PAGE IS 
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COMPUTER PROGRAM LISTING (con t i   xi) 

C OAHAGE COEFF IC IENT*  AND EQUIVALENT FLUENCF 
C 

ITilINE mNEm 1 1  G O  7 0  50  
PAGE=PAGE+I 
U R I T E  1 6 ~ 2 5  1 HEADERrPAGE 
Y R I T E f 6 r Z E )  T t t l  
U R f T E f 6 r 3 G  

5 0  D S P E C I = E X P (  D S P E C I  
Y R I T E C 6 r l C  I E K I E K I ~ P H I ~ ~ P H I ~ ~ O P H I  I D ~ O F ~ E C ~ ~ P R O D ~ E Q U I V E ~ L ~  
LINE=lINE+l 
I F l L f N E  . G f m  5 0 )  L I N E = l  

300 CONTINUE 
C 
C  COMPUTE EOUTVALEHT FLUENCE F O R  PROT R O N  SPECTRUM 
C [BYPASS I F  NO PROTON SPECTRUHl 
C 

400 I F I N P S P E C  mEQa 0 1  CO TO 90CE 
L I N E = l  
E Q V I O I ( L 1  = t a t  
EQVlUVtLI = P - O  
PLLTH = ALOG ( P S P E C t l t l l  1 
PULIH = ALOG( PSPEC (NPSPEC.1 ) )  
DO 5 0 0  K = l  r 6 4  
DIFF=PMLNIK+11-PMLN~Ul 
DELTA=OXFF M S T E F  
DEL 2ZDELTAt 2.  
DO 5 0 0  I=l tN STEP 
SPECl=P?tLNI K l  + D E L T A *  (1-1) 
SP€CZ=SPECI+DELTA 
D T P E C = S P E C l  +DELZ 

C 
C P E P F O R H  L I Y E A Q  I N r E R P O t A T I O N  OF PHI VS. E ( L O G - L O G 1  

CALL I N T P ( S P E C I ~ P H I ~ ~ P S P L N ~ ~ ~ ~ ~ ~ P S P L N ( ~ V ~ I ~ N P S P E C !  
CALL I N T P ~ S P E C Z ~ ? H I ~ ~ P S P L N ~ ~ ~ ~ ~ ~ P S P L N ( ~ ~ ~ I W N P S P E C )  
P H I 1  = EXP tP : l I l l  
PHIZ = E X P t P H f Z I  

C 
C 
C PERFORM LINEAR YNT ERPOLATTON OF D AHAGE COEFF IC IENT  VS- E t LOG-LOG1 

CALL INTatDSF'EC r O C I r P H L N i l l r P I ( f  I r 6 5 1  
CALL I N T P ~ D S P E C ~ O C V ~ P H L N ~ ~ ~ ~ F V ~ ~ I I ~ ~ I  
DISC=EXP t Dt T I  
DVOC=EXPtDCV I 
XFfDISC -LT*  1.E-41 DISC'0-0 
I F f D V O C  .LT* I m E - 4 J  DVOC=O.D 
IF(1NTFtQ a E 3 m  0 1  G O  TO 4 0 1  

C 
C USE RESTRICTED I N T E G R A T I O N  L f  H I T S  I F  I N T F L G  . GT- 
C 

I F I S P E C l  .LTm PLLIM -OR- SPEC2 . G T m  P U L I H I  G O  TO 9U2 
G O  TO 4CI 

102 P H I 1  = 0.0 
PHIL = 0.0 

901 D P H I  P H I 1  - P H I Z  
PR001=DPHT*DXSC 
E Q V l O I t L ~  = E 3 V I O I t L )  + P R O D 1  
E Q V f C V t L  1 = E Q V I O V I L I  + DPHI*DVOC 



COMPUTER PROGRAM LISTING (continued) 

IF (PCKP(L9  aE3.  0) GO TO 500 
TFtLINE .HE. 11 G O  TO 50  
PAGE=PAGE*l 
Y R I T E f 6 r 2 5  1 HLADER DPAGE 
WRITE16r911 T f L )  
Y R f T E ( S t 4 C  I 

6 0  EKZEXP I S P E C I I  
EKl=EXPfSPECl+DEtTA? 
DFXDCV = D ~ H I r D V O C  
D S P E C I = E X P  IDSPEC 5 
Y R I T E f 6 t 1 0 )  EKvEKlr  PHI1  I D P H I ~ D I S C ~ D V O C I D S P E C I ~  PRODlr DFXDCVt 

* E Q V I D f  l L ?  t E O V I O V  ILf 
Lf N E = L I N E + l  
I F t L f N E  .GE. 501  t X N E = I  

5U0 CONTINUE 
9000 CCNY INUE 

C 
C P A I N T  C A L C U L A T I O N  SUUHARY 
c 

PAGE=PAGE+l  
U R f  TE(Sr251  HEADERePAGE 
YRITE16t21 t T f J l r J = l r N T !  
DO 520  J = l r N T  
TTHICK ( J J = T I  J l * 1 7 8 . 8 9 D 8 7 6 6 + - 5  
ITHICK( J ) = T T H I C K I  J I  

520 CONTINUE 
U R I T E 1 6 r 2 2 l  ( X f H I C K f  Jj t J = i  INT I 
DO 1000 K=1rNT 
EOUIVEfKl = EOUIVEt Kt THULY 

C 
C CGNVERT I D  MEV PROTONS TO EQUIVALENT 1 MEV ELECTRONS USING PEDRV 
C AND P E D R I  
C 

EOVlOItKI = EBVIDIIKI THULT + PEDRI  
EOVlOVtKI = E ? V l O V ( K )  THULT * PEDRv 

l DOC CONTINUE 
I F ~ N E S P E C  .E3e 01 G O  T O  2 0 0 0  
URLTEIGt31 I E Q U I V E I J l r J = l r N T I  

ORIGINAL PAGB IS 
OF POOR QUO 

E P T O T I ( f l = E P T O T I I I I  +EQuX:VEI11 t E Q V 1 f J I t X 1  
Z O D 1  CONTINUE 
2000 IFtNPSPEC *EO 01 G O  T O  3000 

URSTE(6t9) f E O V l O V t J ? t J = f  tNT1 
WRTTE(Gt5) I E Q V I O I f  JI *J=ZIHT l 
IF tNESPEC L O *  0 1  GO TO 30CC 
U R I f E ( 6 r 2 B I  
Y R I T E 1 6 r 2 9  I ( E P T O T Y f  J l r  J = l  t N T I  
Y R I T E I G r 3 1 )  ( E P T O T I I J )  r J = l r N T  1 

3 0 0 6  CONTINUE 
U R I T E t 6 t 9 3 )  TIMOUTrfMULT 
00 TO 1 0 0  

C 
C 

2 FORMAT(lH0m 'SHIELD THICKNESS IGH/CHZl',4XB (1PEICI-311  
3 FORHAT ( I H U  r 'ELECTRON FLUENCEW/lH r'2X 'EQUIV 1 H E V  ELECTRONS/CHZ' s 

+ 2X8tlPE13.3)) 



COMPUTER PROGRAM LISTING (cont inued) 

4 FORHAT Cl HO r  *PROf ON FLUENCE'/ lH r 2 X  ' E Q U I V  1 HEV ELECTRONS/CH2 '/ 
* 1H r l1X' 'HAX VOC' ? l U X B I l P E 1 U * 3 )  1 

5 FORMATtZH D I ~ X ' I S C * ~ ~ O X ~ ( ~ P ~ ~ ~ ~ ~ I  1 
1 U  FORMATI l IE12.4 I  
2C FOPMAT 1 1 3 A 6 e A 2  I 
22 F O R M A T l l H  r I l X w ' (  MILS I .tBI10) 
25 F O R M A T  f l H 1  t 1 4 A € 1 1 6 X 4 H P A G E 1 1 4 / 1  
26 FCRMATIXH rW(ELECTRON SPECTRUWll t l O X * C W E R  SLIDE THICKNESS = * r  

F 1 0 - 5 s '  G K / C H 2 ' / 1  
27 FORHATt lH l .  31HSOLAA FLARE PPOTON SPECTRUM FORtA6rASr6HEVENT. 

* 1 5 I X w 4 H r A G E r l X t I 3  
//SXv17JiMf SSTON DURATION=r F f  -1 r B H  MONTHS. 

/ S X P ~ ~ H C O N F X C E N C E  LEVEL:? f 3 t  9H PERCENT- 
* I /13X*GHENE?GY I ~ U X ~ I ~ H T N T E G R A L  FLUX 

I I Q X v S H ( t I E V ~  Y ~ X ~ Z C H P R O T O N S / C H ~ - H T S Z I O N .  f 1 
2 8  FORMAT IlHOe 'TOTAL FLUENCE (ELECTRONS + PROTONS1 * /  

1 H  tZX*EOUXV 1 HEV tLECTRONS/CMZ 
2 9  F O R H A T l l H  t l l X '  PHAX V D C ' t l O X B  I l P E l C - 3  1 )  
3G F C R H A T  t 5 X e 3 H E K  ,gXrJHEKl  r  9 X v 3 H F X l  r  9XvSHFXZt  9Xr3HDFXISX 

e3HDCI19Xr f l iE  INTERDr5Xr7H!YFX*DCI t  SX t6HEOFLUX f 1 
3 1  FOnMAT( IH ~ 1 6 X * I S C ' r l G X 8 ~ 1 P E 1 ~ . 3 1  1 
32  FORHAT( lH0 t  26XwmELECTRON'/ 

*lH ~ ~ O X I ~ E N E R G Y ~ ~ ~ C X ~ ' F L U E N C E * ~  
*lH r l O K r  '( PEV) ' r l l X r  tELECTHON~/CH2- '12A6* '  I - / /  
r (  lH t O P F 1 6 . 3 r l P E l B - 4  1 I 

33  FORMATI I H Q p  26x0 'PROTON*/ 
*l H r l O X r  'ENERGYv t l G X  t 'FLUENCE'/ 
* 1 H  r l O X t  'C MEVl '-11 X t *  lPROTONS?CM2-QwZA6~1 I*// 
*(lH rGPF16.3vlPEIS.Y 1 )  

34 FOPHAT (1HUt ' C C V E R  SLIDE THICKNESS O F '  r E 1 0 - 4  r ' NOT I N  STORED DATA* 
3 7  F O R M A T I D F F ~ I ? . ~ U ~ P E ~ O  -41 
Y f l  F O R ~ A T I ~ X ~ Z H E ~ ~ ~ O X ~ ~ H E K ~ ~ ~ X I ~ H F X ~ ~ ~ X ~ ~ H D F ~ ~ ~ X ~ ~ H D C I ~ ~ ~ ~ ~ H D C V ~  

* S X I ~ H E I N T E R P  tSXr fHDFX*DCX? ~ X ~ ~ H D F X * D C V I S X P Q H E Q F I P D X ~ ~ H E Q F V  1 I 
4 1  FCRMATIIH r ' l P ? O T O N  S P E C T ~ U M ) ' ~ ~ O X * C O V E R  S L I D E  THICKNESS = * ?  

* F 1 0 . 5 ~ '  GH/CH?*/? 
4 3  FORMAT ( I H D r ' T I H E  CF EXPOSURE: * r 2 A 6 / 3 X o  (TUULT = * r l P E 1 2 . 5 * ) '  1  
4 9  F O P M A T I I H I  1 

9399 CONTINUE 
WPI fE (6 rSY  I 
STOP 
E NC 



COMPUTER PROGRAM LISTING (continued) 

SUBROUTXNE S O L P R O ( T A U I I Q ~ F * E F ~ ~ N A ~ E ~ I E R R )  
C 
C I I I * ~ ~ I + I S + ~ I C I * ~ * L ~ ~ * ~ ~ I * * ~ I Z ~ S S S * * * * ~ * * ~ * ~ * + * ~ * ~ ~ * ~ ~ * ~ ~ ~ * ~ * * ~ ~ * *  

C SUBROUTINE T O  COMPUTE INTERPLANETARY S^JLAR PROTON FLUX AT 
C 1 AU ( F R O M  E>10 TO E > I G O  HEV l 1 

C a 

C PROGRAM D E S I G N E D  ANC TESTED BY E.Go STASSINOPOULOS* C O D E  br-1 r 
C NASA G O D D A R D  SPACE FLXDHT CENTERr G R E E N b E t T w  MARYLAND 2 0 7 7 1  * 
C 
C b INPUT V R R I A S L E S  r 

C TAU M I S S I O N  DURATION I N  HONTHS 
C IQ CONFIDENCE LEVEL THAT CALCULATED F L U E N G E  F (N 
C UXLL NOT BE EXCEEDED 
C * b 

C r OUTPUT: F I N 1  SPECTRUU OF INTEGRAL SOLAR PROTt:4 FLUENCE FOR 1 

C ENERGIES E)1O*N ( l = < N = l O !  
C t ~ * + * * * * * * * * f * * ~ m + + * ~ ~ m * ~ * * * * r * ~ + * * * ~ ) * t * a * * * * * * * * * * * * * * * * * * * * * * * * *  
C 
C 

DIMENSION F l l l  r E F ( L 1  v G f l O ) * I N D E X ( 2 O I  vORFLXCISr91 
REAL KALE *SlLECF I7 r2GJ 

C 
D A T A  CNALEZF<~lrI=lrl9G1/-.1571r - 2  I O ? r - - i 2 6 9 E - 1 0  m4428E-3 # - - 8 1 8 5 € - 5  

+ r.1754E-7r- -2939E-91- ml87Or*195l r -m6559E-Ze *199UE-3~-*3G18E-5* 
*-374DE-7 ~ - . 1 5 9 9 E - 9 r - - 2 C O 7 1 ~ 1 4 9 7 r - e 3 1 7 9 E - 2 r  -573i lE-4 e-.4664E-6 r 
* - 1 7 6 4 E - 8 ~ 0 *  v -  -18BZr * t 2 2 0 v -  -1936E-2. *2660E-9t -*10 i iZE-6~2  + o m  * 
*-.2214r .1199r-b1871E-2~~2695E-4s-~ll16E-6r2*0.r-~2470r .la62 r  
* - r1658E-Z*u  2 3 6 7 E - ~ + r - . 9 4 6 5 E - 7 r 2 + 9 - r - * 2 5 0 9 r  *8710E-1r-r830OE-3* 
* m 8 9 3 8 E - 5 r 3 * 0 . v - ~ 2 9 2 3 ~  e8932E- l r -01023E-2r  -1I129E-4 ~ 3 * O * r - . 3 2 2 2  r 
*08648E-  t t - * 9 9 9 2 E - 3 1  -9935E-5r3*Oor - r3518*  -0417E- l r - -1aODE-2*  
*.9956E-5~3*D.t-.36901e7951 E-lt-~8983E-3~ m89iIOE-5*3*U.v-*2771 P 

**5473E-11-.1593E-4t4*0.* - * 2 8 1 8 r - 5 U 7 2 E - 1 ~  -251lE-g11(*13 -e-.28351 
* . 4 7 1 7 f - l r  m 5 6 6 4 E - 9 r 4 * O ~ r - * 2 9 4 7 ~ - 4 4 D 5 E - l ~  *85n7E-4?h*O. w-eZ923r 
a - 4 l l i E - l r  * l l D S E - J e 9 * 0 -  I--2985 ~ - 3 8 5 3 E - I v  - 1  312E-3~4*0-*--3002* 
* ~ 3 S 8 5 E ~ l r . l 5 2 S E - 3 ~ 4 * C ~ r - ~ 3 O ~ 5 ~ ~ 3 3 3 Z E - ~ t ~ l 7 8 l E - 3 r ~ * D ~ u ~ m 3 1 4 ~ ~  
* * 3 2 9 8 E - l r  *1654E-3eq*O* f  

D A f  A 10RFi:iCIf ) r X = l c 4 5 1 / 0 1 5 4 0 4 7 E 3  r-rn522258E4r m754275E51-.432747E6 I 

*r955315E6~1191004E3t-~44378BE4~=~38198E5~-~136o46E6~m32552E~* 
**5291ZCE3e 
m-- l22227ESr ml12869E6r-  . 46SG84ESr  *710572EGr -121141E4 * - - 2 6 6 4 1 2 € 5 *  

m22677BE6r-085728EEr -120449E7v ~ Y 5 2 0 6 2 E 4 ~ - ~ 1 0 3 2 4 8 E 6 ~ . 8 9 6 0 8 5 E 6  D 

*-*34t6028E7* -493P52E7q *272028€9* - *499093=5r  m35305E6~-*111929E7 
-133386E7t  rn275597EQr - . 4 6 9 7 l B E 5 ~  - 3 l 4 7 2 2 E 6 r  -*960383E6n -1ll65E7 P 

6-57399SEYv- *199689E5r  ~3BlD1VE6t--61071UE6vU*r - l U l E Z q 4 * G  - /  
D A T A  IINDEXfIl r X = l r 2 0 I / 2 * 7 r E . r 3 * 5 m 5 * 4 r 9 * 3 /  

C 
1 F O R M A T ( '  T AU=* rF9*OrW T Q = ' ~ I ~ ~ ~ X P * P A R A H E T E R ~ S )  EXCEED PROGRAM LIHI 

37s '  ) 

2 FORWAT (2Xv'FOE THE C O M B T N A T I O N  OF TAU AND IQ GTUENm NO SICNIFXCANT 
SOLAR PROTON FLUXES ARE TO B E  EXPECTED* T A U = * r F 6 * 2 r e  I I = ' r I 2 )  

C 
C 

TERR=D 
IFlTAU *GTm 72. .DR.  1 0  *LTm 901  G O  TO 5 0 0  
I P = I O C - 1 8  
fl=INDEX I I P I  
NALEZG l 

ORIGINAL PAGE 
OF POOR QUALW D-13 



COMPUTER PROGRAM LISTII!G (cont inued)  

DO 300 J = l r r t  
JOD NALE=NkLE+kALECFt J r I P l * T A U * * ( J - 1 1  

INALE=HALE+lnO001 
I F I I N A L E  . G T .  01 60 T O  400 

C 
C * a +  C A L C U L A T I C N S  FOR OR-EVENT C O N D I T I O N S  
C 

I T = T A u  
I F ( f T  .E39 1 gAN3- IF - G T .  16) G O  T O  700 
PZFLOAT f l P  ) / l C O e  
OF=0. 
00 1 U C  J = l  r5 

1 D O  OF=OFWRFLXC[JPXT)* P * * ( J - 1  1 + % * E 7  
E=10* 
DO 200 H = l r l O  
G f N f = E X P ( * O l S R * I  JGr-El)  
FINl=OF.GtN) 
E F f N I z E  

zno E = E + I O .  
RETURN 

C 
C * * a  CALCLJLATICNS FOR AL-EVENT CONDIT IONS 

DO 6 D D  N = l r l O  
F t N I - 7  -9E9*EXP [ 1 3 G - - E 1 / 2 6 * 5 ) * I N A L E  
E F ( N I = E  

6 E = E + l C -  
RETURN 

C 
C ERROR C0NDITION.S - P R I N T  HESf AGE AND RETURN 
C 

7 3 0  Y R I T E i 6 t 3 )  TAU* I3 
G O  TO B O G  

500 W R I T E  ( 6 ~ 1 1  T A U t Z l  
BOG I E R R - 1  

RETURN 
E NO 

SUBROUTINE I N T P ( X T V Y T I X I Y I N ~  
C 
C 1 1 * + 1 1 + 1 + 6 * 1 + Q + r + 1 + * I * 1 + 1 * * * + 1 1 1 * * 1 1 * * * 1 w * * * * + * * + * * * * * + * * * * * k * * + * k  

C LINEAR INfE9POLATION SUBROUTINE 
c 8 1 1 0 1 8 1 * * * * + * 6 * * + 5 * * * 1 1 * 1 a I S r ) 8 a I * S * * I 8 1 8 * * * * * * * * * * k * * * * 8 * * * * * * * * * *  

c. 
00 10 I = l r N  
11-1 
I F f X T  m t E .  X t I P f  GO TO 12 

10 C O N T I N U E  
32  XFfII m E P e  1 1  fT=2 

Iw=lI-1 
YT=Yl1Ml+~XT-XIIH~l*tY(III-Y~XHt l/(XIIIl-X~IHl I 
RETURN 
END 



COblPUTER PROGRAM iISTING (continued) 

B L O C K  DATA 
C O U H O N / D A M A G E / E H E V ~ ~ ~ ~ I E D E T ~ ~ O I B )  ~ P M E V I ~ O ~ V P I S C ~ ~ U ~ ~ ) ~ P V O C ~ ~ O  r81 

EYEV - ELECTRON E Y E P G f E S  FOR UAtlLCiE C O E F F I C I E N T  TABLE EDET 

DATA (EMEVtIIrI=lr471 
/ ~ ~ S U f E - O I r 1 ~ 6 U C f - C ~ l r 1 ~ 7 0 G E - 0 1  ~1.800E-Olr1. -9OOE-Clr2 -00OE-01 
~Z~ZOCE-C1r2-~DOE-01r2~600E-D1r2~900E-01r3-~00E-01*3*2DOE-Ol 
m3+6OCE-DIrU~OOC€-D1r4~5COE-O1r5.DOOE-O1r6aCOtE-C1r7~ODOE-G1 
r8.0OOE-01 ~ ~ ~ ~ o U E - ~ ~ ~ ~ - Q Q U E + O O ~ ~  -2OOE+00rl-900E+00 el -6OOE+OO 
r l  .BGCE+U0r?.PDOE+[30rZr25CE+110 T Z  .50GE+UDt2.75cE+OO~3 -00OE+CO 

r t3,250E+0~r3~50DE+00t3~750E+00r4 -0OOE+OOr4 .~UUE+OO *5=0UoE+00 
* ~5.5OCE+C0r6.O00E+OC t ? ~ O O C E + t t O  r ~ ~ o D G E + D O ~ ~ ~ O ~ C E + O U ~ ~  -OCOE+Gl 

rl9~~OE+OlrZ-OOOE+01 r2.50DE+O113=OOOE+01r4 -OODE+O1/ 

0.0 3H/CH2 C O V E R  S L A S S  OAHAOE COEf F T C I E N T S  

0.00559 GP/CHZ CWER GLASS DA Y A G E  COEFFfCTEMTS 

DATA tEDETtf) ,I= 7 1  tfl71 
/ I - 6 8 7 6 - 0 5 r I m 9 5 1 E - 0 5 r l r 6 2 C E - 0 4  r 3 - 1 6 8 E - 0 4 r 5 r 9 3 6 E Q Q r l . D 4 5 E - 0 3  
r2~S33E-C3r9.929E-I33r7~981E-O3r1-17UE-I)Zr1-668E-Ot rZ.Z49E--oz 
*3.583E-tZr5*255E-D2r 7.562E-02 11 ~023E-Ol,rI-703E-dlr2 -40UE-01 
~3116SE-01~3.898E-01~4.S57E-tl1~6-3D3E-01~~-l6nE-ale~~ol2E+~~ 
91 . 2 1 C E + O O r  1~4186+GOr 1.676E+OG ,lr943E+OOrZ .197E+OOrZ 9454E+OO 

8 r 2m69BE+00t2+943E+0~r3-191E+013e3~~4r)2E+00t3~~9~E+~~ 94 * ~ u Q E + U ~  
* r4 - 7 9 3 1  +OGr5~293E+COr6mD93E+00t6r81~8E+ODr7.555CrODr8.299E*Od 

r 1.056EtOlrL .227E+Olrl~357E+Olrl *~~67E+Dlrl*648~+01 f 

0.0168 G M / t M Z  COVER S t A S S  D A M A G E  COEFF IC IENTS  

DATA tE!YET~I)tI=14lrl87~ 
/D. PO. : C. r 2 . 2 2 7 E - C 5 r 5 . 2 2 8 E 4 5 ~ 1 . 1 . 9 3 E - 0 4  
r 9 ~ 3 7 5 E - 0 4 t l ~ 2 6 3 E - 0 3 ~ 2 + B 1 4 E - O 3 r 5 ~ 0 5 2 E - 0 3 1 7  0941E-03 11 -156E-2 

* m2.142E-02r3.423E-02r5.399E-UZ m7m595E-02-2-343E-01 r 2  -0114L-01 
r2~718E-Olr3-43SE-01~4~169E-Olr5-733E-0Ir7-5l5E-O~ *9-1105E-01 
il~13E~+0Crlm339E+00r1,592E+OOrI .B59E+OOr2~108E+OOr2 -362E+OD 
r 2-6a6EtCC.2 ~ B S O E + O U I ~ ~ O ~ ~ E + O O ~  3 -349E+00~3~798E+0fl~4*2~7E+0~ 
r4.695E+GGe 5.193E+l?Gt5.932E+OO r6-753E+OOr? -462E+OOr8-156E+JO 
r1~0~9E+Olrl~22lE+01r~ .352E+Of r1 -462E+Olel~643&+01 f 

0eG335 GH/:MZ COVER GLASS DAMAGE COEFFICIENTS 

DATA tEDEf ( 1 1  ,I=Zllr2571 
* /OI r0- rG- r C e  r I3. r u e  

*1-551E-U5ra -667E-05*30609E-OIml .073E-03r204DOE-O3 ~4-220E-03 



COMPUTER PROGRAM LISTING (cont inued)  

0.0571 G H t C H 2  COVER G L A S S  DAHhGE COEFFICIENTS 

0.112 G U / C # 2  COVER GLASS D A M A G E  C O E F F I C I E N T S  

DATA ( E D E f t I ) r I = 3 5 1 r 3 9 7 )  
/Do t o r  r  0- * @ -  t 13. r o e  
to. * E m  P C -  * O m  r D -  90. 

1 P O -  r90O75E-GSr 1 -295E-03r4 -824E-03rZ  .158E-O2t4.9EZE-OZ 
* r9.074E- 02r1.385E-01 tl*939E-Olr3.O91E-01r4.419E-O1 r5.916E-01 

*7~521E-Olr9~245E-O1r1~145E+OGrl m374E+OUr1.6f IE+iiU.X.847E+DC 
r 2 . 0 7 8 E + 0 0 r 2 ~ 3 0 9 E + 0 0 ~ 2 ~ 5 9 1 E + O O ~ 2 * 7 7 5 E + O O r 3 ~ 2 2 3 E + 0 0  t 3 0 6 5 9 E + u o  
r 4  rO93E+ODr4 r52eE+Dtr5,358E+00 r6m138E+17Dr6~848EWDr7r5_79E+OC 

+ r 9-981E+ODt1-171E+OI ~ 1 = 3 1 1 E + O 1 ~ 1 * 4 2 5 E + 0 1 r 1 ~ 6 1 0 E + 0 1  J 

Do1675 GH.': HZ C O V E R  GLASS DAHAGE COEFFICIENTS 

DATA t E D E T t  11 r T = 4 2 1 r 9 6 7 1  
* / I39  r O m  r  C O  r C m  r  C o  rOm 

90. r  0 t 0 1  r U -  90. r O  
- 0 -  P O *  r G .  r 7-  7 5 9 E - 0 5 r 4 * 3 1 5 E - U 3 r l  e802E-02 

+ r 4 ~ 2 ~ 2 E ~ C 2 ~ 7 ~ 7 2 6 E - 0 2 ~ 1 - 1 9 9 E - 0 1 1 Z ~ 1 7 2 E - 0 1 ~ 3 ~ 3 l Z E ~ O l ~ 4 - 6 . l ~ E ~ O l  
t r6.O9CE-Clr7~6llE-C1r9~639E-01~1 ~ l 7 B E + G O r 1 ~ 3 J 9 E . t O O i l  m 6 2 f E + O C  
4 r 1 ~ 8 4 9 ~ + O D t 2 ~ 0 7 2 E + D O r 2 ~ 2 9 6 E + 0 0 1 2 r 5 2 3 E + ~ ~ ~ ~  e 9 6 2 E + ~ 0  *3 -390E+00  

r3.817E+DOt~.244E+CUr5.062E+OGr5~844E+OOr6m553E+ODr7.291E+OO 
r 9 . 7 2 5 E + C O r l . l 5 5 E + 0 1 r 1 * 2 9 0 E + 0 1 r 1  -BOSE+OIr I  -593E+U11 

0.335 G M l C 3 2  C O V E R  GLASS DAMAGE COEFFICIENTS 

DATA I E D E T t I J r I = 9 9 l r S 3 7 1  
+ I D -  rO .  r G m  r C .  r O m  r E o  

TO. r 0. TO.  r G r 0 90 
t rum e l l .  r D m  rQ. r G. rO. 
t t 3 ~ ~ 9 7 E - 0 4 ~ ~ ~ 4 5 2 E - 0 3 r 1 ~ 5 6 6 E - O 2 1 5 - 9 3 7 E - 0 2 ~ ~ - 2 0 1 E - 0 1  r 2 * l Z O E - 0 1  

t3.099E-CIr4~236E-I31t5~793E-01 t 7 ~ 4 9 9 E - O l r 9 m 3 1 9 E - I ! l i l . l 2 5 E + O C  
s ~ 1 ~ 3 2 0 E + 0 0 r l . 5 2 C E + O n t l  .723E+OIlr1 -928E+00r2.332E+00 *20738E+0O 
* r3.141E+CDt3.545E+0014 r326E+OO P ~ ~ U ~ ~ E + O U S ~ ~ ~ O I E + O O ~ ~ * ~ ~ ~ E + D C  
* r 9 - 0 4 7 E + 0 0 ~ 1 - 0 9 5 E + 0 1 ~ 1  ~ 2 3 3 E + 0 1 1 1 - 3 5 2 E + U l r 1 ~ 5 4 ~ E + O l J  

FYEV - P R O T O N  ENERGIES FOR DAHAGE COEFFICTEPlf TABLES PISC AND PVOC 



COMPUTER PROGRAM LISTING (cont inued)  

D A T A  I P H E V C I l r I = l r 6 5 1  
/Z-00CE-OIr2.CCCE-O1 r3.OOtE-01r9 -0ODE-Olr6~00OE-Clr13.0CDE-01 

8 ~ ~ . D D E ] E * O O I ~  . 2 3 O E + 0 3 i l  - 300E+OOr I  .400E+OGrl-600E+OO e l  -80OE+OO 
r Z ~ ~ D C E + O D r 2 0 2 0 C E + 6 0  t 2.400E+DO 12 - 6 D G E + O 0 r Z m 8 O C E + G ~ ~ 3  -O!lDE+l3C 
r 3m ~OUE+OI I  r  3 m 4 0 0 ~ + 0 0 r 3 = 6 ~ 0 ~ + 0 0 r  3 -800€+00'4 ~ D O U E + O U  m4 0200 E + O O  

* ~Y-QDCE+GOr4~6DCE+GGr4  r800E*UO t 5r2013E+OOr5-60CC+OCrE -OOUE+OC 
r6-10OE+UJ~6.800E*00.7  -2OOE+lYOr7 *6OOE+I]Or8-OOOE+U~ r9*ffCOE+OC 

+ -1 mOUCE+OP* 1.10CE+01 tI mZOCE+01~1130 tE+OX* l  m4OD€+Gl r l  m50OE+Ol 
+ ~ ~ o ~ ~ ~ E ~ U ~ ~ ~ ~ ~ D O E * ~ ~ ~ ~ * O O O E + O ~ ~ ~ - ~ O U E + O ~  a Z - 4 D C J E + D l  *2-6DDE+Ol 

r2.aUf E + 0 1 * 3 r O G C E + C 1 ~ 5 ~ 4 U D E + 0 1  13.80OE+O1~4 m2OOE+Gl~Qm5~QE+Ol  
+ t ! im0~0E+Cl l  r S m 5 0 0 E + 0 1  t 6 - O O O E + O 1 ~ 6 ~ 5 O O E + D l t 7 - O O D E + Q l * 8 - ~ ~ O E + ~ 1  
* ~ 9 ~ D O C E + O l t I r O O G E + G 2  r lm3UOE+DZ * 3  -600E+OZ~2-00CC+D2/  

P I S C  - P R O T O N  DAMAGE COEFF IC IENTS  ( S H O R T - C f R C U T T  CWfRENf) 

0 -0 G H / C H ~  COVER GLASS D A M A G E  COEFFICIENTS 

D A T A  I P I S C t f  l r X =  I t  5 5 1  
+ f 2 r 4 3 5 E - 0 4 1 3 - 0 9 7 E - 0 3 r l  *37 rdE-OZr3 -987E-02 r l  -5OZE-01 r 3 - 2 9 3 E - 0 1  

15 -216E-O l t7m108E-01  t7 .890E-01 I Br599E-Olr9r532E-Ol r f  -DlCE+OC 
@ r l - 0 3 9 E + 0 0 r l - O 5 8 E + O O t ~  ~ O I I ~ E + O C W ~ W O Z ~ E + O O ~ ~ ~ ~ ~ ~ E ~ G ~  *9 -639E-U l  
8 r9.28E€-01r8.937E-D1t8.598E-01 r  B-273E-01r7 -963E-C: l t7m723E-01  

r7.4 06E- 01r7.253E-Olr7-O29E-Olr6-6O5E-OlrS 0216E-01  * 5  -867E-01 
r5.585E-Olr5.339E-01~5.128E-OI r 4 - 9 4 7 E - O l r 9 * 7 8 6 t I - I 3 1  r Y  0476E-01  

* r30337E-O l rS .232E-01  t 4 * 1 9 6 € - 0 1 r 9  .1B5E-01 r 4 - 1 a l E - 0 1  w40194E-01 
+ r4.214E-Olr4.192E-C1 r4.172E-01 t 4  - 1 4 4 E - O 1 r 4 . G 9 4 E - O l v 4 . 0 4 9 E - 0 1  

r4.OOOE-Olt3.935E-01r3-7 84E-0113-664E-01 r 3 a 5 3 2 E - D l  r 3  -339E-01 
* r30272E-O l r3 .125E-D I  r2.988E-01 r 2 * 8 4 9 E - O l r 2 . 7 1 [ 3 E - C l r 2  m47hE-01 

t2 .2 ' ! 5E -O l r l . 997E-U l r l  m 4 9 2 E - U l t l * 1 8 3 E - ~ l  r 9 - 2 1 5 E - D Z /  

0.00559 G M t C n 2  COVER GLASS D A M A G E  C O E F F I C I E N T S  

0.0168 GM/CHZ COVER GLASS DAMAGE C O E F F I C I E N T S  

D f '  4 ( P f S C  I I l r I = l 4 1 r Z C S ?  
+ 1 0 .  rD  to .  r U *  t a m  rO 

P O -  rO.  1 0 -  r O -  r  C o  10. 
r n .  0 0 -  rU  r 1 - 8 6 0 E - 0 5 r  3-925E-O2 * l - 791 lE -01  
*3 .465E-01r4-807E-01 r 5 . 7 B f f - 0 1  r 6 0 4 5 9 E - O f  r 6 . 8 7 9 E - D l r f  -105E-01 
r7 -189E-  01.7 1 l84E-01 r 7 * 1 2 Q E - O l r 6  -890E-01.6 0613E-01 r 6  - 3 1 9 E - 0 1  
r 6 . 0 1 9 E - 0 1 ~ 5 . 7 3 1 E - 0 1 1 5 m 4 7 7 E - 0 1 r 5 - 2 5 5 E - 0 1 1 5 - 0 5 8 E - O 1 1 4 * 6 6 9 E Q l  
t~.4OfE-01r4r25BE-0lr4-15SE-Ilfr9rl20E-OfrQ-~35E-UI r ' l * lO9E-01 

* r4.12CE-Ul~4~133E-C1r4-125E-01 r 4 - D 9 3 E - O I r 4 - C 5 9 E 4 1 r Y  -018E-01  
* r  3 .978E-C l t3 -918E-01  r 3 - 7 7 7 5 - U 1 r  3 - 6 5 7 E - 0 1 r  3 - 5 3 Z E - 0 1  r3ali00E-01 

ORIGIN A i d  PAGE 1s 
OF POOE WAum 



COMPUTER PROGRAM 11 S T I N G  (cont inued) 

0.0335 GH/,H2 C O V E R  GLASS DAMAGE COEFF IC IENTS  

D A T A  ( P f S C L I l  r I = Z l l  r 2 7 5 )  
* / D m  r  0- rC. P C *  rE. n G .  
* rO. r O .  1 0 -  r O *  r O +  t 0  rn 
I t o *  *o. t C. r t .  ? ufi PC. 

r0. r0.  rO-  * C -  11 0 2 8 8 E - 0 3 ~ 7  m227E-02 
t r2.077E-G1t3.274E-Clr4.191P-Clr5.2E6E-01r5~7Z::E-C1t5.839E-C1 

r 5.7 93E- O l r 5 = 6 6 4 E - 0 1 ~ 5 ~ 4 9 1  E-D l95  ~ 2 3 9 E - D l r 5 ~ l l S i - G l t 4  -724E-CIl 
* +l l r425EI-D1rY - 2 Z E E - C 1  t4.1lC.E-GI r4mC4CE-GI r 4  r G Z C E - 1 3 1  t 4  r G l C E - C 1  
t r9.D2fE-C1r4.354€-01r4~GS5E-Olt4 oOY7E-Glr4-OlUE-01 ?3 -98SE-01  
* 13.93SE-Clr3.83EI:-C.l t3.7E7E-01 r3 .65CE-Glr3.53GE-CI l r : !=4CDE-131 
r t3 .273E-01 t 3 * 1 3 G E - 0 1  r2 .332E-Dl02 -355- w z  -7i?eE-c1 n2.4125E-21 
r r2 .256E-Cl r  t . C l C ' t - C l  r:.5GCI:-DI 11 . laeE-Gl t5 .242t -122/  

C . C 6 7 1  G H i C Y 2  CCVES GLASS G A H A C E  C O E F F I C I E N T S  

D A T A  IPT'C (1) i ,T=261*345 1 
/ G w  t C .  1C .  t C *  f i l l *  PO 
rC. PO. 9 P* r  C. r tI 9 *[3* 

+ 10. rU. ? O W  rO r i l -  r D  - 
tD. r t *  r  C. r C .  t C .  PC. 
,!I. rO. rC. rO* t O .  t 2 - 1 4 2 E - 0 3  

* r1.74i~-Clr3.196~-C1i3L345E-D1vY . 3 1 7 E - C 1 ~ 4 - Q G 4 E - O l t 4  .47BE4G1 
r4 .292E-01 r U * l Z l € - C 1  r 3 . 9 5 6 E - 0 1 t  3 * 9 7 2 E - 3 1 ~ 3 . 3 2 8 E - C 1  ~ 3 e 8 1 Q E - G l  

* ~3.819E-Clt3.873~-C1~3.9GCE-OIr3.915E-Olr3~919E-01r3.898E-C1 
+ r 3 .375E-01 r3 -834E-C l  r 3 = 7 3 9 E - 0 1 #  3 r617E4D1 0 3-519E-01  13-396E-01 

r3m271E-01s 3 . 1 1 3 E - C ~ 1 1 2 ~ 9 9 5 E - E 1 1 2 ~ 6 6 3 E - D ~ t 2 ~ 7 2 8 E - C 1 r 2 ~ 4 ~ ~ E - U 1  
r  2 - 2 6 6 E - f f l t 2 = 0 2 2 E - 0 1 1 1  ~5CSEi:!I1r1 . 1 3 t E - O l r 9 - 2 6 8 E - G 2 1  

3.112 J M / C 4 Z  C C V E R  C L A S S  D A M A G E  C O E F F I C I E ? J T S  

D A T A  tPISCtflrI=351t4151 
+ /a. r E .  9 0 -  P C .  t C m  93 
* 10. rC. t C. PC. r C *  rG. 

1 0 .  rO=  VU. * a  t ~ .  * R  
rO. t o *  rC. r G -  rC. ~ C C  

r rO-  t O .  r t *  r Q -  1Co S O  - 
+ r O .  r O. r (3. PC. n o .  r 2 - 7 3 5 E - 0 1  

m3~5J7E-Clr3~67fE-Ulfi3~649E~O1r3=588E-01~3~SS3E4D~ *3 -53BE-D I  
* 9 3 . 5 ~ 7 € - G l t 3 . 5 L E E - L l 1 ~ . 6 7 3 E - O 1 1 3 ~ 7 3 1 E - G 1 1 3 ~ 7 5 7 E ~ G 1 ~ ~ ~ 7 ~ 3 E - ~ l  

r 3 . 7 6 U E - C l  t3~753E-~113~677E-Olr3=58ZE-Of a3-48QE-01 ~ 3 * 3 7 2 E - U 1  
* t3 .2E4E-C l r  3 .13 iE -C l i 2 .997E-01 rZ  -S71E-01~2=736E-CliZ-5G4~-Cl 
* t 2 . 2 7 7 E - C 1 r 2 . U 3 7 E - O l r 1 . 5 1 9 E - O l r l  .le33&-01,9.332E-r)2/ 

3.1 675 GH/:H2 C O V E R  C L A S S  D A M A G E  Z C E F F X C I E N T S  

D A T A  ( P X - C C I I } T I = ~ ~ ~ T U ~ ~ )  
4 10. rG. rG. rC. t C r  8 0 .  

9 0 .  rO. t C =  1 0 -  r D =  * O  • 
* tD. PO. t C -  r C -  r  ll 0 0 .  
* 13. r G a  PO. r  C -  10- I C -  

-n. 10. PC.  I c. fi C *  .0. 



COMPUTER PROGRAM LISTING (continued) 

.0. m0 - r 0 -  e l l -  t o .  r O  
r0. r2~O6lE-C1t2~839E-01r3~062E-O~r30131E-01r3.159E-01 

+ r 3-187E-01r3r269€-01*3.379E-Dlt 3.473E-01 r3 -547E-O l r3~591E- l ) l  
* r3 .613E-01~3-625E-01  r3 -SOU€-01r3 .529E-01r3 -946EQI r3 .349E-01  

0743E-02 r2  - 514E7 l1  
s r 2 ~ 2 8 9 E - O l t 2 ~ I 3 5 2 E - C 1 r l ~ 5 3 0 E - 0 1 r 2  *206E-OIr9-344E<2/  

0 m335 GH/CHZ COVER GLASS DAHAGE COEFFICIENTS 

DATA (PLSC ( T ? r I = 9 9 1 r  5551  
1 D -  rO- rU- r O -  r D -  *U l 
r O .  r 0. W O O  tD* r Om P O -  

* rO. - 0  I r 01 * O r  r 0- * O  - 
t0, rO. rD. r  0. r O D  r  C -  

+ 10. O O -  rO- r O -  rO*  PO* 
rO*  r 00 r 0- P O .  r t .  r 5 -  

* ~ 0 1  r 0 -  r0. S O -  00. * 0  
* r1.439E-01r2.175E-01r2~4S1E-Olt2m64BE-Dlr2-834E-01.r2 -984E-01 

r3r101E-01r3-186E-0113m291E-~lr3-3l2E-01~3-292E-~~ *3*245€-~1 
* r3.177E-01r3.082E-Of r2.969E-01 r2.1569E-01~2-748E-Olr2 0531E-01 

r 2.315E-Dlr2.089E-01 el ~56L1E-Olr1-226E-01~9-462~-02~ 

P V C C  - P R O T O N  D6MAGE C D E F F I C T E N ~ S  I O P E N - C I R C U I T  VOLTAGE AND P-HAXI 

0 .G GH/CHZ COVER GLASS DAMAGE COEFFf C I E N T S  

DATA t P V C C [ T l r I =  1 s  65  
/ 5 ~ 3 ~ 3 E - 0 1 r 7 e 1 5 0 E - 0 1 ~ ~ - 6 2 3 E ~ O 1 ~ 9 - 9 7 6 E ~ O 1 ~ 1 0 2 7 1 E + ~ ~  #1-548E+CIO 

+ I % ~ ? ~ Z E + O C V ~ - ~ ~ ~ E + C L ~ ~ ~ D ~ ~ E + O O  12-2.6DE+OOr2 .299E+CSOrZa432E+OE 
r 21502E+00.2 . 569E+O0~2 .615E+OOr2  0645E+00r2-656E+UO r20640E4OO 

+ rZc597E+CGr2.52f E+0002.426E+OOr2 *3DZE+00~2  .155E+00?2 mOZQE+CIG 
r  Z - 8 9 1 E + 0 0 ~ 1 ~ 7 6 6 E + 0 0 ~ 1 ~ G 5 ~ E + ~ 0 r 1 * 4 4 7 E + 0 0 ~ 1 - 2 7 8 ~ + 0 0  el - 1 3 6 E + ~ O  
~ 1 ~ 0 2 C ~ E + ~ 2 m 9 ~ 2 3 7 E - C Z ~ 8 ~ 4 4 ~ E - 0 1 ~ 7 ~ 7 7 5 E - 0 1 ~ 7 ~ 2 0 4 E ~ G 1 ~ 6 ~ 1 3 4 E ~ 0 1  
r5~554E-C,r  5 .169E-5l rYr935E-01r4 - 7 1 8 E - 0 1  r4*663E-O1*4-59UE-01 
r4.548E-CXe4.433E-Ul.S.352E-0l r 4.286E-3lrQ m 2 1 1 E - 0 1 r 4 ~ 1 4 6 E - 0 1  

* r 4 * 0 8 1 E - ~ l r 4  ~ O D 4 E - Q 1 ~ 3 * 0 3 5 E - 0 1 r 3 - 7 0 3 E - 0 1 r 3 * 5 6 ~ E - O 1 ~ 3  *426E-01 
~3~296F-Olr3~lY5E-01r3D005E-Rlr2~859E-01r2~72YE-O1t2~481E-01 
r2.249E-~lrl.999E-01r1~492E-O1~1 * i03E-01 v 9-215E-02/ 

0 . 0 0 5 5 3  GWCH2 C O V E 2  GLASS DAMAGE C O E F F I C I E N T S  

OBTA I P V 3 C f T l  r I =  7 1  r 1 3 S )  
* /0. rO. r  G .  r  0 -  rD -  P O -  
+ r O .  r O .  r 4  -303E-02~1-938E-01  t 5-853EEU1 *9-827E-01 

il r335E+CGt1-629E+OGrl~06CE+DOr2 .04fE+OOr2~191E~OOr2.29IE+OC 
* r2-375E+C0~2~416E+OOr2-42OE+OOr2 -308E+OOtZ -32DE+UCl*2*219E+0~ 
+ ~ 2 ~ 0 9 3 E + O C ~ 1 - 9 6 Z E + G G r  3 . m 8 3 9 E ~ O C ~ 1 - 6 1 6 E ~ O D r l ~ 4 2  BE+UCvI-Z6OE+OC 
r . 1.131E+00~1rDISE+OO~9-252E-01~B 0979E-01c7 -827E-a1 t 6 * 5 8 ~ E - a 1  

r5.874E-01r5.351E-01 t5 -G51f -02  rY -859E-01r4 -722E-O Iv9  -637E-01 
,4 -572E-OI r4 -458E-Ol rY  -367 E-OIr4 *278E-03. t 4  . Z l lE -O l  r4*149E131 

* t4,OBlE-OlrQ~OG5E-01r 3.B38E-Olr3~709E-01~3.565E-Ol r30426E-01 
r3-296E-01.3-135E-01 r30006E-Oar2 - 3 6 ~ E - 0 l r  2*726E-01*2 -483E-01 
r2 .251E-Ol r i r~0CIE-Gf  r1-493E-O1r1-183E-01r9-22CE-O21 

O a C 1 6 8  GH/CUZ COVER GLASS DAHAGE C C E F F I C I E N T S  

D-I9 



COMPUTER PROGRAM LISTING (cont inued)  

DATA ( P V O C  t P )  * 1 = 1 4 1 r Z C S I  
/ O m  t3. m U r O -  . O m  ti3 
to. r O n  r  O m  to. r 0 r t 0 -  

* 80. r  0 l r1.912E-02r2.733E-0116 -092E-01 
* r9.375E-Glr  I m 2 2 6 f + O G ~ ~ . 4 6 8 E ~ Q D r f  . 664f  + 0 0 r l  .818E*OUr3m932E+lYI; 
t r1.998E+OOr2 D L ) ~ ~ E * O O ~ ~  .990E*OOrl  .B33E+00rl  -642E+00 11 -467E+Oc 

r l .312E+COr lm17CE+OG,f mt63E+OCa9~673E-U1r  8 * 8 6 7 E - D I v 7 r 3 2 4 E - O l  
5 1 6 - 3 0 3 E - 0 2 r S r 6 9 1 E - 0 1  t 5 ~ 2 6 4 E - 0 1 ~ 4 - 9 3 7 E - 0 1 * 4  -815€-01*Y 0688E-01 

t4.606E-Glt4.4 BCE-01 t Y  ,382E-01 r4.290F-01r4.213E-OlrY r l 4 1 E - 0 1  
* r  4.079E- 0 1 r P . 0 0 3 E - 0 1 ~ 3 m a 4 ( 3 E - 0 1 ~ 3 . 7 U l E - 0 1  t 30569E-01  r3 -429E-D l  
* t3.293E-Elm 3.147E-GI r3.GC7E-CI r2 .865E-O l r t  m729E-Gl t2.487E-Ol 

r 2 - 2 5 5 E - 0 1  t2.OD6E-Clr1.496E-0111 - 1 9 5 E d 0 1 r 9 ~ 2 2 9 E - 0 2 1  

0.0335 S H I C H 2  C O V E R  G L A S S  DAMAGE COEFF IC IENTS 

0  -0671 GH/CH.? CCVEP GLASS DAMAGE COEFf I C I E N T  S 

D A T A  I P V C C  (1 1 t J = 2  8 1  r  345 
/O. 1 0 .  *GI 9 0 -  r G -  r 0  1 

* -Dm r  0. 9 D -  to. r O .  rO. 
r D *  S O -  P O -  rC. tOm rO* 

* 10. r 6. t C. r O -  1 0. 1 0 -  
* rO. r 3 *  r C m  r O *  S O *  t 3  a 7 4 1  E-02 
+ rU.51CE-Clr B~469E-01r1.lG1E+OOr1.166E+O0r1~l25E*OI)r9~523E-01 

t7.998F-01 t6-8SlE-C1r6~D35E~Olr5-493E~01s5-l2lE~U~ ~ 4  oB67E-01 
* eQ.6B5E - D l r 4 - 4 7 8 E - 0 1  t4.343E-Of r r im25DE-Ol r4 -3 .76E-01r4 -1C2E-01  

t4.O~~E-01~3~969E-01r3~831E-0113-586E-01~3~S71E-01~3~436E-01 
m3.304E-Clr 3.15,80-G1r3.016E-01 r 2 . 8 8 0 E - U ~ r 2 . 7 ~ 1 3 E Q l r 2  -5ClE-G1 
r 2 m Z 7 0 E - C 1 r 2 ~ 0 2 S E - 0 1  rI*5119E101r1 m192E-01r9r268E402/  

0.112 G H / C 9 Z  COVER GLASS DAHA GE COEFFICIENTS 

DATA I P V 3 C I I )  rI=351~4151 
* / O m  r C m  r  C o l 0 n v G -  10. 
+ t0. r O -  ~ 9 -  ~ 8 .  9 Cl P O  

r0. r O .  rum #Dm 10. 0 0 -  
+ rU. r O -  1 0 .  rCe WOO r O  

1Um r  O m  P O L  * @. P O -  1D. 
rO. t o -  rO- r O -  t 3.696E-03r7 -614E-01 
r8m923E-C1.7 .U63E-31r6m5C2E-01 t 5 . 6 3 I 3 E - G 1 t 5 ~ 3 Z G E - E 1 t 4 - 9 6 l E - 0 1  
r1 )m713~-01r4 -419E-Of  r11.269E-01r4 0172E-OlrY mO97E-01 t 4  *D3SE-O1 
~ 3 . 9 7 8 E - O l t  3.926E-Dlr3m797E-Olm3*669E-O1 t 3 -549E-OPr3  e421E-Of 
r 3 ~ 3 0 3 E - 0 1 t 3 ~ 1 6 1 E - 0 1 r 3 ~ 0 2 ~ E - 0 1 r 2 - 9 9 0 E - 0 ~ 1  
r Z m 2 8 1 E - O I r 2 m D 3 9 E - 0 1  m1.519E-01 +I .199E-Olr9.3G2E-G2/ 



COMPUTER PROGRAM LISTING (concl uded) 

C 
C 0.1675 Et l /CU2  CCUER ELASS DAMAGE CCEFFICIENTS 
C 

DATA ( P V C C i I l r I = 9 2 1 r 9 8 5 1  
/ O m  rO*  P O -  rO - to.  * O m  

+ P O D  t o .  ? D m  9 D. S O D  - 0 -  
* 10. t o .  ? O m  t o  • P O -  rO 
+ - 3 -  1 0. r  C. rG. rO. * G -  

P O -  10. * O m  r D .  rOm 10. 
P O D  r fj. ~ 1 3 .  r  0- 10. t D -  
10. * 5 - 7 b 6 E - 0 1  16 -555E-01 r6  -DIr1E-0115*496E-O1*5 -047E-01 
r4a719E-D1r4~327E-C1~4ml42E-D1~9IO41E-01~3.98lE-O~r3~93lE-O1 
r3.884E- Dl r3-8~3F-0113~749E-Olr3-636E-01~3.526E-ff1*3-4Q9€-~1 

* ~3.297E-Glt3rl61E-CIr3~G22E-0112~897E-Olr2.761E-Olt2~52SE-Ol 
rZ .234E-CI r2aD55E-01 rl-53OE-Oltl~206E-0~r9-344E-O2/ 

C 
C 0.335 G H I C Y Z  COYER GLASS DAMAGE C O E F F I C I E N T S  
C 

DATA ( P V 3 C I  1) rI=491 r S 5  51 
+ /O. r 0. r G m  V O W  t 0- 1 0 -  
* P O -  rOa 90 -  t O =  1 0 -  r 3  
* 1 0 -  r 0. r!J- 9 0 -  * O D  r 0  - 
+ rOm r O *  t o -  rO. rOa *I] 0 

* t O ,  r  0. t 0. P I2 l r 0 -  r  0 . 
t o *  t 0 -  ?Om e l l .  r 0 * Q a  

10. r 0- ?GI t @ -  r D -  t o -  
* r 3 ~ 7 7 5 E - 0 1 r 3 - 9 5 6 E - G 1 ~ 3 - 6 9 B E - O 1 t 3 ~ 5 6 9 E - 0 ~ r 3 - 5 3 U E - O ~  * 3 - 5 2 4 E - 0 1  

t f  .527E-C l t  3 ~ 5 3 C E - G 1 r 3 ~ 5 2 C f - 0 1 + 3 ~ 4 7 3 E - 0 1 t 3 ~ 4 0 ! 3 E - 0 1  m334E-01 
* r3-245E- U113.13tE-01 r 3 - 0 0 7 E - 0 1 r 2  -899E-0112 .773E-01rL  -593E-01 

r2.32CE-Clr2.092E:-C1r 1.56CE-01 r 3 + 2 2 6 E - D l r S r 9 6 2 E - D 2 /  
EN D 

ORIGINAL PAGE IS 
OF POOR QUALI[TY 



SAMPLE DUN NO. 1 

INPUT 5 2 R E W  

59LAR FLAAT PR:TDNS~ B I S E D  O N  SUBROUTINE SOLPRO. 
%MIRE 
H T = B r  T = C . t 5 r 5 9 E - ~ * l . 6 8 E - 2 t 3 ~ 3 5 E - 2 r l . 1 Z ~ - l ~ l ~ E ~ 5 E - l ~ 3 . 3 5 £ - 1 ~  
H P ~ P E C = ~ ~ T A U ~ ~ D ~ ~ I ~ = ~ O ~ N S T E P = ~ I P C K P = U I O ~ O ~  
TKULTZI . ~ T I H I H ~ 1 Z H ~ I S S I O N  ?J'lOUT=12HNISSION 
t 

OUTPUT STRE1' 

SOLhR FLARE PROTCN 'PErTRUM FOR AHOYILOUS EVEYT. 

MISSIOH 9URhTIQH= 
COHFIDENCE LEVCLZ 

EKERG Y 
t R E V )  

1C.GOC 
20.300 
3 0 . C C t  
40.t03 
5E.CLC 
6D.COD 
7D.DCC 
80.(109 
9C.CGC 

103.0C3 

INTEGRAL FLUX 
P R O T O N 5 l C M 2 - M  ;SSICN-  

SOL AP fL  h9C PPOTCNSr EASE0 O k  S U E R E U T I H E  SCLFRC. 

PRETON F L K N C E  
C9UIY 1 FEV fL!CTSDXStC3Z 

P U A P  vcc 1.514+15 3.it G+14 1 . 7 1  8114 l . t S 7 + 1 4  6.@74 +I3 9.746*15 3 . 7 6 7 * 1 3  2 . 5 G 6 + 1 3  
IS: 2*869+14 I.442+14 9.275+13 i-S77+13 9 - 6 8 6 + 1 3  3-619+13 3-234+13 2.199+%3 



SAHPLE RUN NO. 2 

INPUT 5 T R E A M  



OUTPUT S T R E A M  

C I R C U L A R  ORBIT- Q 6 5 5  K H 1 2 5 O O N  51.1. 90 D E G R E E  T N C L I H A T I J N  

ELECTSOH 
F L U E H C C  
( E L E C T S O M S I C U Z - 3 1 Y  

Y . l Q t . C + l ?  
1 . 6 1 O O Q 1 2  
9 . 7 D G G + Z l  
4 . 9 3 0 0 + 1 0  
t . Q 2 D C + I C  
I z U O O D * l O  
a . ~ ~ c ~ + c g  
5.15CO*D9 
3 , 2 0 C E * C 9  
i . 9 3 C D + 0 9  
1.17GO+CS 
6 - 7 7 0 0 * 0 8  
3. l l r  OG+D8 
1.660U+08 
7 . ~ 2 G U r C 7  
2 - 5 3 0 0 + 0 7  
9 . 1 1 0 C * t G  
1.90Z0*36 
3 . 4 G C C * t 5  

C I R C U L A R  SQBIt* q650 Kf l t  2500H MI.) r 9 0  D E G ? E i  I N C L I N L T I O N  



CIRCULAR ORaXT. 4650 K 5 ( 2 5 a O H  R I * ) r  9t 9EGREZ I Y t L I N h T I O N  

{PDOTCN SPE CTRUMI C O Y E P  S L I D E  T H I C K N C S 5  : . 00559  

S C I  

.ECCG 

.CCCC . ECCC 

.OCCC 
* C C O C  
.at 00 
. G C C C  
.Goon 
. C C O C  
*oooo . GGCC 
.OCOO 
.OCPC 
.CCOC . CCCC 

EENTERP 

. I I ~ ~ + J G  
-1682+(10 
.2213+0C 
-2711+00 
-3229+GO 
.3722+GO 
.9427+3G 
-5422tGO 
.6447+0G 
r7445+GC 
.8459+JC 
.9457+G3 
.1047+31 
.1127+01 
-1224+01 
-1279+Gl 
*1324+51 
-1374+C1 

c a + x  
' C7f01 
. 6+01 

-17r18+D1 
.1858*01 
*1948+Gl 
.2C48+01 
-2148+G1 
.2298+01 
*23C8+1;1 
m2449*01 
. t sqa+01  
-2€49+01 
.2759*C1 
-2 84 9+Pl  
-2949+G1 
.3049+G1 
.31'19+G1 
-3243+G1 
.3349*G1 
-3449+01 
.3549+G1 
.3649+01 
.3749*G1 
.3849+31 
*3949+Gl 
-4C9 9+01 
-9149*Gl 
*42q9*31 
-4393+01 
.4443+G1 

OFX*DCI 

.tGCO 

.CCCO 

. O G O O  
-taco 
-0  co C 
.COG0 
. O G O O  
-0CCO 
-00EG . OCOC 
.OCGC . oaoc 
-CGCC 
.0000 
-0CUC . GCCO 
.OCCC 
-8268*08 
.1002+10 
-39ZZ+IC 
-841 7+1E 
-1273+11 
. 1517+ l l  
*X777+11 
.1769+11 
-1826+11 
-1E75+11 
*1633+11 
.1443+11 
-1368*11 
.1191+11 
-1113+11 
.3636*1C 
.8921+1C 
-771 3*1G 
.7118*1t 
-615 8+1G 
-5663+10 
-4 909*1C 
*4513*10 
.3327*10 
.3615+10 
*316G+lC 
-2915+10 
-2560+1C 
*2365+1C 
-2086+10 
.1933+1 C 
-1713+30 

D F X * O C V  

.CCGC 
.CCCO 
.CCCC 
.ccnc 
.CCCC 
.CCOO 
.CCOC 
,CCCC 
ccccc 

C CCC 
.CCCC 
.ccac 
.tCtO 
.CCOO 
.COGG 
.CCOC 
.5432+1r 
. l C ~ C + l l  
-3177+11 
.4631+l l  
.5199+11 
.5781+11 
-5497+11 
-5 5 83-11 
-503 1+11 
.q g03+11 
.9320+11 
, 4 1 ~ C + l f  
.3611+11 
-34 l 5 + 1 1  
-2980'11 
.2 . g C O * f f  
-2495*11 
12 zgc+11 
rZCt l l+ l l  
.la?* +11 
. 1 6 4 3 + l l  
. IS~Z+II  
.135U+11 
. 1 4 9 * 1 1  . lC96+ 11 
.ic15+11 
.8898*1C 
-8  205+10 
*7181+1C 
.6592+10 
-57581 1r 
.526a+1n8 
-4590'1 

COFX 

. GCCC . ncnc 

.CCCC . OCGC 

. C C t C  
, OCCC 
.ECOC 
.OCCO 
.OCCC . CCCC 
. t C C C  . CCOC . COGC 
.DCCC . CCCG . CCCC . cccc 
,yZ68+CB 
* 1C85 +1C 
.SCC7+IU 
*1342+11 
.ZCIG+Il 
*413Z+l l  
.591C+l l  
-7  678+11 
.g506+11 
.111a+12 
.1;81+12 
-1426+lZ 
.1562+1? 
.1682*12 
.?733+12 
.1819*12 
.1976+12 . Z 056*1Z 
.2127+12 
.2188+12 
.2215+12 
.2294*12 
.2339+ 12 
-2378+1Z 
,2Q15+12 
*Z446*lZ 
.1575+12 . ZSCl*l2 
. 25 tS+ l2  
.2516+12 
.2561;+ 1 2  
-2582+XZ 

EQFY 

. CCCC 
.ocon 
*CC@O 
.OOCO . IICCC 
.OCGC 
.OCCC 
,once 
.OCCC 
.CS&C 
*OUCU . cooc . DOC0 
.occc 
.CCdC > 
.IIOCC 
.5432+1C 5 
,1593+11 . 
,477C*ll  



C I R C U L A R  0931T. 4 6 5 5  Knl 

COVCR S L I  

O f  X - D C I  

. 1 5 9 3 * 1 C  
- I 4 1 9 + 1 C  
. 1 3 2 3 * 1 C  
-2223+10 
- 1 9 6 5 + l C  
. 1 6 G 2 * l C  
- 1 4 1 3 + 1 C  
. 1 1 6 5 + 1 C  
* 1 G 3 5 + l t  
.8613+05 
-7  ?C6*G3 
. 6 5 G 7 + 0 9  
- 5 8 7 3 + 3 5  
- S O l l + C 3  
. 4 5 5 6 + 3 9  
-3929*09 
- 3 S 9 4 + 3 5  
. 3 1 2 6 * G 3  
.za74+;4 
- 5 7 4 5 + 5 9  
-4 75  9 + C 5  

3 5 7 9 + 0  9 
. 3 t 5 E * 0 5  
- 2 3 8 2 + G 9  
- 2 0 7 7 * 0 9  
. 1 5 6 3 + G 9  
* 1 4 8 C + D 9  
- 1 2 1 7 * C 9  
- 1 C 9 5 + L i  

9 1  &4+G 8 
. 8 3 2 1 + 0 8  
. 7 a 6 7 * a a  
. 6 4 7 6 + 0 6  
- 5 5 U 3 * E 8  
- 5 1 0 8 + 0 6  
. 8 3 0 1 + ~ a  
. 7 1 3 4 + 3 8  
. 5 5 2 1 + 0 0  
.I 8 1  1 +GB 
. 3 7 9 7 + c a  
.33YS+CS 
*Z7D5+CB 
.241G*D& 
- 1 9 8 3 + 0 8  
. 1 7 8 0 + 6 6  
- l 4 8 5 * C B  
< 1 3 4 + * G B  
- 1 1 3 P * C E  
.103C+LB 

EPFV 



CCYER S L I D E  THICPNCSS = -CCSf 5 C W C M 2  



SHIELD THICKNESS t 3 M l C M Z l  P.DOCi 5.595-CJ 1.SBt-UZ 3.356-02 6 -710 -02  1.120-01 1 -675-Cl 3.35E-Cl 
f MILS 1 0 I 3 6 12 21: 3 C 6 C 

ELECTRDN FtUFNCE 
E OUIV 1 MEV ELECTRCHS/CIIS 4.511+13 3 .529*13  2.587+13 ;.03G+13 1 -1L5+13 6 .922*12  9 *5G7+12 1 .768+12  

PROTON FLUENCE 
EOUIV 1 MEV ELECTRCNS/CHZ 

PRAX VOC 5 -209+2G 3.7C3+17 1 - 7 2 1 + 1 7  5.17a+16 1.396+16 4.573+15 2*365*15  5.20F*14 
I SC 5.852*IB 3-C77+37 E .529+16 2-133+16 6.358+15 i.344~15 1-705+15 3.566+14 

TOThL FLUENCE (ELECTR3NS + P9DT3NSI  
EOUIV 1 HEY ELCCTRCHS/CUZ 

P Y A X  vcz  5 * 2 C 9 + 2 t  9 .7C3+12 1 .721+17 5 -13C*16  1 .397+16  9 *58C+15  Z*D70+15  S.3C3+14 
I S  C 5.852+18 3.E77+17 €.531+16 2.134+16 6rYL9+15 f . 3 5 1 + 1 5  1.21D+15 3.5e4+19 

TIME OF FXPOSURE: 1 YEAR 
I T H U L T  : 3.65292+C2)  



SAHPLE RUN NO. 3 

I N P U T  ST?€**  

C I P C U L l R  O R S I T *  1 6 5 C  K H f 2 5 C C  N M I . ) r  ?D DEGREE INCL IUAT ION 
% H I K E  
I N T F L G = I  m 
P C K E = 8 * t  m 

I 

OUTPUT STREAU 

CPR'iJLAR 04aITw a650 K H t 2 5 3 0  N H I 1 ) .  9~ EEGRZE I N C L I N A T I O N  

ELECTRON 
LNERBl FLUEHCE 
(HEY1 1 ELECT90NT/CVZ-DlY 

C I R C U L A X  3 R 9 I T .  1165; KH! 2 5 2 0  N H I . ) $  90 DEGREE I H C L I H A T I S H  



! P " C T C N  TPECTRUH J COVCP SLIDE T H I C K Y  E Z S  . S G 5 5 5  

DF X 

*SCCL 
.33UC 
.GOCC 
. 0 3 0 5  
.EGCC 
.OGCC 
.COCC 
. O O C i  
. C G C C  
.3Cc: 
*CGCC 
.OJCT 
,CCCC 
.CCCG 
.COCC 
.GG'YC . COCC 
.see: 
.OOCC 
.UCCI ;  
. Z C C L  
. O S C C  
.CCCC 
.OOCC 
.GOCC 
.GL IOf  
,CL@C 
. O t C t  
.GCCC 
.OCO0 
- 0 O C L  
.00!25 
.DOCC 
.OOCC 
.GCCt 
.a;oc 
. 3 0 P C  
. O S C t  
.CGCC 
.cooz 
. C G C L  
* C C X  
.GCCC 
.IIPCC 
.313L + l C  
. 2 9 3 8 * 1 C  
.2633+1C 
- 2 4 7 0 * 1 C  
. 2 2 3 3 + 1 C  

- C L C C  
.CCCC 
.CECC 
- C C O U  
. C E C t  - 0 0 3 C  . LLC C 
.EGG0 . CCCC 
.5f3E@ 
.CCGG 
- 3 C G O  
.GCCC 
- 3 C G C  
. C L C L  
.CGOC 
.CCCL 
-1 C 52- CZ 
, 8 C 9 C - L 2  
- 3 7 6 6 - C 1  
.lL79*TC 

r~rx*c~cx 

. t C t L  
- C O C 5  
.OCOC 
.nmc 
-I;CCC 
- 0 E C C  
.CCCG - o u ' c  
.O CO C . cmc 
.POGC . CCOG 
.DGCC . cmo 
.OGCC 
. c m o  
.CGCO . o m 0  
.OOtC - CGCO 
.CGOO 
. n a o  
.OCCC 
.on lo  
. O t O C  
.OUCO 
.OCGO 
-0liCo 
. L o c o  

o w n  
.OLOC 
-01;GO 
.OGOG 

-0CCO 
.OCGC 
*acoo 
.OCOO 
.omc 
.OOGG 
-orno  
.OCCC . OCOI; 
.crcic 
OD23 

. 2 5 6 L * l G  
-2365+1C 
. Z C 8 E + l C  
-lj33+1G 
-171 3*1C 

EOFI 

. GCCE . t c c t  

.cczc . CCCC . C C C C  

.CCCt 
.GCCC . 'JCCC 
.CCCC . DCCC . CCCG . ccnc 
.CCCL . ClCGC 
.CCCC 
.OCCC . C C G L  . nccc 
.CCCC . OCCC 
.CCCC . C C C C  
.LC: L 

C C C C  
.ccc[. . OCCC . GCUC . CC CC 
.CCCC . OCCC . t c t c  . nccc 
.CCDC . CCOC . C C D C  . OCCC 
- 0 C C C  . OCCC . G C C E  
, OCCG . COOC . C C C C  
occcc 
.80CC 
. 2 5 6 C * X G  
.Cq 25+10 
.7C12*1C 
.ag 94+ 1C 
, l C S E *  11 

EOFV 

. OCCC 
.orcc . CCCG 
. O t C C  . OCCC 
.OECC 
. C C C t  
.CGCC 
.ctnc 
.nccc 

.COCC 3 
.OLCC 
.CUCG n 
- 0 C C C  w 

.CCCC 
,CIIOC . CCCC 
.OOCC 
.our0 
.OOCC 
. O C O t  
,OOCC . CCOO 
.UCCC 
,ECCC 
.OOCC 
, OCCC 
.OCCC . CCCO 
,DCCC 
. 7 1 8 1 + 1 C  
,I377+11 
.1953*11 .2579*11 

,2939*11 



C I R C U L A R  OR3ITs 4 6 5 0  K H ( 2 5 0 0  N MI.). 9 0  DEGREE INCLINATION 

lPFCTCN SPECTFUW I COVER SLIDE T H I C K N E S S  = - 0 ~ 5 5 9  G H J C ~ Z  

Z K  EK 1 FX 1 DF X 3CI 0 CV 



CISCULAR ORBIT* 3 6 5 0  K H l 2 S O O  N A I - 3 .  9 0  OEGRIE I N C L f N l T I O H  

COVER SLIDE T H I C K Y E S S  = .OC555  

.3167+C7 
.3C12+G7 
-2555+C7  
- 2 4 1 1 + h  
- 2 1  l L * C 7  
.:C23*3 
01764+C7  
. 1 6 9 5 + 3  
-1492*C7  
. l a 3 6 * h  
- 2 5 6 1 + C 7  
-2917  +C7 
-2CB4*C7 
.1372+G7 
.1717+C7 
*1625+=7 
. l Q 2 6 + C 7  
. 1 3 5 4 + 0  
-313 1+C7 
*28Za*W 
- 2 t 2 4 + C 7  
- 1 9 8 a + 3  
.1588+C? 
.1415+Cl  
-4051+C7  
-2 15 3+C7 
-1654*C7  . C COO 
.rccc 
.CCOC 

CIRCULAR O R ~ X T I  C65O KUt25DO N HZ-1.  90 3EGRZE I N C L I N I T I O N  

SHIELD THICKNESS I G R f C f i 2 1  3.POU 5-53:-33 1 .660-02 i . 3 5 0 - 0 2  5 - 7 1 0 - 0 2  1 .12U-01  1-675-C1 3 - 3 f C - 0 1  
1 F I L S  1 C 1 3 6 1 2  2  0  30 6 t  

PRUT9N FLUENCE 
E3UIV 1 REV ELECTRChS/EHZ 

PNAX VOC 7 . 6 5 5 + 1 6  8 .433+16  a - 6 0 0 * 1 6  5.178+16 1 .396+16  5 - 5 6 9 + 1 5  2.362+15 5 .251+19 
I S C  3.528*16 3 -E44+16  3 .528+16 2 - 1 3 2 + 1 6  6 .395+15 2.34G+15 1-2G2+15 3 - 5 3 2 4 1 4  

TOTAL FLU'NCE t ELECTRONS + PQOTONS1 
E O U I V  1 HEV ~LECTRCHSICHZ 

PHAX voc 7 . 6 5 9 4 1 6  1 * 9 3 4 + 1 6  8 -603 -16  5 - 1 a 0 + 1 6  1 .397+16  4 .576415  2 .066+15 5 .263419  
I S C  3 - 5 3 2 * 1 6  3 * 6 4 7 + 1 €  3.53C+16 2.134+16 6 -4C6*15  2-3 47+15  1.2C6+15 3 -549+14  

T I H E  OF EXPCSURE: 1 YEAR 
t TNULT = 3.65242+02 1 



'AMPLE RUN NO. 9 

CIRCULAR O P B I T o  4 6 F C  K X f 2 5 C C  H MY-lr 90 DEGREE I N C L I N A T I O H  
rn I V E  
PCKP=B*Cr  PCKF:B*Cv 
I D r A C  = I *  
Z 

OUTPUT STREAW 



HSTE f 
T I M I N  
TIMCUT 
TWULT 
P E O R I  
PZORV 
T I U  
I0 
PCKE 

FCK P 

I01 hG 
I H T  FLC 
S C H C  



C I R C U L A R  U R B I T I  465C K K l Z S G O  H H 1 . l .  PIj  DECPEC I N C L I K I T I O N  

ELECTRCH 
FLUEHEE 
[ELECTPCNSfCPZ-DAY 

C I R C U L A R  O R B I T *  465C Uht25CG H fiI.1. 9 0  OEEPEC I N C L I N h T I O H  

PRDTCH 
ENFRSY FLUEHCE 
I M E V I  tPRCTCNS/CVZ-D4Y 



C I R C U L A R  ORBIT* 1650  K H t 2 5 C O  H PI.). 90 DECPEC IHCLINATION 

WIELD THICKHESS I G M / C H 2 )  0-CGG 5 . 5 1 C - C 3  f.GeC-C2 3.350-C2 6-710-02 1mlZG-01 1 . 6 7 5 - G l  3.35C-C1 
1 RILS 1 0 1 3 6 12 20 30 6 c  

ELECTRON FLVENCC 
LPUIV 1 REV ELECTPONS/SHZ 4.511*13 3 .523+13  2 .587+13  1-930+13 1.1[15*13 6*321+12  4 -506*12  1.768+12 

P R O T O N  FLWYCE 
EOUIV 1 HEV E L E C T R O H S I C H Z  

P k l X  V C C  ? .655+16  8.43C+16 8 . € t C + l 6  5 .178*16  1.396+16 9.569+15 z.Q62+15 5.25111q 
1st 3.528+16 S.643+16 3.528+16 2 . 1 3 2 + 1 6  6.395+]  5 2.390+15 1 . 2 ~ 2 + 1 5  1.~32+19 

TOTAL FLUCNCE IELECTROWS + PRCTOHSI 
EOUIV 1 REV ELECTRONS/CHZ 

PHAX VOC 7.E59*1E 8.431*16 8.EC3*16  5.18C+16 I.397*16 4 .576+15  Z.C66+15 S c Z E 9 + 1 9  
ISC 3 - 5 3 2 * 1 6  3*6P7+16 3.530+15 2.134+16 6 . 4 0 6 + 1 5  2*347+15 I-ZG6*15 3.549+14 

TIRE OF EXPCSURE: 1 V E A P  
(TqULT = 3 .65292+021  


