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ABSTRACT 

\ 5 7 6 9  

S o l a r  cosmic r a y  e v e n t s  are f e l t  t o  p r e s e n t  t h e  greatest  
haza rd  t o  t h e  Apol lo  a s t r o n a u t s  of  a l l  o f  t h e  n a t u r a l  r a d i a t i o n  
s o u r c e s ,  T h i s  r e p o r t  describes t h e  n a t u r e  o f  t h e  charged  p a r t i c l e  
f l u x e s  i n  t h e  v i c i n i t y  of t h e  ear th  i n  o r d e r  t o  a n a l y z e  t h e  magni- 
t u d e  o f  t h e  h a z a r d .  

The t empora l  dependence, s p e c t r a l  shape ,  s i z e  ana  compo- 
s i t i o n  o f  t h e  e v e n t s  o f  t h e  i g t n  s o l a r  c y c l e  peak (i956-i96i) are 
d i s c u s s e d ,  B e s t  e s t i m a t e s  for t hese  p r o p e r t i e s  are p r e s e n t e d  f o r  
e a c h  e v e n t ,  and from these a d o s e - p r o b a b i l i t y  cu rve  i s  c a l c u l a t e d .  
T h i s  i s  done u s i n g  d i s t r i b u t i o n  f u n c t i o n s  to summarize t h e  pro-  
p e r t i e s  of  t h e  e v e n t s .  

An e f f o r t  i s  made t o  a n a l y z e  t he  accuracy  t o  which the  
r a d i a t i o n  environment  has been measured. The d e t e c t i o n  s y s t e m s  
used  are d e s c r i b e d  w i t h  an  e s t i m a t e  o f  t h e  accu racy  as w e l l  as t h e  
o v e r a l l  advan tages  and d i s a d v a n t a g e s  o f  each .  

Every e f f o r t  should  be made t o  r educe  t h e  u n c e r t a i n t i e s  
of our knowledge of  t h e  n e x t  peak i n  s o l a r  a c t i v i t y .  The i d e a l  
program would i n c l u d e  con t inuous  m o n i t o r i n g  o u t s i d e  of  t h e  magne- 
t o s p h e r e  o f  t h e  p a r t i c l e  f l u x ,  s p e c t r a ,  t i m e  dependence,  and 
compos i t ion .  
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SOLAR COSMIC RAY EVENTS 

I. I n t r o d u c t i o n  

T h i s  r e p o r t  w i l l  p r e s e n t  a d e s c r i p t i o n  o f  t h e  s o l a r  cosmic 
r a y  envi ronment ,  w i t h  emphasis p l a c e d  on d e v e l o p i n g  an es t imate  of 
t h e  u n c e r t a i n t y  i n  t h e  es t l rna ted  h=rzird t o  the A p ~ l l o  a s t r m a u t s .  
S i n c e  our u n d e r s t a n d i n g  o f  t h e  environment  i s  t h e  r e s u l t  of v a r i o i i s  
measu r ing  d e v i c e s ,  t h e  m e r i t s  and l i m i t a t i o n s  of  t h e  i n s t r u m e n t s  
u sed  i n  o b t a i n i n g  cosmic r a y  data w i l l  be  ana lyzed .  A u s e f u l  method 
o f  a p p l y i n g  t h e  obse rved  environment  t o  d e s c r i b e  t h e  r a d i a t i o n  haza rd  
t o  t h e  a s t r o n a u t s  w i l l  be  p r e s e n t e d .  The i n t e n t i o n  here i s  t o  empha- 
s i z e  b a s i c  a s p e c t s  o f  t h e  a n a l y s i s  of  s o l a r  cosmic r a y  data  r a the r  
t h a n  to p r e s e n t  new o r  b e t t e r  da ta .  

S o l a r  cosmic r a y  e v e n t s  have been s i n g l e d  o u t  from o t h e r  
s o u r c e s  o f  r a d i a t i o n  because  t h e y  are f e l t  t o  p r e s e n t  t h e  g r e a t e s t  
haza rd  t o  Apollo.  The e v e n t s  of i n t e r e s t  are  t h o s e  which produce  
h igh  f l u x e s  (o f  t h e  o r d e r  of 1 0  
i n  t h e  1 Mev t o  1 Bev r a n g e  i n  t h e  v i c i n i t y  of t h e  ear th ,  l a s t i n g  for 
s e v e r a l  days ,  The c h a r a c t e r i s t i c  o f  these  e v e n t s  which i s  l a r g e l y  
r e s p o n s i b l e  f o r  t h e  haza rd  t o  Apol lo  i s  t h e  f a c t  t h a t  t h e y  o c c u r  
randomly i n  t i m e  and cannot  a s  y e t  b e  f o r e c a s t  i n  advance.  The p a r t  
o f  t h e  energy  spec t rum of  i n t e r e s t  t o  t h e  Apollo program i s  t h a t  
between 30  Mev and 1 0 0  M e V .  T h i s  i s  because  p r o t o n s  w i t h  l e s s  t h a n  
30 Mev cannot  p e n e t r a t e  t h e  t h i n n e s t  p a r t s  o f  t h e  Command Module, 
w h i l e  t h o s e  w i t h  more t h a n  1 0 0  Mev are much l e s s  numerous t h a n  t h o s e  
i n  t h e  30 t.o 1 0 0  Mev range .  P r o t o n s  w i t h  l e s s  t h a n  30 Mev can  
p e n e t r a t e  t h e  Lunar Excurs ion  Module and t h e  s p a c e s u i t ,  s o  t h e y  can- 
n o t  be n e g l e c t e d  for p o r t i o n s  o f  t h e  m i s s i o n  when some of  t h e  
a s t r o n a u t s  are o u t s i d e  t h e  CM. 

8 protons/cm* or more) w i t h  e n e r g i e s  

I n  s h o r t ,  t h e  problems t o  b e  d i s c u s s e d  i n  t h i s  r e p o r t  are:  

(1) What do w e  know about t h e  s o l a r  cosmic r a y  envi ronment?  
How do w e  know i t ?  How w e l l  do w e  know i t ?  

( 2 )  What do w e  want t o  know? 
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( 3 )  How can t h e  i n t e r a c t i o n  o f  t h e  cosmic r a y  environment 
w i t h  t h e  Apollo a s t r o n a u t s  b e  b e s t  ana lyzed?  

2 .  Obse rva t ions  of S o l a r  Cosmic Rays 

I n  t h i s  s e c t i o n  t h e  t e c h n i q u e s  used  t o  measure s o l a r  
cosmic r a y  i n t e n s i t i e s ,  s p e c t r a ,  and composi t ion  as f u n c t i o n s  o f  
t i m e  w i l l  be d e s c r i b e d .  The e x p e r i m e n t a l  u n c e r t a i n t i e s  of t h e  
o b t a i n e d  v a l u e s  w i l l  be e s t i m a t e d .  

There was no extended p e r i o d  o f  t h e  1 9 t h  S o l a r  Cycle  
( i $ I 5 6 - i 9 6 i j  d u r i n g  which complete coverage  o f  t h e  cosmic r a y  
environment was a t t a i n e d .  A l l  ground based  o b s e r v a t i o n s  r e q u i r e d  
d e t a i l e d  t h e o r e t i c a l  a n a l y s i s  t o  c o n v e r t  observed  da ta  t o  pr imary  
cosmic r a y  f l u x e s  i n  t h e  energy r ange  of i n t e r e s t .  T h i s  a n a l y s i s  
was t o o  compl ica ted  t o  g i v e  conf idence  i n  t h e  r e s u l t s .  I n - f l i g h t  
o b s e r v a t i o n s  were n o t  complete ,  w i t h  t h e  t i m e s  of  peak f l u x  occa- 
s i o n a l l y  missed .  

2 . 1  P o l a r  Cap Absorp t ion  Measurements 

When e n e r g e t i c  cosmic r a y s  e n t e r  t h e  atmosphere,  t h e y  
l o s e  energy  by i o n i z i n g  t h e  a i r  molecules .  A s  t h e  d e n s i t y  o f  
i o n i z a t i o n  i n c r e a s e s ,  t h e  a b i l i t y  o f  r a d i o  waves t o  t r a v e r s e  t h e  
medium d e c r e a s e s  and t h e  waves are absorbed .  

The th ree  most s u c c e s s f u l  sys tems which have been 
developed  t o  obse rve  t h i s  phenomenon are t h e  Riometer ,  t h e  V . H . F .  
i o n o s p h e r i c  s c a t t e r  ne twork ,  and t h e  F min system. The R e l a t i v e  
I o n o s p h e r i c  Opaci ty  Meter (Riometer )  measures  t h e  i o n o s p h e r i c  
a b s o r p t i o n  of cosmic r a d i o  n o i s e ,  The V.H.F. i o n o s p h e r i c  
s c a t t e r  network t r a n s m i t s  a r a d i o  wave from one s t a t i o n  and 
o b s e r v e s  t h e  wave a f t e r  r e f l e c t i o n  from t h e  ionosphe re  a t  a 
second s t a t i o n  about  1 0 0 0  Km t o  2000 Km away. (2 j  
measure t h e  minimum f requency  o f  r a d i o  waves t ha t  can be t r a n s m i t t e d  
v e r t i c a l l y ,  w i t h  t h e  echo f r o m  t h e  i o n o s p h e r e  r e c e i v e d  on ea r th .  

F rnin sys tems 

( 2 , 3 )  

The  t h e o r y  which r e l a t e s  t h e  a b s o r p t i o n  o f  r a d i o  waves 
by t h e  ionosphe re  t o  the  i n c i d e n t  f l u x  o f  cosmic r a y s  i s  p r e s e n t e d  
by Leinbach.  (’) 
i o n i z a t i o n - a l t i t u d e  p r o f i l e ,  which i n  t u r n  depends on t h e  s p e c t r a l  
shape  and i n t e n s i t y  of  t h e  i n c i d e n t  cosmic r a y s .  C a l c u l a t i o n s  
i n d i c a t e  t h a t  t h e  observed  a b s o r p t i o n  does n o t  depend s t r o n g l y  on 
t h e  s p e c t r a l  shape .  ‘ 5’ Thus, o n l y  I n t e g r a l  i n t e n s i t y  va l i ies  
above a c u t o f f  energy can be expec ted .  

The r a d i o  a b s o r p t i o n  depends on t h e  d e n s i t y  o f  

B 
t 
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The f a c t  t ha t  most of t h e  a b s o r p t i o n  i s  e x p e c t e d  t )  
o c c u r  a t  a n  a l t i t u d e  of 50-100 Km i m p l i e s  a minimum, a tmosphe r i c ,  
c u t o f f  energy  of  about  1 0  MeV- I n  a d d i t i o n ,  because  o f  t he  
ea r th ' s  m a g m t i c  f L e l d ,  on ly  p a r t i c l e s  abclve a p a r t i c u l a r  c u t o f f  

r i g i d i t y  can r e a c h  a g iven  obse rve r  (11,14j w i t h  t h e  v a l u e  of  t h e  
c u t o f f  r i g i d i t y  depending  p r i m a r i l y  on t h e  magnet ic  l a t i t u d e  ~ 

R i g i d i t y  i s  d e f i n e d  by e q u a t i o n  3 - b e  The i n t e n s i t y  of cosmic r a y s  
me;7si-ired i s  2 h i ~ s  t h e  i n t e g l - a l  f l u x  zbove the ccrrespcnding c u t z r f  
ene rgy .  S i n c e  t he  ear th ' s  magnet ic  f i e l d  changes i n  magnet ic  
s t o r m s ,  t h e  v a l u e  o f  the  c u t o f f  ene rgy  OF t h e  Fad io  a b s o r p t i o n  may 
change d u r i n g  p a r t s  of t h e  cosmic r a y  e v e n t s ,  

Sintce t h e  e x p e r i m e n t a l  accu racy  i s  a b c u t  t h e  same for 
a l l  PCA o b s e r v a t i o n s  and t h e  i n t e r p r e t i v e  assumpt ions  a r e  s imi la r ,  
o n l y  R i o m e t e r  data  w i l l  b e  d i s c u s s e d  he re ,  The Riometer  data  i s  

a d d i t i o n  t o  t he  p u r g l y  expe r imen ta l  l i m i t a t i o n s ,  t h e r e  i s  about  a 
I n  u n c e r t a i n  by abou t  + 2 0 %  i n  the  c a l c u l a t e d  a b s o r p t i o n ,  ( 1 5 )  

f a c t o r  o f  2 u n c e r t a i n t y  i n  t h e  i n t e r p r e t a t i o n  of' t h e  da tac  i 6 ) n  

2 , 2  Neutron  Moni tors  

Because of  t h e  dense a tmosphere ,  ve ry  f e w  cosmic r a y s  
r e a c h  t h e  ea r th ,  However, many e n e r g e t i c  (E .1  Bev) ones produce  
n e u t r o n s  which can  p e n e t r a t e  t h e  atmosphere and be d e t e c t e d  by 
e a r t h  based n e u t r o n  m o n i t o r s ,  E n e r g e t i c  s o l a r  ccsmiz r a y s  and 
g a l a c t i c  cosmic r a y s  b o t h  produce such  n e u t r o n s ,  so t h a t  g a l a c t i c  
cosmic r a y s  produce  a background c o u n t i n g  r a t e  which sets  a lower  
l i m i t  on t he  s c l a r  ccsmic ray f l u x e s  o b s e r v a b l e  w i t h  t h i s  t y p e  o f  
m o n i t o r ,  T h e r e f o r e ,  solar cosmic r a y  f l u x e s  w i t h  f e w  p a r t i c l e s  
i n  t h e  Bev r ange  w i l l  no t  be s e e n ,  

O b s e r v a t i o n s  made a t  s e v e r a l  s t a t i o n s  l o c a t e d  a t  d i f f e r e n t  
geomagnet ic  l a t i t u d e s  can y i e l d  i n t e g r a l  f l u x e s  above s e v e r a l  
e n e r g i e s ,  These i n t e g r a l  f l u x e s  can b e  combined t o  gSve informa- 
t i o n  on the s p e c t r a l  shape  o f  t h e  p a r t i c l e  f l u x e s  i n  t h e  Bev ene rgy  
r e g i o n  

The accu racy  of t h e  cosmic r a y  f l u x e s  deducedfrom t h e  
n e u t r o n  mon i to r  i s  l i m i t e d  p r i m a r i l y  by t h e  c o n s i d e r a t i o n s  used  i n  
t h e  i n t e r p r e t a t i o n ,  The y i e l d  depends t o  some e x t e n t  on t h e  
s p e z t r a l  shape which i s  unknown u n l e s s  spec t r a l  d a t a  f'x-om o t h e r  

* 
T h i s  f a c t o r  of 2 r e p r e s e n t s  t h e  e x p e c t e d  e r r o r  i n  t h e  

r e s u l t i n g  f l u x  v a l u e  
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m o n i t o r  s t a t i o n s  or s a t e l l i t e  o b s e r v a t i o n s  are a v a i l a b l e ,  It 

i s  estimated i n  t h e  S o l a r  Pro ton  Manual (6' t h a t  cosmic r a y  
i n t e n s i t i e s  a re  u n c e r t a i n  by  up t o  a f a c t o r  of  two,  

A s  i n d i c a t e d  above, n e u t r o n  m o n i t o r s  obse rve  e f f e c t s  
produced by p a r t i c l e s  i n  t h e  Bev ene rgy  r ange .  E x t r a p o l a t i o n  
t o  t h e  r e g i o n  of  p r imary  i n t e r e s t  ( 3 0  Mev t o  100  M e V )  i s  
q u e s t i o n a b l e ,  s o  t h a t  these  measurements are n o t  as v a l u a b l e  as 
lower  energy  measurements.  However, t h e  m o n i t o r i n g  i s  con t inuous  
and t h e  r e s u l t i n g  checks  on o t h e r  measurements are n e i p i ' u l .  

2 . 3  Pr imary P a r t i c l e  D e t e c t o r s  

Because of t h e  ear th ' s  a tmosphere ,  p r i m a r y  cosmic r a y s  
can  b e  d e t e c t e d  on ly  by i n - f i i g h t  d e t e c t o r s .  The f l i g h t  s y s t e m s  
used  i n  t he  i g t h  s o l a r  c y c l e  were b a l l o o n s ,  r o c k e t s ,  and s a t e l -  
l i t e s .  

Ba l loons  have t h e  l i m i t a t i o n  tha t  t h e y  canno t  e s c a p e  
the  a tmosphere  comple t e ly ,  bu t  t h e  expe r imen t s  u s e  t h i s  f a c t  t o  
advan tage  by u s i n g  t h e  r e s i d u a l  a tmosphere above t h e  b a l l o o n  as 
an  a b s o r b e r  and measur ing  in t eg ra l  f l u x e s .  S p e c t r a l  shapes  can 
b e  measured by o b s e r v i n g  i n t e g r a l  f l u x e s  d u r i n g  t h e  a s c e n t  o f  t h e  
b a l l o o n  th rough  t h e  atmosphere 

Rockets  c o n t a i n i n g  d e t e c t o r s  have been launchec! when 
ar ,o ther  s y s t e m ,  such  as t h e  Tiometer ,  observed  t h e  p r e s e n c e  of 
s o l a r  cosmic r a y s .  Wi th  such a f l i g h t  sys tem o b s e r v e r s  can com- 
b i n e  t h e  advan tage  of con t inuous  m o n i t o r i n g  of t h e  ground based 
s y s t e m  w i t h  t h e  i n c r e a s e d  d a t a  c a p a b i l i t i e s  of  i n - f l i g h t  measure- 
ment s ? 

S a t e l l i t e s  o f f e r  t h e  best  coverage  f o r  m o n i t o r i n g  i n  
t he  r a n g e  o f  i n t e r e s t .  The d e t e c t o r s  can b e  s e l e c t e d  from 
c o n s i d e r a t i o n s  o f  t h e  q u a n t i t i e s  t o  be  measured w i t h  fewer re- 
s t r i c t i o n s  set  by t h e  i n - f l i g h t  s y s t e m .  

Ge ige r  c o u n t e r s  d e t e c t  on ly  t h e  passage  o f  p a r t i c l e s  
t h r o u g h  t h e  Ge ige r  t u b e  and g i v e  no i n f o r m a t i o n  on t h e  energy  o r  
s p e c i f i c  energy l o s s .  The s p e c i f i c  energy  loss of a p a r t i c l e  i s  
d e f i n e d  as - - dE (Mev-cm /gm) which i s  t h e  energy  d e p o s i t e d  by a 
p a r t i c l e  p e r  gramicm2 of  m a t e r i a l  t r a v e r s e d r  The rmge  R of an  
e n e r g e t i c  p r o t o n  i s  d e f i n e d  by:  

2 
dx 

0 
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where E i s  t h e  i n i t i a l  energy of t h e  p a r t i c l e .  The re  i s  a i:1 
correspondence  between t h e  energy o f  a p a r t i c l e  and its r ange  
i n  a g i v e n  mater ia l ,  Energy in fo r>mat ion  can be  o b t a i n e d  w i t h  
a G e i g e r  t u b e  by o b s e r v i n g  t h e  f l u x  of p r o t o n s  t r a v e r s i n g  a 
g i v e n  a b s o r b e r ,  s i n c e  a l l  such p r o t o n s  have i n i t i a l  r a n g e s  
greater t h a n  t h e  t h i c k n e s s  of t h e  a b s o r b e r .  

I o n i z a t i o n  chambers count  t h e  t o t a l  i o n i z a t i o n  o f  
p a r t i c l e s  passir?g thl?s??g;h t h e  c o g n t e r .  U s n a l l y  an ic?nFzatic7n 
~ h q m h e r  m e 8 s i i r e s  " s p e c i f i c  i o n i z a t i o n " .  The f a c t  t h a t  ga l ac t i c  
cosmic r a y s  have lower s p e c i f i c  i o n i z a t i o n  t h a n  s o l a r  cosmic 
r a y s  e n a b l e s  t h e  i o n i z a t i o n  chamber to d i s c r i m i n a t e  a g a i n s t  
g a l a c t i c  cosmic r a y s  b e t t e r  t h a n  t h e  g e i g e r  c o u n t e r .  The sombi- 
n a t i o n  of' i o n i z a t i o n  chamber, g e i g e r  c c u n t e r ,  and a b s o r b e r  e n a b l e s  
one to o b t a i n  i n f o r m a t i o n  on spec t rum and compos i t ion ,  

S c i n t i l l a t o r s  w i t h  p h G t o m u l t i p l i e r  t u b e s  and s l l i e c n  
J u n c t i o n  d e t e c t o r s  have a l s o  been used  t o  d e t e c t  cosmic r a y s c  
Both t y p e s  measure t he  energy o f  t h e  p a r t i c l e  d e t e c t e d .  Nuc lea r  
emuls ions  have a l s o  been used.  Emulsions g i v e  t i m e  i n t e g r a t e d  
e n e r g y  and composi t ion  i n f o r m a t i o n  b u t  no i n f o r m a t i o n  on t empora l  
dependence.  

Except  for t h e  Geiger  t u b e s ,  a l l  of t hese  d e t e c t o r s  have 
s u f f i c i e n t  r e s o l v i n g  power so  t ha t  v e r y  l i t t l e  u n c e r t a i n t y  i s  
i n t r o d u c e d  i n  measur ing  an  i n t e g r a l  energy  spec t rum by l i m i t a t i o n s  
i n  d e t e c t o r  r e s o l u t i o n .  R e l a t i v e l y  h i g h  u n c e r t a i n t i e s  are  i n t r o -  
duced by g e o m e t r i c a l  and e f f i c i e n c y  c o n s i d e r a t i o n s ,  vihile t h e  
e f f i c i e n c y  of  each o f  t h e s e  d e t e c t o r s  i n  d e t e c t i n g  e n e r g e t i c  pl-0- 
t o n s  and a l p h a  p a r t i c l e s  i s  1 0 0 %  under  idea l  c o n d i t i o n s ,  s t a t i s t i -  
c a l  r e q u i r e m e n t s  combined w i t h  r e l a t i v e l y  low c o u n t i n g  r a t e s  
n e c e s s i t a t e  non- idea l  c o n f i g u r a t i o n s .  For  example,  r a the r  t h a n  
u s e  a t h i n  s c i n t i l l a t o r  on t h e  s u r f a c e  of a p h o t o m u l t i p l i e r  w i t h  
good l i g h t  c o l l e c t i o n ,  a l a r g e  c r y s t a l  w i t h  poor  l i g h t  c o l l e c t i o n  
may be n e c e s s a r y .  On such  l a r g e  d e t e c t o r s  t h e  e f f i c i e n c y  is 
d i f f i c u l t  t o  c a l c u l a t e  o r  measure,  Complicated c o n f i g u r a t i o n s  of  
a b s o r b e r s  and d e t e c t o r s  combine w i t h  env i ronmen ta l  c o n d i t i o n s ,  
such  as t r a p p e d  r a d i a t i o n  and t h e  ea r th ' s  magnet ic  f i e l d ,  t o  
r e s t r i c t  t h e  accu racy  of f l u x  measurements ,  W, Webber estimates 
an error of abou t  - +25% f o r  i n - f l i g h t  f l u x  m e a s u r e m e n t s o ( 3 )  

T a b l e  1 summarizes t h e  energy  r e g i o n s  measilred i n  t h e  
1 9 t h  s o l a r  c y c l e  w i t h  t h e  d e t e c t i o n  t e c h n i q u e s  used  f o r  each .  It 
i s  n o t e d  t h a t  s a f e i l i t e  d a t a  e x t e n d  back on ly  t o  ig60. Sir ;ce  
b a l l o o n s  and r o c k e t s  u s u a l l y  were l aunched  a f t e r  t h e  a r r i v a l  a t  
e a r t h  of  cosmic r a y s ,  t h e  d a t a  i s  more u s e f u l  i n  g i v i n g  s p e c t r a i  
shape  t h a n  f o r  t ime  i n t e g r a t e d  f l h x e s c  

m 
1 
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S a t e l l i t e  data i s  s u p e r i o r  t o  ground based and o t h e r  
i n - f l i g h t  data  because  i t  p r o v i d e s  d i r e c t  measurement o f  t h e  
p a r t i c l e  f l u x e s  th roughou t  each e v e n t .  However, b e t t e r  coverage  
c o u l d  be o b t a i n e d  by means of  a s a t e l l i t e  which was o u t s i d e  o f  
t h e  magnetosphere a h igher  f r a c t i o n  of  t h e  t i m e ,  i d e a l l y ,  a l l  o f  
t h e  t i m e .  

3. C h a r a c t e r i s t i c s  of t h e  19th S o l a r  Cycle  Even t s  

1 9 t h  s o l a r  c y c l e  w i l l  be descr ibed  i n  some d e t a i l .  
p e r t i e s  o f  t h e  e v e n t s  w i l l  be d i s c u s s e d  i n  a n  a t t e m p t  t o  e v a l u a t e  
a s t a n d a r d  format  t o  which t h e  m a j o r i t y  of t h e  e v e n t s  conform. 
T a b l e  3 p r e s e n t s  c u r r e n t  best v a l u e s  f o r  p a r a m e t e r s  u sed  t o  de- 
s c r i b e  t h e  t empora l  dependence, t h e  s i z e , a n d  t h e  composi t ion  o f  
each o f  t h e  e v e n t s  of t h e  19th s o l a r  c y c l e .  The s i g n i f i c a n c e  o f  
t h e  p a r a m e t e r s  l i s t e d  i s  descr ibed  i n  t h i s  s e c t i o n .  I n  o r d e r  t o  
make these q u a n t i t i e s  meaningfu l ,  t h e  b u l k  of  t h i s  s e c t i o n  i s  
g i v e n  t o  a d e s c r i p t i o n  of  t h e  phenomenology of  t h e  e v e n t s  as f a r  
as t h e  n e a r - e a r t h  r e g i o n  i s  concerned.  

I n  t h i s  s e c t i o n  t h e  s o l a r  cosmic ray e v e n t s  o f  t h e  
The pro- 

The forms i n  which t h e  e v e n t s  are u s u a l l y  d e s c r i b e d  
w i l l  b e  p r e s e n t e d  and a t a b l e  o f  t h e  p a r a m e t e r s  a p p l i c a b l e  f o r  
each e v e n t  ( T a b l e  31,  w i l l  be i n c l u d e d .  It i s  n o t  t r u e  t h a t  a l l  
e v e n t s  can b e s t  be  d e s c r i b e d  by t h e  s t a n d a r d  f o r m a t ,  b u t  it i s  
des i r ab le ,  from the  p o i n t  of view of  a n a l y s i s ,  t o  u s e  a s i n g l e  
r e p r e s e n t a t i o n .  

3 . 1  Temporal Dependence 

There  a re  t h r e e  c h a r a c t e r i s t i c  t i m e s  d e s c r i b i n g  each  
cosmic r a y  e v e n t :  t h e  onse t -de lay  t i m e ,  t h e  r i s e  t i m e ,  and t h e  
decay t i m e .  These q u a n t i t i e s  are shown i n  F i g u r e  1. It s h o u l d  
be n o t e d  tha t  these q u a n t i t i e s  are d i f f e r e n t  f o r  each energy  
r a n g e  c o n s i d e r e d .  

It has become c o n v e n t i o n a l  t o  d e s c r i b e  t h e  t empora l  
dependence of  p a r t i c l e  f l u x  by e x p o n e n t i a l  e x p r e s s i o n s :  

t-t 
J = J  P ex.(<) o < t < t  

- P  C 3-1 ;) 
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where J i s  t h e  i n s t a n t a n e o u s  p a r t i c l e  f l u x  r a t e ,  J i s  t h e  peak 
p a r t i c l e  f l u x  r a t e ,  t i s  the  t i m e  o f  peak f l u x ,  tR i s  t h e  r ise  
t i m e ,  and tD i s  t h e  decay t i m e ,  To t h i s  approximat ion  t h e  t i m e  
i n t e g r a t e d  p a r t i c l e  f l u x  i s  

P 
P 

t-m 

J d t  = J ( t R  + tC) N = I  - v  m P (3-3) 

Reference  6 p r e s e n t s  t h e  t ime  dependence o f  most e v e n t s .  
It can be  seen  t h a t  p a r t s  of most e v e n t s  can be d e s c r i b e d  by such  
e q u a t i o n s ,  b u t  ve ry  few e v e n t s  can be d e s c r i b e d  w e l l  d u r i n g  most 
of  t h e i r  d u r a t i o n  by a s i n g l e  s e t  of  pa rame te r s .  However, t h e  
v a l u e s  l i s t e d  i n  T a b l e  3 a r e  u s e f u l  i n  t ha t  t h e y  g i v e  a rough 
e s t i m a t e  o f  t h e  d u r a t i o n  o f  e a c h  e v e n t .  While e q u a t i o n s  3-1 and 
3-2 are u s u a l l y  used  t o  d e s c r i b e  t h e  t empora l  dependence of  t h e  
f l u x  i n t e n s i t y ,  t h e y  canno t  b e  c o n s i d e r e d  a c c u r a t e  r e p r e s e n t a t i o n s  
b u t  mere conveniences .  

3.2 S p e c t r a l  Shape 

It has been found ( 7 )  t h a t  many cosmic r a y  e v e n t s  can 
b e s t  be d e s c r i b e d  i n  terms o f  an e x p o n e n t i a l  r i g i d i t y  spectrum. 
A d e t a i l e d  d i s c u s s i o n  of t h i s  d e s c r i p t i o n ,  i n c l u d i n g  examples,  i s  
found i n  Reference  ( 7 ) .  The r i g i d i t y  of  a charged  p a r t i c l e  i s  
d e f i n e d  as:  

pc 
eZ R =  (3 -4  ) 

where p i s  t h e  p a r t i c l e ’ s  momentum i n  Mev/c, c t h e  v e l o c i t y  of  
l i g h t ,  e t h e  a b s o l u t e  v a l u e  o f  t h e  charge  of  t h e  e l e c t r o n  i n  
e l e c t r o s t a t i c  u n i t s ,  and Z t h e  a tomic  cha rge  of  t h e  p a r t i c l e ,  
Thus, t he  number o f  p a r t i c l e s  w i t h  r i g i d i t y  greater t h a n  R i s  
g i v e n  by 

N ( = R )  = Noe-R’Ro f 3-5) 

where Ro i s  t h e  c h a r a c t e r i s t i c  r i g i d i t y  o f  t h e  e v e n t  and i s  
d e f i n e d  by t h e  above e q u a t i o n .  The u n i t s  o f  R are v o l t s .  A 
t ab l e  r e l a t . i n g  energy  t o  r i g i d i t y  f o r  p r o t o n s ,  a lpha  p a r t i c l e s ,  
and e l e c t r o n s  i s  g i v e n  by McKee and Boh l in .  ( 8 )  
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F i g u r e  2 g i v e s  t h e  d i s t r f b u t i o n  o f  t h e  observed  v a l u e s  
of c h a r a c t e r i s t i c  r i g i d i t i e s  f o r  t h e  e v e n t s  o f  t h e  1 9 t h  s o l a r  
c y c l e  c o n t a i n i n g  a t o t a l  f l u x  o f  1 0  protons/cm2 o r  more w i t h  
e n e r g i e s  g r e a t e r  t h a n  39 Nev. n(:R ) r e p r e s e z t s  t h e  number of  
e v e n t s  having  c h a r a c t e r i s t i c  r i g i d i t y  g r e a t e r  t h a n  R o -  

large u n c e r t a i n t i e s  i n  t h e  'Tlaluesprevent a unique  c h o i c e  of d i s -  
t r i b u t i o n  f u n c t i o n s  from be ing  chosen.  Both t h e  l i n e a r  d i s t r i b u -  
t i o n  

6 

0 
The 

1 ; Ro < 40 Mv 

h ( R o ) d R o  = 1 .3  - . O O g 5  Ro ; 4 0  MV Ro - < 145 Mv (3-6)  

0 0 ;145  Mv < Ro 

and t h e  e x p o n e n t i a l  f u n c t i o n  

I h(Ro)dRo = e -Ro/52 (3-7) 

0 
JR 

f i t  t h e  observed  d i s t r i b u t i o n  t o  w i t h i n  e x p e r i m e n t a l  u n c e r t a i n t y .  
Both of these e x p r e s s i o n s  f u l f i l l  t h e  n o r m a l i z a t i o n  r equ i r emen t .  

h ( R o ) d R o  = i I= (3-8) 

The advantage  o f  t h e  e x p o n e n t i a l  r i g i d i t y  spec t rum 
d e s c r i p t i o n  of  an even t  is  t h a t  a s i n g l e  pa rame te r  a c c u r a t e l y  
d e s c r i b e s  t h e  p a r t i c l e  spectrum o v e r  wide r a n g e s  o f  r i g i d i t y  o r  
energy .  T h i s  s u g g e s t s t h a t  such a d e s c r i p t i o n  may be b a s i c  t o  t h e  
a c c e l e r a t i o n  and p ropaga t ion  p r o c e s s .  However, t h e  c h a r a c t e r i s -  
t i c  r i g i d i t y  i s  n o t  n e c e s s a r i l y  c o n s t a n t  o v e r  an e n t i r e  e v e n t .  
I f  t h e  r i g i d i t y  changes du r ing  a n  e v e n t ,  t h e  t i m e  i n t e g r a t e d  
spec t rum may n o t  be  a s  a c c u r a t e l y  e x p o n e n t i a l  as t h e  i n s t a n t a -  
neous spectrum. O f  t h e  even t s  c o n s i d e r e d  i n  Reference  7 ,  on ly  
about  3 0 %  had c o n s t a n t  r i g i d i t y ,  w i t h  t h e  c h a r a c t e r i s t i c  r i g i d i t y  
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d e c r e a s i n g  w i t h  t i m e  d u r i n g  the cour se  o f  t h e  o t h e r  e v e n t s .  
S i n c e  t h e  r i g i d i t y  was f a i r l y  c o n s t a n t  d u r i n g  t h e  times of  peak 
f l u x ,  t h e  t i m e  i n t e g r a t e d  spectrum w a s  r ea sonab ly  w e l l  d e s c r i b e d  
by an e x p o n e n t i a l  d i s t r i b u t i o n  i n  most c a s e s .  

3.3 Composition 

Data on the  composi t ion of s o l a r  cosmic r a y s  i s  
l i m i t e d ,  b e i n g  a v a i l a b l e  f o r  zlnlj: aaou t  25% o f  t h e  e v e n t s  ctf the 

v a r i e s  from one e v e n t  to a n o t h e r ;  t h e r e  i s  a tend-ency For  p r o t n n s  
and a l p h a  p a r t i c l e s  t o  be about e q u a l l y  abundant ,  w i t h  h e a v i e r  

i o n s  much less  s i g n i f i c a n t .  T a b l e  2 i s  t a k e n  from S c h u l t e  and 
g i v e s  r e l a t i v e  f l u x e s  of v a r i o u s  p o s i t i v e  i o n s  based on data t aken  

About 60% of t h e  e v e n t s  observed c o n t a i n e d  p ro ton /a lpha  p a r t i c l e  
r a t i o s  c o n s i s t e n t  w i t h  t h e  above assumpt ion ,  whi le  on ly  a f e w  
e v e n t s  were g r e a t l y  at  v a r i a n c e  w i t h  i t .  For  purposes  of  a n a l y s i s  
such  a model i s  u s e f u l .  The r a t i o  of  p r o t o n  f l u x  to alpha p a r t i c l e  
f l u x  i s  g i v e n  i n  Table  3 for the  e v e n t s  i n  which data i s  a v a i l a b l e .  

19th s n l p r  ~ y ~ l e -  While the composition cf s c l a r  cesmic rags  

from t h e  September 3,  November 1 2  and November 15 ,  1960 e v e n t s .  ( 1 0 )  

3.4 P a r t i c l e  F luxes  

The i n t e g r a l  cosmic r a y  f l u x e s  are u s u a l l y  p r e s e n t e d  i n  
terms o f  t h e  t o t a l  number of  p r o t o n s  w i t h  r i g i d i t i e s  g r e a t e r  t h a n  
R i n t e g r a t e d  o v e r  t h e  t i m e  of t h e  who e e v e n t ,  f o r  R v a l u e s  of  

~f 1 0  MeV, 30 Mev and 1 0 0  M e V ,  r e s p e c t i v e l y ,  I n  s e v e r a l  c a s e s ,  
when s e v e r a l  e v e n t s  o r i g i n a t e d  from t h e  same s p o t  on t h e  sun and 
were s e p a r a t e d  by only  a f e w  days ,  t h e y  were treated as a s i n g l e  
even t  i n  one curve  i n  F i g u r e  3. Such e v e n t s  which were c l o s e  t o  
each  o t h e r  i n  b o t h  t i m e  o f  occur rence  and i n  p o s i t i o n  on t h e  sun 
were c o n s i d e r e d  to be a s i n g l e  s o l a r  e v e n t .  The  f l u x  v a l u e s  are 
t h e  same as g iven  i n  Table  3. The p r o b a b i l i t y  v a l u e s  were o b t a i n e d  
by assuming random t i m e  d i s t r i b u t i o n  d u r i n g  t h e  6 years of  s o l a r  
maximum, 1956-1961. 

137 Mv, 239 Mv, and 4 4 5  Mv (1 Mv = 1 0  k v )  co r re spond ing  to e n e r g i e s  

The even t  s i z e  d i s t r i b u t f o n  f o r  t h e  ungrouped e v e n t s  can 

9 p r o t o n s  
be d e s c r i b e d  w i t h  f a i r  accuracy by t h e  e x p r e s s i o n :  

0476  - .00511 loglo[ NC .30)];Ni2x10 
cm 2 

9 p r o t o n s  
em 2 j N2 2x10 

g ( N ( > 3 0 ) )  d N ( 2 3 0 )  = 
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g(NT(>30))dN(230)  i s  t h e  f r a c t i o n  o f  days  i n  t h e  6 y e a r  LO) 
maximum of  t h e  1 9 t h  s o l a r  cyc le  i n  which an e v e n t  o f  s i z e  N(:3O) 
or larger o c c u r r e d .  

The peak i n t e n s i t y ,  J ( > R ) ,  i s  g i v e n  by 

t o  t h e  e x t e n t  t h a t  t h e  e x p o n e n t i a l  r e p r e s e n t a t i o n  of  t h e  t i m e  
dependence i s  c o r r e c t .  

T a b l e  3 p r e s e n t s  some s i g n i f i c a n t  pa rame te r s  f o r  t h e  
e v e n t s  o f  t h e  1 9 t h  s o l a r  c y c l e .  Values  are t a k e n  from Refe rences  3 
6 a n d 7  a l t h o u g h  most of  them have been checked w i t h  c a l c u l a t i o n s  
made from p u b l i s h e d  data. The e x p e r i m e n t a l  u n c e r t a i n t i e s  can be 
estimated from t h e  v a l u e s  g iven  i n  T a b l e  1. 

The f i rs t  two columns g i v e  v a l u e s  f o r  t h e  o n s e t  p l u s  
r i s e  t i m e ,  e x p r e s s e d  i n  hours ,  f o r  p r o t o n s  above two energy 
l e v e l s .  The n e x t  two columns c o n t a i n  decay t i m e s .  Numbers g i v e n  
i n  p a r e n t h e s e s  are es t imated  v a l u e s .  

The n e x t  three columns c o n t a i n  t o t a l  f l u x e s  w i t h  
e n e r g i e s  above each  of t h r e e  v a l u e s ,  i n t e g r a t e d  ove r  t h e  e n t i r e  
e v e n t .  These f l u x e s  a re  g iven  i n  u n i t s  of protons/cm*. 

The c h a r a c t e r i s t i c  r i g i d i t i e s  g i v e n  are c a l c u l a t e d  from 
t h e  e q u a t i o n  

( 3-11) 

J 

which r e s u l t s  s imply by assuming t h a t  t he  spec t rum i s  a c c u r a t e l y  
e x p o n e n t i a l  i n  r i g i d i t y  above 30 M e V .  The data from 30 Mev t o  
1 0 0  Mev i s  used  wf thout  regard t o  t h e  f l u x  above 1 0  M e V .  

The e r r o r s  a s s i g n e d  t o  t h e  v a l u e s  i n  F i g u r e  3 a r e  based 
on e r r o r  estimates summarized i n  T a b l e  1, The r i g i d i t y  v a l u e s  
r e q u i r e d  two f l u x  measurements ( e . g . ,  N(.30 M e V )  and N(-100 M e V ) ) ,  
and t h e  e r r o r  i s  p ropaga ted  a p p r o p r i a t e l y ,  u s i n g  e q u a t i o n  3-11 as 
a d e f i n i t i o n .  
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The r a t i o s  of p ro ton  f l u x e s  t o  a l p h a  p a r t i c l e  f l u x e s  
are based  on f l u x e s  p e r  equa l  r i g i d i t y  i n t e r v a l .  It has been 
obse rved  f o r  some e v e n t s  t h a t  t h e  same Ro d e s c r i b e s  a and p r o t o n  
s p e c t r a .  (7,') If t h i s  i s  g e n e r a l l y  t r u e ,  t h e n  t h e  r a t i o  o f  pro- 
t o n  t o  a l p h a  p a r t i c l e  f l u x e s  shou ld  be independent  of t h e  r i g i d i t y  
range observed .  

4 .  A p p l i c a t i o n s  

It i s  u s e f u l  t o  use  the e m p i r i c a l  d i s t r i b u t i o n  Func t ions  
p r e s e n t e d  i n  S e c t i o n  3 i n  c a i c u i a t i n g  a dose  p r o b a b i l i t y  curve  Tor 
t h e  Command Module. The c a l c u l a t i o n  which w i l l  be done i s  f o r  a 
s p e c i f i c  case , and  t h e  purpose of' t h e  c a l c u l a t i o n  i s  t o  i l l u s t r a t e  
t h e  u s e  o f  t h e  d i s t r i b u t i o n  f u n c t i o n s .  

The q u a n t i t y  t o  be e v a l u a t e d  i s  

f ( D ) d D  = t h e  p r o b a b i l i t y  p e r  day of b e i n g  exposed t o  a dose  
between D and D+dD 

The f i r s t  assumption made i s  t h a t  t h e  dose  i s  a f u n c t i o n  
of N(,30) and t h e  c h a r a c t e r i s t i c  r i g i d i t y  o n l y ,  f o r  a g i v e n  
s h i e l d i n g  c o n f i g u r a t i o n :  

D = D(N[>301,Ro) (4-1 1 

and t h a t  any o n e  o f  these  q u a n t i t i e s  can be e x p r e s s e d  i n  terms o f  
t h e  o t h e r  two. 

F(N[>30],Ro) dRodN[>30] r e p r e s e n t s  t h e  number of' e v e n t s w i t h  
c h a r a c t e r i s t i c  r i g i d i t i e s  between Ro and Ro+dRo and f l u x  between 
N[>30]  and N[>30]  + dN[>30], For convenience ,  t h e  symbol N w i l l  
be used  t o  r e p r e s e n t  N[230] i n  t h e  f o l l o w i n g :  

f ( D ) d D  = F(N,Ro)dRodN (4-2 1 ! 
The pr ime on t h e  i n t e g r a t i o n  i n d i c a t e s  t h a t  o n l y  v a l u e s  of  N and 
Ro re la ted by e q u a t i o n  4-1  are i n c l u d e d  i n  t h e  summation. 

t h a t  N i s  independent  o f  Ro, s o  t h a t  
The n e x t  s i m p l i f y i n g  assumpt ion  t h a t  w i l l  be made i s  
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The e v e n t s  o f  the  1 9 t h  s o l a r  c y c l e  are p l o t t e d  as 
a f u n c t i o n  o f  Id[-> 30 Mev] and R i n  F i g u r e  5 .  While the  

p o i n t s  do n o t  seem p u r e l y  random, there i s  no 1:l r e l a t i o n -  
s h i p  between NE-> 30 Mevl and Ro, and t h e  assumption of a 
random s c a t t e r  s h o u l d  i n t r o d u c e  on ly  a small e r r o r  i n  t h e  
r e s u l t s  

0 

S u b s t i t u t i n g  e q u a t i o n  4-3 i n t o  4-2: 

o r  

J o  

a ( R o N )  

n a t e s  t o  Ro, D c o o r d i n a t e s .  

i s  t h e  J a c o b i a n  o f  t h e  t r a n s f o r m a t i o n  from Ro,N coord i -  
0 

It shou ld  be  noted t h a t  g ( N ) ,  f ( D ) ,  and F ( N , R o )  are 
d e f i n e d  as p r o b a b i l i t i e s  per day,  w h i l e  h ( R o f  i s  normal ized  
t o  u n i t y .  

A c a l c u l a t i o n  by Eo N .  S h i p l e y  (I2' i n d i c a t e d  t h a t  
t h e  Gommand Module dose  p e r  p r o t o n  o r  a lpha p a r t i c l e  depends 
on t h e  c h a r a c t e r i s t i c  r i g i d i t y  i n  t h e  manner shown i n  F i g u r e  4 .  
S i n c e  many s o l a r  casmic r a y  e v e n t s  seem t o  have e q u a l  f l u x e s  
of p r o t o n s  and a lpha  p a r t i c l e s  p e r  r i g i d i t y  i n t e r v a l ,  t h i s  
e q u a l i t y  can be  t a k e n  as u n i v e r s a l  f o r  t h e  pu rposes  of' t h e  
p r e s e n t  a n a l y s i s ,  For t h i s  c a s e ,  F i g u r e  4 i n d i c a t e s  that  t h e  
e x p r e s s i o n  

D(N[-30 Mev],Ro) = O C 4 5  x io-' N[j30 M e V ]  Ro ( 4 - 7 )  
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; Ro < 40 Mv 

h(Ro)dRo z E . 3  - .0095  Ro; 40 - Ro - c 145 Mv 

0 ; 145 < Ro 

e m p i r i c a l l y  d e s c r i b e s  t h e  dose g i v e n  by an  e v e n t  o f  t h e  
s i z e  g i v e n  by N and a s p e c t r a l  shape d e s c r i b e d  by Ro.  

e x p r e s s i o n  i s  v a l i d  at t h e  c e n t e r  o f  t h e  c a p s u l e  f o r  t h i s  
p a r t i c l e  composi t ion  Llsing t h e  p a r t i c u l a r  s h i e l d i n g  d e s c r i b e d  
i n  Ref .  1 2 .  The s i m p l i c i t y  of ( 4 - 7 )  i s  f o r t u i t o u s ,  as i s  
s u g g c z t e d  by t h e  t h r e e  curves of F i g u r e  4 .  

Th i s  

Equation (3-9) s ta tes  that 

which y i e l d s :  

9 p r o t o n s  
2 ; N < 2 x 1 0  

g ( N ( > 3 0 ) )  (4 -9 )  

- 
cm 

= N  9 p r o t o n s  
cm 2 2 x 10 

From e q u a t i o n  (3-6) : 

( 4 - l O j  

which y i e l d s :  

0 ; Ro < 4 0  Mv 

; 40 < Ro i 145 Mv - - 
0 ; 145 < Ro 

(4-11) 

When e q u a t i o n  (4 -7 )  i s  s o l v e d  f o r  N, one h a s :  

( 4 - 1 2 )  D N =  

0 
: 45  10-9, 
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Substituting equations 4-9, 4-11, and 4-12 into 4-6 and 
integrating, we have 

;D 36 rad. (2.2 x 10-3 

; 2.1 10-5 
- D 

(145- D/.9);36 rad c D 5 131 rad, (4-13) - f(D) = \  D 
0 ;D > 131 rad. 
r 
1.010 - ,005 log,,D ; D c 36 rad- 

I U  f" 1 f(D)dD = (.012 - - 0 0 7  loglOD + 2.3 x ;36 - D - . 131 (4-14) 

lo J D Y 131 4 D 

This distribution function is shown in Figure 6 
along with Shipley's calculated dose points. 

An interesting aspect of the dependence of the 
dose distribution on h(R ) can be seen by considering 

0 

In general this is a complicated function of N(D,Ro) 
For the reasonable case (see (4.9)) g(N), and h(Ro). 

(4-16) g(N) = w ; O  A N m 

we have : 
T m  

which depends on N(D,Ro) and h(Ro). 

N(D,Ro) = m(D)n(Ro) 

If we now assume 

l o  

(4-18 j 
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because  o f  t h e  n o r m a l i z a t i o n  r equ i r emen t  o f  h ( R  ) 
Thus, f o r  t h e  c a s e  where e q u a t i o n s  4-16 and 4-18 h o l d ,  t h e  dose  
d i s t r i b u t i o n  i s  independent  of t h e  r i g i d i t y  d i s t r i b u t i o n ,  and a 
s i n g l e  t y p i c a l  r i g i d i t y  va lue  can b e  assumed t o  app ly  t o  a l l  
e v e n t s  i n  c a l c u l a t i n g  a dose d i s t r i b u t i o n *  
v a l u e  chosen a f fec ts  t h e  n o r m a l i z a t i o n  and,  t h e r e f o r e ,  t h e  
maximum p o s s i b l e  dose ,  b u t  does n o t  a f f e c t  t h e  shape  of the  
d i s t r i b u t i o n .  
A f i n i i - o  ub A nqnrrn uLL6\- of ~ z a l l d i t y  of 4-5 i r ,  t h e  r e a l  2832, which r e s u l t s  
i n  a n  o v p r e s t i m a t e  of' t h e  dnse p r n h a b 5 l i t g  i~ t h e  regicfis nf 
t hese  l imits.  

( e q u a t i o n  3-8) -  

The p a r t i c u l a r  r i g i d i t y  

The g e n e r a l i t y  of t h i s  r e s u l t  i s  l i m i t e d  by t h e  

The  a n a l y s i s  o f  t h e  d i s t r i b u t i o n  o f  doses  f o r  t h e  
e v e n t s  o f  t he  1 9 t h  s o l a r  c y c l e  b y  t h e  p r e s e n t  method does n o t  
i n t r o d u c e  s i g n i f i c a n t  new i n f o r m a t i o n  b u t  i s  i n t e n d e d  to demon- 
s t r a t e  t h e  use  of t h i s  approach ,  Dose i s  n o t  a b a s i c  q u a n t i t y ,  
e s p e c i a l l y  when an a r b i t r a r y  s h i e l d  such  as t h e  command module 
i s  i n t r o d u c e d ,  
able t o  reproduce  t h e  d i s t r i b u t i o n  f u n c t i o n s .  

A b a s i c  t heo ry  of  cosmic r a y  e v e n t s  shou ld  be  

While no e v e n t s  have been  observed  g i v i n g  a dose  
i n  t h e  r ange  of 200 r ads ,  a n  e x t r a p o l a t i o n  c a n  r e a s o n a b l y  
be  made u s i n g  above c o n s i d e r a t i o n s  c1 Such e x t r a p o l a t i o n s  
can  be v e r i f i e d  on ly  by e x t e n s i v e  a d d i t i o n a l  da t a -  How- 
e v e r ,  e x t r a p o l a t i o n s  a r e  o f t e n  n e c e s s a r B  and t h e  above method 
may w e l l  g i v e  more re l iab le  r e s u l t s  t h a n  p r e v i o u s  a n a l y s e s .  

There i s  no g u a r a n t e e  t h a t  t h e  e v e n t s  o f  t h e  2 0 t h  
s o l a r  c y c l e  w i l l  b e  s i m i l a r  t o  t h o s e  o f  t h e  1 9 t h .  T h e r e f o r e ,  
i t  i s  i m p o r t a n t  t h a t  spectral, i n t e n s i t y ,  and composition 
data  b e  o b t a i n e d  as e a r l y  i n  t h e  2 0 t h  s o l a r  c y c l e  as p o s s i b l e p  
T h i s  would mean continuoids mon i to r ing ,  u s i n g  a l l  s y s t e m s  t h a t  
were used i n  t h e  l a s t  s o l a r  c y c l e ,  as w e l l  as any improvements 
now a v a i  l a b  l e .  

Conclus ions  and Recommendations 

While  c o n s i d e r a b l e  e f f o r t  has gone i n t o  expe r imen t s  
measur ing  s o l a r  cosmic r a y  p r o p e r t i e s ,  t h e  accu racy  o f  t h e  
r e s u l t s  i s  s t i l l  n o t  as h igh  as i s  needed f o r  a r e l i a b l e  
p i c t u r e  of  t h e  o v e r a l l  phenomenon, The  number o f  e v e n t s  
o c c u r r i n g  i n  a g iven  s o l a r  cyc le  i s  r e l a t i v e l y  small s o  t h a t  
s t a t i s t i c s  are  poor ,  and d i r e c t  measurements were made on a 
r e g u l a r  basis  on ly  l a t e  i n  t h e  c y c l e ,  

Another  q u a n t i t y  a f f e c t i n g  charged  cosmic r a y s  i s  
t h e  ea r th ' s  magnet ic  f i e l d .  The problem of  e s t i m a t i n g  t h e  
e q u i v a l e n t  f ree  s p a c e  accep tance  s o l i d  a n g l e  o f  a d e t e c t o r  
i n  low earth o r b i t  i s  ex t remely  compl i ca t ed ,  even i n  t i m e s  
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of magnet ic  calm. 
measurements o u t s i d e  o f  t h e  e a r t h ' s  magnetosphere,  on as cont inuous  
a basis as p o s s i b l e .  

T h e r e f o r e ,  i t  s h o u l d  be h e l p f u l  t o  make f l u x  

An idea l  e x p e r i m e n t a l  program conce rn ing  t h e  s o l a r  cosniic 
r a y  environment  would i n c l u d e  f u l l  t i m e  mon i to r ing  ( o u t s i d e  of t h e  
magnetosphere)  of p a r t i c l e  f lux ,  s p e c t r a ,  and t i m e  dependence o f  
e a c h  t y p e  of' p a r t i c l e  p r e s e n t ,  and t h e  r e l a t i v e  abundances of  each  
t y p e .  Such i n f o r m a t i o n  would e n a b l e  a more r e l i a b l e  env i ronmen ta l  

to I.- d - - - , . l - - - d  u c  U c v c A u p C u .  mrri i r \ l  
L l l V  UL L 

R.  H. H i l b e r g  101 1- mi- gd2 
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APPEHDPX 

The "Natural  Environmer,t and Physical 
Standards f c r  t h e  Apollo Program" 

S o l a r  Cosmic Ray Environment 

The "Natural Efivironment and Physical Standards f o r  
t he  Apollo Prograr" M-D E 8020.008B ( S E - O l ~ O O l - l ) ,  Apr i l  1965, 
cor:tair.s a model represent ing  the  expected s o l a r  cosmic r ay  
environmept. The d e s c r i p t i o r i  includes scme c o l l e c t i v e  proper- 
t i e s  of  t?he events  and a s p e c i f i c ,  more d e t a i l e d  account G f  a 
t y p i c a l  event.  The model i s  presented a s  a b a s i s  f c r  design and 
esgir&eering s p e c i f i c a t i o n s .  

The NEPSAP "model" r ep resen t s  a s tandard e s t ab l i shed  
for t h e  var ious cont r ibu tors  t o  t h e  Apollo Program. It gives 
a complete desc r ip t ion  of t h e  spec t ra ,  i n t e n s i t y ,  composition, 
and temporal dependence of  s o l a r  cosmic r a y  events  with which 
r a d i a t i o n  induced q u a n t i t i e s  can be ca lcu la ted .  The f a c t  
t ha t  parts of the  d e s c r i p t i o c  have not  been v e r i f i e d  experi-  
meatal ly  has c o t  been emphasized s i n c e  it is n o t  r e l evan t  t o  
t h e  establ ishment  of t h e  standard.  S imi l a r ly ,  es t imates  of 
t h e  accuracy of t h e  model a re  not  presented.  

The NEPSAP nodel is derived from the  same data that  
was used  i n  t h i s  r epor t ,  s o  tha t  t h e  two desc r ip t ions  a r e  gece ra l ly  
c m s i s t e n ? .  However, s ince  t h e  va r i a t io r .  of  event parameters 
from oc-e event t o  another  i s  co?siderable,  t he  event descr ibed 
i r r :  NEPSAP w i l l  be co_rlsisteLt witn values  observed f o r  very 
few ind iv idua l  events.  For ins tance ,  t h e  temporal dependence 
displayed g ives  a t3 (>30Mev) (> lo0  M e V )  20 hours and t 

R 
2 15 hozrs.  These valaes  a re  r ep resen ta t ive  of about 30% of 
t h e  events .  The expression r e l a t i n g  peak f l u x  t o  t i m e  i n t e -  
g ra t ed  f l u x  (peak f l y x  = 6 x 10- 
the  time depender,ce c;;rves reqdi re  a decay t i m e  oi t h e  order  
of one day, which is the  average decay t i m e  of a l l  events.  
However, 50s of the  events had decay times d i f f e r i n g  from t h i s  
by over e i g h t  hours. 

6 x time in t eg ra t ed  f l u x )  ard 

A s  a standard,  t he  desc r ip t ion  given i n  MEPSAP i s  an  
adeqLate r ep resen ta t ion  of t h e  s o l a r  cosmic ray  environmert. 
It is  szff i c i e c t l y  complete t h a t  i t  allows extensive calculat ior ,s  
t o  b e  made of azy o f  the  r ad ia t ion  e f f e c t s  r e s u l t i n g  from s o l a r  
cosmic r a y  events.  It is s u f f i c i e n t l y  accura te  t h a t  t h e  r e su l t s  
of ca lcLla t ions  can be r e l i e d  on t o  t he  ex ten t  t ha t  a f a c t o r  
of about 2 i n  the  r a d i a t i o n  exposure is unimportant. 
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TABLE 2 

Element 

Hydrogen 
Helium 
B e r y l l i u m  and Boron 
Carboii 

N i t rogen  
Cxygen 
F l u o r i n e  
N e  '3n 
Sodium th rough  Argon 

R e l a t i v e  F lux  

1 

TABLE 2 .  - R e l a t i v e  f l u x e s  o f  v a r i o u s  elements i n  s o l a r  c o p i c  
r a y s  f o r  equal r i g i d i t y  i n t e r v a l s .  
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