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INTRODUCTION 

an ex tens i ve  search 

l i m i t e d  supp l i es  o f  

search must se r i ous  

The need t o  develop long- te rm 

f o r  economical 

f o s s i l  f u e l s .  

l y  cons ider  t h e  

g i  es. Sate1 1 i te-based s o l  a r  power 

energy sources has r e s u l t e d  i n  

l y  compe t i t i ve  a1 t e r n a t i v e s  t o  our  

I n  o rder  t o  be p roduc t i ve ,  such a 

w ides t  p o s s i b l e  range o f  techno lo -  

genera t ion  i s  one such imag ina t i ve  

p o s s i b i l i t y .  A proper  e v a l u a t i o n  o f  i t s  m e r i t s  depends on bas ic  know- 

ledge acqu i red  i n  a l a r g e  number o f  s c i e n t i f i c  and eng ineer ing  f i e l d s .  

S a t e l l  i t e  power systems (SPS) are thus  a t r u l y  m u l t i d i s c i p l i n a r y  c h a l -  

lenge t o  our i ngenu i t y ,  and i t  i s  f i t t i n g  t h a t  t h e  Lawrence Berke ley  

Laboratory ,  which p ioneered a m u l t i - d i s c i p l i n a r y  approach t o  science, 

should  hos t  a workshop on problems posed by  t h e  SPS. 

The environment i n  wh ich  s a t e l l i t e  power systems must be b u i l t  

and ope ra te  i s  charac te r i zed ,  among o ther  p r o p e r t i e s ,  by t h e  presence 

o f  s u b s t a n t i a l  f l u x e s  o f  h igh-energy e lec t rons ,  p ro tons ,  neutrons, 

and atomic  n u c l e i .  It i s  convenient  t o  c l a s s i f y  t h i s  r a d i a t i o n  i n t o  

t h r e e  ca tego r i es :  ( a )  t h e  e l e c t r o n s  and p ro tons  t rapped  by t h e  e a r t h ' s  

magnet ic  f i e l d  i n  t h e  Van A l l e n  b e l t s ,  ( b )  t h e  protons,  he l ium n u c l e i ,  

and, t o  a  l e s s e r  ex ten t ,  h e a v i e r  nuc le i ,  o r i g i n a t i n g  i n  t h e  sun, and 

( c )  t h e  protons,  hel ium, and heav ie r  nuc le  

r a y s  . 
Each o f  these ca tego r i es  o f  r a d i a t i o n  

d i f f e r e n t  magnitude a t  d i f f e r e n t  stages o f  

i compr is ing  g a l a c t i c  cosmic 

c o n s t i t u t e s  a  hazard o f  

SPS opera t ion .  The t rapped  

p ro tons  o f  t h e  Van A l l e n  b e l t s  a re  o f  g r e a t e s t  concern d u r i n g  ope ra t i ons  

i n  low e a r t h  o r b i t .  The w i d e l y  va r y i ng  f l u x e s  o f  t rapped  e l e c t r o n s  

a re  i m p o r t a n t  bo th  d u r i n g  t r a n s f e r  t o  and i n  geos ta t i ona ry  o r b i t .  



Galactic cosmic rays are a low-level, continuous source of exposure 

t o  man and mater ia ls .  The heavy galact ic  nuclei are of concern here 

because of the possible accumulation of biological damage over extended 

exposure periods. Finally,  solar  radiat ion i s  subject t o  violent  and 

unpredictable var ia t ions  i n  magnitude. Solar storms can d r a s t i c a l l y  

a l t e r  the  near ear th  space radiat ion environment. Geostationary personnel 

must be warned i n  time t o  reach adequately shielded she l t e r s  i n  order 

t o  avoid le thal  exposures from the large so la r  pa r t i c le  f luxes which 

often accompany such so la r  storms. 

The Lawrence Berkeley Laboratory has sponsored pure and applied 

research into space radiat ion f o r  many years.  Knowledge obtained 

from the  study of cosmic rays has stimulated s c i e n t i f i c  work in other 

f i e l d s  a t  LBL,  from the  discovery of the antiproton t o  the development 

of heavy-ion beams f o r  cancer therapy. Research into the biological 

e f f ec t s  of radia t ion,  carr ied  out a t  the Donner Laboratory of LBL,  

has led natura l ly  t o  a long standing i n t e r e s t  in the evaluation of 

radia t ion hazards i n  space. In 1965, C.A. Tobias, f acu l ty  senior 

s c i e n t i s t  a t  LBL,  was instrumental i n  arranging a Workshop Conference 

on Space Radiation ~ i o l o ~ ~  .' This conference, sponsored by the Off ice  

of Advanced Research and Technology of the  National Aeronautics and 

Space Administration ( N A S A ) ,  was held on t he  campus of the University 

of California a t  Berkeley with active par t ic ipat ion by many s c i e n t i s t s  

of the Donner Laboratory. A comprehensive review of the  emerging f i e l d  

of space radia t ion biology was published i n  1974, under the  di rect ion 

'P.E. Schambra, G . E .  Stapleton and N.F. Barr, eds. Proceedings of 
a Workshop on Space Radiation Biology. Radiat. Res. Suppl. l, 1967. 



o f  the American I n s t i t u t e  of B i o l o g i c a l  Sciences, f o r  the O f f i ce  o f  

In fo rmat ion  Services, Uni ted States Atomic Energy Commission. The 

monograph, e n t i t l e d  "Space Rad ia t ion  Bio logy and Re1 ated ~ o ~ i  cs"' 

was ed i ted  by C.A. Tobias and P. Todd. Todd, who i s  now on the  f a c u l t y  

o f  Pennsylvania Sta te  Un ive rs i t y ,  wrote h i s  doc tora l  d i s s e r t a t i o n  

a t  Donner Laboratory. 

It i s  c lea r  t h a t  sa te l l i t e -based  so la r  power generat ion presents 

a  se r ies  o f  problems i n  r a d i a t i o n  environment d e f i n i t i o n ,  dosimetry, 

and hazard assessment (bo th  a rch i va l  and p r e d i c t i v e )  t h a t  need ca re fu l  

a t t en t i on .  Th is  "Workshop on t h e  Radiat ion Environment o f  t he  S a t e l l  i t e  

Power System (SPS)" was organized t o  review t h e  present s t a t e  o f  in fo rmat ion  

on the  r a d i a t i o n  environment t o  be experienced by space workers on 

SPS. I n  order t o  focus our a t t e n t i o n  on a  we l l -de f ined area o f  i nqu i r y ,  

t he  scope o f  t h e  workshop was r e s t r i c t e d  t o  exclude non ion iz ing  rad ia -  

t i o n  (e.g., microwaves) and r a d i a t i o n  e f f e c t s  on mater ia ls .  The workshop 

was he ld  a t  t h e  Donner Laboratory o f  LBL on September 15, 1978, w i t h  

the p a r t i c i p a t i o n  o f  a  broad spectrum o f  a c t i v e  workers i n  t h e  f i e l d  

drawn f rom indus t ry ,  government and u n i v e r s i t i e s .  I n  p repara t ion  

f o r  t h e  conference, Professor Richard Madey o f  Kent State U n i v e r s i t y  

was i n v i t e d  t o  spend th ree  weeks a t  LBL t o  study t h e  present s ta tus  

o f  research on t h e  SPS r a d i a t i o n  environment. 

The program f o r  t h e  workshop comprised th ree  pa r t s .  A morning 

session was intended t o  p rov ide  the  p a r t i c i p a n t s  w i t h  a  broad perspect ive 

o f  p e r t i n e n t  t op i cs .  System d e f i n i t i o n  and r a d i a t i o n  p r o t e c t i o n  studies 

'c.A. Tobias and P. Todd, eds. Space Radiat ion B io logy  and Related 
Topics. New York: Academic Press, 1974. 



for the space transportation system were reviewed by R. Hoffman of 

the Lyndon B. Johnson Space Center (NASA). J. Wilson of the Langley 

Research Center (NASA) reviewed the geophysical environment of the 

SPS, and J. Wefel of the Enrico Fermi Institute (University of Chicago) 

discussed the state of the art of radiation detection and particle 

identification. The afternoon session provided a forum for informal 

discussions of our present knowledge and of unsolved problems. A 

rapporteur's summary by Professor Madey concluded this part of the 

workshop. The participants then gathered in the evening to hear an 

entertaining as well as enlightening talk on space radiation biology 

by Professor Tobias, and to participate in a final discussion period. 

The present collection of papers unfortunately cannot convey the 

stimulating atmosphere of a deliberately informal conference. However, 

we hope that the contents, consisting of the texts of the three invited 

talks by R. Hoffman, J. Wi 1 son, and J. Wefel, the detailed report of 

calculations of environmental definition by E. G. Stassinopoulos of 

the Goddard Space Flight Center (NASA), and the rapporteur's summary 

review, will be of use to all researchers in the field. The program 

of presentations and the list of participants have also been included 

for completeness. 

The logistics of this meeting were efficiently and enthusiastically 

handled by Sandy Sanford. Susan Proctor and Grace Walpole contributed 

their considerable secretarial talents. The task of compiling and 

editing the manuscripts for this report was efficiently handled by 

M.C. Pirruccello. We also wish to thank LBL Associate Director Earl 

Hyde for his support and encouragement. 



This Conference was made possible by funding from the S a t e l l i t e  

Power System Project Office, Off ice  of Energy Research, U.S. Department 

of Energy. The funding was arranged and administered by Margaret 

R .  White, Task Director Health and Safety, Other Effects, S a t e l l i t e  

Power System. This f i nanci a1 support i s  grateful  ly acknowledged. 

W .  Schimmerling 

S.B. Curtis 

Berkeley 

February 1979 
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SPACE TRANSPORTATION SYSTEM: 
OPERATIONS AND PROJECTED RADIATION EXPOSURES 

Rudolf A.  Hoffman 

NASA Johnson Space Center 
Houston, Texas 77058 

This workshop en t i t l ed  "The Radiation Environment of the  S a t e l l i t e  

Power System (SPS)" wil l  address what we know of t ha t  environment 

and what we s t i l l  need t o  f i n d  out. Specif ica l ly  we will address 

what instrumentation i s  avail able f o r  fu r the r  radia t ion environment 

def in i t ion and what we need t o  develop. The DOE concern f o r  the above 

areas stems from the recent involvement by DOE i n  a jo int  venture 

with t he  NASA in exploring the  f e a s i b i l i t y  of an SPS. More spec i f i ca l ly ,  

the concern per ta ins  t o  the  radiological  health considerations of 

construction workers and maintenance personnel in space. NASA has, 

of course, been concerned with the  space radia t ion exposure of astronauts 

f o r  some time, and qui te  f rankly  we are pleased t o  share t h i s  concern 

now f o r  the proposed SPS a c t i v i t i e s .  Since my a c t i v i t i e s  a t  the  Johnson 

Space Center are d i r ec t l y  involved w i t h  the  operational aspects of 

the space radiat ion problem, my brief  t a l k  today wi l l  focus on our 

past manned space f 1 i ght experience, our current  approach t o  managing 

the space radi  a t i  on exposures, and a few projections regarding radia t ion 

exposures in several f l i g h t  modes, e.g., space transportat ion system 

(STS) --Space1 ab. 

Manned space f l i g h t s  t o  date have been of such duration and/or 

location t o  r e su l t  in r e l a t i v e l y  low doses as shown in Table 1. Also, 



TABLE 1 

Prev ious  M iss i on  Exposure H i s t o r y  

Miss ion Range (mrad/day) Aver age (mr ad/day) 

Mercury 

Gemini 

Apo l l  o 

SL2 

SL 3 

SL4 

ASTP 

- 

TABLE 2 

NASA R a d i a t i o n  Exposure L i m i t s  

Cons t ra i n t s  (rem) Bone Sk in  EY e Testes 
( 5  cm) (0.1 mm) ( 3  mm) ( 3  cm) 

1 year  average d a i l y  r a t e  0.2 0.6 0.3 0.1 

30 day rnax 25 75 3 7 13 

Q u a r t e r l y  max 35 105 52 18 

Yea r l y  max 7 5 225 112 38 

Career 1 i m i  t 400 1200 600 200 



because o f  t h e  ve ry  smal l  p o p u l a t i o n  i nvo l ved  and because of the  r e l a -  

t i v e l y  h i g h  r i s k s  o f  o the r  aspects o f  space f l i g h t ,  the  c u r r e n t  space 

exposure 1  i m i  t s  

f o r  t e r r e s t r i  a1 

i t  has no t  been 

LET spectrum o f  

have been s e t  (Tab le  2 )  cons ide rab l y  h igher  than a1 lowed 

occupat iona l  exposures (Table 3 ) .  For these reasons, 

necessary t o  be ext remely  p r e c i s e  i n  i d e n t i f y i n g  t h e  

r a d i a t i o n  c o n t r i b u t i n g  t o  t h e  dose equ iva len t .  Ins tead,  

a  r a t h e r  conserva t i ve  q u a l i t y  f a c t o r  (QF) has been appl ied in order  t o  

e r r  on t h e  sa fe  side. However, w i t h  more f requent  and longer  exposures 

t o  t he  space environment by  space workers as i s  p ro j ec ted  i n  a  p r o j e c t  

such as t h e  SPS, a  more accurate assesssment o f  exposures w i l l  be 

requ i red .  Th i s  w i l l  be t r u e  i f  the  c u r r e n t  NASA exposure l i m i t s  are 

appl ied,  b u t  may become o f  even more concern i f  t h e r e  i s  a  r educ t i on  

o f  these l i m i t s  as i s  deemed 1  i k e l y .  There i s  pressure from many areas 

t o  reduce t h e  t e r r e s t r i a l  exposure l i m i t s  and i t  i s  not  unreasonable 

t o  assume t h a t  w i t h  more personnel exposed t o  space f l i g h t  and w i t h  

o ther  space f l i g h t  r i s k s  reduced t h e r e  w i l l  be a  s i m i l a r  t r e n d  t o  

reduce t h e  space exposure l i m i t s .  Bu t  whatever t h e  governing l i m i t s  

w i l l  be, i t  i s  our  expec ta t i on  t h a t  remain ing w i t h i n  those l i m i t s  

w i l l  pose a  s i g n i f i c a n t  ope ra t i ona l  problem and w i l l  r e q u i r e  j u d i c i o u s  

budget ing o f  worker t ime  i n  space coupled w i t h  t h e  most accurate dosimetry 

p r a c t i c a b l e  t o  enable us t o  avo id  t h e  p r a c t i c e  o f  overes t imat ing  exposure 

as i s  p r e s e n t l y  done. 

Some r e c e n t  c a l c u l a t i o n s  have been made (Getschmann, 1977) r ega rd ing  

t h e  r a d i a t i o n  dose r a t e  a t  va r i ous  l o c a t i o n s  w i t h i n  t h e  spacelab a t  

va r ious  o r b i t a l  a l t i t u d e s  and i n c l i n a t i o n s .  F i gu res  1, 2, 3, and 

4 d e p i c t  some o f  t h e  r e s u l t s  o f  these c a l c u l a t i o n s .  Al though t h e  



TABLE 3 

Occupational Radi a t i  on Exposure L i m i t s  (NRC & OSHA)* 

Const ra in ts  A c t i v e  Blood Skin Lens o f  Gonads 
Forming Organs Eye 

One year average 
d a i l y  r a t e  .014 ,082 .014 .014 

Q u a r t e r l y  max 3 7.5 3 3 

Yea r l y  max 5 30 5 5 

Career l i m i t  5 (N-18) 

*The accumulated occupat ional  dose equ iva len t  t o  t he  whole body 
s h a l l  no t  exceed 5 (N-18) rems, where "Nu equals the  i n d i v i d u a l ' s  
age i n  years. 

TABLE 4 

Miss ion  Length t o  Exceed Q u a r t e r l y  E e Dose Equivaleng L i m i t  $ (52  rem) w i t h  2.0 and 5.0 g/cm Sh ie ld ing  f o r  0 
and 300 I n c l i n a t i o n  O r b i t s *  

Miss ion  Length (days) 

2 2.0 g/cm s h i e l d  2 5.0 g/cm s h i e l d  
A1 ti tude 
(N.Mi . )  

0' 1nc. 30' 1nc. o O 1 n c .  30°1nc. 
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Figure 1: Daily dose ( r ad )  versus o rb i t  parameters f o r  dose 
point 0.0.0 (no body shie lding)  (Getzschmann, 1977) .  



L i m i t  for  7 day miss ions 

- o--o-, L i m i t  for 30 day miss ions  
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Deg inc l ina t ion  

F i g u r e  2: D a i l y  dose e q u i v a l e n t  (rem) versus o r b i t  parameters f o r  s k i n ,  
dose p o i n t  0.0.0 (Getzschmann, 1977). 
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c; 

\ 
\ 

'0, 
Limi t  for 30 day missions ' - - - - - - -0800  k m  

Deg incl inat ion 

Figure 3: Daily dose equivalent (rem) versus o rb i t  parameters f o r  lens 
o f  eye, dose point 0.0.0 (Getzschmann, 1977).  



L i m i t  for  7 day miss ions 
b 

L i m i t  for  30 day miss ions - 

Deg i nc l i na t i on  

F i g u r e  4: D a i l y  dose e q u i v a l e n t  (rem) versus o r b i t  parameters f o r  bone 
marrow, dose p o i n t  0.0.0 (Getzschmann, 1977). 



dose rate  within the Spacelab varies w i t h  location within the vehicle 

because of shielding variations, the data for  dose point 0.0.0. shown 

i n  these figures are representative. The limit  values shown on the 

figures are those currently in effect  for  7 and 30 day missions. For 

example, the current allowable bone marrow dose for  a  30 day exposure 

i s  25 rem or approximately 0.8 remlday. Referring to  Figure 4, one 

can see that for orbital  alt i tudes below 800 km the projected dose 

would be less than that allowed. However, for  orbi ts  at 800 km a l t i tude 

and at  inclinations below about 45' the a1 lowable dose would be exceeded. 

From these calculations one can also determine what orbital character- 

i s t i c s  resul t  in exceeding the average daily l imits for selected stay 

times--for example 90 days. These kinds of calculations serve only 

as relat ively gross guides at  t h i s  time. Nevertheless, i t  i s  t h i s  

type of approach that i s  necessary to define the nature of the radiation 

exposure problem inherent in the projected SPS act ivi ty  and to  define 

the implication of these radiation exposures in the design of structures 

and in the pl anning of radiation budgeting. 

Figures 5 and 6 show the contribution of various radiation components 

t o  the total  dose for  various a1 t i tudes a t  35' and 90' inclination. One 

can see that  in most instances, trapped protons represent the primary 

source of radiation. However, there are certainly instances where t h i s  

i s  n o t  the case; fo r  example, low al t i tude polar orbi ts  where the skin 

dose i s  primarily from electrons, and the bone marrow dose from galactic 

cosmic radiation. In geosynchronous ~ r b i t ,  especially under l ight  

shielding conditions, electrons and bremsstrahlung are expected t o  

constitute a  significant exposure source. Further, i f  higher quality 
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Figure 6: ( A )  Dose equivalents caused by d i f f e r e n t  r a d i a t i o n  sources 
f o r  s k i n  (Getzschmann, 1977). 
( B )  Dose equivalents caused by d i f f e r e n t  r a d i  a t i o n  sources 
f o r  bone marrow (Getzschmann, 1977).  



f a c t o r s  now being cons idered f o r  low dose and low dose-rate exposures 

t o  h i gh  LET r a d i a t i o n  do indeed become law, then  t he  c o n t r i b u t i o n  

of t h e  g a l a c t i c  component and secondary neut rons t o  t h e  rem dose w i l l  

undoubtedly increase.  

F i gu re  7 (Hardy, 1978) dep i c t s  the  scope of exposure expected 

i n  t r a n s f e r r i n g  f r om a  r e l a t i v e l y  near e a r t h  o r b i t  (500 km) t o  geo- 

synchronous o r b i t .  F l i g h t  t r a n s f e r  mechanics r e s u l t  i n  more exposure 

when s t a r t i n g  f rom 0' i n c l i n a t i o n  than f rom 30'. Th is  i s  because 

more t ime  i s  spent i n  r a d i a t i o n  b e l t s  when s t a r t i n g  a t  0'. A l a r g e  

c o n t r i b u t i o n  t o  dose i s  f r om low energy p ro tons  and f rom e l e c t r o n s  

as i s  ev ident  f rom t h e  dose reduc t i on  e f f e c t e d  by o n l y  2 o r  so g/cm 2 

aluminum equ i va len t  s h i e l d i n g .  A s i m i l a r  l a r g e  reduc t i on  i n  dose 

f r om o n l y  minimal s h i e l d i n g  a t  geosynchronous o r b i t  i s  shown i n  F i g u r e  

8. It can be seen from t h i s  f i g u r e  t h a t  r a t h e r  l a r g e  doses, p r i m a r i l y  

t o  t h e  sk in ,  cou ld  r e s u l t  f r om e x t r a v e h i c u l a r  a c t i v i t y  a t  geosynchronous 

o r b i t  i f  the  o n l y  s h i e l d i n g  i s  t h a t  a f f o rded  by a  space s u i t  w i t h  

2 l i t t l e  e f f e c t i v e  s h i e l d i n g  (0.1 g/cm ). For  t h i s  reason, l i t t l e  such 

e x t r a v e h i c u l a r  a c t i v i t y  i s  planned. Most o f  t h e  cons t ruc t i on  a c t i v i t y  

w i l l  be by remote man ipu la to rs  c o n t r o l l e d  f rom w i t h i n  c o n s t r u c t i o n  

modules. 

F i gu re  9 through 14 and Table 4 p resen t  a d d i t i o n a l  c a l c u l a t i o n s  

and d i f f e r e n t  ways of assess ing a l lowab le  o n - o r b i t  s t a y  t imes under 

d i f f e r i n g  cond i t i ons .  

So la r  f l  ares have n o t  posed a  problem f o r  our p rev ious  manned 

f l i g h t s  because our m iss ions  have f o r t u i t o u s l y  occurred d u r i n g  pe r i ods  

w i t h  no s i g n i f i c a n t  s o l a r  p a r t i c l e  events.  We cannot expect t o  avo id 
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F igure  7 :  T o t a l  p ro ton  and e lec t ron  dose per day o f  t r a n s f e r  t ime 
as a f u n c t i o n  of aluminum s h i e l d  th ickness fo r  low t h r u s t  
t r a n s f e r  f rom 500 N . M i .  t o  synchronous o r b i t  (Getzschmann, 
1977).  
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F i g u r e  8: Synchronous o r b i t  average d a i l y  e l  ect fon dose ( rad lday )  
versus aluminum s h e l l  th i ckness  (g/cm ) f o r  s o l a r  maximum 
cond i t i ons  (Getzschmann, 1977).  
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Figure 9: Dose r a t e  (rad/day) behind a spherical  aluminum shel l  shie ld  
versgs a1 t i t u d e  f o r  various sh ie ld  thicknesses and 
28.5 incl inat ion (Watts and Wright, 1976).  
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Figure 10: Dose ra te  (rad/day) beh ind  a 1.0 c~/un' spherical aluminum 
shell shield versus inclination for  various alt i tudes 
(Watts and Wright, 1976). 
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2 F igure 11: Dose r a t e  (rad/day) behind a 5 .0  g/cm spher ical  aluminum 
s h e l l  s h i e l d  versus i n c l i n a t i o n  f o r  various a l t i t u d e s  
(Watts and Wright, 1976). 
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2 F igure  12: Dose r a t e  (rad/day) behind a 10.0 g/cm spher ical  
aluminum s h e l l  s h i e l d  versus i n c l i n a t i o n  fo r  various 
a1 t i t u d e s  (Watts and Wright, 1976). 



Circular orbital altitude (n . m i  .) 
2 Figure 13: Eye dose equivalent rate (rernlday) behind 2.0 g/cm shielding 

as a function of altitude of circular orbits with 0, 30, 
60, and 90 degree inclination--self-shielding included 
(Hardy, 1978). 
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Figure 14: Maximum allowable mission length t o  receive eye dose equi- 
valent limit of 37 rem (30 day l imi t )  as a  function of 
c i rcu la r  orbi ta l  a l t i t ude  f o r  o rb i ta l  incl inat ions  (Hardy, 
1978).  



t he  occurrence o f  s o l a r  f l a r e s  i n  a  l a r g e  SPS t ype  o f  a c t i v i t y .  Conse- 

q u e n t l y  we must c a l c u l a t e  t h e  expected impact o f  s o l a r  f l a r e s  and 

design and p lan  accord ing ly .  Table 5 presents  t he  r e s u l t s  o f  some 

c a l c u l  a t i o n s  rega rd ing  t h e  doses r e s u l t i n g  f rom a  " represen ta t i ve"  

s o l a r  f l a r e .  There i s  o f  course g rea t  v a r i a t i o n  i n  t h e  s e v e r i t y  o f  

f l a r e s  and t h e  r e s u l t i n g  hazard t o  space res iden t s .  C e r t a i n l y  some 

p r o t e c t i o n  w i l l  have t o  be provided, perhaps i n  t h e  form o f  a  "s torm 

c e l l a r "  approach. But t h e  ques t ion  remains as t o  how much p r o t e c t i o n  

i s  reasonable t o  prov ide.  For example, one migh t  p l a n  f o r  p r o t e c t i o n  

f rom t h e  average f l a r e  and accept h igher  exposure f rom t h e  unusual 

l a r g e r  events, f u l l y  r e a l i z i n g  t h i s  would mean t h e  p o s s i b i l i t y  of 

removing f rom t h e  space work f o r c e  those i n d i v i d u a l s  so exposed because 

t h e y  would have "used up" an excess ive p o r t i o n  o f  t h e i r  annual o r  

career exposure budget. 

The p reced ing  has d e a l t  p r i m a r i l y  w i t h  what our pas t  manned space 

f l i g h t  r a d i a t i o n  exposure exper ience has been and w i t h  what some p r o j e c t e d  

exposures are expected t o  be f o r  se lec ted  f l i g h t  c h a r a c t e r i s t i c s .  But 

now l e t  us compare f o r  a  moment t h e  scope o f  t h e  pas t  manned space 

exper ience w i t h  t h a t  p r o j e c t e d  f o r  such p r o j e c t s  as SPS. We must 

compare our r a d i o b i o l o g i c a l  requi rements o f  t h e  pas t  w i t h  those appro- 

p r i a t e  f o r  expanded space a c t i v i t i e s .  I n  t h i s  way we can determine 

where our  emphasis should be p laced  i n  r a d i o b i o l o g i c a l  research, space 

r a d i a t i o n  environment d e f i n i t i o n ,  and dos imetry  i ns t rumen ta t i on  develop- 

ment. To r e i t e r a t e  an e a r l i e r  statement, our pas t  r a d i o l o g i c a l  h e a l t h  

approach and t h a t  be ing  used f o r  t h e  e a r l y  space t r a n s p o r t a t i o n  system 

i s  based on a  smal l  space worker popu la t i on  engaged i n  f l i g h t s  of 



TABLE 5 

So la r  P ro ton  Event  Dose behind Var ious  Aluminum Absorber 
Thicknesses (200-N.Mi . a1 t i t u d e ) *  

Th ickness Dose ( r a d / f l  a r e )  a t  I n c l i n a t i o n  

( o m 2  28.50 57O 90' 



re1 a t i  vely short  duration (Sky1 ab f  1  ights  may be considered an exception) 

spendi ng very 1  i  t t  1  e  time i n  regions where appreci able radi a t  i  on dose 

i s  accrued. Additionally, the exposure l imi ts  were (and s t i l l  a re)  

s e t  much higher than allowable t e r r e s t r i a l  l imi ts  because of the  small 

population exposed and because of the  other r e l a t i ve ly  high r i s k s  

associated with space f l i g h t .  Because of these factors  our dosimetry 

and the resolution of radiat ion components contributing t o  the  dose 

need not be as accurate as they must be i n  the projected SPS a c t i v i t i e s .  

With increasing populations planned f o r  space exposure and with the  

likelihood t h a t  exposure l imi ts  wi l l  be reduced, we must improve the  

accuracy of our dosimetry, and we must improve our understanding of 

the  long-term biological e f fec t s  of exposure t o  the complex radia t ion 

environment. To improve spec i f i c i t y  of dose projections we must con- 

t inua l ly  update our knowledge of the  space radiat ion environment and 

improve our programs f o r  ca lcula t ing doses through various shielding 

configurations. Dosimetry instrumentation must be such t h a t  depth- 

dose information i s  provided. Additionally, we must be able t o  iden t i fy  

the  portion of t he  t o t a l  dose a t t r i bu t ab l e  t o  radiat ion components 

with d i f fe r ing  LET, thus enabling appropriate conversion of absorbed 

dose ( i n  rad) t o  equivalent dose ( i n  rem). We recognize t h a t  i t  i s  

no small task t o  provide such dosimetry and s t i l l  have a  feas ib le ,  

pract ica l  approach. Nevertheless, we must s t r i v e  fo r  nothing l e s s .  

And i n  the radiobiological  area, we must continue t o  acquire data 

relevant t o  chronic low dose r a t e  exposure t o  high LET radia t ion.  

We are current ly  emphasizing t h i s  in our NASA program and expect t o  

continue. 



In summary, i t  should be evident that  while we in NASA have had 

no space radiat ion exposure problems in the  past,  the contrast ing 

programs fo r  the fu tu re  require a new approach if  we are t o  assure 

t ha t  no excessive r i s k s  are incurred by the space residents and yet  

not unnecessarily constrain the engineering and management aspects 

of those fu tu re  endeavors. We hope t ha t  the  NASA and the DOE wil l  

work c losely  together in supporting a we1 1-conceived and implemented 

research and development program t o  provide the  required informat ion. 
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The types o f  p a r t i c l e  r a d i a t i o n s  t h a t  occur i n  space are summarized 

i n  F i g u r e  1. O f  course t h e r e  are bo th  temporal as w e l l  as s p a t i a l  

v a r i a t i o n s .  For example, t rapped p a r t i c l e s  e x i s t  o n l y  i n  t he  geomag- 

netosphere, t h e  s o l a r  wind can r e a l l y  o n l y  be seen ou t  o f  t h e  magneto- 

sphere, the  au ro ra l  e l e c t r o n s  are seen o n l y  i n  p o l a r  reg ions,  s o l a r  

cosmic rays  are r a r e  t r a n s i e n t  events, and so on. The r a d i a t i o n s  

w i t h  energ ies below 100 keV and t h e  p ro tons  below 10 MeV are ma in l y  

impo r tan t  o n l y  f r om a m a t e r i a l s  p o i n t  o f  view, e.g., thermal c o n t r o l  

coa t ings ,  and are cons idered  b i o l o g i c a l l y  un impor tant .  The r a d i a t i o n s  

t h a t  a re  impor tan t  f o r  b i o l o g i c a l  cons ide ra t i on  are t h e  trapped p ro tons  

i n  t h e  i nne r  zone, t h e  t rapped e lec t rons  i n  bo th  t h e  inner  and t h e  

o u t e r  zone, and s o l a r  f l a r e  protons.  O f  course, g a l a c t i c  cosmic rays  

a re  a l s o  b i o l o g i c a l l y  impor tan t .  They a re  o f  low i n t e n s i t y  bu t  many 

ques t i ons  surround them because o f  t h e i r  p a r t i c u l a r  composit ion, and 

t h e i r  b i o l o g i c a l  a c t i o n  i s  p o t e n t i a l l y  hazardous and no t  w e l l  understood 

expe r imen ta l l y .  Data a re  taken f rom No1 1 and McElroy ( l 975 ) ,  Foe1 sche 

(l963), McDonald ( l 9 6 3 ) ,  D i v i n e  ( l 975 ) ,  and Johnson (1965). 

Look ing a t  t h e  impact o f  r a d i a t i o n  on e a r t h  o r b i t a l  opera t ions  

( F i g u r e  Z), we see t h a t  imposed l i m i t s  a re  ve ry  r e s t r i c t i v e  i n  some 





regions o f  space. Wi th in t h e  inner  zone below 400 nau t i ca l  mi les  

2 are mos t l y  protons and e lec t rons .  Behind t h e  2 g/cm of sh ie ld  on l y  

about 22 days are requ i red  t o  reach the q u a r t e r l y  exposure l i m i t  a t  

t he  maximum a l t i t u d e .  The l i m i t i n g  b i o l o g i c a l  f a c t o r  i s  the  tes tes  

which could be protected by personal sh ie ld ing .  As fo r  the  outer  

zone, which i s  important t o  the  space so la r  power s a t e l l i t e s ,  t he  

r a d i a t i o n  i s  p r i m a r i l y  e lec t rons  and a  s h i e l d  on the  order of 6.7 

g/cmz i s  requ i red  t o  reach the  q u a r t e r l y  exposure l i m i t s  i n  90 days. 

The b i o l o g i c a l l y  l i m i t i n g  f a c t o r  i s  again t h e  tes tes .  I f  the  brems- 

s t rah lung i s  e l im ina ted by p u t t i n g  a  h igh  Z m a t e r i a l  on the  inner  s ide  

of t he  wal l ,  the s h i e l d  cou ld  be reduced q u i t e  a  b i t .  A s h i e l d  

th ickness of on ly  1.4 g/cm2 i s  requ i red  t o  meet t he  q u a r t e r l y  exposure 

l i m i t  i n  90 days and the  l i m i t i n g  f a c t o r s  are sk in,  lens, and the  

2  blood forming organs (BFO). This  1.4 g/cm s h i e l d  i s ,  o f  course, an 

absolute minimum s h i e l d  because there  i s  no personal sh ie ld ing  t h a t  

i s  p r a c t i c a l  f o r  the  organs involved. The s o l a r  cosmic rays cons i s t  

most ly  o f  protons and alphas w i t h  fewer o ther  p a r t i c l e s .  Behind 5 

2 g/cm , o n l y  about s i x  hours are requ i red  t o  reach exposure l i m i t s ,  and 

t h e  l i m i t i n g  f a c t o r s  are l i s t e d  i n  the  f i g u r e .  For a  s h i e l d  o f  10 

2 g/cm , i t  takes about h a l f  a  day t o  reach exposure l i m i t s  f o r  t h e  

lens and testes,  which can be protected by us ing  personal sh ie ld ing .  

The g a l a c t i c  cosmic rays  conta in  a  l i t t l e  b i t  o f  everything, and t h e  

type o f  sh ie ld ing  requ i red  and the  number o f  days t o  reach exposure 

1  i m i t s  are p resen t l y  i n  quest ion. Most probably t h e  hazard w i l l  be 

associated w i t h  nonregenerat ive t i ssues  which a l so  have a unique funct ion.  

Ga lac t i c  heavy ions w i l l  p robab ly  be the  u l t i n i a t e  l i m i t i n g  f a c t o r  



IMPACT OF RADIATION ON OPERATIONS I N  EARTH ORBIT 

Source 

I nner Zone 
(h < 400 n.mi) 

Outer Zone 
(h > lqOOO n.mi 

Solar 
Cosmic 
Rays 

Galactic 
Cosmic 
Rays 

Composition 

protons 
electrons 

electrons 

proton 
alpha 

proton 
alpha 
carbon 

i ron 

Aluminum 
Shielding 

Number 
of 

days* 

22 

90 
90 

0.25 
0. 5 

? 

- 

Limiting factor 

Testes 

Testes 
Skin, Lens, BFO' 

Lens, Testes, Skin, BFO 
Lens. Testes 

Nonregenerative 
tissues with unique 
function? 

# 
Number of days to reach quarterly exposure l imit  

+ 
Assuming personal shielding for testes 

Figure 2 



i n  space operat ions,  b u t  a l l  of these po in t s  a re  s t i l l  open f o r  debate. 

Conclusions are drawn f rom da ta  taken f rom B u r r e l l  and Watts (1968), 

Wilson and Denn (1976), Wi lson and Denn (19773, 1977b), - and NAS (1973). 

F i g u r e  3 shows how t h e  abundance of g a l a c t i c  cosmic rays  f a l l s  

o f f  as t he  h igher  atomic numbers are reached (Simpson and Garcia-Munoz, 

1970). The dose i s  p r o p o r t i o n a l  t o  t h e  charge squared. The r e l a t i v e  

dose c o n t r i b u t i o n  i s  more n e a r l y  t h e  same f o r  d i f f e r e n t  p a r t i c l e  types; 

i t  doesn ' t  f o l l o w  t h a t  t h e  l e s s  abundant types are necessa r i l y  n e g l i g i b l e .  

The g a l a c t i c  cosmic r a y s  are a f f e c t e d  by i n t e r a c t i o n  w i t h  t h e  

e a r t h ' s  magnet ic  f i e l d  ( F i g u r e  4 ) .  Ma in ly  t h e  low r i g i d i t y  p a r t i c l e s  

a re  excluded f r om e q u a t o r i a l  reg ions  a t  low a l t i t u d e s  whereas near 

t h e  po les  t h e  p a r t i c l e s  may come i n  f r e e l y  a t  a l l  a l t i t u d e s .  Al though 

t h e  p a r t i c l e s  w i t h  low r i g i d i t y  are seen a t  low a l t i t u d e  ma in ly  near 

t h e  p o l a r  reg ion ,  t h e  heavy i ons  are by  f a r  t h e  most r i g i d  p a r t i c l e s  

o f  t h e  g a l a c t i c  beam. Consequently, mos t l y  p ro tons  are l o s t  i n  t h e  

equa to r i  a1 reg ion .  

Most space r a d i a t i o n s  are a f f e c t e d  by s o l a r  a c t i v i t y  i n  one way 

o r  t h e  other,  e i t h e r  as t h e i r  source o r  i n  some secondary e f f e c t .  

F i gu re  5 shows t h e  annual smoothed sunspot numbers f o r  t h e  pas t  couple 

o f  hundred years.  The main t h i n g  t o  n o t i c e  i s  t h a t  t o  my es t ima t i on  

t h e  concept o f  a  " t y p i c a l "  s o l a r  c y c l e  i s  uncer ta in .  It i s  c l e a r l y  

i 1  l u s t r a t e d  t h a t  c y c l e  19 i s  one of t h e  most extreme cyc les  i n  terms 

o f  sunspot number t h a t  we have ever seen ( l a s t  f u l l  c y c l e  a t  r i g h t ) .  

Cyc le  20, shown i n  p a r t  j u s t  t o  t h e  r i g h t  o f  c y c l e  19, was p r e t t y  c l o s e  

t o  an average c y c l e  and we should keep t h a t  i n  mind when we d iscuss 

s o l a r  cosmic r a y s  l a t e r .  These da ta  were taken f r om Sleeper (1972). 
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GALACTIC HEAVY ION I NTENS IT1 ES 
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GALACTIC C O S M I C  RAY l NTERACTION WITH GEOMAGNETIC FIELD 

Figure  4 





One o f  t h e  e f f e c t s  observed d u r i n g  s o l a r  a c t i v i t y  i s  the  f l u c t u a -  

t i o n  o f  t h e  expanding s o l a r  corona d u r i n g  t h e  changes i n  s o l a r  a c t i v i t y .  

The g a l a c t i c  cosmic rays  coming i n  f rom g a l a c t i c  space i n t e r a c t  w i t h  

t h i s  plasma and slow down. I n  F igu re  6 we p l o t t e d  t h e  amount o f  energy 

t h a t  t h e  p a r t i c l e s  l o s e  coming i n  f rom g a l a c t i c  space t o  e a r t h  o r b i t  

represented as a  p o t e n t i  a1 f u n c t i o n .  It c o r r e l a t e s  very  we1 1  w i t h  

sunspot number which i s  r e l a t e d  t o  s o l a r  a c t i v i t y .  These data were 

taken f r om OIBrien (1972). 

Occasional  s o l a r  f l a r e s  are assoc ia ted w i t h  t h e  sun and s o l a r  

a c t i v i t y .  There are a  l a r g e  number o f  o p t i c a l  f l a r e s  i n  which r a d i o  

b u r s t s  and plasma a re  e jec ted .  Dur ing  some o f  these f l a r e s  ( a c t u a l l y  

ve ry  few o f  them), t h e r e  a re  p a r t i c l e s  t h a t  a re  e j ec ted  a t  h i g h  energy 

i n t o  i n t e r p l a n e t a r y  space. These h igh  energy p a r t i c l e s  are ab le  t o  

escape t h e  s o l a r  magnet ic f i e l d s  o n l y  i f  t h e  l i n e s  a re  open t o  t h e  

i n t e r p l a n e t a r y  r eg ion .  The da ta  shown i n  F i g u r e  7 were taken f r om 

S l u t z  e t  a l .  (1971), K ing  (1974), and B l i z a r d  (1969). Th i s  f i g u r e  

shows t h e  sunspot numbers d u r i n g  cyc les  19 and 20, and p l o t s  o f  t h e  

p ro ton  f l uence  g r e a t e r  than  30 MeV. T h i s  i s  t h e  t o t a l  f l uence  o f  each 

i n d i v i d u a l  p a r t i c l e  event as a  f u n c t i o n  o f  t ime. There i s  a  rough 

c o r r e l a t i o n  between t h e  number o f  p a r t i c l e s  and t h e  degree o f  s o l a r  

a c t i v i t y .  Gene ra l l y  t h e r e  are anywhere f r om one t o  perhaps f i v e  of 

them which m igh t  be c a l l e d  major  events d u r i n g  any p a r t i c u l a r  cyc le .  

Some d e t a i l s  o f  what happened d u r i n g  cyc les  18, 19, and 20 can 

be found  i n  F i g u r e  8. Here we show j u s t  t h e  major  events t h a t  occurred 

d u r i n g  these  p a r t i c u l a r  cyc les;  n o t i c e  t h a t ,  i n  general ,  t h e  l a r g e s t  

events happened d u r i n g  t h e  ascending o r  descending phase o f  t h e  s o l a r  
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MAJOR SOLAR PARTICLE EVENTS OF THE LAST THREE SOLAR CYCLES 

YEAR 

Figure 8 



cycle. Major events are usually absent during solar maximum, and, 

of course, also during solar minimum. Data were taken from Blizard 

(1969) and King (1974). 

There i s  a rough correlation between the solar activity and the 

par t ic le  fluences that are observed in any given year. Plotted in 

Figure 9 are proton yearly fluences as a function of the yearly sunspot 

number during cycle 19 fo r  protons of energy greater than 1 MeV (upper 

curve), greater than 10 MeV (middle curve), and greater than 40 MeV 

(lower curve). There i s  some sort  of general dependence of the fluence 

of par t ic les  associ ated with sunspot number, although there are signif i -  

cant deviations. These correlations are made fo r  predictive purposes. 

If the sunspot numbers in the next cycle can be predicted, a correlation 

between sunspot number and part ic le  f 1 uence can be made. Then i t  

i s  possible to  make an estimate of what sor ts  of exposure might be 

expected in the coming solar cycle. Data were taken from Webber (1966) 

and Curtis -- e t  al .  (1969). 

A set  of such predictions based on the correlations shown in 

Figure 9 i s  shown in Figure 10 for  some predictive models on solar 

cycles. We plotted the calendar year as a function of the proton 

fluence and we show cycle 19 on which the correlations were based. 

The sol id  curves are the observed values going into cycle 20, and 

the predicted values are shown by the dashed curves. The predictions 

were f a i r l y  accurate up  t o  August 1972; af ter  that  there are rather 

large deviations from the predictive curve. In f ac t ,  while we thought 

tha t  cycle 20 was going t o  be a rather mild occurrence i t  turned out 

tha t  the largest event, as f a r  as space exposure i s  concerned, occurred 
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d u r i n g  t h i s  r a t h e r  o r d i n a r y  cyc le- -consequent ly  changing our t h i n k i n g  

about t h e  importance o f  s o l a r  f l a r e s .  We always thought s o l a r  f l a r e s  

were se r i ous  bu t  we d i d  no t  r e a l i z e  j u s t  how hazardous t hey  were u n t i l  

August 1972. Data were taken f rom C u r t i s  and Wi lk inson (1971)  and 

K i n g  (1974) .  

F igu re  11 shows t h e  da ta  f o r  energ ies above 10 MeV as a  f u n c t i o n  

o f  sunspot number f r om  c y c l e  1 9  (F i gu re  l o ) ,  w i t h  t h e  observa t ion  

made du r i ng  c y c l e  20 added t o  i t .  We see t h a t  t h e  August 1972 event  

g i ves  most o f  t h e  c o n t r i b u t i o n  d u r i n g  t h a t  p a r t i c u l a r  year. Keeping 

t h e  c o r r e l a t i o n  cu rve  o f  F i gu re  9 i n  mind and comparing t h e  l o c a t i o n  

o f  t h e  1962 event and 1972 event ( o r  t h e  1962 year  and t h e  1972 yea r ) ,  

these  c o r r e l a t i o n s  a re  accurate  w i t h i n  about a  f a c t o r  o f  t e n  on t h e  

bas i s  o f  t h e  da ta  we have now. 

I n  p a r t i c u l a r ,  t h e  event o f  November 1960  and t h e  May-July event  

s e r i e s  o f  1959 were p r e v i o u s l y  thought  t o  be t h e  most se r ious  events 

we had t o  design f o r .  Now we f i n d  t h a t  t h e  exposure f rom t h e  August 

1972 event i s  about t h r e e  t o  f o u r  t imes t hose  two e a r l i e r  events.  

Whether o r  n o t  we w i l l  have a  f u t u r e  event t h a t  w i l l  exceed t h e  dose 

o f  t h e  August 1972 even t  i s  an open ques t ion .  

The s o l a r  cosmic r a y s  produced on t h e  sun must s t i l l  t r a v e l  t o  

ear th .  The t r a n s i t  t i m e  between t h e  sun and e a r t h  i s  t y p i c a l l y  

20 minutes f o r  r e l a t i v i s t i c  p a r t i c l e s ,  b u t  sometimes i t  takes up t o  

a  few hours depending on t h e  spectrum and t h e  i n t e r p l a n e t a r y  magnet ic 

f i e l d  c o n f i g u r a t i o n  ( F i g u r e  1 2 ) .  The s p e c t r a l  d i s t r i b u t i o n  a t  e a r t h  

changes as a f u n c t i o n  o f  t i m e  because h i g h  energy p a r t i c l e s  t end  t o  

a r r i v e  be fo re  lower  energ ies .  The angular  d i s t r i b u t i o n  o f  t h e  p a r t i c l e s  
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varies greatly from event t o  event. During some of the high energy 

events, the particles tend t o  be directional early in the event and 

approach isotropy later  in the event as the low energy particles 

arrive.  Similar to  galactic cosmic rays, the solar protons tend t o  

be el imi nated from equator i  a1 regions of the earth ' s magnetosphere. 

However, nearly a1 1 part ic les  incident in polar regions are transmitted 

to  low alt i tudes.  

The proton transmission factor i s  the number of protons seen 

effectively by a spacecraft in a circular orbi t .  Figure 13 shows 

th i s  transmission factor for  260 NMi circular orbi ts  at two different 

inclinations. The proton energy i s  shown on the abscissa, and the 

curve i s  the number of protons that effect ively penetrate the magnetic 

f i e l d  t o  that  orb i t .  The polar orbi t ,  or course, spends one-third 

of i t s  time in the polar cap region; transmission i n  those polar regions 

contributes very heavily to  the effective transmission factor.  A t  

a  50' inclination most of the time in t h i s  orb i t  i s  spent below the 

polar cap region, and so there are f a i r l y  large effective cutoffs of 

the proton energy up t o  180 MeV, which greatly diminishes the trans- 

mission. When using curves l ike th i s  i t  should be kept in mind tha t  

these solar f l a r e  events usually occur i n  ser ies .  I t  i s  unusual when 

a number of sunspots come together to  form a plage that  causes a solar  

f l a r e  and the emission of a few particles.  What usually happens i s  

tha t  a turbulent region exis ts ,  and t h i s  turbulent region may give 

r i s e  t o  many small f la res  over a period of days before the advent 

of the main solar event in which high energy part ic les  are emitted. 

The main part ic le  event may be preceded by a solar f l a re  which emitted 
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a very  f a s t  moving dense plasma. When t h i s  plasma i n t e r a c t s  w i t h  

t h e  e a r t h ' s  magnetic f i e l d ,  the  f i e l d  becomes depressed and the c u t o f f s  

change d r a s t i c a l l y  because the  geomagnetic f i e l d s  have been d i  sturbed. 

Dur ing an in tense magnetic disturbance, t he  o r b i t  t ransmission f a c t o r  

f o r  normal f i e l d  cond i t ions  does not  apply s ince  the  proton c u t o f f  

i s  drast ica1l.y reduced. Proton cu t -o f f  models based on the  Stoermer 

theo ry  are discussed by Kuhn -- e t  a l .  (1966) and ca l cu la t i ons  here were 

made by C u r t i s  e t  a1 . (1969). 

The i n t e g r a l  f luence spectra o f  th ree  major proton events observed 

du r ing  cyc les 19 and 20 are shown i n  F igure  14. It was prev ious ly  

thought  t h a t  the November 1960 event was t h e  most hazardous, and we 

were basing our designs on t h i s  l i m i t .  As t h e  f i g u r e  shows, t he  August 

1972 event dominates a t  energies below 100 MeV, and i t  has changed 

our  t h i n k i n g  about t h e  l i m i t s  f o r  t h e  most hazardous case. We o r i g i n a l l y  

considered the  l a r g e s t  event observed i n  t h e  cyc le  o f  greatest  a c t i v i t y  

t o  be the  worst case event; hence, November 1960. Now a much l a r g e r  

event has occurred i n  a r a t h e r  i n a c t i v e  c y c l e  which destroys our l o g i c .  

Someday the  August 1972 event may w e l l  be overshadowed by some f u t u r e  

event. The data were taken from Foelsche (1963) and King (1974). 

The dose equ iva len t  i n  t he  center  o f  t h e  sphere o f  rad ius  i s  

shown i n  F igure  15. Compare the  August 1972 depth-dose r e l a t i o n  t o  t h a t  

2 o f  t h e  February 1956 event. C l e a r l y  i n  t h e  reg ion  about 1 t o  20 g/cm , 

which i s  the  important  reg ion  f o r  spacecraf t  sh ie ld ing ,  t h e  August 1972 

event i s  ( i n  places) an order  o f  magnitude more ser ious than the  February 

1956 event. The November 1960 event l i e s  about halfway between these 

two curves. The data were taken f rom Wilson and Denn (1976). 
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r, g 4 r n L  tissue 

Figure 15 



2 I n  F i g u r e  16 t h e  dose behind a s h i e l d  o f  1 g/cm d u r i n g  t h e  August 

1972 event i s  compared w i t h  t h e  exposure l i m i t s .  We obta ined dose 

l i m i t s  by c a l c u l a t i n g  t h e  e f f e c t i v e  average q u a l i t y  f a c t o r  f o r  t h e  

August 4, 1972 event.  Th i s  average q u a l i t y  f a c t o r  i s  about 1.3, and 

i t  i s  t h e  va lue used i n  d e r i v i n g  t h i s  graph. O f  course t h e  average 

q u a l i t y  f a c t o r  i s  spectrum dependent; 1.3 c a n ' t  be used f o r  a l l  t h e  

events,  r a t h e r  i t  depends v e r y  much on t h e  energy content  o f  t h e  event.  

For  t h i s  p a r t i c u l a r  q u a l i t y  f a c t o r  t h e  exposure l i m i t s  are reached 

f o r  t h e  l ens  o f  t h e  eye f i r s t  and t h e  s k i n  l a t e r .  Note t h a t  t h e  dose 

2 g r e a t l y  exceeds t h e  a l lowed l i m i t s  behind 1 g/cm o f  s h i e l d i n g  which 

i n  t h e  pas t  has been a t y p i c a l  t h i c kness  f o r  spacecra f t  s h i e l d i n g .  

These curves a l s o  t a k e  i n t o  account t h e  body geometry. Data were 

taken  f r om Wi lson and Denn (1976). 

The 30-day exposure l i m i t s  and a l s o  t h e  t ime  r e q u i r e d  t o  reach  

t hese  exposure l i m i t s  d u r i n g  t h e  August 1972 event are shown i n  F i g u r e  

17. T h i s  i s  t h e  t i m e  a f t e r  t h e  onset  o f  t h e  p a r t i c l e  emission; no t  

t h e  t i m e  a f t e r  t h e  o p t i c a l  f l a r e  i s  observed b u t  r a t h e r  t h e  t i m e  a f t e r  

t h e  p a r t i c l e s  a re  f i r s t  seen a r r i v i n g  a t  e a r t h ' s  o r b i t .  Genera l ly ,  i f  

a person i s  v e r y  l i g h t l y  sh i e l ded  he s t i l l  has about two t o  fou r  hours 

t o  seek s h e l t e r .  T h i s  i s  adequate t ime  t o  move t o  a  more p r o t e c t i v e  

2  r e g i o n .  A t  10 g/cm o f  t i s s u e  e q u i v a l e n t  m a t e r i a l ,  t h e  dose l i m i t s  t o  

t h e  marrow and s k i n  a re  never reached. The 1 i m i t i n g  f a c t o r s  a re  t h e  

l e n s  o f  t h e  eye and t h e  t es tes ,  and these  can be taken care  o f  b y  us ing  

2 persona l  s h i e l d i n g .  Therefore,  a  s h e l t e r  of about 10 g/cm of a  m a t e r i a l  

1  i k e  po l ye thy l ene  ( p l u s  personal  s h i e l d i n g )  would be adequate p r o t e c t i o n  

f r o m  t h e  August 1972 event .  Data were taken  f r om Wilson and Denn (1976). 
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I would now l i k e  t o  change the  d iscussion from solar  and g a l a c t i c  

cosmic rays and t a l k  j u s t  a l i t t l e  b i t  about t h e  trapped rad ia t i ons .  

Stassinopoulos i s  going t o  t a l k  about these r a d i a t i o n s  also, so I 

am going t o  t r y  t o  omit  t h e  top i cs  t h a t  he w i l l  discuss i n  more d e t a i l .  

The trapped r a d i a t i o n ,  i l l u s t r a t e d  i n  F igure  18, f o l l ows  a h e l i c a l  

pa th  along t h e  magnetic f i e l d  l i n e s  between t h e  m i r r o r  po in ts .  The 

l o c a t i o n  o f  the  m i r r o r  po in t s  along the  f i e l d  l i n e  depends on the 

p i t c h  angle a t  t he  magnetic equator and the  energy o f  the  p a r t i c l e .  

The greater  the  energy or  h ighe r -p i t ch  angle, t h e  deeper the  m i r r o r  

p o i n t  l i e s  i n  t h e  magnetic f i e l d .  I f  t h e  p a r t i c l e  energy and p i t c h  

angle are s u f f i c i e n t l y  large,  the  m i r r o r  p o i n t  i s  so deep t h a t  t he  

p a r t i c l e  i n t e r a c t s  w i t h  t h e  atmosphere and i s  l o s t  from the  p a r t i c l e  

populat ion.  For the  inner  zone i t  appears a t  l e a s t  f o r  t he  protons 

t h a t  t h e  p a r t i c l e  source i s  p r i m a r i l y  neutrons which are produced 

i n  atmosphere by so la r  and g a l a c t i c  cosmic rays. The outer  zones 

appear t o  be something l i k e  a p ipe l i n e  w i t h  s t rong sources and s t rong 

s inks.  The p a r t i c l e s  f l o w  r a p i d l y  through these regions, and on t h e  

average they  main ta in  a f a i r l y  h igh  popu la t ion  dens i t y  although the  

res idence t ime i s  shor t  (see Singley and Vette, 1972). 

The e a r t h ' s  magnetic f i e l d  i s  no t  centered a t  t he  e a r t h ' s  geo- 

graphic center.  Also, the  main d i p o l e  moment, along the  p r i n c i p a l  

a x i s  o f  t h e  magnetic f i e l d ,  i s  t i l t e d  w i t h  respect  t o  t he  e a r t h ' s  

r o t a t i o n a l  ax is  so t h a t  the  geomagnetic f i e l d  i s  no t  symmetrical w i t h  

respect  t o  geographic coordinates. F igure  19 shows the  s p a t i a l  v a r i -  

a t i o n  o f  trapped e lec t rons .  The penet ra t ion  o f  r a d i a t i o n  t o  low a l t i -  

tudes a t  l a t i t u d e s  below 50' i s  due t o  t h e  d i s ~ l a c e m e n t  o f  t h e  center  





of the magnetic f i e l d  with respect  t o  the  e a r t h ' s  center. These low 

a l t i tudes  occur over the  south At lant ic .  The e f f ec t s  of the  t i l t  

of the axis as a  general north-south asymmetry can also be seen. 

There are  two regions where the  radia t ions  occur; the  f i r s t  i s  primarily 

centered a t  2,000 km which is  the inner zone, and the second i s  the 

outer zone with a  central  region located a t  20,000 km. Data were 

taken from No11 and McElroy (1975). 

Because of t h i s  displacement and t i l t  of the  magnetic f i e l d ,  

these asymmetries show up as a  function of o rb i t a l  inclination angle 

f o r  f ixed a l t i t ude  (Figure 20). Generally, a  maximum ex i s t s  in the 

exposure r a t e  a t  about 30' incl inat ion,  which is  the optimum launch 

inc l ina t ion  f o r  Kennedy. There is a  re1 a t ive ly  radi at ion-free zone 

a t  low a l t i tudes  and low incl inat ions .  A t  the  high incl inat ions  

not only the  i rner  zone radia t ion b u t  also some of the outer zone 

rad ia t ion ,  which comes down t o  f a i r l y  low a l t i t udes  a t  the outer edge 

of the  polar caps, can be seen. Data taken from No11 and McElroy (1975). 

Figure 21 gives an idea of where the  pa r t i c l e s  generally l i e .  

The curves are dose r a t e s  f o r  equatorial  c i r cu l a r  o rb i t s  as a  function 

of o rb i t a l  a l t i t udes ,  so i t  is  roughly a  rad ia l  sweep of the  radia t ion 

be l t s .  This i s  old data from AP5 and AP6, b u t  i t  s t i l l  tends t o  convey 

the  general shape of the  radia t ion zones. For those par t i c les  t ha t  

are  b iological ly  most important a  peak can be seen a t  about 2,000 

nautical  m i  1  es.  The doses t ha t  cause materi a1 problems, especi a1 l y  

t o  thermal control coatings, peak much higher, a t  10,000 nautical miles. 

Data taken from Cladis -- e t  a l .  (1971). 

Figure 22 c l e a r l y  shows the  inner and outer  zone fo r  the  trapped 
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e lec t rons .  Again, these are o l d  data (AEZ), and i t  i s  extremely inac-  

cura te  i n  the geosynchronous region.  However, as i n  t he  case o f  t h e  

protons, going f rom the  low ea r th  o r b i t  which i s  down around a  few 

hundred nau t i ca l  m i l e s  t o  geosynchronous o r b i t  a t  20,000 nau t i ca l  

m i l es  the re  are some very in tense regions f o r  t he  o r b i t a l  t rans fer .  

These in tense regions w i l l  pose some problems f rom t h e  ma te r ia l  p o i n t  

o f  view consider ing veh ic le  s t ruc tures ,  thermal c o n t r o l  coatings, 

etc.  Data were taken from Clad is  -- e t  a l .  (1971). 

F igu re  23 i s  a  summary o f  t he  way th ings  look from a  b i o l o g i c a l  

p o i n t  o f  view. This  curve shows the  t ime l i m i t  on operat ions imposed 

2  by t rapped r a d i a t i o n s  behind about 2 g/cm o f  aluminum. The curve 

represents the  number of days i n  o r b i t  per  year it would take t o  reach 

t h e  y e a r l y  exposure l i m i t s .  These are not, when t h e  dose r a t e  l i m i t s  

are examined, t he  actual  number o f  days a  person could be exposed 

i n  one continuous v i s i t ,  y e t  t he  curve gives an idea o f  t he  amount 

o f  t ime  t h a t  one could spend i n  various regions.  I n  p a r t i c u l a r ,  i t  

i s  easy t o  see t h a t  i n  a  l i t t l e  over a  day i n  t h e  hear t  of the zone, 

the  exposure w i l l  a lready reach the  y e a r l y  l i m i t .  The exposure through- 

out t h e  cen t ra l  reg ion  i s  q u i t e  high. There i s  a  decrease i n  t he  

dose r a t e  approaching very 1  ow a l t i t u d e  which i s  due t o  t h e  f a c t  t h a t  

the  losses  i n  t he  inner  zone are associated w i t h  t h e  i n te rac t i ons  

o f  t h e  e a r t h ' s  atmosphere. To l i m i t  exposure i n  t h i s  reg ion  one has 

the  tendency t o  do operat ions a t  as low an a l t i t u d e  as possib le.  

But t h e  atmospheric i n t e r a c t i o n ,  which i s  t h e  same t h i n g  t h a t  l i m i t s  

the  dose ra te ,  a lso  increases t h e  drag o f  t he  veh ic le .  I f  one t h i n k s  

i n  terms o f  a  l a r g e  s t r u c t u r e  which has v i r t u a l l v  no mass and an extreme 
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cross section, the drag forces are very large and the kinetic energy 

very small. Therefore, one must look closely at  tradeoffs t o  be made 

between these two effects  in th i s  region when constructing large struc- 

tures  in low earth orb i t .  The data were taken from Burrell and Watts 

(1968) and Wilson and Denn (1977). 

I wi 11 now consi der the AE4 model representation of the outer 

zone omnidirectional flux (Figure 24),  and discuss how the model actually 

re la tes  t o  the physical data. In par t icular ,  there are times when the 

required informati on i s  not directly avai 1 able through the model, 

and these will be discussed la ter .  The omnidirectional flux - J in 

the outer zone i s  a function of the par t ic le  energy, the geomagnetic 

coordinates, and longitude which i s  related t o  local time at  any fixed 

universal time - t .  The equation i s  written in terms of 1, which i s  the 

local time-averaged equatori a1 omnidirectional flux that  varies as a 

function of universal time. The function @ relates  the omnidirectional 

flux to  the local time or the longitude, and - G re lates  t o  how the 

belts vary as the la t i tudes change along the given C shell of the 

geomagnetic f i e ld .  The model assumes there i s  no coupling between 

1 a t i  tudinal and longitudinal dependence. These two functions, Q and 

G ,  are normalized so tha t  @ averaged over a l l  local time i s  u n i t y  and - 

that  5 = 1 on the geomagnetic equator. For further discussion see 

Singley and Vette (1972), and Wilson and Denn (1976, 1977a). - 

To re la te  the omnidirectional flux t o  the universal time depen- 

dence we made a graph (Figure 25) of electron fluxes a t  geosynchronous 

a l t i tude  greater than 1 MeV and greater than 1.9 MeV as a function 

of time. The longitudinal dependence of these data has been removed, 
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so t h i s  graph i s  r o u g h l y  i n d i c a t i v e  o f  t h e  averaged va lue over t h e  

l o n g i t u d e  o f  t h e  e q u a t o r i a l  e l e c t r o n  f l u x  as a  f u n c t i o n  of u n i v e r s a l  

t ime .  P l o t t e d  a long t h e  bottom o f  t h e  graph i s  a  measure of t h e  p l a n e t a r y  

f i e l d  index ( K  ), which i s  an average o f  t h e  l o g  o f  magnetic i n t e n s i t y  
P  

a t  a  number o f  ground s t a t i o n s  and i s  a  g l oba l  measure o f  t h e  magnet ic 

f i e l d .  Perhaps t h e  f l u c t u a t i o n s  i n  t h e  magnet ic  f i e l d  i n t e n s i t y  are 

i n  some way r e l a t e d  as t h e r e  appear t o  be some c o r r e l a t i o n s  between 

them. The impor tan t  p o i n t  i s  t h a t  t h e  e l e c t r o n  f l u x  w i l l  grow by 

two orders  o f  magnitude o r  more i n  a  couple  o f  hours, f o l l owed  by 

decay over  severa l  days. A l so  when t h e  peak f l u x  i s  reached t h e  dose 

2 
r a t e  behind f a i r l y  l i g h t  sh i e l d i ng ,  e.g., a 0.5 g/cm , i s  s u f f i c i e n t l y  

h i g h  t h a t  t h e  dose l i m i t s  a re  met i n  about a  h a l f  hour. When t h e  

e l e c t r o n s  do f l u c t u a t e  and go t o  h i g h  va lues t h e y  a re  ex t reme ly  h i g h  

va lues indeed. The few hours r i s e  t ime  and t h e  t ime  r e q u i r e d  t o  reach  

exposure l i m i t s  w i l l  p r o b a b l y  be l o n g  enough t o  move t o  a  more sh ie l ded  

a rea  when one o f  these l a r g e  f l u c t u a t i o n s  begin .  But t h e r e  a re  s t i l l  

seve ra l  unanswered ques t ions :  what about t h e  f a1 se a1 arm r a t e ?  What 

e f f e c t  do t h e  d is tu rbances  have on crew performance? Th i s  i s  a  v e r y  

f r u i t f u l  area o f  s tudy  and i t  should  be exp lored.  Data were taken  

from Pau l i kas  and B lake  (1971).  

Dur ing  t hese  1  arge s c a l e  f l u c t u a t i o n s ,  i t  appears t h a t  e l e c t r o n s  

a re  i n s e r t e d  i n t o  t h e  magnet ic  t a i l  reg ion .  These i n s e r t e d  e l e c t r o n s  

undergo r a d i a l  d i f f u s i o n  t o  a  lower a l t i t u d e  over  a  p e r i o d  o f  days as 

shown by  t h e  December even t  o f  1962 (F; gure 26).  The main 1  oss o f  these  

i n s e r t e d  e l e c t r o n s  i s  p i t c h  angle  d i f f u s i o n  and p r e c i p i t a t i o n  i n t o  t h e  

atmosphere i n  p o l a r  r eg ions .  Data f r o m  Frank and Van A l l e n  (1966).  
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One r a t h e r  s t range  t h i n g  about these e l e c t r o n  f l u c t u a t i o n s  i n  

un i ve rsa l  t ime  i s  t h a t  i f  t h e y  a re  randomly sampled and a  p r o b a b i l i t y  

d i s t r i b u t i o n  i s  drawn, t h e y  t u r n  ou t  t o  be no rma l l y  d i s t r i b u t e d .  

F i gu re  27 i s  t h e  accumulat ive p r o b a b i l i t y  as a  f u n c t i o n  o f  e l e c t r o n  

f l uence  observed f o r  d i f f e r e n t  energ ies.  The symbols are t h e  da ta  

po in t s ;  t h e  curve i s  a  p rev ious  model and should be ignored. The 

p o i n t  i s  t h a t  these da ta  f a l l  n i c e l y  on a  normal d i s t r i b u t i o n  which 

i s  t o  me remarkable. Data were taken f rom Pau l i kas  and Blake (1971). 

By m iss ing  t h e  major  p a r t  o f  these l a r g e  t i m e  f l u c t u a t i o n s ,  we 

have t h e  p o t e n t i a l  o f  r educ ing  t h e  exposure q u i t e  a  b i t .  What we 

show i n  F i g u r e  28 a t  geos ta t i ona ry  a l t i t u d e s  i s  t h e  exposures on t h e  

l e a s t  extreme days. That  i s ,  on t h e  most extreme days we go t o  a  

heavy s h e l t e r ,  on t h e  l e a s t  extreme days we a re  ou t  do ing normal work 

a c t i v i t i e s .  - P i s  t h e  f r a c t i o n  o f  days over which we average t h e  dose. 

P = 1 means t h a t  we a re  ou t  i n  t h e  normal areas 100% and we never go - 

t o  a  heav ie r  s h i e l d e d  area; - P  = 0.8 says we spend 20% o f  the  t i m e  i n  

h e a v i l y  sh ie l ded  areas and 80% o f  t h e  t ime  o u t  working. Therefore,  

by e l i m i n a t i n g  20% o f  t h e  wors t  days one can reduce exposure by a 

f a c t o r  of f ou r  o r  so. Depending on how much you want t o  l i m i t  y o u r s e l f  

you can con t i nue  t o  d r i v e  t h e  dose down by 1  i m i t i n g  t h e  number o f  work 

days. On t h i s  f i g u r e  t h e r e  a re  b a s i c a l l y  two curves. These a r e  t h e  

p e n e t r a t i n g  e l e c t r o n s  themselves which con t inue  t o  drop (d ropp ing  o f f  

2  v e r y  r a p i d l y  and 1  i m i  t i n g  p e n e t r a t i o n  t o  perhaps about 2  g/cm ) and 

a  v e r y  p e n e t r a t i n g  component caused by t h e  bremsstrahlung. Whatever 

t y p e  o f  s h i e l d  we e v e n t u a l l y  use f o r  t h e  h a b i t a t  w i l l  be a  composite; 

i t  seems p r a c t i c a l  t o  use a  low Z m a t e r i a l  on t h e  ou t s i de  t o  keep 
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t h e  bremsstrahlung low, and a  h i gh  Z m a t e r i  a1 on the  i n s i d e  t o  c u t o f f  

t h e  bremsstrahlung. Data were taken f r om Wilson and Denn (1977a). - 

F igu re  29 i n d i c a t e s  t he  bas i c  model parameters, which are equa- 

t o r i a l  f l u x  on a  g iven  L  s h e l l  as a  f u n c t i o n  o f  un i ve rsa l  t ime, t h e  

1  a t i t u d i n a l  v a r i a t i o n  - G, and t h e  l o c a l  t i m e  dependence @. The model 

parameters are found as f o l l o w s .  The l o g  of t h e  e q u a t o r i a l  f l u x  i s  

averaged over a  t i m e  per iod,  which g e n e r a l l y  has t o  be on t h e  o rder  

o f  f o u r  months t o  ge t  a  s u f f i c i e n t l y  good average. Th i s  average e q u a t o r i a l  

f l u x  s t i l l  depends on t h e  epoch i n  which t h e  averaging i s  done. Th is  

i s  u s u a l l y  assoc ia ted w i t h  s o l a r  a c t i v i t y ,  and we have two models, 

one a t  s o l a r  maximum and one a t  s o l a r  minimum. The s tandard dev ia t i on ,  

which i s  r e l a t e d  t o  t h e  v a r i a t i o n  about t h e  l o g  mean, again depends 

on t h e  s o l a r  epoch. The average f l u x  i s  n o t  j u s t  10 r a i s e d  t o  t h e  

mean l o g  f l u x  as an exponent, b u t  i t  a l s o  ge ts  a  c o n t r i b u t i o n  f r om 

t h e  s tandard d e v i a t i o n  as w e l l .  The l a t i t u d i n a l  dependence - G i s  g iven  

by t h e  r a t i o  (BIBo? where I$ i s  t h e  va lue  o f  t h e  f i e l d  i n t e n s i t y  

on t h e  geomagnetic equator  and m(L) i s  about 0.6. (There i s  a  b i t  

of u n c e r t a i n t y  depending on what s e t  o f  da ta  i s  used.) The parameter 

m(L) g e n e r a l l y  depends on t h e  l a t i t u d e s  t h e  s a t e l l i t e s  were l o c a t e d  

when t h e  da ta  were c o l l e c t e d .  Th i s  p o i n t  ho lds  throughout  t h e  e n t i r e  

ou te r  zone. The l o c a l  t ime  v a r i a t i o n  depends on t he  cos ine o f  long i tude ;  

t h e  c o e f f i c i e n t  o f  l o c a l  t ime  v a r i a t i o n  again depends on s o l a r  epoch 

and we show t h i s  i n  F i g u r e  30. Fu r the r  d i scuss ion  can be found i n  

S i n g l e y  and Ve t t e  (1972), and Wilson and Denn (1977a). - 

I n  F igu re  30, t h e  c o e f f i c i e n t  o f  t h e  l o c a l  t ime  v a r i a t i o n  appears 

t o  be c o r r e l a t e d  w i t h  t h e  sunspot number, Z. We have s p e c i f i c  da ta  f o r  
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d i f f e ren t  sunspot numbers compared w i t h  curves o f  a  funct ion t h a t  

was f i t  t o  these data. Not ice  there  i s  r e a l l y  o n l y  one o u t l y i n g  p o i n t  

and t h a t  i s  the Z = 17 data po in t .  One s u r p r i s i n g  t h i n g  i s  t h a t  the  

l o c a l  t ime dependence i s  greatest  a t  so la r  minimum and l e a s t  a t  so la r  

maximum. The data were taken from S ing ley  and Vette (1972) and Wilson 

and Denn (1977a). - 

Thicker wa l l s  can be used t o  reduce the  exposure i n  t he  geosyn- 

chronous region. The o ther  f a c t o r  f o r  reducing exposure i s  the  t ime 

v a r i a t i o n ;  a  l o c a l  t ime  dependence can be used dur ing  so la r  minimum 

but  not  r e a l l y  dur ing  s o l a r  maximum because l o c a l  time v a r i a t i o n s  

are  very small there. The main t h i n g  one can do t o  reduce exposure 

i s  t o  move t o  an o r b i t  t h a t  i s  s l i g h t l y  i nc l i ned ;  by going t o  t h e  

smal l  i n c l i n a t i o n s  the  changing l a t i t u d e  a t  f i x e d  rad ius  reaches h igher  

L s h e l l s  (F igure  31). The geosynchronous reg ion  ( L  = 6.6) i s  very  - 

c lose  t o  the  outer  edge o f  the  be l t s .  Therefore, by changing t h e  

i n c l i n a t i o n s  s l i g h t l y ,  i f  t h a t  i s  cons is ten t  w i t h  the mission r e q u i r e -  

ments, the exposures can be reduced through increased values. Of 

course, even i n  an i n c l i n e d  o r b i t  t he  equa to r i a l  regions are crossed 

and t h i s  i s  a  l i m i t a t i o n .  However, on the  extremes o f  t he  o r b i t  t imes 

operat ions can be performed w i t h  r e l a t i v e l y  l ess  sh ie ld ing  necessary, 

and t h i s  may prove t o  be important.  The h igher  - L numbers, i n  essence, 

can be picked up by going up t o  t h e  h igher  l a t i t u d e s  o r  i n c l i n e d  o r b i t s .  

Data were taken from Wilson and Denn (1977a). - 

The l a t i t u d i n a l  dependence i s  shown i n  F igure  32 as a  f u n c t i o n  

o f  the  i n c l i n a t i o n  i n  complet ing one o r b i t .  Data were taken from 

W i  1 son and Denn (19772). 
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Figure 33 shows the dose ra te  in a 30' inclined orbit  for  a fixed 

geographic location. The dose ra te  a t  different  shield values i s  given 

as a function of the orbital  phase which i s  related t o  the lati tude. 

This i s  a rather high inclined orbi t ,  b u t  i t  produces a radiation 

f ree  period. Data were taken from Wi 1 son and Denn (1977a). - 

of the quarterly exposure l imit  per quarter at geo- 

inclined at  10' a t  the particular geographic longitude 

in Figure 34. Clearly, i f  we consider vehicles with 

The fraction 

synchronous orbit  

of 290' i s  shown 

2 1 to  5 g/cm shie lding l ike  we had in the past, the time spent onsite 

will be severely limited. Again, i t  points out that  if the shield 

i s  designed properly t o  el iminate the bremsstrahlung for  the habitat ,  

2 shield requirements could be reduced t o  a few g/cm . I t  also i l l u s t r a t e s  

the importance of using multilayered shields t o  attenuate the bremsstrahlung. 

The data were taken from Wilson and Denn (19772). 

I would now l ike  t o  discuss some of the physical parameters 

related t o  shielding calculations. The dominant term in a' shielding 

calculation i s  energy loss through ionization; that  i s ,  a collision 

between the incoming charged part ic le  (whether i t  i s  a proton, electron, 

or heavy ion) and the orbital  electrons of the shielding material 

(Figure 35). They interact  through a coulomb scattering and the energy 

transferred to  the orbi ta l  electron i s  labeled Q. The cross section 
2 has an inverse dependence, and therefore the energy transfer i s  

usually quite small. 

When the electron i s  bound i n  an atomic orb i ta l ,  there i s  a second 

option of producing excitation when specific energy transfers are 

made or further ionization where Q must be greater than the ionization 
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p o t e n t i a l  (F igure  36).  The cross sect ion i s  r e l a t e d  t o  t h i s  energy 

2  t r a n s f e r  and goes l i k e  the  inverse o f  P_. Another process t h a t  i s  

extremely important,  e s p e c i a l l y  f o r  i nc iden t  e lect rons,  i s  coulomb 

i n t e r a c t i o n  w i t h  t h e  atomic nucleus which r e s u l t s  i n  m u l t i p l e  s c a t t e r i n g  

e f f e c t s .  La ter  we show t h a t  these m u l t i p l e  s c a t t e r i n g  e f f e c t s  are 

ext remely important f o r  e lec t ron  sh ie ld ing .  

The cross sect ions f o r  secondary e lec t rons  produced from impacts 

w i t h  atoms l i k e  those described above are shown i n  F igure 37. The 

graph contains some experimental data a t  1 and 5 MeV proton impact 

2 and again the  inverse  CJ- dependence above about 20 eV f o r  the  secondary 

e l e c t r o n  energy i s  ev ident .  The cor rec t ions  below 20 eV are due t o  

b ind ing  e f f e c t s .  The e l e c t r o n  i s  a c t u a l l y  stuck t o  an atom, and these 

b ind ing  e f f e c t s  become important when the  energy t r a n s f e r  i s  on the  

order o f  the  b ind ing  energy. This  type o f  data i s  important i n  g i v i n g  

the  l a t e r a l  spread o f  t h e  energy from the  t r a c k  as the  p a r t i c l e  passes 

through a ma te r i a l .  The data were taken f rom Manson -- e t  a l .  (1975).  

There are a  number o f  other  degrees o f  freedom t h a t  one has t o  

contend w i t h  when look ing  a t  molecular systems. Shown i n  F igure 38 

i s  a  c o l l e c t i o n  o f  data f o r  N2 molecules, which we chose as a t y p i c a l  

molecule main ly  because we could f i n d  t h e  most data f o r  it. V ib ra t i ona l  

e x c i t a t i o n  i s  important f o r  e l e c t r o n  energies below about 10 eV. Once 

t h e  e l e c t r o n i c  e x c i t a t i o n  or  i o n i z a t i o n  th resho ld  i s  past, every th ing  

becomes h e a v i l y  dominated by those two processes alone. I n  about 

h a l f  t h e  cases i o n i z a t i o n  r e s u l t s  i n  d i ssoc ia t i on ;  and, according 

t o  the  data t h a t  I have been able t o  c o l l e c t ,  most o f  t he  molecules 

t h a t  have e l e c t r o n i c  e x c i t a t i o n  r e s u l t  i n  d i ssoc ia t i on .  There i s ,  



ATOMIC l NTERACTIONS 

Coulomb interactions with atomic electrons 

Excitation tonization 

Coulomb interaction with atomic nucleus 

F igu re  36 



-88 - 

SECONDARY ELECTRON PRODUCT1 ON FROM 
PROTON IMPACT 

1 10 100 1000 

Secondary Electron Energy, eV 

F igu re  37 





however, a considerable difference i n  the dissociation for the two 

processes, b u t  that i s  probablv due t o  the small number of molecular 

s t a t e s  observed in the experiments. This will probably change as 

future experiments are performed, and total  dissociative cross section 

will probably show the same energy dependence as the others at  high 

energy. The data are taken from Schulz (1976), Cartwright -- e t  a l .  (1977), 

Kollmann (1975), and Wright -- e t  a l .  (1976). 

I would now like t o  talk a l i t t l e  b i t  about some work that  i s  

going on at Langl ey on proton stopping theory performed by members 

of my group. The Meador-Weaver proton stopping model expl i ci t ly t r ea t s  

charge transfer,  the neutral hydrogen stripping and transport, and 

i t  accounts for  the i n i t i a l  motion of the atomic electrons (Figure 

39). In most calcul at  i ons people general ly  use the impulse approximation 

where the atom i s  basically frozen while the incoming particles quickly 

sweep by. This new model accounts for the fac t  that t h i s  system rea l ly  

i s  not stationary especially a t  low incident energy. I t  also incorporates 

a continuous slowing down approximation in which they were able t o  calculate 

the error  term. Their model proved t o  be quite accurate down t o  1 eV 

where the error i s  about 1 part in 10' in the correction t o  the slowing 

down approximation. For the purposes of comparison, Figure 39 also 

includes another calculation by Hassan which t r ea t s  charge transfer 

b u t  ignores the neutral hydrogen transport, solving the problem by 

using discrete energy steps. The resul ts  from Hassan's calculation 

are  shown in Figure 40 for  comparison to  the Meador-Weaver model. 

The unusually high stopping power in the Hassan calculation i s  

of course associated with the neglect of the neutral hydrogen once 
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i t  has captured an e lec t ron .  F igure  40 shows a  comparison between 

t h e  Langley ca l cu l  a t i  ons by Meador and Weaver and the  experimental 

data; the Bethe slowing-down theory, which i s  ca tas t roph ic  a t  low 

energy, has a lso  been included. This  type o f  c a l c u l a t i o n  looks very 

encouraging. The other  i n t e r e s t i n g  fea tu re  o f  t h i s  c a l c u l a t i o n  i s  

t h a t  t he  secondary e lec t ron  d i s t r i b u t i o n s  w i l l  be t rea ted  i n  f a r  more 

d e t a i l  so t h a t  t rack  s t r u c t u r e  may be b e t t e r  understood. Fur ther  d i s -  

cussion may be found i n  Meador and Weaver (1979). 

Up t o  now we have ta l ked  about the  proton slowing down i n  co l -  

l i s i o n s  w i t h  atomic e lec t rons .  I n  the  case o f  e lec t ron  i r r a d i a t i o n ,  

t he  m u l t i p l e  s c a t t e r i n g  f rom the  nucleus i s  a l so  important.  To demon- 

s t r a t e  t h i s  r a t h e r  d ramat ica l l y ,  F igure  41 graphs t h e  e lec t ron  energy 

depos i t ion  c o e f f i c i e n t  , both neg lec t i ng  mu1 t i p  

and w i t h  m u l t i p l e  sca t te r i ng .  The l o c a t i o n  o f  

s c a t t e r i n g  depends on t h e  atomic number o f  the  

F igu re  42. The data were taken f rom Mar (1966 

(1976). 

e  s c a t t e r i n g  e f f e c t s  

the  peak due t o  m u l t i p l e  

s h i e l d  as shown i n  

and Wilson and Denn 

F igure  42 graphs t h e  energy depos i t ion  c o e f f i c i e n t  behind th ree  

d i f f e r e n t  s h i e l d  ma te r i a l s  as a  f u n c t i o n  o f  f r a c t i o n a l  pene t ra t i on  

depth f o r  0.5 MeV normal ly  i n c i d e n t  e lec t rons .  The d i f f e rences  observed 

f o r  the  th ree  ma te r ia l s  are the  m u l t i p l e  s c a t t e r i n g  e f f e c t s .  O f  course, 

one should bear i n  mind t h a t  increased m u l t i p l e  s c a t t e r i n g  a lso r e s u l t s  

i n  increased bremsstrahlung. Hence, there i s  always a  t r a d e o f f  between 

decreased e l e c t r o n  penet ra t ion  and increased bremsstrahlung product ion 

i n  increas ing  m u l t i p l e  s c a t t e r i n g  e f f e c t s .  Data taken f rom Wilson 

and Denn (l977b). 
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To show some of the effects  of th i s  multiple scattering in a 

practical shield s i tuat ion,  Figure 43 shows the dose in MeV per gram 

per unit fluence of electrons behind a composite shield with an aluminum 

outer skin. In th i s  graph we give the shield thickness in terms of 

the shield mass, or the mass per unit area. If we use a pure aluminum 

shield the dose decreases exponentially with to ta l  shield mass. If 

e i ther  tantalum or lead i s  installed after about 100 mils of aluminum, 

we can reduce the dose considerably without increasing the shield 

weight. And th i s  i s  jus t  the difference between multiple scattering 

ef fec ts  in the aluminum as compared t o  the tantalum and lead, although 

there i s  a s l ight  change in the bremsstrahlung. I t  i s  primarily mul- 

t i p l e  scattering that  i s  causing th is .  Data from Morel (1975). 

There are several important factors t o  be considered for  proton 

shielding. Figure 44 shows the absorbed dose as a function of depth 

for  592-MeV protons. The graph also shows some monte carlo calculations 

which include nuclear reaction effects .  The dash-dot curve i s  the 

dose due t o  the surviving uncollided protons. The difference between 

the dose of uncollided protons and the upper curves are estimates 

of effects  due t o  nuclear reactions. Therefore, for distances comparable 

to  the dimensions of the human body, the secondary particles are extremely 

important for proton dose a t  t h i s  particular energy. A t  higher energy, 

nuclear effects are more important; at  lower energy, these nuclear 

effects  are not quite so important. These data are for  the physical 

dose, and they were taken from Wilson and Khandelwal (1974, 1976), 

Goebel and Baarli (1965), Turner -- e t  a l .  (1964), Alsmiller -- e t  a l .  (1970). 

Figure 45 graphs the dose equivalent build-up factor,  derived 
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by  f i t t i n g  t o  Monte Carlo calculations f o r  dose equivalent using t he  

qua l i ty  factors  as assigned by the  ICRP. - Z i s  the depth in t i s sue  

a t  which the build-up fac tor  i s  calculated. The rather long ver t i ca l  

dashes are the Monte Carlo calculations which tend t o  get more uncertain 

a t  higher energies. A t  lower energies, the build-up factor  tends 

t o  decrease t o  somewhere near 1, b u t  i t  can get  quite large a t  higher 

energies. Data taken from Wilson and Khandelwal (1976). 

The dose equivalent f o r  a unit  fluence of 600-MeV protons, or 

corresponding roughly t o  Figure 44 f o r  absorbed dose, i s  shown in Figure 

46. Drawn separately i s  the  primary contribution t o  dose equivalent, 

and the  t o t a l  i s  a lso  shown. Certainly on the  order of body dimensions 

large e r rors  are committed when nuclear reaction e f fec t s  are not included. 

The data were derived from Wilson and Khandelwal (1976). 

One of the  things we have been doing i s  t ry ing t o  replace t he  Monte 

Carlo calculations w i t h  a determinist ic calculat ion,  thus eliminating 

the  s t a t i s t i c a l  f 1 uctuati ons. We developed a theory tha t  we have 

named the  perturbation theory. Figure 47 graphs the  dose versus depth: 

the  c i r c l e s  are the  Monte Carlo r e su l t s  f o r  secondary contribution 

t o  the dose from secondary protons, neutrons, and heavy nuclei .  Also 

shown i s  the  uncollided primary beam. The curves are our calcula t ions  

and we f ee l  very hopeful about doing t h i s  type of calculation,  which 

i s  so r t  of an analytic-numerical approach. Data taken from Wilson 

and Lamkin (1975). 

We have a lso  been looking a t  the  question of shielding against  

heavy ions. The t r ans i t i on  matrix f o r  the  in teract ion of two heavy 

ions as they come together i s  denoted by t he  large c i r c l e  in Figure 
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48. We have been making multiple scat ter ing expansions where the 

round c i rc les  correspond roughly t o  nuclear wave functions, and the  

hexagons correspond t o  two nucleon scat ter ing amplitudes. The f i r s t  

graph on the  r i gh t  i s  s ingle  scat ter ing.  Nuclear double scat ter ing 

occurs in two d i f fe ren t  ways and higher order terms are indicated. 

For fu r ther  discussion see  Wilson (1974, 1975). 

We took one of the nuclei t o  be a neutron, and t h i s  i s  compared 

w i t h  a compilation of neutron data in Figure 49. Generally, the  calcu- 

l a t ions  of t o t a l  cross section are qui te  good; however, there i s  some 

question in the  comparisons below 0.3 GeV which appears t o  be due t o  

the  use of the eikonal approximation. I t  remains t o  be shown tha t  a 

pa r t i a l  wave expansion will  improve the  agreement. The data were taken 

from Wilson (1974, 1975), Schimmerling -- e t  a l .  (1973) and Barashenkov 

e t  a l .  (1969). The r e su l t s  f o r  absorption cross section in comparison -- 

t o  experiments are shown in  Figure 50. 

Figure 51 i s  a comparison of neutron nucleus t o t a l  cross sect ions  

a t  1 GeV with the  data measured by Schimmerling (1973). We used three  

d i f fe ren t  nuclear models: gaussian, Saxon-Woods (which i s  very good), 

and a uniform nuclear model. The parameters t ha t  went in to  these 

models were a l l  taken from the  same data s e t .  The differences are 

due t o  the d e t a i l s  of the shape of the  nuclear density, which i s  d i f -  

f e ren t  in each model. The data were taken from Wilson (1975). Figure 

52 shows the corresponding absorption cross sections.  

Figure 53 shows a comparison of triton-nucleus scat ter ing.  This 

i s  very old data a t  100 MeV per nucleon fo r  which agreement i s  not too 

bad. The data were taken from Wilson (1975) and Mi 11 burn  -- e t  a l .  (1954). 
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Figure 54 i s  a comparison of more recent data fo r  oxygen-nucleus 

sca t te r ing ,  2 GeV per nucleon, using the Saxon-Woods density and experi- 

ments reported by Lindstrom -- e t  a l .  (1974) as obtained by the Heckman 

group. The data were taken from Wilson and Costner (1976). 

To incorporate t h i s  type of information in to  an ion transport  

calculat ion,  we have made what i s  in essence a very similar  type of 

approximation to  the perturbation se r ies  t ha t  we were ta lking about 

before. I t  i s  an expansion. Figure 55 plots  some of the  Bragg curves 

of several diferent  ions tha t  we calculated in a r e l a t i ve ly  simple 

implementation of the perturbation expansion. One of the  most in te res t ing  

features  about these calcula t ions  was that  i f  a few nucleons are str ipped 

from a heavy ion, the  range of t ha t  ion i s  very near what the i n i t i a l  

ion was before the s t r ipp ing  reaction.  Therefore, a t  high atomic 

numbers the  Bragg curves of t he  secondary and t he  primary ion coalesce. 

Although we generally focus our at tention on the  uncertainties in 

t he  fragmentation parameters, there  i s  some question of what r o l e  

shielding i s  going t o  play in these cases. In par t i cu la r ,  i f  there 

are any saturation e f f e c t s  in biological response involved, breaking 

these  ions in to  more par ts  may be even more damaging than the  i n i t i a l  

ion. There are other questions t o  look a t .  Further de t a i l s  may be 

found in Wilson (1977a, - 1977b). - 
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Figure 55 
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INTRODUCTION 

Research in the "part ic les  and f ie lds"  area has been a part of 

the U.S. space program almost since the f i r s t  successful s a t e l l i t e  

1 aunching in the 1950s. The particles and f ie lds  area encompasses 

measurements of charged part ic les  from protons and electrons through 

UH (ultra-heavy, Z > 28) nuclei, covering low (eV/ion) to  extremely 
3 high ( >  10 GeV/nucleon) energies, for  particles whose origins are 

as diverse as the galactic cosmic radiation, solar particles,  and 

magnetospheric radiation. This intense interest  in charged part ic le  

investigations i s  the resul t  of several factors.  F i rs t ,  energetic 

charged part ic les  represent a window t o  our galaxy which complements 

the information provided by the photon spectrum. The charged particles 

interact  strongly with in t e r s t e l l a r  matter and electromagnetic f ie lds ,  

thereby providing clues to  the nature of the in te rs te l la r  medium. 

Further, the elemental and isotopic composition of the galactic cosmic 

rays carr ies  information on the nucleosynthesis and acceleration pro- 

cesses in the source regions. Thus, the investigation of these part ic les  

has been called charged part ic le  astronomy. 

Closer t o  home, the sun i s  a copious source of energetic charged 

par t ic les  emitted both during solar f 1 are outbursts and continuously 



in the form of the solar wind. The solar magnetic f ie lds  carried 

outward by the streaming solar wind inf la te  a large cavity i n  the 

local inters tel  1 ar medium, the he1 iosphere which controls the access 

of galactic particles t o  the solar system, and interact direct ly  w i t h  

planetary magnetic f i e lds  to  produce magnetospheres. The study of 

the composition and energy spectra of solar par t ic le  radiations provides 

information on the elemental or isotopic rat ios  in the region of the 

sun from which the par t ic les  emerge, and offers clues to  the specialized 

conditions responsible fo r  accelerating these nuclei. 

Pl anetary magnetospheres contain 1 arge fluxes of low energy part ic les  

trapped within the magnetic f i e l d  l ines.  The origin of th is  trapped 

radiation i s  generally thought t o  involve the solar wind and/or solar 

f l a r e s ,  b u t  in recent years i t  has been found that  the magnetospheres 

of the planets, especially Jupiter,  can themselves act as accelerators 

of electrons (Pyle and Simpson, 1977). In addition, evidence now 

exis t s  fo r  the acceleration of par t ic les  -- in s i t u  in the interplanetary 

medium via the action of shock waves associated with solar wind streams 

(Barnes and Simpson, 1976). 

The vast diversity of the phenomena to  be studied has required 

a large variety of instruments and involved measurements both in space 

and with high al t i tude research balloons. Many major discoveries 

have been made in "part ic les  and f ie lds"  research, and they owe the i r  

existence as much to technological break-throughs in detector systems 

as t o  improvements in s a t e l l i t e s  and launch vehicles. 

Space instrumentation has t radi t ional ly been that  of small, low- 

power detector systems carried on small s a t e l l i t e s  with low data b i t  



rates. This has been necessitated by the weight, power, and budgetary 

limitations of satellite technology. In addition, a space experiment 

differs from the usual laboratory investigations in that, once launched, 

the instrumentation is unavailable for modif ications. This situation 

leads to design criteria that differ markedly from laboratory instrumen- 

tation, in particular, redundancy and re1 i abi 1 ity are stressed, and 

only specially screened radiation resistant parts can be used in con- 

structi on. Furthermore, experiments are designed for simp1 ici ty in 

logic and operation in order to minimize failure modes and to allow 

commandable reconfiguration of the experiment. 

This philosophy of space instrumentation is on the verge of a 

radical change with the coming of the shuttle era. Man can be put 

back into the experimental loop when he is on board a shuttle or in 

space platforms such as the SPS. Instruments will be controllable 

in real-time, and even limited repair or refurbishment, on-orbit, 

can be considered. The effects of this new era on instrument design 

will probably be a deemphasis of redundancy and reliability as design 

criteria, and a move towards larger more complex experiments. Whatever 

the changes, however, the shuttle era promises to be an exciting time 

for studying charged particle radiations in space. 

It is not the purpose of this paper to describe the scientific 

discoveries made in charged particle astronomy over the past two decades, 

but rather to discuss some of the space instrumentation that has been 

employed. This introduction has been provided to give the reader 

an appreciation of the diversity of the astrophysical problems in 

which charged particle detectors have played a role. 



The SPS mission i s  not designed as a means for studying the radia- 

tion environment, b u t  must focus on the question of the interaction 

of ionizing radiation with both men and materials i n  orbi t .  In the 

current configuration, the SPS mission will involve both low al t i tude 

and geostationary orbital  operations, and i t  will be exposed t o  the 

three major sources of charged part ic les  discussed above: the galactic 

cosmic radiation, solar f l a r e  par t ic les ,  and geomagnetically trapped 

radi ation. Because the SPS i s  a manned station, i t s  operation must 

include radiation monitoring both internal and external t o  the s a t e l l i t e .  

Inside the SPS, secondary radiations (neutrons, gammas, x-rays, or 

heavy ions), generated by interaction of primary particles in the 

spacecraft walls, present a different  se t  of radiation problems. 

However, the monitoring of these fluxes can be performed in a "sh i r t -  

sleeves" environment by trained personnel using many of the techniques 

employed in t e r r e s t r i  a1 laboratories. I t  i s  the radiation external 

t o  the SPS tha t  presents a problem similar t o  that  encountered i n  

par t ic les  and f ie lds  research, and most of the remainder of t h i s  paper 

i s  devoted t o  discussing the techniques applicable to  external monitoring. 

The next section discusses the composition and energy spectrum 

of the charged part ic le  radiation and gives a brief overview of the 

experimental techniques used in different energy regions. This i s  

followed by a more detailed description of the operation of a solid- 

s t a t e  detector telescope system showing some of the evolution of these 

instruments over the past decade. Finally, a summary of the present 

s t a t e  of space instrumentation i s  given along with some comments on 

the problems particular t o  the SPS mission. 



EXPERIMENTAL TECHNIQUES: A BRIEF OVERVIEW 

Charged p a r t i c l e  r a d i a t i o n  i n  space i s  character ized by i t s  compo- 

s i  t i o n ,  energy spectrum, i n t e n s i t y ,  and anisotropy. Each event i s  

completely spec i f i ed  by measuring t h e  parameters o f  charge, mass, 

k i n e t i c  energy, and a r r i v a l  d i r e c t i o n .  I n t e n s i t y  i s  determined by 

c o l l e c t i n g  events over se lected t ime i n t e r v a l s  o r  by record ing count ing  

r a t e s  f rom one or more detectors.  A l a r g e  v a r i e t y  o f  techniques have 

been employed t o  i n v e s t i g a t e  one o r  several o f  t h e  above parameters, 

and these techniques d i v i d e  n a t u r a l l y  i n t o  groups based upon t h e  p a r t i c l e  

and the  energy range studied. 

F igure  1 shows the  energy spectra o f  g a l a c t i c  cosmic r a y  protons, 

he1 ium, boron, and carbon measured on t h e  IMP 7 spacecraft  i n  1973 

(Garcia-Munoz e t  al., 1 9 7 5 ~ ) .  - Above approximately 1 GeV/nucleon, 

t h e  spectra are power laws f a l l i n g  w i t h  t o t a l  energy as E-', w i t h  a 

spec t ra l  index, Y, o f  - 2.6. Below 1 GeV/nucleon the  p a r t i c l e s  are 

modulated i n  t he  hel iosphere. The s o l i d  curves g ive the unmodulated 

spec t ra  i n  l o c a l  i n t e r s t e l l a r  space which are compared t o  the  spec t ra  

observed a t  earth, shown by the  experimental po in t s .  The cont inuat ion  

o f  t h i s  spectrum t o  lower energies i s  shown on F igu re  2 w i t h  data 

f o r  carbon and oxygen, and t h e  hel ium spectrum i s  shown f o r  comparison 

( f rom t h e  summary by Garcia-Munoz, 1973). Note t h a t  the spectrum 

t u r n s  up a t  very  low energies g i v i n g  a composite energy spectrum such 

as t h a t  i l l u s t r a t e d  i n  F igu re  3 f o r  protons (Zamow, 1975). I n  t he  

reg ion  below -10 MeV/nucleon i t  i s  d i f f i c u l t  t o  d i f f e r e n t i a t e  between 

g a l a c t i c  and so la r  p a r t i c l e s  except du r ing  t imes o f  very low so la r  

a c t i v i t y .  This  i s  because the  spectrum o f  s o l a r  p a r t i c l e s  i s  q u i t e  



Kinetic Energy (MeV/nucleon) 

Figure 1: D i f f e r e n t i a l  energy spec t r a  of g a l a c t i c  cosmic r ay  
hydrogen, helium, boron, and carbon. Sol id curves 
show unmodul ated s p e c t r a  i n  loca l  i n t e r s t e l  1 ar space 
and dashed curves show modulated spec t r a  a t  1 A.U. 



Kinetic Energy, MeVhucleon 

Figure 2: Differential energy spectra of low energy carbon 
( 0 )  and oxygen (o ,A ) nuclei. The 1972 he1 i um spectrum 
i s  sketched f o r  comparison. 



F igu re  3: Schematic r e p r e s e n t a t i o n  o f  t h e  g a l a c t i c  cosmic 
r a y  p r o t o n  spectrum i n d i c a t i n g  t h e  r e g i o n  o f  enhance- 
ment bv s o l a r  p a r t i c l e s .  



steep as i l lus t ra ted  by Figure 4 for  the solar f la res  of 14 October 1969 

and 30 July 1970 (Anglin, 1975). These proton spectra decrease with 

energy approximately as E - ~ ,  b u t  the spectral index for so 

nuclei i s  variable from values as steep as -4.5 or 5 t o  as 

spectrum as E - I g 5  at very low energies. Trapped particles 

lar  f l a r e  

f l a t  a 

in the 

radiation bel ts  exhibit even steeper energy spectra than solar f l a r e  

par t ic les .  

Figures 3 and 4 i l l u s t a t e  some of the problems involved in charged 

par t ic le  measurements. Detectors designed for  the intermediate energy 

3 nuclei, lo2  t o  10 MeV/n, may be swamped by the higher fluxes at  a 

few MeV and are of insufficient s ize  to  record a significant sample 

of events a t  extremely high energies. In addition, the techniques 

used t o  measure the part ic les  change drast ical ly  with energy. A t  

very low energies nuclear par t ic les  can penetrate only a small amount 

of matter which severely r e t r i c t s  the choice of detectors. Thin window 

gas proportional chambers combined with sol id-s tate  detectors have 

given exce 11 ent results at  energies around 1 MeV/nucl eon (Hovestadt 

e t  a1 1973) and at  s t i l l  lower energies electrostat ic  analyzer systems - -* 3 

(Fan e t  al . ,  1975) have been flown. Etched plast ic  track detectors 

have been employed successfully t o  measure heavy ions ( Z  2 8) at  energies 

above -10 MeV/n (Chan and Price, l975), b u t  the need to  recover these 

detectors f o r  processing in the laboratory has limited the opportunities 

for space exposures. A t  energies above -20 MeV/nucleon sol id-state 

detectors and sc in t i l l a to r s  have been used with remarkable success 

by several groups (see, for  example, Garcia-Munoz - e t  = a1 3 1973; McDonald 

e t  a l . ,  1974; Mewaldt e t  al.,  1975). -- -- 



Kinetic Energy ( MeVhucleon) 

Figure 4: D i f f e r e n t i a l  energy spec t ra  of hydrogen and helium 
from s o l a r  f l a r e s  of October 14, 1969 and J u l y  30, 
1970. 



A t  s t i l l  h igher  energies, above - 0.5 GeV/nucleon, Cherenkov 

de tec to rs  must be used ( J u l  l i o t  -- e t  al., 1975; Mason, 1972), and beyond 

severa l  GeVInucl eon experiments have, so f a r ,  been performed main ly  

w i t h  ba l l oon  inst ruments of l a r g e  s i z e  and weight.  A t  these h igh  

energies, superconducti ng magnetic spectrometers (Smith - e t  -- a1 9 1973; 

Badhwar e t  a1 . , 1977) h igh  pressure gas Cherenkov counters (Caldwel l  , 

1977), i o n i  z a t i  on spectrometers (Bal  asubrahmanyan and Ormes, 1973), 

mu1 t i p l e  Cherenkov counter arra-ys (Lund -- e t  a1 . , 1975), and t r a n s i t i o n  

r a d i a t i o n  de tec to rs  (Cherry  - e t  -a a1 9 1974) have been developed and 

proposed f o r  space f l i g h t  on s h u t t l e  missions. 

The type  o f  p a r t i c l e  under i n v e s t i g a t i o n  can a l so  a f f e c t  t h e  

choice o f  experimental  technique. F igu re  5 shows t h e  charge composit ion 

o f  t he  g a l a c t i c  cosmic rays  a t  low energies compared t o  s o l a r  system 

abundances. Hydrogen and hel ium are t h e  most abundant species i n  

t he  r a d i a t i o n  and t h e  odd-Z elements are s i g n i f i c a n t l y  scarcer than 

t h e i r  even-Z neighbors. The charge separat ion AZ/Z decreases w i t h  

i nc reas ing  charge, thereby r e q u i r i n g  g rea ter  p r e c i s i o n  i n  experiments 

designed t o  s tudy t h e  high-Z elements. Only smal l  inst ruments are 

needed t o  s tudy protons and alpha p a r t i c l e s ,  b u t  considerably  l a r g e r  

experiments are needed t o  c o l l e c t  s t a t i s t i c a l l y  s i g n i f i c a n t  samples 

o f  many o f  t he  odd-Z n u c l e i .  

F igu re  6 shows a p l o t  o f  t h e  enhancement f ac to rs ,  r e l a t i v e  t o  

oxygen : 

16 
Q = R(Z)/RSun(Z), where R(Z) = N(Z)/N( 0) 

observed f o r  p a r t i c l e s  emi t ted  i n  severa l  s o l a r  f l a r e s  ( D i e t r i c h  and 

Simpson, 1978). Note t h a t  t h e  heavier  n u c l e i  such as i r o n  may be 



COMPARISON OF THE ABUNDANCES OF 
THE ELEMENTS IN THE GALACTIC COSMIC 
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F igu re  5 :  The measured abundances o f  t h e  elements. r e l a t i v e  
t o  carbon, i n  t h e  g a l a c t i c  cosmic r a d i a t i o n  compared 
t o  t h e  s o l a r  system abundance comp i l a t i on  o f  Cameron 
(1973).  



Figure 6: The enhancement factors fo r  heavy nuclei, re la t ive  
t o  oxygen, observed among solar f l a r e  par t ic les  
as a  function of the par t ic le  charge. 
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enhanced by almost two orders of magnitude over the normal solar abun 

dances, indicating some type of preferent i a1 acceleration in the f 1 are 

r e g i o ~ .  Protons, helium, and sometimes electrons are s t i l l  the dominant 

par t ic les  emitted by solar f l a re s ,  b u t  the heavy elements can become 

quite important. Figure 7 shows the time profile of the particle emis- 

sion in a typical solar f l a re  event (Hamilton, 1977) as observed by 

IMP 8 and by Pioneer 11. The intensity shows a rapid r i s e  t o  maximum, 

b u t  a much longer decay phase. The ent i re  particle production l a s t s  

f o r ,  at  most, a week and can be much shorter in many f 1 ares. Thus 

solar f l a r e  particles can be studied, completely, only by sate1 l i t e  

experiments that are in orbi t  fo r  long periods of time and that are 

equipped to  record the high event rates which may be encountered. 

A f i na l  component of the galactic cosmic radiation and solar 

f l a re  par t ic les  i s  the UH nuclei. Figure 8 shows measured abundances 

of UH par t ic les  in the galactic cosmic rays compared to  solar system 

material for  Z < 60 elements (Wefel e t  a1 ., 1977).  The most prominent 

feature of Figure 8 i s  the decrease in re la t ive  abundance by three 

t o  f o u r  orders of magnitude between i r o n  and the Z > 32 elements. 

Beyond Z = 60 the abundances f a l l  by another factor of - 4 before 

reaching Pb, b u t  some trans-Pb events have been observed (Fowler, 

1973). The UH nuclei have not been studied from unmanned s a t e l l i t e s  

because of the enormous collecting areas required, b u t  two UH experi- 

ments, consisting of ionization chambers or gas sc in t i l l a to r s  and 

Cherenkov counters, are being readied for  launch on the HEAO-C and 

UK-6 s a t e l l i t e s .  



4 

Nov. 5,1974 Event The University - - 
of Chicago 

- 
- - - - - - 

a) 11-20 MeV protons - - 
- 

- IMP 8 (IAU) - - - - - + Pioneer 10 (6.08 AU) - - 
- Pioneer l l (4.85 AU) - 
- 

'\ 
- - - 

\ - - - - 
9 

Day of 1974 

Figure 7:  The time evolution of the proton intensity for  
the November 5, 1974 solar f l a r e  as observed by 
three spacecraft at  different locations in the 
he1 iosphere. The dashed curves show calculated 
f i t s  t o  the data. 
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Figure 8: The measured abundances, r e l a t i v e  t o  i ron ,  of t h e  
ul tra-heavy gal a c t i c  cosmic rays compared t o  t h e  
s o l a r  system abundance compi 1 at ion of Cameron (1973) 
shown as  the  s o l i d  histogram. 



Mass measurements--the study of isotopic composi tion--i s another 

area of considerable in te res t .  Current space instrumentation i s  capable 

of isotopic separation for  protons through the C ,  N ,  0 nuclei, under 

favorable circumstances, and the detailed investigation of cosmic 

ray isotopes will be pursued with the next generation of instruments, 

some of which were 1 aunched recently on the ISEE-C sate1 1 i t e .  

The investigation of electron fluxes i s  a somewhat more complex 

problem experimentally, b u t  electrons are an important component of 

the cosmic rays and are produced copiously in solar f l a re  processes 

and in planetary magnetospheres. Figure 9 shows the electron counting 

ra tes  observed by the Pioneer 11 spacecraft on i t s  mission t o  Jupiter. 

Solar f l a r e  events ( s f )  are indicated. An increase of several orders of 

magnitude in electron flux i s  measured by the time of encounter and 

Jovian electrons are observable over long distances in interplanetary 

space (Chenette e t  a l . ,  1977). 

Compared to protons of the same kinetic energy, electrons are 

highly r e l a t i v i s t i c  and interact  electromagnetically w i t h  matter t o  

produce cascades. In addition, electrons are scattered easi ly  in 

detectors or in the walls of the spacecraft. A t  low energies, care 

must be taken to  ensure electron and proton separation 

system (see,  for example, Lin -- e t  a l . ,  1972). A t  higher 

detectors and shower counters are used to  different iate  

protons and electrons (L'Heureux e t  al . ,  1972). 

The theory of operation of these diverse detectors 

in the measuring 

energies, Cherenkov 

between the 

a l l  depend upon 

the interaction of charged part ic les  with matter or electromagnetic 

f i e l d s  ( for  a general discussion of th i s  area, see Gloeckler, 1970). 





Electric or magnetic f ie lds  are employed t o  bend the particles in elec- 

t ros t a t i c  analyzers and magnetic spectrometers and thereby gain informa- 

tion on the charge (mass) and velocity of the event. The operation 

of solid-state detectors, ionization chambers, proportional counters, 

and sc in t i l la tors  i s  based upon the ionization energy loss of the par- 

t i c l e  in the detector material, Briefly, the charged part ic le  interacts 

with the electrons in the matter causing atomic excitations, ionizations 

and possibly displ acements of the atoms. The secondary electrons (del ta-  

rays) excited by the part ic le  travel in the material producing secondary 

ionization and distributing the energy around the path of the incident 

par t ic le .  The net effect  i s  t o  transfer energy from the incident ion 

to  the detector material thereby causing the par t ic le  t o  slow down and, 

i f  enough matter i s  present, come t o  r e s t .  The energy transferred t o  

the detector material appears as the "signal." In the case of s i l icon 

detectors, the energy produces f ree  electrons and "holest' in the s i l icon 

crystal ,  and these are driven t o  the surface electrodes by the appl ied 

e l ec t r i c  f i e l d  and collected as a current pulse. This process i s  i l l u s -  

trated schematically in Figure 10. I n  ionization chambers and propor- 

t ional counters the energy deposited by the par t ic le  produces electrons 

and positive ions which are collected by an applied e lec t r ic  f i e ld .  

Scint i l la t ion detectors produce a l ight  pulse as the output signal. In 

t h i s  case the energy deposited by the part ic le  causes excitation of the 

atoms of the material which then de-excite by the emission of photons. 

Visualizing detectors such as plast ic  track detectors or nuclear emulsions 

operate on similar principles. In the f i r s t  case the energy deposited 

produces suff ic ient  radiation damage along the par t ic le  t ra jectory 





to  produce an enhanced chemical etching rate .  In nuclear emulsions the 

del ta-rays sensi t ize  grains of s i  1 ver bromide which are then developed 

by photographic techniques . 
Cherenkov counters and transit ion radiation detectors operate 

on a different type of particle-matter interaction. Photons are emitted 

bay a d ie lec t r ic  medium whenever i t  i s  traversed by a charged part ic le  

with velocity exceeding the phase velocity of l ight  in the dielectric.  

This phenomenon was discovered by P.A. Cherenkov in 1937 and now bears 

his name. Cherenkov radiation exhi b i t s  a threshold character which 

i s  extremely useful in many applications. Transition radiation refers 

to  photons (usually a t  x-ray energies) emitted by a charged part ic le  

traversing a boundary between two materials of different  indices of 

refraction. The l ight  yield per boundary i s  extremely small, b u t  

i f  suff ic ient  t ransi t ions are made (for  example, in a stack of many 

thin layers of p las t ic )  a detectable photon pulse i s  produced. An 

important feature of transit ion radiation i s  that  the yield varies 

2 with the part ic le  Lorentz factor (E/Mc ), thereby providing a means 

t o  measure the energy for  extremely high energy part ic les .  

Selecting a detector t o  be used for a specif ic  experiment i s  

only the beginning, because the output signal must next be processed 

electronically.  Figure 11 shows schematically the electronic modules 

required to  transform the detector output signal into a digital  number 

that  can be employed for  further data analysis. Note that  several 

stages of amplification and signal shaping are required before the 

output pulse i s  "frozen" by the peak detector and translated by the 

analog-to-digital converter. For sc in t i  11 ation detectors an additional 
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piece o f  hardware such as a  pho tomu l t i p l i e r  tube o r  photodiode i s  

requ i red  t o  convert  t he  l i g h t  pulse f rom the  detector  i n t o  a  cur ren t  

pulse t h a t  can then be ampl i f ied,  e tc .  For a  space experiment each 

o f  these e l e c t r o n i c  components must be c a r e f u l l y  f ab r i ca ted  and tes ted  

t o  ensure surv ivab i  1  i t y  i n  the  space environment and, moreover, these 

e l e c t r o n i c  modules must r e t a i n  t h e i r  c a l i b r a t i o n  i n  space over long 

per iods o f  t ime ( t y p i c a l l y  years).  It must be emphasized here t h a t  

t h e  e l e c t r o n i c  c i r c u i t r y  attached t o  a detector  i s  equa l l y  as important 

t o  the success o f  a  s p e c i f i c  experiment as i s  t h e  detector  i t s e l f .  

The p rec i s ion  w i t h  which measurements can be made--and the v a l i d i t y  

o f  the s c i e n t i f i c  r e s u l t s  der ived f rom those measurements--is a  combination 

o f  t he  detector  r e s o l u t i o n  and the  accuracy o f  t h e  e l e c t r o n i c  read- 

out  c i r c u i t r y .  Many o f  t he  recent advances i n  space inst rumentat ion 

have as t h e i r  bas i s  improvements i n  e l e c t r o n i c s  technology. 

A1 1  o f  the  de tec t i on  techniques mentioned above produce s igna ls  

t h a t  depend upon more than a  s i n g l e  p rope r t y  o f  t h e  i nc iden t  p a r t i c l e ,  

usua l l y  a  f u n c t i o n  o f  t he  charge, mass and energy. Thus, none of t h e  

detectors, used alone, can prov ide complete in fo rmat ion  on t h e  observed 

p a r t i c l e s .  This leads t o  the  use o f  m u l t i p l e  detectors o f  t he  same 

o r  d i f f e r e n t  types combined i n t o  te lescope systems whose purpose i s  

t o  measure s u f f i c i e n t  parameters t o  cha rac te r i ze  the  event. The use 

o f  telescopes, o f  course, complicates t h e  needed e l e c t r o n i c  c i r c u i t r y  

and the  data reduct ion,  bu t  i t  provides the  a n a l y t i c a l  power necessary 

t o  s tudy space r a d i a t i o n s  i n  d e t a i l .  Telescope systems vary  f rom 

simple experiments t o  very  complex instruments, and t h e i r  d e s c r i p t i o n  

i s  probably best  accomplished by some examples. 



TELESCOPE SYSTEMS : EVOLUTION AND OPERATION 

Figure 12 shows the Climax neutron monitor counting rate for 

the present and the last two solar cycles with the space missions 

that carried University of Chicago experiments superimposed (Simpson, 

1978). Note that only 1.5 solar cycles have been studied in detail 

from satellites, and the present cycle is significantly different 

from the previous one. The University of Chicago has had telescope 

systems, composed of si 1 icon detectors, scinti 11 ators, and Cherenkov 

counters, in both near-earth space and in the outer solar system, 

and these experiments wi 1 1  be used as examples to explain the evolution 

and operation of telescope systems. 

The simplest configuration is a single detector enclosed by passive 

shielding as i 1 lustrated in Figure 13. The passive shielding determines 

the telescope aperture and is of sufficient thickness to stop most 

low energy particles. A calculation of the energy deposited by different 

particles in a single detector is plotted in Figure 14 as a function 

of the incident kinetic energy. The expected signal rises to a maximum 

just before the particle penetrates the detector, and thereafter decreases. 

If electronic discriminator thresholds are set at tl, t2, and t3, 

the counting rates for events exceeding the thresholds provides an 

approximate flux measurement. The t3 rate measures Z > 2 nuclei over 

different energy ranges depending upon the species. Particles with 

Z > 1 trigger the t2 rate and protons are recorded as tl events over 

the energy range 0.5 to 8 MeV. If it is known, from other information, 

that protons are the dominant species in the radiation field, then 

the tl rate gives the proton flux with only a small correction required 
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Figure 13: Schematic diagram o f  a passively shielded single 
detector telescope system. 
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Figure 14: The energy deposited in a single detector of 37 
microns thickness by protons, alphas, and carbon 
par t ic les  as a function of the incident kinetic 
energy of the par t ic le .  Discriminator thresh01 ds 
t i ,  t 2 ,  t 3  at  350 keV, 2.5 MeV, and 10 MeV, 
respectively, are indicated. 



for helium and heavier nuclei. In an unknown radiation environment, 

it can often be difficult to unfold the counting rate information 

to give particle intensities. 

The next 1 eve1 of complication involves using a second detector 

in the telescope as shown for the low energy telescope (LET) in Figure 

15. The added detector L acts as an anti-coincidence guard detector. a 
Counting rates are formed by setting threshold discriminator levels 

on detectors L1 and Lf. Many different rates can be formed by requiring 

particles to be above a threshold or bracketed by two thresholds in 

L1 and, simultaneously above or below selected thresholds in Lf, thus 

turning the telescope into a type of single channel analyzer in count- 

ing rates. LETS have been used successfully on several missions for 

solar flare and magnetospheric studies. 

In order to obtain more information on the charged particles, 

it is necessary to perform pulse height analysis (PHA) on one or more 

detectors in the telescope. The electronics needed for PHA work were 

sketched in Figure 11. If the particles are of sufficiently low energy 

to stop in the telescope, the dE/dx versus residual energy technique 

can be used for identification. This procedure is shown schematically 

in Figure 16. PHA is performed on both the detector in which the 

particle comes to rest and the detector preceding it. In a plot of 

the signal from the dE/dx detector versus the signal from the stopping 

detector, particles of different charge fa1 1 along separate curves 

in the matrix. This type of telescope is illustrated in Figure 17, 

which shows the IMP I11 instrument and the results from six months 

of data collection. In this design, detectors Dl and D3 are analyzed, 
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D2 r e s t r i c t s  the acceptance cone, and D4 i s  used in anti-coincidence 

t o  r e s t r i c t  analysis t o  particles that stop in the CsI ( T I )  detector. 

The pulse height matrix reveals good charge resolution with l i t t l e  

"background" for  elements through oxygen, bu t  the s t a t i s t i c s  for  heavier 

nuclei are meager. The IMP 111 experiment was quite successful, providing 

some of the ear1.y resul ts  on the elemental composition of heavy nuclei. 

Pulse height matrices such as Figure 17  can also be used t o  obtain 

clean data on par t ic le  intensi t ies  and energy spectra. To obtain the 

f lux of carbon nuclei, for example, one merely counts the events within 

the carbon track, and divides by the time and the instrument geometrical 

factor .  The position of a given event along the carbon track i s  direct ly  

related t o  the pa r t i c l e ' s  incident energy. Thus, after calibrating 

the track position in terms of energy, the track may be subdivided 

and used to  determine the part ic le  energy spectrum. This technique 

i s  superior to  the use of detector counting rates  because i t  i s  re lat ively 

f r e e  of contamination by part ic les  of different  charge. Further, 

the ent i re  procedure can be computeri zed, and intensi t ies  calculated 

fo r  different time bases. 

Figure 18 shows the IMP 4 and IMP 5 telescopes which were flown 

in the l a t e  1960s and early 1970s (Garcia-Munoz e t  a l . ,  1973). The 

ent i re  detector stack i s  enclosed in an anti -coincidence scint i  11 ator 

and three of the detectors are pulse height analyzed and recorded. 

Three parameter analysis permits eff ic ient  rejection of background 

events and increased confidence in the charge measurements. The residual 

energy detector i s  a large CsI ( T I )  s c in t i l l a to r  viewed by photodiodes, 

which i s  divided into two separate pieces in the IMP 5 design. In 





addition, IMP 5 incorporated a sapphire Cherenkov counter to  extend the 

energy range over which measurements were made. Along w i t h  improvements 

in detector technology and telescope design, the IMP 4/5 instruments 

incorporated advances in electronic circui t ry that  permitted a wide 

dynamic range and excellent s t a b i l i t y  for long periods of time. Further, 

these instruments employed a pr ior i ty  system which guaranteed that  

v i r tua l ly  a l l  Z > 2 par t ic les  were recorded at  the expense of protons 

and alphas. Counting ra tes  from various se ts  of detectors allow the 

efficiency of event selection by the pr ior i ty  system to be determined. 

The IMP 4 experiment was able to  study the magnetosphere as i l lus t ra ted  

in Figure 19, which shows the increases in the low energy proton/electron 

counting ra te  at the time of radiation belt  passes. The major objectives 

of the IMP 415 experiments were the study of the charge (and mass) 

composition of solar f l a r e  par t ic les  and galactic cosmic rays. Figure 

20 shows the Dl vs. D2 matrix obtained for  the July 30, 1970 f l a r e  

(Anglin, 1975). Note tha t  the resolution of t h i s  system i s  suff ic ient  

t o  separate the isotopes of hydrogen and helium, although few deuterium 

and tritium events were produced by th i s  f l a re .  The charge spectrum 

obtained by these instruments was shown i n  Figure 5,  and a l l  of the 

elements except the iron peak are completely resolved. 

The basic limitation t o  resolution in the IMP 4/5 technology 

was the spread in par t ic le  pathlengths within the 50' opening cone 

of the telescopes. This pathlength variation leads t o  a broadening 

of the tracks in the matrix, and thereby limits the isotope resolution 

capability. Figure 21 shows the resul ts  of a Monte Carlo study of 

t h i s  pathlength dis t r ibut ion.  For a f l a t  detector, the deviation 
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Figure 19: Time p ro f i l e  of the  low energy protonlelectron counting 
r a t e  observed by the  IMP 4 experiment compared t o  
a similar  r a t e  measured by Explorer-34. Passes 
through the radia t ion be l t s  are indicated.  
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extends t o  about 15%. However, i f  the  detectors are formed as sec t ions  

o f  a  sphere, the  dev ia t i on  i s  reduced t o  under 5% f o r  a  s i n g l e  de tec tor  

and t o  about 4% i f  two curved detectors are used simultaneously. Thus, 

t he  development o f  a  technology f o r  cons t ruc t ing  curved s i  1  icon detec tors  

was the next s tep i n  improving charged p a r t i c l e  de tec t ion  techniques, 

and t h i s  was accomplished i n  the  l a t e  1960s (Perkins e t  al . ,  1969). 

Curved s i l i c o n  detectors were used i n  the cosmic r a y  telescopes 

on board the  I M P  6 e a r t h  o r b i t i n g  mission. The i n s e r t  i n  F igure  22 

shows the telescope and the remainder o f  t he  f i g u r e  presents an example 

o f  t he  inst rumenta l  r e s o l u t i o n  f o r  t he  isotopes o f  hydrogen, where 

the  deuterium and t r i t i u m  peaks are seen t o  be c l e a r l y  reso lved from 

t h e  t a i l  o f  t he  pro ton  d i s t r i b u t i o n  (Ang l i n  e t  al., 1973). The I M P  

6 spacecraf t  a lso  c a r r i e d  an "on-board computer" (OBC) which could 

con t ro l  the  data a c q u i s i t i o n  and te lemetry.  I n  c e r t a i n  program modes, 

f o r  example, t he  OBC would d i sc r im ina te  against  proton events and 

o n l y  a l low Z - > 2 p a r t i c l e s  t o  be recorded. Furthermore, the  computer 

could be programmed f rom the  ground i n  order  t o  be able t o  respond 

t o  any change i n  ins t rumenta l  c h a r a c t e r i s t i c s  or  mission ob jec t ives .  

An almost i d e n t i c a l  telescope was c a r r i e d  on the  Pioneer 10 and 

11 missions t o  the  ou ter  so la r  system. F igure  23 i s  an engineer ing 

sketch o f  the te lescope conf igura t ion ,  and F igure  24 shows the  instruments 

mounted on the  Pioneer spacecraf t .  The experimental package was extremely 

small and l i gh t -we igh t ,  c h a r a c t e r i s t i c  o f  a l l  experiments on spacecraf t  

t o  the  outer  s o l a r  system. Nevertheless, t h e  Pioneer missions have 

been extremely product ive  i n  the  study o f  J u p i t e r  and i t s  environs, 

f o r  i nves t i ga t i ons  of so1 ar modulat ion and so la r  p a r t i c l e  propagation, 
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F i g u r e  23: Mechanical  assembly drawing f o r  t h e  U n i v e r s i t y  o f  
Chicago Pioneer 10/11 (FIG) charged p a r t i c l e  te lescope .  
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and for the study of interplanetary processes (see the summary in 

Science - 188, 445, 1975). 

Charged part ic le  telescope systems were further improved by the 

development of 1 arger area curved s i  1 icon detectors which were employed 

on the IMP 7 and IMP 8 missions, launched respectively in 1972 and 1373, 

which are s t i l l  providing high quality data. The IMP 718 telescope 

design i s  shown in Figure 25 and consists o f  two curved detectors pre- 

,ceding a CsI ( T I )  residual energy sc in t i l l a to r ,  D4, viewed by pho to -  

diodes. In addition, a sapphire Cherenkov counter i s  used to  provide 

anti-coincidence protection for  D4 and t o  extend the energy range over 

which measurements are made. Furthermore, significant improvements 

in electronic logic were incorporated into the design such t h a t  each 

particle i s  characterized by an ID f lag  determined by a complex logic 

involving discriminators associated with each detector. The logic 

also assigns a pr ior i ty  t o  each part ic le  and determines which three 

of the four detectors indicated by an asterisk on the figure will be 

pulse height analyzed and recorded. These IMP systems have performed 

quite well and yielded a wealth of data which is  currently being analyzed. 

An example of the data returned by the IMP 7/8 instruments i s  

shown in Figure 26 where the l e f t  hand portion i s  the raw data matrix 

and the right side shows, for comparison, the location of various 

isotopes. The "knees" in the curves represent an amplifier gain switch- 

ing point. The amplifiers each have three separate gain regions in 

order t o  achieve suff ic ient  dynamic range t o  study a1 1 elements between 

hydrogen and nickel. With some imagination, separate tracks can be 

observed for  the Be, B ,  and N isotopes, and over a limited range the 
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i s o t o p i c  composit ion o f  neon can a l so  be measured (Garcia-Munoz e t  a l . ,  

1978). Wi th  t h e  I M P  7 /8  system, t h e  i s o t o p i c  composi t ion o f  t h e  l i g h t  

elements, L i ,  Be, B, has been s tud ied  (Garcia-Munoz - e t  -. a1 3 1975b) 

and i n  p a r t i c u l a r ,  t h e  impor tan t  r a d i o a c t i v e  i so tope  ~ e "  has been 

i s o l a t e d  t o  y i e l d  a  measurement o f  t he  cosmic r a y  "age" as i l l u s t r a t e d  

i n  F igu re  27 (Garcia-Munoz -- e t  a1 ., 1977a). - Th is  i n v e s t i g a t i o n  was 

aided by c a l i b r a t i o n s  o f  an i d e n t i c a l ,  back-up te lescope a t  t h e  LBL 

Bevatron us ing  separated beams o f  t h e  Be isotopes,  as shown on t h e  

lower p o r t i o n  o f  F i gu re  27. Th is  c a l i b r a t i o n  demonstrated t h a t  t h e  

ins t rument  possesses t h e  r e s o l u t i o n  necessary t o  separate ~ e '  and 

 el' and adds conf idence t o  t h e  measurement o f  an ext remely  smal l  

concen t ra t i on  o f  ~ e "  i n  t h e  f l i g h t  d a t a - - y i e l d i n g  a "longI1 cosm 

r a y  l i f e t i m e  i n  t h e  galaxy. 

The l a r g e  dynamic range o f  t h e  IMP 7/8 ins t ruments  has p rov  

h i gh  q u a l i t y  da ta  r a n g i n g  f r om t h e  hydrogen and he l ium isotopes, 

i ded 

as 

i l l u s t r a t e d  on F i g u r e  28 f o r  t h e  1974 s o l a r  q u i e t  p e r i o d  (Garcia-Munoz 

e t  a1 ., 1975a), t o  i n d i v i d u a l  charge r e s o l u t i o n  f o r  t h e  i r o n  peak elements -- - 
(Garc i  a-Munoz e t  a1 . , 1977b). - I n  add i t i on ,  t h e  Cherenkov counter  ana l ys i s  

has made i t  p o s s i b l e  t o  measure t h e  d i f f e r e n t i a l  energy spec t ra  of 

many o f  t h e  heavy elements. Some o f  these spect ra ,  cover ing  t h e  range 

f r om tens  o f  t h e  MeV/nucleon t o  about 1 GeV/nucleon, are shown i n  

F i g u r e  29 f o r  t h e  t i m e  p e r i o d  1974 t o  1976 (Garcia-Munoz -- e t  al . ,  1 9 7 7 ~ ) .  - 

I n  summary, t h e  IMP 7/8 exper iments have been and cont inue t o  be one 

o f  t h e  most success fu l  and s c i e n t i f i c a l l y  p r o d u c t i v e  s a t e l l i t e  exper iments 

of t h e  pas t  decade. 
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F igure  27: Par t  (a ) :  i s o t o p i c  d i s t r i b u t i o n s  f o r  Be cosmic rays  
recorded by t h e  I M P  7/8 experiments. 
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Nevertheless, the  IMP instruments have t h e i r  l i m i t a t i o n s .  Mass 

r e s o l u t i o n  above s i l i c o n  i s  v i r t u a l l y  impossible due t o  t h e  res idua l  

pa th length  va r i a t i ons ,  even i n  curved detectors,  toge ther  w i t h  smal l  

s h i f t s  i n  t h e  de tec to r  e lec t ron i cs .  The I M P  experiments are also 

te leme t ry  l i m i t e d  i n  terms o f  t he  number o f  measurements t h a t  can be 

made on a  s i n g l e  event, and t h e  small s i z e  o f  t he  telescopes requ i res  

long  c o l l e c t i o n  t imes t o  o b t a i n  s t a t i s t i c a l l y  s i g n i f i c a n t  samples o f  

many o f  t h e  l ess  abundant species. The IMP 7/8 technology i s  incapable 

o f  s o l v i n g  one o f  the  major quest ions i n  cosmic r a y  research-- the 

i s o t o p i c  composit ion of  i r o n  nucle i - -and f u r t h e r  advances i n  de tec to r  

and e l e c t r o n i c  technology are needed. 

The new concept t h a t  has evolved f o r  charged p a r t i c l e  telescopes 

i s  t he  use o f  p o s i t i o n - s e n s i t i v e  de tec to rs  (PSD). I n  t h i s  scheme, t he  

t r a j e c t o r y  o f  t he  p a r t i c l e  through t h e  te lescope i s  measured d i r e c t l y  

which r e s u l t s  i n  a  minimum o f  pa th length  u n c e r t a i n t y  and provides t h e  

exact p o s i t i o n  o f  t h e  i n c i d e n t  p a r t i c l e  on t h e  face  o f  each detector .  

Th is  l a t t e r  p o i n t  permi ts  any nonun i fo rm i t i es  i n  t h e  de tec to rs  t o  

be compensated du r i ng  the  data analys is .  There are many techniques 

f o r  de termin ing  the  p o s i t i o n  o f  inc idence o f  a  charged p a r t i c l e ,  which 

have been developed and used p r i n c i p a l l y  i n  acce le ra to r  experiments 

( s t r i p  s c i n t i  11 a to rs ,  etched p l a s t i c s  and nuclear  emulsions, w i re  

p r o p o r t i o n a l  o r  i o n i z a t i o n  chambers, spark chambers, d r i f t  chambers), 

bu t  n o t  a l l  of these are e a s i l y  adaptable f o r  use i n  space. 

F i g u r e  30 shows a sketch o f  a  s i l i c o n  p o s i t i o n  sensing de tec to r  

t h a t  has been developed a t  t h e  U n i v e r s i t y  o f  Chicago (Lamport e t  al . ,  

1976). The e l e c t r i c a l  contact  on one s u r f  ace o f  t h e  s i  1  i con  wafer 
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Figure 30: Schematic representation of a one-dimensional position 
sensitive silicon detector. Note the resistive 
divider network for read-out. 



i s  d iv ided i n t o  many separate gold s t r i p s .  The two s t r i p s  nearest 

t h e  t r a j e c t o r y  of the  charged p a r t i c l e  c o l l e c t  t he  s igna l  which i s  

then read out  through a  r e s i s t i v e  d i v i d e r  network. The opposite s ide 

o f  the  detector  i s  a  s i n g l e  contact which prov ides a  s igna l  p ropor t iona l  

t o  the t o t a l  charge l i b e r a t e d  i n  t he  detector .  Thus, t he  r a t i o  of 

t h e  "pos i t i on "  s igna l  through the r e s i s t i v e  d i v i d e r  t o  the  t o t a l  charge 

c o l l e c t e d  gives the  p o s i t i o n  o f  incidence o f  t h e  p a r t i c l e ,  i n  one 

dimension, on t h e  face  o f  t h e  detector.  Two o f  these PSDs o r ien ted  

a t  r i g h t  angles t o  one another prov ide a  measurement o f  both the X 

and Y coord inate o f  t h e  p o i n t  o f  incidence on t h e  detector  surface. 

One o f  the a t t r a c t i v e  fea tures  o f  t h i s  technique i s  i t s  s i m p l i c i t y  

i n  t h a t  on l y  two s igna ls  are recorded from each detector ,  and on l y  

two sets o f  a m p l i f i e r s  and other  e l e c t r o n i c  c i r c u i t r y  are needed. 

I n  add i t ion ,  t h e  detectors are f u l l y  q u a l i f i e d  f o r  space f l i g h t .  

A h igh  energy te lescope i nco rpo ra t i ng  these PSDs i s  shown i n  

F igure  31. Note t h a t  two separate planes o f  PSDs, each cons i s t i ng  

o f  t h ree  separate de tec tors  f o r  redundancy, are included, and t h i s  

system measures the  angle of incidence o f  a  charged p a r t i c l e  w i t h  a  

p rec i s ion  of 6 lo. The PSDs are fo l lowed by a  stack o f  t h i c k  (0.5 cm) 

l i t h i u m  d r i f t e d  s i l i c o n  detectors which represent  a  new generat ion o f  

detectors.  Each of the  detectors D1-D6 and K1-K8 are pulse-height  

analyzed w i t h  12 b i t  ADCs, and t h i s  in fo rmat ion  along w i t h  a11 d iscr im-  

i n a t o r  f l a g  b i t s  and detec tor  count ing ra tes  i s  recorded, g i v i n g  over 

300 b i t s  o f  in fo rmat ion  per  p a r t i c l e .  This  b i t  r a t e  represents a 

g ian t  step over systems such as the  IMP 7/8 experiments, but  t h i s  

type of d e t a i l  i s  needed f o r  measurements a t  t h e  subpercent l e v e l  
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o f  accuracy requ i red  fo r  separat ion o f  the i r o n  isotopes. 

The development o f  a telescope system such as t h a t  shown i n  F igure  

31  would have been almost impossible w i thout  t h e  a v a i l a b i l i t y  o f  h igh  

energy, heavy i o n  (HZE) beams a t  t he  Bevalac. The HZE beams have permi t ted  

telescopes t o  be designed, tested, modified, and re tes ted  t o  ensure, 

be fore  launch, t h a t  a l l  components func t i on  as designed and t h a t  t h e  

t o t a l  system r e s o l u t i o n  i s  s u f f i c i e n t  f o r  a successful  experiment. 

Dur ing t h i s  process, several  unexpected e f f e c t s  i n  both the  de tec tors  

and the  e lec t ron i cs  have been discovered and corrected. Without t h e  

c a l  i b r a t i  ons a t  t he  Beval ac, these e f f e c t s  would have been discovered 

a f t e r  launch when c o r r e c t i v e  ac t i on  i s  impossible. F igure 32 shows 

a sumnary o f  t he  mass r e s o l u t i o n  achieved by t h e  h igh  energy te lescope 

o f  F igure  31, compared t o  a t h e o r e t i c a l  p r e d i c t i o n  o f  t he  expected 

reso lu t i on .  Po in ts  are shown f o r  n i t rogen,  magnesium, argon, and 

i r o n  beams. F igure 33 shows the  mass histogram obtained w i t h  the  

~e~~ beam i n  the  f i r s t  two of the  t h i c k  de tec tors  i n  t he  stack. Data 

are presented f o r  o n l y  a s i n g l e  angle, bu t  t h e  t r a j e c t o r y  measuring 

system o f  t he  telescope i s  employed t o  determine t h e  incidence angle 

used i n  the  analys is .  F igu re  34 shows a p l o t  o f  the  mass r e s o l u t i o n  

observed i n  t he  same detec tor  p a i r  f o r  var ious angles o f  incidence 

o f  t he  ~e~~ ions. The r e s o l u t i o n  i s  approximately constant f o r  both 

p o s i t i v e  and negat ive angles i n d i c a t i n g  t h a t  t h e  PSD performance i s  

n o t  t he  l i m i t i n g  f a c t o r  i n  t h e  reso lu t i on .  The measured i s o t o p i c  

reso lu t i on ,  i n  t h i s  p r e l i m i n a r y  data, i s  s u f f i c i e n t  t o  study the  r e l a t i v e  

abundances o f  t he  i r o n  isotopes i n  t he  g a l a c t i c  cosmic rad ia t i on .  

Detector systems s i m i l a r  t o  t h i s  h igh  energy telescope have been 
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developed by LBL and Cal Tech. The LBL technique uses d r i f t  chambers 

f o r  p o s i t i o n  determinat ion, fo l lowed by a  stack o f  ten  t h i c k  s i l i c o n  

detectors.  The Cal Tech experiment , at  somewhat lower energies, employs 

s t r i p  s i l i c o n  detectors i n  which each s t r i p  i s  connected t o  i t s  own 

amp1 i f  i e r l d i s c r i m i  nator  system. Two p l  anes o f  these m a t r i x  detectors 

are fo l lowed by s i l i c o n  detec tors  o f  graded thicknesses t o  record the  

dE/dx and res idua l  energy. Both o f  these systems have been c a l i b r a t e d  

w i t h  HZE beams and d i s p l a y  exce l l en t  reso lu t ion .  The LBL and Cal 

Tech experiments were success fu l l y  1  aunched, recent ly ,  on the  ISEE-C 

s a t e l l i t e ,  and they w i l l  be r e t u r n i n g  data over t he  next several years. 

A major l i m i t a t i o n  t o  t h e  telescope system o f  F igure  31 i s  i t s  

h igh  energy threshold.  Th i s  i s  due t o  the  requirement t h a t  p a r t i c l e s  

penet ra te  t o  de tec tor  K1, a  range o f  - 4.5 mm of s i l i c o n ,  f o r  i s o t o p i c  

analys is .  Solar  f 1  are p a r t i c l e s  are concentrated a t  lower energies, 

making t h i s  te lescope inappropr ia te  f o r  so la r  f l a r e  s tudies.  Thus, 

i n  order t o  r e t a i n  t h e  concept o f  t r a j e c t o r y  measurements, it i s  necessary 

t o  develop a  PSD con ta in ing  s i g n i f i c a n t l y  less  m a t e r i a l .  

A PSD development e f f o r t  has been underway f o r  t h e  l a s t  several 

years a t  the  U n i v e r s i t y  o f  Chicago. From t h i s ,  t h e  low energy te lescope 

system shown i n  F igure  35 has evolved. The PSDs are 50 micron wafers 

o f  s i l i c o n  conta in ing  a  se t  o f  s t r i p s  t o  measure t h e  X p o s i t i o n  on 

t h e  t o p  sur face and another s e t  o f  s t r i p s ,  r o t a t e d  go0, on t h e  bottom 

sur face t o  reco rd  the Y p o s i t i o n .  Each se t  o f  s t r i p s  i s  read out  

through a  r e s i s t i v e  d i v i d e r  network. Two o f  these detectors,  arranged 

as shown, p rov ide  exce l l en t  t r a j e c t o r y  in fo rmat ion  w i t h  o n l y  0.1 mm 

o f  m a t e r i a l  i n  t h e  p a r t i c l e ' s  path, which permi ts  measurements down 
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t o  MeV energies. Fo l lowing the PSDs are a  set  o f  three t o t a l  l y  depleted 

s i l i c o n  detectors o f  graded thickness, and two 5-mm t h i c k  1  ithi urn-drifted 

s i l i c o n  detectors.  This  stack provides m u l t i p l e  dE/dx measurements f o r  

s topping p a r t i c l e s  over a  t o t a l  energy i n t e r v a l  which overlaps the energy 

range o f  t he  h igh  energy telescope shown i n  F igure  31. The low energy 

te lescope system has been c a l i b r a t e d  a t  the  Bevalac and e x h i b i t s  r e s o l u t i o n  

comparable t o  t h a t  obta ined w i t h  the  h igh energy instrument.  The h igh  

and low energy telescopes, along w i t h  a  monitor telescope s i m i l a r  t o  

t h a t  shown i n  F igure  13, are combined i n t o  a  s i n g l e  instrument package, 

whose e l e c t r o n i c  block diagram i s  shown i n  F igure  36, f o r  launch i n t o  

a  po la r  o r b i t  i n  the  near f u t u r e .  This  instrument array w i l l  s tudy 

g a l a c t i c  

penet ra t  

The 

s t a t e  o f  

advances 

The h igh  

cosmic rays, s o l a r  f l a r e  p a r t i c l e s ,  and low energy r a d i a t i o n  

ng o r  trapped i n  the  magnetosphere. 

h igh  and low energy te lescope systems represent the cur ren t  

t he  a r t  i n  charged p a r t i c l e  telescope systems, and f u t u r e  

w i l l  depend upon the  performance o f  these systems i n  space. 

and low energy telescopes, along w i t h  the  experiments of 

other  groups, w i l l  begin the  pa ins tak ing  task o f  mapping, w i t h  h igh  

r e s o l u t i o n ,  t he  c h a r a c t e r i s t i c s  o f  the  charged p a r t i c l e  r a d i a t i o n  

i n  space. However, t h i s  i s  on l y  p a r t  of t he  j o b  t h a t  must be done. 

F igu re  37 shows a  schematic representa t ion  o f  t he  hel iosphere w i t h  

t h e  reg ion  t h a t  has been and w i l l  be explored by these experiments 

ind ica ted .  Note t h a t  most o f  t he  hel iosphere remains unexplored, 

and i t i s  t o  be expected t h a t  t h e  charged p a r t i c l e  populat ions s tud ied  

t o  date i n  t h e  e c l i p t i c  plane w i l l  no t  be the  same elsewhere i n  t h e  

hel iosphere.  I n  p a r t i c u l a r ,  i t  i s  poss ib le  t h a t  i n  t he  n o r t h  and 
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south polar zones, galactic cosmic rays may have relatively f r ee  access 

to  the heliosphere. A f i r s t  look at the high lati tude portions of 

the solar cavity will be obtained in the mid-1980s by NASA's Solar 

Polar Mission which will carry, among other instruments, a version 

of ttje high energy telescope of Figure 31. Comparison of the measurements 

obtained over the poles with studies in the ec l ip t ic  plane will undoubtedly 

produce a new picture of charged particle radiation in the he1 iosphere. 

SUMMARY 

I t  has been my intent in th i s  paper not to  focus deeply on any 

particular problem, b u t  to  provide an overview of experimental techniques 

and the evolution of telescope systems. The reader should now be 

familiar with what i s  possible in the measurement of charged part ic les  

in space. (References are provided for  anyone interested i n  pursuing 

a specific area.) The evolution of instrumentation for  charged part ic le  

measurements has been rapid over the las t  decade, and similar development 

may be expected in the coming years. For the SPS, th i s  implies that 

techniques superior t o  those now in use may be avail able before the 

s t a r t  of construction. However, i t  appears that  present technology 

i s  suff ic ient  t o  monitor the charged part ic le  radiation outside the 

SPS rnodul e. 

The important question to  be answered i s ,  "What components of the 

radiation should be monitored?" The answer to  th i s  question depends, 

in de ta i l ,  on the importance of the different components in producing 

radiation damage to people or materials. In addition, the answer 

defines the design parameters for  the charged part ic le  instrumentation. 

I t  seems necessary, as a minimum, to  monitor the intensity of low 



energy protons and electrons in order to provide real-time data for 

solar flare hazard assessment. In addition, it is probably desirable 

to study the HZE component over a wide energy interval. Since the 

radiation damage effects of HZE particles are not completely understood, 

the study of the intensity and composition of HZE particles may provide 

invaluable information for radiation damage assessment. HZE particles 

are highly ionizing which gives them an importance far exceeding their 

actual numbers. This is illustrated by Figure 38 which shows a histogram 

of the relative abundances of the galactic cosmic rays weighted by 

the square of the particle's charge. This presentation emphasizes 

the ionizing ability of the radiation, and it is clear that the C, 

N, 0 nuclei and the iron peak elements begin to rival protons in importance. 

The philosophy underlying radiation measurements on the SPS mission 

must be determined soon. Since the SPS may be one of the first long- 

term, manned ventures in space, radiation effects should remain at 

the forefront of planning. Complete charged particle instrumentation, 

perhaps orbiting in a satellite in the vicinity of the SPS module, 

would provide a complete data base on the radiation environment. 

This involves a quantity of information which is too large to be assimilated 

in real-time, but the recorded data will allow reconstruction of the 

radiation environment for later study or analysis in terms of specific 

radiation damage problems. Thus, it is highly recommended that the 

external radiation monitoring on the SPS mission include an entire 

complement of charged particle experiments to investigate, in detail, 

the complete radiation environment of the SPS sate1 1 ites. 
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F i g u r e  38: His togram showing t h e  r e l a t i v e  abundances o f  t h e  
even numbered ga l  a c t  i c cosmic r a y  n u c l e i  ( s o l  i d  
ba rs )  compared t o  these abundances weighted by 
t h e  square o f  t h e  p a r t i c l e ' s  charge t o  g i v e  a 
measure o f  t he  " i o n i z i n g  power" o f  each element 
(open b a r s ) .  



ACKNOWLEDGMENTS 

The author would like to thank A.J. Tuzzolino for a critical 

review of the manuscript. Thanks are due to the staff of the Laboratory 

for Astrophysics and Space Research for the design and construction 

o f  the University o f  Chicago experiments described in this paper, 

and to the National Aeronautics and Space Administration for support 

over many years. The preparation of this manuscript was supported 

by NASA grant NGL 14-001-006 and contract NAS 5-11067. 

REFERENCES 

Anglin, J.D. 1975. Astr0phys.J. 198, 733. 

Anglin, J.D., Dietrich, W.F., and Simpson, J.A. 1973. Astr0phys.J. 
186. L41. 

Badhwar, G.D., Daniel, R.R. Cleghorn, T., Golden, R.L., Lacy, J.L., 
Stephens, S.A., and Zipse, J.E. 1977. Proc. 15th Int. Cosmic 
Ray Conf., Plovdiv, - 1, 204. 

Balasubrahmanyan, V.K. and Ormes, J.F. 1973. Astrophys. J.Lett . 186, 
109. 

Barnes, C.W. and Simpson, J.A. 1976. Astrophys. J.Lett. 210, L91. 

Caldwell, J.H. 1977. Astr0phys.J. 218, 269. 

Cameron, A.G.W. 1973. Space Sci. Rev. 2, 121. 

Chan, J.H. and Price, P.B. 1975. Phys. Rev. Lett. 35, 539. 

Chenette, D.L., Conlon, T.F., Pyle, K.R., and Simpson, J.A. 1977. 
Astrophys . J. Lett . 215, L95. 

Cherry, J.L., Hartmann, G., Muller, D., and Prince, T.A. 1974. Phys. 
Rev. D - 10, 3594. 

Dietrich, W.F. and Simpson, J.A. 1978. Astrophys.J.Lett., in press. 



Fan, C.Y., G l o e c k l e r ,  G., and Hovestadt ,  D. 1975. Phys. Rev. L e t t .  
34, 495. - 

Fowler ,  P.H. 1973. Proc. 1 3 t h  I n t .  Cosmic Ray Conf., Denver, 5, 
3627. 

Garcia-Munoz, M. 1973. Proc. 1 3 t h  I n t .  Cosmic Ray Conf., Denver 
5, 3513. - 

Garcia-Munoz, M., Mason, G.M., and Simpson, J.A. 1973. Astr0phys.J.  
184, 967. - 

Garcia-Munoz, M., Mason, G.M., and Simpson, J.A. 1975a. - Proc. 1 4 t h  
I n t .  Cosmic Ray Conf., Munich, - 1, 319. 

Garc i  a-Munoz, M., Mason, G.M., and Simpson, J.A. 1975b. - Ast rophys.  J. 
L e t t .  201, L145. -- 

Garcia-Munoz, M., Mason, G.M., and Simpson, J.A. 1975c. - Astrophys.  J. 
202, 265. - 

Garcia-Munoz, M., Mason, G.M., and Simpson, J.A. 1977a. - Ast rophys.  J.  
217, 59. - 

Garcia-Munoz, M., Mason, G.M., and Simpson, J.A. 1977b. - Proc.  1 5 t h  
I n t .  Cosmic Ray Conf., P l o v d i v ,  1, 264. 

Garcia-Munoz, M., Mason, G.M., Simpson, J.A., and Wefel, J.P. 1977c. - 
Proc.  1 5 t h  I n t .  Cosmic Ray Conf., P l o v d i v ,  1, 230. 

Garcia-Munoz, M., Simpson, J.A., and Wefel , J.P. 1978. Symposium 
on Cosmic Ray As t rophys ics ,  Durham, New Hampshire, Sept. 28, 
1978 (unpubl  i s h e d ) .  

G l o e c k l e r ,  G. 1970. I n t r o d u c t i o n  t o  Exper imen ta l  Techniques o f  High- 
Energy A s t r o p h y s i c s ,  e d i t e d  by  H. Ogelman and J.R. Wayland. 
NASA SP-243. 

Hami l ton,  D.C. 1977. J.Geophys. Res. - 82, 2157. 

Hovestadt ,  D., Vo l lmer ,  O., GLoeckler ,  G., and Fan, C.Y. 1973. Phys. 
Rev. L e t t .  - 31, 650. 

J u l l i o t ,  C., Koch, L., and Pet rou,  N. 1975. Proc.  1 4 t h  I n t .  Cosmic 
Ray Conf., Munich, - 12, 4118. 

L 'Heureux,  J., Fan, C.Y., and Meyer, P. 1972. Astr0phys.J.  - 171, 
363. 

Lamport, J.E., Mason, G.M., Perk ins ,  M.A., and T u z z o l i n o ,  A.J. 1976. 
N.I.M. 134, 71. 



Lin,  R.P., Anderson, K.A., and C l ine ,  T.L. 
29, 1035. - 

Phys. Rev. L e t t .  

Lund, N., Rasumssen, I.L., Peters, B., and Westergaard, N.J. 1975. 
Proc. 14 th  I n t .  Cosmic Ray Conf., Munich, 1, 257. 

Mason, G.M. 1972. Astr0phys.J. 171, 139. 

McDonald, F.B., Teegarden, B. J., T ra inor ,  J.H., and Weber, W.R. 1974. 
Astrophys . J. 187, L105. 

Mewaldt, R.A., Stone, E.C., Vidor,  S.B., and Vogt, R.E. 1975. Proc. 
14 th  I n t .  Cosmic Ray Conf., Munich, 2, 798. 

Perkins, M.A., K r i s t o f f ,  J. J., Mason, G.M., and Su l l i van ,  J.D. 1969. 
N.I.M. - 68, 149. 

Pyle, K.R. and Simpson, J.A. 1977. Astrophys. J .Let t .  215, L89. 

Simpson, J.A. 1978. P r i v a t e  Communication. 

Smith, L.H., Bu f f ing ton ,  A., Smoot, G.F., Alvarez, L.W., and Wahlig, 
M.A. 1973. Astr0phys.J. 180, 987. 

Wefel, J.P., Schramm, D.N. and Blake, J.B. 1977. Astrophys. Space. 
Sci .  49. 47. 

Zamow, R. 1975. Astr0phys.J. 197, 767. 



A PRELIMINARY STUDY OF THE CHARGED PARTICLE RADIATION 

FOR THE SATELLITE POWER SYSTEM 
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INTRODUCTION 

A p re l im ina ry  r a d i a t i o n  study was performed fo r  the SPS p r o j e c t  i n  

order t o  determine the  energet ic  charged p a r t i c l e  environment f o r  t he  

th ree  major phases o f  an SPS mission: the  low ear th  o r b i t  (LEO), the  

t r a n s f e r  e l  1  ipse  (TE) , and the  synchronous geostat ionary t r a j e c t o r y  (GEO) . 
For t h a t  purpose, extensive ca l cu la t i ons  were performed and a  

l a r g e  data base was generated, processed, and analyzed. The r e s u l t s  

o f  t h i s  e f f o r t  may be used as guidel ines i n  other  s tud ies  i n v e s t i g a t i n g  

t h e  e f f e c t s  o f  r a d i a t i o n  on ma te r ia l s  and humans. 

The ex terna l  (surface i n c i d e n t )  charged p a r t i c l e  i n t e n s i t i e s ,  

p red i c ted  f o r  t h e  SPS i n  each miss ion phase, were determined by o r b i t a l  

f l u x  i n t e g r a t i o n  from t h e  l a t e s t  environment models. 

Magnetic f i e l d  d e f i n i t i o n s  f o r  t he  th ree  t r a j e c t o r i e s  were obtained 

f rom a  cur ren t  f i e l d  model. 

Spat i  a1 and temporal v a r i  a t ions  o r  cond i t ions  were considered 

and accounted f o r ,  wherever possib le.  

L imi ted  s h i e l d i n g  and dose evaluat ions were performed f o r  a simple 

geometry. 



The study, a1 though comprehensive, i s  designated as "prel  imi nary" 

because i t  was based on very t en ta t ive  nominal f l i g h t  path config- 

urat ions.  A t  a l a t e r  time, as planning advances and mission parameters 

become be t t e r  defined, i t  may be necessary t o  re-evaluate the  SPS 

radiat ion predictions w i t h  new ( f i rmer )  o rb i t a l  elements and information. 

ORBIT SPECIFICATION 

The analysis was performed fo r  three  nominal t r a j e c to r i e s  corres- 

ponding t o  the  three  phases of the SPS mission: a c i rcu la r  low ear th  

o rb i t  ( L E O ) ,  a synchronous geostationary o rb i t  ( G E O )  , and s i  ngul ar  

outward parabolic t r ans fe r  e l l i p s e  ( T E )  s t a r t i ng  i n  the  v i c in i t y  of 

LEO and terminating near a GEO. Speci f ica l ly ,  each f l i g h t  path was 

defined as follows: 

LEO: inc l inat ion i = 300, a l t i t u d e  h = 500 km 

GEO: inc l inat ion i = 00, a l t i t ude  h = 35790 km, parking 
locgitudes bp = 700W and bp = 1600W 

TE: i n i t i a l  position: longitude b = 1720W, geocentric 
l a t i t ude  = 130N, a l t i t ude  h = 191 km 
f i na l  posit ion:  longitude b = 7304, geocentric 1 a t i  tude 
A = 120S, a1 t i tude  h = 35621 km. 

TRAJECTORY GENERATION 

A f l i g h t  path ephemeris was generated f o r  each t r a j e c to ry  (Stassin- 

opoulous -- e t  a l . ,  1973) f o r  the  indicated conditions: 

LEO: f o r  a 24-hour duration defined a t  two-minute in te rva l s  

GEO: f o r  a 24-hour duration defined a t  three-minute in te rva l s  

TE: f o r  a 5.25-hour duration defined a t  one-minute in te rva l s  

The length of simulated o rb i t  time and the  integration s tep  s i z e  were 

especia l ly  selected i n  each case t o  provide suf f i c ien t  point density 



t o  ensure an adequate sampl ing o f  t h e  ambient r a d i a t i o n  environment 

when f l y i n g  t he  t r a j e c t o r i e s  through t h e  models. 

The t r a j e c t o r  i es were subsequent ly conver ted f rom geode t i c  p o l  a r  

t o  magnet ic 8-L coord ina tes  w i t h  H a s s i t  and Mc I lwa in l s  INVAR program 

(1967) and the  f i e l d  r o u t i n e  ALLMAG (Stass inopoulos and Mead, l97Z) ,  

u t i l i z i n g  the  BARRACLOUGH 1975 f i e l d  model (Barrac lough e t  a1 . , 1975). 

The sphe r i ca l  harmonic expansion c o e f f i c i e n t s  o f  t h e  f i e l d  were ex t rapo-  

l a t e d  t o  t e n t a t i v e  m i ss i on  epochs w i t h  l i n e a r  t ime  terms r e p r e s e n t i n g  

secu la r  v a r i a t i o n s  of t h e  f i e l d .  (Note: - The BARRACLOUGH 1975 model 

has rep1  aced t h e  o l d e r  POGO 8/69 i n  t h e  ALLMAG r o u t i n e .  ) 

CHARGED PARTICLE DOMAINS I N  THE MAGNETOSPHERE 

A b r i e f  d i s cuss ion  on t h i s  t o p i c  was g i ven  i n  a  p rev i ous  paper 

(Stassinopoulos,  1979).  O f  i n t e r e s t  he re  i s  t h e  d i s t i n c t i o n  o f  e  

popu la t i ons  i n t o  i n n e r  zone and ou te r  zone cons t i t uen t s ,  and t h e  

range o f  ene rge t i c  p ro ton  t rapp ing .  

1  e c t r o n  

1  i m i  t e d  

The l e v e l s  o f  r a d i a t i o n  exper ienced by  a  sate1 1  i t e  i n  a  g i ven  

o r b i t  depends on t h e  amount o f  v i s i t a t i o n  t ime  i n  t h e  volume o f  space 

occupied by each p a r t i c l e  species,  and on t h e  ex ten t  t o  which t h e  

t r a j e c t o r y  pene t ra tes  i n t o  t h e  peak i n t e n s i t y  reg ions  o f  t h e  d i f f e r e n t  

domai ns. 

FLIGHT PATH EXPOSURE TO TRAPPING DOMAINS 

The i n v e s t i g a t e d  f l i g h t - p a t h  c o n f i g u r a t i o n s  d i s p l a y  d i s t i n c t l y  

d i f f e r e n t  exposure c h a r a c t e r i s t i c s .  

LEO: The t r a j e c t o r y  l i e s  e n t i r e l y  w i t h i n  ( a )  t h e  i n n e r  zone - 

r e g i o n  o f  the e l e c t r o n  environment, which i s  more benign and s o f t e r  



than t h a t  o f  the outer  zone, and (b )  the  energet ic  p ro ton  domain. 

Also, LEO enters regions o f  space dominated by atmospheric c u t - o f f  

cond i t ions  ( l o s s  o f  trapped p a r t i c l e s  due t o  i n t e r a c t i o n  w i t h  atmospheric 

cons t i t uen ts )  f o r  about 22% o f  i t s  t ime; t h a t  i s ,  c e r t a i n  t r a j e c t o r y  

segments have a  combination o f  B and L  values t h a t  p lace  them outs ide  

the  atmospheric c u t - o f f  l i m i t s  of t h e  models. 

GEO: A de ta i l ed  desc r ip t i on  o f  synchronous geostat ionary t r a j e c t o r i e s  - 
was given elsewhere (Stassinopoulos, 1979). This  c lass  o f  o r b i t s  

i s  q u i t e  unique. They l i e  ou ts ide  t h e  energet ic  p ro ton  t rapp ing  region, 

i n  the  outer-zone e lec t ron  domain, and they  are 100% exposed t o  cosmic 

rays o f  g a l a c t i c  o r  so la r  o r i g i n  (no geomagnetic sh ie ld ing ) .  Also, 

these o r b i t s ,  having a  range o f  L  values from about 6.60 t o  about 

7.02 ea r th  r a d i i ,  remain we l l  above the  peak i n t e n s i t y  reg ion  o f  t he  

outer-zone electrons, which occurs a t  about L = 4 e a r t h  r a d i i .  Since 

the  f l u x  v a r i a t i o n s  over the poss ib le  GEO L-range (6.60 5 L I 7.02) 

are s i g n i f i c a n t ,  a  GEO a t  each range end p o i n t  was considered i n  t he  

analysis,  p rov id ing  r e s p e c t i v e l y  worst and best  case cond i t ions .  

TE: The p a r t i c u l a r  TE selected f o r  t h i s  study i s  supposed t o  - 
represent a  " t y p i c a l "  s t r a i g h t  ascent t r a j e c t o r y  f o r  t h i s  type o f  mis- 

s ion  as t o  force, shape, d i rec t i on ,  s t a r t -  and end-point loca t ion ,  ve lo-  

c i t y ,  epoch, etc. It y i e l d s  c e r t a i n  s p e c i f i c  r a d i a t i o n  i n t e n s i t i e s  t h a t  

are unique t o  t h i s  TE. Any changes i n  f l i g h t  path would a f f e c t  t h i s  

p red ic ted  vehicle-encountered f 1  ux values, conceivably by as much as 

several orders o f  magnitude. As i t  i s ,  t he  TE passes through the  i nne r  

and outer  zone e lec t ron  domains, t he  energet ic  proton region,  and spends 

about 60% o f  i t s  t ime i n  regions o f  space accessible t o  cosmic rays. 



TRAPPED PARTICLE ENVIRONMENT 

The f l u x e s  i n  t h i s  s tudy were ob ta ined  f rom c u r r e n t  s tandard 

NASA models o f  t h e  environment, as issued by t h e  Na t i ona l  Space Science 

Data Center (NSSDC) a t  Goddard Space F l i g h t  Center:  

AE5: i nne r  zone e lec t rons  f o r  s o l a r  minimum c o n d i t i o n s  
(Teague and Vette,  1972) 

AE6 : inner  zone e lec t rons  f o r  s o l a r  maximum c o n d i t i o n s  
(Teague -- e t  a l . ,  1976) 

AE17-HI : ou te r  zone e lec t rons  (no  so la r  c y c l e  dependence) 
( H i l l s  e t  al.,  1979) 

AP8-MAC: t rapped protons f o r  s o l a r  maximum (MAC) and s o l a r  
AP8-MIC minimum (MIC) c o n d i t i o n s  (Sawyer and Vette,  1976) 

A l l  models desc r i be  average s t a t i c  environments a t  a f i x e d  epoch. 

The new AP8 rep laces  a l l  p r e v i o u s l y  issued t rapped p ro ton  models, 

each o f  which was v a l i d  over s p e c i f i c  energy ranges. The AP8 now covers 

t h e  e n t i r e  energy spectrum. It a l so  r e f l e c t s  s o l a r  c y c l e  v a r i a t i o n s :  

t h e  AP8-MIN descr ibes  an average s o l a r  minimum and t h e  AP8-MAX an 

aver age s o l  ar maximum environment. 

The AE17 i s  a new i n t e r i m  model t h a t  has r e c e n t l y  rep laced  t h e  

o l de r  ou te r  zone AE4. For energies above 1.5 MeV, t h i s  i n t e r i m  model 

con ta ins  upper (AEI7-HI)  and lower (AEI7-LO) l i m i t  values t o  account 

f o r  t h e  d isc repancy  between e x i s t i n g  da ta  sets.  There i s  r ecen t  evidence 

t h a t  these d isc repanc ies  may be due t o  s t o c h a s t i c  d i f f e rences  i n  y e a r l y  

averaged f l u x  l e v e l s .  I f  t h i s  proves t o  be t rue ,  then  these two l i m i t s  

bound t he  p r e d i c t i v e  u n c e r t a i n t y  t h a t  w i l l  always e x i s t  a t  these h i g h  

energies. 

Fur ther  comments on t he  AE17 and on model ing procedures i n  genera l  

are conta ined i n  another paper (Stassinopoulos, 1979). 



ORBITAL FLUX INTEGRATIONS 

O r b i t a l  f 1  ux i n t e g r a t i  ons (OFI) f o r  a1 1  m i  s s i  on phases were p e r f  ormed 

w i t h  advanced complex so f tware  systems ( S t a s s i  nopoulos and Gregory, 

1978; Stassinopoulos -- e t  a1 . , 1977). The r e s u l t s  were s t a t i s t i c a l l y  

processed and analyzed. Some OF1 da ta  were subsequent ly used i n  t h e  

dose and s h i e l d i n g  eva lua t ion .  

FLUX DATA: TYPE, QUALITY, AND VARIATIONS 

The computed t rapped p a r t i c l e  f l u x e s  represen t  omn id i r ec t i ona l ,  

i n t e g r a l  i n t e n s i t i e s  t h a t  one would expect t o  o b t a i n  as average va lues 

over pe r i ods  i n  excess o f  s i x  months. Over most r eg ions  o f  magnetospheric 

t r a p p i n g  space (L 2 2 e a r t h  r a d i i ) ,  sho r t  term excurs ions  can v a r y  

3 f r om these values by f a c t o r s  o f  l o 2  t o  10 , depending on t he  p a r t i c l e  

energ ies and t ype  and i n t e n s i t y  o f  event. The impact  o f  these v a r i a t i o n s  

f r om t h e  model -pred ic t ions on t h e  t h r e e  SPS phases may be summarized 

as f o l l o w s .  

LEO. Even a  s h o r t - d u r a t i o n  LEO m iss ion  i s  n o t  a f fec ted  by  such - 

f l u c t u a t i o n s  because o f  t h e  low-inclination/low-alti tude  o r b i t  ( L  

va lue always l ess  than  1.8 e a r t h  r a d i i ) .  

GEO. A c t i v i t y  areas w i t h  shor t - range concerns should be aware - 
o f  t h e  p o s s i b i l i t y  f o r  t h e  occurrence o f  these f l u c t u a t i o n s  and t ake  

them i n t o  account; cons ide ra t i ons  f o r  long-range e f f e c t s  need n o t  

concern themselves w i t h  these excursions. 

TE. I f  the  m iss ion  dura t ion ,  t o  be f i n a l l y  determined f o r  t h i s  - 
phase, i s  as s h o r t  as t he  one used i n  t h i s  work (5.25 hours), then  

t h e  s a t e l l i t e  cou ld  exper ience those excurs ions over  most o f  i t s  f l i g h t  

path. 



Other variations affecting the trapped part ic le  populations are: 

(a )  the local time dependence, and ( b )  the solar cycle dependence. 

Both are briefly discussed re la t ive  to  GEO by Stassinopoulos (1979).  

However, the impact of these variations on the LEO and TE environments 

i s  different.  LEO does not experience any local time variations, 

that while TE wi 11 be affected over the segment of i t s  t ra jectory 

has L-values above 5 earth rad i i .  

In contrast, regarding these two orbi ts ,  the exact oppos 

i s  true for  solar cycle variations; LEO does experience these 

tern changes, whi l e  TE does not when L > 5 earth radi i  . 

i  t e  

1 ong- 

I t  i s  necessary to  emphasize that the calculations, although 

based on the best data available for  past epochs, can only serve as 

approximations for  the future. 

I t  should also be noted that  the following basic uncertainty factors  

(u.f . )  are attached to the flux values of the corresponding models. 

u.f. = 5 : average value for  th i s  model (u.f .  
i s  a function of energy E and magnetic parameter L ) .  

u.f. = 2 : same value for  solar maximum and fo r  sol a r  
minimum version. 

in t h i s  particular case the electron resu l t s  
may be considered an upper l imit  (worst case) since 
th i s  version of the AE17 predicts the highest flux 
levels in accordance with Vampola's OV1-19 data and 
the ATS-6 data of Paul i kas and Blake. If any uncer- 
t a in t i e s  were t o  be attached to these data, i t  should 
be a fractional (reducing) factor of maybe 0.5, t o  
bring the flux levels down and more in 1 ine with the 
other s a t e l l i t e  measurements that indicate lower values. 

No uncertainty factors  were applied t o  the data contained in th i s  report. 



GEOMAGNETIC SHIELDING AND SOLAR FLARE PROTONS 

A detailed description of this  topic i s  given elsewhere 

(Stassi nopoulos, 1979), particularly in reference t o  GEO. Therefore, 

only some comments re la t ive  t o  LEO and TE are presented here. 

LEO.  This t ra jectory i s  at all  times 100% geomagnetically - 
shielded from cosmic rays of galactic or solar origin in the investigated 

energy range from E > 10 MeV to E < 200 MeV, 

TE. The f 1 ight path may be divided into two segments: - 

A. L < 5 : shielded (1.90 hours) 

B. L > 5 : unshielded (3.35 hours) 

Where L = 5 defines an average approximate cut-off shell 
of dipolar magnetic f i e l d  l ines f o r  the indicated energy 
range. Because of the very short exposure duration (3.35 
hours), TE need not be concerned with energetic solar proton 
fluxes (whether produced by ordinary event act ivi ty  or by 
anomalously 1 arge event act ivi ty)  ; accumulations for  t h i s  
part of the mission would be insignificant.  

DOSE AND SHIELDING EVALUATION 

Doses were calcul ated from the total  orbi t - i  ntegrated, surf ace 

incident, omnidirectional, functional ly differentiated par t ic le  fluences 

by existing shielding codes (Watts and Burrell, 1971). 

"Electron," ilbremsstrahlung," "proton," and " to ta l"  a1 uminum 

doses were obtained by a plain straightforward approach: from a simple 

two-dimensional, inf ini te-s lab geometry ( 2 ~  steradi an omnidirectional 

incidence) with a cosine law for  the incident spectra. 

More sophisticated procedures (sol id angle sectoring or three- 

dimensional geometry) may be followed, if necessary, a t  a l a t e r  evaluation. 



STUDY RESULTS: DISCUSSION AND CONCLUSIONS 

The r e s u l t s  o f  t h i s  a n a l y s i s  a re  p resen ted  i n  t a b u l a r  and g r a p h i c a i  

form, sepa ra te l y  f o r  each m iss i on  phase: 

LEO. The o r b i t  i n t eg ra ted ,  omn id i r ec t i ona l ,  i n t e g r a l  da i  l y  e l e c t r o n  - 
and p ro ton  f l u x e s  a re  g iven  i n  Table  1  f o r  bo th  s o l a r  minimum and 

maximum cond i t i ons .  The r e s p e c t i v e  spec t ra  a re  p l o t t e d  i n  F i g u r e  

1 f o r  t h e  e l e c t r o n s  and i n  F i g u r e  2 f o r  t h e  p ro tons .  Noteworthy a re  

t h e  s o f t  i n n e r  zone e l e c t r o n  spect ra ,  espec i  a1 l y  i n  regards  t o  t h e  

s teep f a l l o f f  t o  zero f l u x  i n  t h e  energy range above 4 MeV. The apparent 

c u t o f f  a t  these energ ies  was e s t a b l i s h e d  f r om exper imenta l  measurements 

a f t e r  t h e  h igher  energy a r t i f i c i a l s  f r om  t h e  " S t a r f i s h "  nuc lea r  exp los i on  

had decayed down t o  n a t u r a l  background 1  eve1 s  (Teague and S tass i  nopoul os, 

1972). 

Wi th  regard  t o  t h e  protons,  t h e  da ta  d i s p l a y  r e l a t i v e l y  ha rd  

s p e c t r z  above 20 MeV. 

A most i n t e r e s t i n g  and p o t e n t i a l l y  u s e f u l  i t e m  i s  " f l u x - f r e e "  

t ime  where f l u x - f r e e  i s  de f i ned  as l e s s  than  one p a r t i c l e  pe r  square 

cen t imete r  f o r  e l e c t r o n s  w i t h  E > 0.5 MeV and p ro tons  w i t h  E > 5 MeV. 

The LEO o r b i t  i s  about 86% o f  i t s  t o t a l  l i f e t i m e  f l u x - f r e e .  T h i s  

ho lds  f o r  bo th  spec ies o f  p a r t i c l e s .  I n  terms o f  cont inuous,  un in te r rup ted ,  

f l u x - f r e e  t ime  i n t e r v a l s ,  t h e  t r a j e c t o r y  has about s i x  consecu t i ve  

r e v o l u t i o n s  per  day i n  t h a t  category,  f o r  a  maximum d u r a t i o n  o f  about 

10 hours. 

F i gu res  3 and 4 show t h e  dose c o n t r i b u t i o n s  and t h e  t o t a l  aluminum 

dose f o r  s o l a r  minimum and s o l a r  maximum cond i t i ons ,  r e s p e c t i v e l y .  

When making a  comparison o f  these dose-depth curves, i t  i s  necessary 



(SOURCE: E. G. STASSNOPOULOS, NASA - GSFC, 1978) 
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Figure 1. LEO: Electron and proton s p e c t r a l  p r o f i l e s  of o r b i t -  
i n t eg ra t ed  d a i l y  f luxes  f o r  s o l a r  minimum. 
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Figure 2 .  LEO: Electron and proton spectral  p rof i l es  of orbi t -  
integrated dai ly  f luxes  fo r  solar  maximum. 



Figure 3 .  LEO: Dose-depth curves fo r  solar  minimum. 
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*NO UNCERTANTY FACTORS WERE APPLIED TO DATA 
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Figure 4. LEO: Dose-depth curves for so la r  maximum. 
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t o  remember t h a t  e l e c t r o n  i n t e n s i t i e s  a re  h i ghe r  d u r i n g  s o l a r  maximum, 

and hence so i s  t h e  dose f rom bremsstrahlung, w h i l e  p r o t o n  i n t e n s i t i e s  

are h igher  d u r i n g  s o l a r  minimum. 

Due t o  t h e  presence o f  t h e  l a r g e  t rapped-proton component, 

t h e  r e l a t i v e  c o n t r i b u t i o n  f rom bremsst rah lung remains i n s i g n i f i c a n t l y  

low a t  a l l  s h i e l d  th icknesses.  

GEO. These da ta  are presented i n  Tables 6-9 and F igu res  7-11. - 

They are discussed by Stass inopoulos (1979) 

TE. Table 4 g ives  t he  t o t a l  accumulated e l e c t r o n  and p r o t o n  - 

fluence,  eva luated f o r  s o l a r  maximum cond i t i ons ,  w h i l e  F i g u r e  5 p l o t s  

t h e  r e s p e c t i v e  s p e c t r a l  p r o f i l e s .  

The corresponding dose values a re  g iven  i n  Table  5 and a re  p l o t t e d  

i n  F i g u r e  6. Here, t he  bremsst rah lung c o n t r i b u t i o n  comp le te l y  dominates 

2 a t  s h i e l d s  heav ie r  than  3 g/cm . 
Some general  comments are p resen ted  i n  t h e  subsequent paragraphs. 

P red i c t ab l y ,  each phase o f  t h e  m i ss i on  encounters s u b s t a n t i a l l y  

d i f f e r e n t  r a d i a t i o n  exposures as t o  p a r t i c l e  mixes, f l u x  l e v e l s ,  and 

s p e c t r a l  d i s t r i b u t i o n s .  Consequently, each phase exper iences a dose 

r a t e  v a r y i n g  no t  o n l y  i n  magnitude, b u t  a l s o  i n  composi t ion.  Th i s  

d i f f e r e n c e  ma.y be impor tan t  when t h e  e f f e c t s  o f  r a d i a t i o n  on s p e c i f i c  

t asks  o r  a c t i v i t i e s  w i t h  g iven  c o n s t r a i n t s  and l i m i t a t i o n s  have t o  

be evaluated. 

Such an e v a l u a t i o n  was no t  performed i n  t h e  p resen t  e f f o r t .  

It was no t  i n  t h e  scope of t h i s  s tudy  t o  determine t h e  impact  o f  t h e  

p a r t i c u l a r  r a d i a t i o n  est imates on s p e c i f i c  m i ss i on  o b j e c t i v e s .  



(SOURCE: E. G. STASSNOPOULOS, NASA-GSFC, 1978) 

LOW EARTH ORBIT RADIATION ENVIRONMENT: LEO 

(CIRCULAR ORBIT, YllCLYJATlON 30°, ALTITUDE = 500  km) 

SHIELD THICKNESS 

- 
1 

(mils) 

- - 

ELECTRONS 
(INNER ZONE1 TOTAL DOSE 

DAILY DOSES: SOLAR MIN. 

BREMSSTRAHLUNG 

(rdsAIl 

8.200E-04 

6.681E04 

5.913E-04 

5.406E-04 

5.033E-04 

4.738E-04 

4.497E-04 

4.296E-04 

4.121E-04 

3.967E-04 

3.65lE-04 

3.403E-04 

3.197E04 

3.023E-04 

2.737E-04 

2.507E-04 

2.314E-04 

2.147E-04 

2.000E-04 

1.869E-04 

1.7WE-04 

1.641E-04 

Tab le  2 

TRAPPED PROTONS 

(ndsAll 

3.844E-01 

3.1 10E-01 

2.732E-01 

2.498E-01 

2.331E-01 

2.209E-01 

2.114E-01 

2.032E-01 

1.962E-01 

1.903E-01 

1.786E-01 

1.645E-01 

1.620E-01 

1.557E-01 

1.457E-01 

1.377E-01 

1.291E-01 

1.202E-01 

1.126E-01 

1.065E-01 

1.018E-01 

9.779E.02 



ORBITAL RADIATION STUDY 
(SOURCE: E. G. STASSINOPOULOS, NASA-GSFC, 1978) 

LOW EARTH ORBIT RADIATION ENVIRONMENT: LEO 

(CIRCULAR ORBIT, INCLINATION 30". ALTITUDE = 5 0 0  km ) 

SHIELD THICKNESS 
lALUMlNUM1 

1 I 

(mm) (mils) 

0.37 15 

0.74 29 

I I 

Table  3 

DAILY DOSE: SOLAR MAX. 

TOTAL DOSE TRAPPED PROTONS 

(radrAl) 

2.038E-01 

ELECTRONS 
(INNER ZONE1 

(radsAl) 

5.528E W 

BREMSSTRAHLUNG 

(radsAll 

1.892E-03 



ORBITAL RADIATION STUDY 
(SOURCE: E. G. STASSINOPOULOS, NASA - GSFC. 1978) 

ORBIT: TRANSFER ELLIPSE 

INITIAL POSITKIN: @ = -1 72", 1 = 13 ", h = 191 km 
FINAL POSITION: @ = -73", A = -12", h = 35621 km 

TRAPPED PARTICLE FLUENCES FOR T= 5.25 HR. 

ELECTRONS' 

INNER ZONE 
(elcrn21 

OUTER ZONE 
(e/cm21 

3.9878 11 

8.756E 10 

3.020E 10 

1.912E 10 

1.235E 10 

8.139E 09 

5.462E 09 

3.979E 09 

2.926E 09 

2.16BE 09 

1.616E 09 

1.311E 09 

1.066E 09 

7.060E 08 

3.4148 08 

1.655E 08 

4.917E 07 

1.464E 07 

1.4tl.E 06 
- 

'UNCERTAINTY FACTORS WERENOTAPPLIEOTO THE DATA 

EPOCH: 1979 - 
MODELS: FIELD = BARRACLOUGHl75 - 

ELECTRONS = IZ AE6 

MISSION DURATION: TRANSFER FLIGHT 
TIME r = 5.25 HOURS 

TOTAL 
lelcm21 

PROTONS' 

~ p l c m ' ~  E (,.MeV1 

TRAPPED PROTONS = APE. MAC 

400. 

500. 

Table 4 



ORBITAL RADIATION STUDY 
-- - 

(SOURCE: E. G. STASSINOPOULOS, NASA - GSFC, 1978) 

ORBIT: TRANSFER ELLIPSE 

M i A L  POSITION: 0 = -172", A = 13", h = 191 km 
FINAL POSITION: @ = -73", A = -12", h = 35621 km 

I SHIELD THICKNESS 
I (ALUMINUM ELECTRONS 

(radsAll 

1.293E 03 
5.610E 02 
2.980E 02 
1.728E 02 
1.075E 02 
7.030E 01 
4.773E 01 
3.350E 01 
2.419E 01 
1.791E 01 
9.110E 00 
4.901E 00 
2.608E 00 
1.307E 00 
2.535E-01 
3.502E -02 
3.770E-03 
3.685E-04 
3.578E-05 
3.450E-06 
3.233E-07 
2.8856-08 

ALUMINUM DOSE FOR T = 5.25 HOURS 

I I 
BREMSSTRAHLUNG I TRAPPED PROTONS I TOTAL DOSE 

Table 5 



ORBITAL RADIATION STUDY 
(SOURCE: E. G. STASSINOPOULOS, NASA - GSFC, 1978) 

ORBIT: SY NCHRONOUS-GEOSTATION ARY 

(INCLINATION = 0°, ALTITUDE = 35790 km, PARKING LONGITUDE = 160°W & 70°W) 

TRAPPED ELECTRON FLUXES 

(AVERAGE, ORBIT INTEGRATED, OMNIDIRECTIONAL, INTEGRAL, DAILY INTENSITIES) 

WORST CASE: 

$, = 160% 

(e/cm2 DAY) 

BEST CASE: 

4, = 70% 

(e/crn2 DAY) 

NOTE: THESE FLUXES REPRESENT LOCAL-TIME (LT) AVERAGED VALUES - 
ELECTRON MODEL: OZ AE17-HI: THE AE17 IS AN INTERIM MODEL THAT HAS REPLACED THE OLDER 
AE4 MODEL. FOR ENERGIES ABOVE 1.5 MeV THIS INTERIM MODEL CONTAINS UPPER AND LOWER 
LIMIT VALUES TO ACCOUNT FOR THE DISCREPANCY BETWEEN EXISTING DATA SETS. THE AE17-HI 
FAVORS VAMPOLA'S FIT TO THE OV1.19 DATA WHILE THE AE17.LO IS MORE REPRESENTATIVE OF 
ALL DATA SETS PRESENTLY AVAILABLE TO NSSDC. 

Table  6 



ORBITAL RADIATION STUDY 
(SOURCE: E. 6. STASSINOPOULOS, NASA - GSFC, 1978) 

ORBIT: SYNCHRONOUS-GEOSTATIONARY 

(PARKING LONGITUDE: ANY ) 

ENERGETIC SOLAR FLARE PROTONS 

(UNATTENUATED, INTERPLANETARY, OMNIDIRECTIONAL, INTEGRAL PROTON FLUENCES) 

OR* FLUENCES 
(plcm2)+ 

EPOCH: 1979 - 
MODELS: FIELD = BARRACLOUGHI'IS - 

SOLAR FLARE PROTONS = SOLPRO 

AL" FLUENCES 
(p/crn2)++ 

TOTAL 
(p/cm2) 

OR = ORDINARY EVENT 
**AL = ANOMALOUSLY LARGE EVENT 
+ TOTAL FLUENCES FOR 7 = 90 DAYS 
++TOTAL FLUENCES FOR 1 AL EVENT 

Table  7 



ORBITAL RADIATION STUDY 
- - -- - - -- - - -  

(SOURCE: E. G. STASSINOPOULOS, NASA-GSFC, 1 9 7 8 )  

ORBIT: SYNCHRONOUS-GEOSTATIONARY 

(CIRCULAR, INCLINATION O", ALTITUDE = ' 3 5 7 9 0  km, PARKING LONGITUDES = 16O"W & 7 W W )  

SHIELD THICKNESS 

PAR 

ELECTRONS 
(OUTER ZONE) BREMSSTRAHLUNG 

(radsAl) 

TOTAL 

(radsAl) 

PARb 

ELECTRONS 
(OUTER ZONE) BREMSSTRAHLUNG 

(radrAll 

TOTAL 

('adsAl) 

( ING LONGITUDE. 160% 

- 

- 

Tab le  8 

-- 
-- 

- 



ORBITAL RADIATION STUDY 
(SOURCE: E. G. STASSINOPOULOS, NASA-GSFC, 1978) 

ORBIT: SY NCHRONOUS-GEOSTATIONARY 
(CIRCULAR, HCLJNATION 0°, ALTITUDE = 35790 km, PARKING LONGITUDES = 160°W & 70°W) 

p p  - -  

SHIELD THICKNESS 

PARKING LONGITUDE: 70% 

DOSE FOR 90 DAYS 

1 
ELECTRONS 

(OUTER ZONE) BREMSSTRAHLUNG TOTAL 

IradsAl) 

PAR1 

ELECTRONS 
(OUTER ZONE) 

G LONGITUDE. 160% 

BREMSSTRAHLUNG TOTAL 

T a b l e  9 



ORBITAL RADIATION STUDY 
; - 107 

ORBIT: TRANSFER ELLIPSE - - - - 
M l A L  POSITION: o = -17za a = 1 9  h = 191 km - 
FINAL P O S M N  : QJ = - 7 P  a = -12' h = 35621 km - 

- 

OZ AE17ffl 1 - 106 - 
TRAPPED PROTONS: APE-MAC - 

- - 
FELD: BARRACLOUGH/75 - 

- 
TIME T = 5.25 HRS 

-= 105 
- - - J (>E) - 
: (p;T;s) 

104 
- - 
- - 
- - - 
- 

TOTAL FLIGHT.PATH \ - - INTEGRATED WTEGRAL 
OMNIMIECTDNAL ELECTRON \ - 
AN0 PROTON FLUENCES 

103 - - - 
- - 

- - 
E. G. STASWOWULOS - 1978 

- 
- - 
- PROTON ENERGY E, (MeV) \ - 
0 50 100 150 200 \250 300 

1 0 ~ ~  I I I I \ I  1 

1 2 3 4 5 6 7 
102 

ELECTRON ENERGY E,.(MeV) 

Figure 5. TE: Electron and proton s p e c t r a l  p r o f i l e s  of t o t a l  
accumul ated f l  uences f o r  so l a r  maximum. 



ORBITAL RADIATION STUDY 

O E  TRANSFER ELLIPSE 
N ~ L  POS(RII(: O = - 1 7 P  A = 13' h = 191 km 

WAL m n m N :  o = -73" A = -1P h = 35621 

M E  ELECTRONS: I2 AE6 

OZ AU7.H 

TRAPPED PROTONS: AP84AC 

R L D :  BARIACLOUGH/75 

10 ' \Mss*N o"RAm*: TRANSFER F L G U  TME T = 5.25 MI A 

t - \. ACCUMULATED ALUMNUM WSE FOR 
SPECWED FLGHT TME 15.25 HIS)  

- 
- - 
- - 

E. 6. STASSI(D1OULOS - 1978 - GSFC 

1 0.' I I I I I 

1 2 3 4 5 6 7  
DEPTH Z(gm/cm 2) 

Figure 6 .  TE: Dose-depth curves for solar maximum. 



ORBITAL RADIATION STUDY 

MlSSDN WRAmN: 1 oar 

MAGNETIC PARAMETERS AT PARION6 W S M N S  
0 . = l W W : B =  .WlWEAUIS 

Figure 7. GEO: Electron spectral profiles for best and worst 
case longitudinal parking positions. 



ORBITAL RADIATION STUDY 

Y ORBIT: - SYNCHRONOUS-GEOSTATIONARY 
i = 0 "  

EPOCH: 1979.0 - 
MODELS: AELD = BARRACLOUGHl75 - 

ELECTRONS = AEI7 - HI 

MISSION DURATION: T = 1 DAY 

MAGNETIC PARAMETERS OF PARKING 
POSITIONS: 

q ,  = 70%: B = .OOlM GAUSS 
L = 7.00 EARTH RAM /' 

* t qp = 160"W: B = .00106 GAUSS 
L = 6.60 EARTH RADl / 

RATIO OF 
ORBIT INTEGRATED, INTEGRAL, 

OMNIDIRECTIONAL, DAILY, TRAPPED 
ELECTRON FLUENCES 
(OUTER ZONE ONLY) 

F igu re  8. GEO: R a t i o  o f  wors t  t o  bes t  case d a i l y  e l e c t r o n  
f 1 uences . 

0 - NASA - GSFC E.G. STASSINOPOULOS - 1978 
I I I I 1 I I 



ORBITAL RADIATION STUDY 

DEPTH Z(gm/cm2) 

L 

OE: SY NCHRONOUS-GEOSTATIONARY - 

F igure  9. GEO: Dose-depth curves f o r  best case i n  l o n g i t u d i n a l  
pa rk ing  p o s i t i o n .  

- - - - - - 
- 
- 

i = 0' 
h = 35790 km - 

OP = 70°W - - - - 
MODELS: RELD = BARRACLOUGH/75 - 

ELECTRONS = OZ AEl7Hl - - 
EPOCH: 1979 - - 
MISSION DURATION: 1 DAY - 

- - - - 
MAGNETIC PARAMETERS AT @ p  = 70"W 

- - 
B = .00109 GAUSS - 
L = 7.0 EARTH RAM - 

BEST CASE FOR GEOSTATIONARY ORBIT 
- - - - - - - 
- 
- 
- - - - - - 
- 
- 
- 

NASA - GSFC 



ORBITAL RADIATION STUDY 

ORBIT: SYNCHRONOUS-GEOSTATIONARY 
i = 0 "  

h = 35790 km 
Q p  = 160"W 

MODELS: RELD = BARRACLOUGHl75 - 
ELECTRONS = OZ AEI7-HI 

EPOCH: 1979 - 
A 

MISSION DURATION: 1 OAY 

er 
Y i \ MAGNETIC PARAMETERS AT QP = 160°W 
LU 
cn 
0 

B = .00106 GAUSS 

m L = 6.6 EARTH RAM 

* 
WORST CASE FOR GEOSTATIONARY ORBIT 

- 
NASA - GSFC 

DEPTH Z(gmlcm2) 

Figure 10. GEO: Dose-depth curves for worst case in longitudinal 
parking position. 



ORBITAL RADIATION STUDY 

Y 
ORBIT: SYNCHRONOUS-GEOSTATIONARY - 

i = O "  
h = 35790 km 

0 = 7O"W d, 16OOW 

MODELS: ~ L D  = BARRACLOUGH/75 - 
ELECTRONS = OZ Am-HI 

MISSION DURATION: 1 DAY 

MAGNETIC PARAMETERS OF PARKING POSmONS 
a,, = 16O"W: B = .00106 GAUSS 

L = 6.6 EARTH RAW 

4) = 70"W : 0 = .00109 GAUSS 
L = 7.0 EARTH RAW 

\ 
C 

BREMSSTRAHLUNG 

I DAILY DOSE RATIOS I 

NOTE: COMPARISON WES K T  CONTAIN SOLAR FLARE PROTON DATA 

E. 6. STASSNOWULOS - 1978 NASA - GSFC 

DEPTH Z(gm/cmz) 

Figure 11. GEO: Ratio of worst t o  best case dai ly  doses. 



There i s  one o the r  p o i n t  o f  i n t e r e s t .  The i n d i v i d u a l  phases 

are no t  i d e n t i c a l l y  a f fected by v a r i a t i o n s  i n  t h e  environment, as 

summarized below. 

Substorm 

LEO N o 
GEO Yes 
TE Yes 

Local  Time 

N 0 
Yes 
Yes 

Solar  Cyc le  

Yes 
No 
Yes 

F i n a l l y ,  LEO has o n l y  a p a r t i a l  and i n t e r m i t t e n t  exposure t o  

charged p a r t i c l e  r a d i a t i o n  ( s u b s t a n t i a l  amount o f  f l u x - f r e e  t ime ) ,  

w h i l e  TE and GEO have a cont inuous, u n i n t e r r u p t e d  exposure. 
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A PRELIMINARY EVALUATION OF THE IONIZING-RADIATION 

ENVIRONMENT OF THE SATELLITE POWER SYSTEM 

Richard  Madey 

Kent  S t a t e  U n i v e r s i t y  
Kent, Ohio 44242 

SATELLITE POWER SYSTEM 

A S a t e l l i t e  Power System (SPS) c o n s i s t s  o f  many s a t e l l i t e s  i n  

geos ta t i ona ry  o r b i t s .  Each sate1 1  i t e  generates e l e c t r i c a l  power f rom 

t h e  sun, and then t r a n s m i t s  t h a t  power t o  t h e  e a r t h  by  means o f  a  

microwave beam. G l  aser (1968) f i r s t  suggested t h i s  concept. T y p i c a l l y ,  

each s a t e l l i t e  p rov ides  5,000 e l e c t r i c a l  megawatts ( =  5  GW) of power 

a t  t h e  u t i l i t y  i n t e r f a c e  on t h e  ground. Th i s  power genera t ion  c a p a c i t y  

i s  s u f f i c i e n t  t o  meet t h e  requi rements  o f  a  major  c i t y  such as Chicago 

o r  Los Angeles. An SPS program w i t h  a  b u i l d u p  r a t e  t o  300 GW would 

r e q u i r e  60 s a t e l l i t e s  w i t h  5  GW c a p a c i t y  each. 

Large s o l a r  c e l l  a r rays  conver t  s o l a r  energy t o  dc e l e c t r i c a l  

energy. K l y s t r o n  power a m p l i f i e r s ,  o p e r a t i n g  a t  a  f requency o f  2.45 

GHz, per form t h e  dc - t o - r f  convers ion w i t h  an e f f i c i e n c y  o f  85% a t  

a  power l e v e l  o f  50 kW. A  r e c t i f y i n g  antenna ( rec tenna)  on t h e  ground 

c o l l e c t s  and r e c t i f i e s  t h e  rf energy w i t h  h i g h  e f f i c i e n c y  ( -  80%) 

t o  dc e l e c t r i c a l  energy, which i s  then  conver ted  t o  60 c y c l e  ac f o r  

d i s t r i b u t i o n  by t h e  u t i l i t y  system. The o v e r a l l  e f f i c i e n c y  o f  t h e  

des ign i n  t h e  c u r r e n t  DOEINASA Reference System Report  (1979) i s  about 

60%. A t  t h e  e a r t h ' s  sur face,  t h e  microwave beam has a  maximum i n t e n s i t y  



o f  23 m~lcm'  (which i s  l ess  than one- four th o f  t h e  so la r  cons tan t )  

and an i n t e n s i t y  o f  l e s s  than 1  m~lcrn' ou ts ide  t h e  rectenna fence l i ne .  

The cu r ren t  U.S. exposure 1  

Because o f  the  1  arge s  

t o  cons t ruc t  t he  sate1 1  i t e s  

c o l l e c t i o n  area o f  about 55 

2 i m i t  i s  10 mW/cm . 
i z e  and mass o f  each s a t e l l i t e ,  

i n  o r b i t .  A t y p i c a l  s a t e l l i t e  

2 km and a  mass o f  about 50-mil 

The most s t ra igh t fo rward  approach t o  the  c o n s t r u c t i o n  and 

o f  each s a t e l l i t e  i s  t o  t r anspo r t  t h e  f l i g h t  hardware t o  a  

e a r t h  o r b i t  and t o  cons t ruc t  the  e n t i r e  s a t e l l i t e  t he re  a t  

i t  i s  necessary 

has a  so la r  

l i o n  kg. 

i n s t a l l a t i o n  

geos ta t ionary  

t h e  opera- 

t i o n a l  1  ocat ion.  I n  t h i s  approach, o r b i  t - t r a n s f e r  veh i c les  (OTVs) 

t r anspo r t  the  necessary cons t ruc t i on  m a t e r i a l  f rom a  low-ear th o r b i t  

(LEO) t o  t he  geos ta t i  onary-earth o r b i t  (GEO) . An a1 t e r n a t i  ve approach 

w i t h  p o t e n t i  a1 cost  savings i s  t o  cons t ruc t  t h e  power generat ion modules 

f o r  each s a t e l l i t e  i n  t h e  LEO and t o  use t h e i r  power-generating c a p a b i l i t y  

t o  d r i v e  them t o  the  GEO base by e l e c t r i c  r o c k e t  propuls ion.  The 

t r i p  t ime f o r  e l e c t r i c  rocke t  p ropu l s ion  i s  180 days. If t h e  s a t e l l i t e  

i s  constructed only  p a r t i a l l y  i n  LEO, t he  remainder o f  t h e  m a t e r i a l  

r equ i red  t o  complete assembly and cons t ruc t i on  i n  GEO i s  t r anspo r ted  
1 

t o  GEO w i t h  t he  power-generation modules. The LEO base i s  l oca ted  

nomina l l y  i n  a  500-km c i r c u l a r  o r b i t  a t  t h e  28.50 i n c l i n a t i o n  o f  t he  

11n the  Boeing System D e f i n i t i o n  Study (1978), t h e  LEO base has an 
a1 t i t u d e  o f  478 km and an i n c l i n a t i o n  o f  310; t h e  Rockwell I n t e r n a t i o n a l  
SPS Concept D e f i n i t i o n  Study (1978) t r e a t e d  a  500-km o r b i t a l  a1 t i  tude 
a t  approximately 28.50; t he  Grumman Aerospace Corporat ion Study (1977) 
considered a  300 n  m i  ( =  480 km) a l t i t u d e  and an i n c l i n a t i o n  o f  28.50. 
The cu r ren t  concept i n  t h e  Reference System Report  (1979) developed 
j o i n t l y  by DOE and NASA i s  l a r g e l y  a  product o f  t h e  two system d e f i n i t i o n  
s tud ies  conducted by Boei ng (1978) and by Rockwell I n t e r n a t i o n a l  (1978) 
combined w i t h  in-house e f f o r t s  a t  t he  Johnson Space Center (JSC) and 
t h e  Marshal 1  Space F l  i ght  Center (MSFC) , and severa l  small e r  con t rac ted  
studies.  



1 aunch s i t e  a t  t he  Kennedy Space Center,  and the  GEO base i n  a geosyn- 

chronous (24-hour p e r i o d )  c i r c u l  ar o r b i t  a t  0' i n c l  i n a t i  on. The 1 a t t e r  

i s  p r e s e n t l y  t he  p r e f e r r e d  i n c l i n a t i o n ,  a l though o the r  i n c l i n a t i o n s  

are be ing  cons idered (Reference Systems Report, 1979). A sate1 1 i t e  

i n  a c i r c u l a r  geosynchronous o r b i t  co ro ta tes  w i t h  t he  geoid, as i f  

r i g i d l y  attached, a t  an a l t i t u d e  o f  35,800 km or  about 5.6 e a r t h  r a d i i .  

When t he  o r b i t  l i e s  i n  the  e q u a t o r i a l  p lane, t he  s a t e l l i t e  appears 

t o  be s t a t i o n a r y  t o  an e a r t h  observer a t  t h e  equator i n  a m e r i d i a n  

t h a t  i s  determi ned by cond i t i ons  a t  i n j e c t i o n .  The s a t e l  l i t e  p o s i t  i o n  

a t  t h i s  mer i d i an  i s  c a l l e d  t h e  p a r k i n g  long i tude .  Park ing  l ong i t udes  

f o r  an SPS program t o  meet U. S. power needs w i  1 1 be determined by 

t h e  l o c a t i o n s  o f  t h e  rectenna s i t e s  throughout  t h e  U.S. A r e p o r t  

by Eberhardt  (1977) discusses cand ida te  1 oca t ions  f o r  SPS r e c t i f y i n g  

antennas. The t o t a l  crew s i z e  i n  o r b i t  i s  about 700 a t  any one t ime, 

c o n s t r u c t i n g  two s a t e l l i t e s  s imultaneously.2 The c o n s t r u c t i o n  crew 

works ten hours pe r  day, s i x  days pe r  week. A personnel o r b i t a l  t r a n s f e r  

v e h i c l e  (POTV) d e l i v e r s  personnel and consummable suppl i e s  f rom LEO 

t o  GEO, and r o t a t e s  personnel f r om GEO t o  LEO a t  90-day i n t e r v a l s .  

A v e h i c l e  f u e l e d  w i t h  l i q u i d  oxygen and l i q u i d  hydrogen (LOX-LH2) 

can make t he  t r i p  i n  severa l  hours. 

RADIATION ENVIRONMENT 

Dur ing  t he  assembly, cons t ruc t i on ,  operat ion,  and maintenance 

o f  each SPS s t a t i o n ,  space workers w i l l  be exposed t o  t h e  n a t u r a l  

space r a d i a t i o n  environments i n  LEO, i n  GEO, and i n  t h e  r e g i o n  between 

2 ~ h e  ac tua l  number o f  personnel i n  o r b i t  w i  11 depend on op t i ons  be ing  
evaluated (see Reference System Report, 1979). 



these two orbits during orbital  transfer.  The penetrating radiations 

in space consist of protons and electrons in the geomagnetically trapped 

radiation, and energetic par t ic les  of solar and nonsol ar origin. 

The geomagneti cal ly trapped radiation consists of two zones-- 

an inner zone within about 2.8 earth radii  and an outer zone beyond 

2.8 earth radi i .  The region between 2 and 3 earth radii  i s  sometimes 

called the electron "slot"  because of a minimum in the electron intensity;  

there i s  no "slot" in the proton distribution. The average proton 

energy decreases continuously with increasing distance from the earth. 

The omnidirectional differential  f lux spectra of protons can be represented 

by an empirical exponential formula of the form 

j(E) = C exp ( - E / E o ) .  

The character is t ic  proton energy Eo varies approximately as the negative 

f i f t h  power of the magnetic shell  parameter L for  the real geomagnetic 

f ie ld .  For a perfect dipole f i e ld ,  L i s  the equatorial distance (measured 

in units of the ear th ' s  radius) t o  a particular magnetic f i e ld  l ine.  

Time variations of the trapped proton spectrum occur as a resu l t  of 

atmospheric density changes with sol ar act ivi ty .  A time-varyi ng atmosphere 

causes time-varying losses since both the ionization-energy-loss r a t e  

and the nuclear-interaction-loss rate are proportional to  the atmospheric 

density. The effect  of the increase in the atmospheric density with 

increased solar act ivi ty  i s  t o  reduce the trapped proton flux a t  the 

1 ower a1 t i  t udes and 1 ower energies . 
The National Space Science Data Center a t  the NASA Goddard Space 

Flight Center prepares quantitative descriptions of the radiation 

environment in space from published data. As new data are compiled, 



e x i s t i n g  models of t h e  e l e c t r o n  and p r o t o n  r a d i a t i o n  environments 

are r e v i s e d  and updated. The e l e c t r o n  and p ro ton  models a re  r e f e r r e d  

t o  as t h e  AE and AP se r ies ,  r e s p e c t i v e l y .  Teague and V e t t e  (1972) 

descr ibe  model AE-5 and Teague -- e t  a l .  (1976) descr ibe  model AE-6 f o r  

t h e  e l e c t r o n  environments i n  t h e  i n n e r  zone d u r i n g  pe r i ods  o f  minimum 

and maximum s o l a r  a c t i v i t y ,  r e s p e c t i v e l y .  Sawyer and Ve t t e  (1976) 

descr ibe  t he  AP-8 models f o r  t h e  t rapped  p ro ton  environment, which 

are des ignated AP-8 MIN and AP-8 MAX f o r  per iods  o f  ~ninimum and maximum 

s o l a r  a c t i v i t y .  Based on t h e  a s s i m i l a t i o n  o f  new data, t h e r e  has 

been a  s i g n i f i c a n t  r e v i s i o n  o f  t h e  e l e c t r o n  environment i n  t h e  o u t e r  

zone. The l a t e s t  model i s  an i n t e r i m  model AEI-7 developed b y  Teague 

and Ve t t e  (1978) i n  two vers ions:  AEI-7HI and AEI-7L0. The fo rmer  

model f a v o r s  f i t s  b y  Vampola t o  t h e  da ta  f r om  t h e  OVI-19 s a t e l l i t e ;  

t h e  l a t t e r  i s  more r e p r e s e n t a t i v e  o f  a1 1  da ta  se t s  p r e s e n t l y  a v a i l a b l e  

t o  t h e  Na t i ona l  Space Science Data Center.  Since measurements revea led  

more h igh-energy e l e c t r o n s  than  p r e v i o u s l y  assumed, computed doses 

i n  t h e  l i t e r a t u r e  need t o  be r e v i s e d  upward. 

Major s o l a r  p a r t i c l e  events a re  more probable  d u r i n g  a  p e r i o d  

o f  h i g h  s o l a r  a c t i v i t y  than d u r i n g  t h e  s o l a r - q u i e t  p o r t i o n  o f  t h e  

s o l a r  cyc le ;  s p e c i f i c a l l y ,  exper ience has shown t h a t  1  drge events 

tend  t o  occur on t h e  ascending and descending p o r t i o n s  o f  t h e  s o l a r  

cyc le .  T y p i c a l l y ,  o n l y  a  few 1  arge events produce most o f  t h e  t o t a l  

p a r t i c l e  f l u e n c e  d u r i n g  a  s o l a r  cyc le .  The t o t a l  f l u e n c e  per  s t e r a d i a n  

f o r  s o l a r  c y c l e  20 f rom 1964 t o  1975 i s  shown i n  t h e  uppermost curve 

i n  F i g u r e  1, which i s  based on da ta  f r om  K i n g  (1973). The f 1  uence 

i n  t h i s  c y c l e  was dominated by  t h e  t h r e e  events o c c u r r i n g  d u r i n g  t h e  
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p e r i o d  f r om 4 t o  9  August 1972. The curve l a b e l e d  Surveyor I11 i nc ludes  

seven major  events o c c u r r i n g  d u r i n g  t h e  p e r i o d  f r om 24 A p r i l  1967 t o  

24 November 1969. F l  uences ( o r  t i m e - i n t e g r a t e d  f l u x  d e n s i t i e s )  f rom 

t h e  August 1972 events exceeded t h e  accumulat ive t o t a l  o f  a l l  o t he r  

c y c l e  20 events by about a  f a c t o r  o f  two f o r  p ro tons  above 10 MeV and 

a  f a c t o r  o f  f o u r  f o r  p ro tons  above 30 MeV. I n t e g r a l  f l u e n c e  spec t ra  

f o r  t h r e e  major s o l a r - p a r t i c l e  events a re  shown i n  F i g u r e  2, which 

i s  taken f r om Wi lson  and Denn (1976).  Th i s  graph e s t a b l i s h e s  t h e  

range o f  f l uences  f r om t h e  l a r g e s t  events o f  s o l a r  cyc l es  i 9  and 20. 

Comstock 

o f  t h e  ga l  a c t  

s o l a r  modul a t  

e t  a l .  (1966, 1969) measured t h e  f l u x e s  and energy spec t ra  -- 

i c  cosmic- ray n u c l e i  he l ium t o  i r o n  a t  t h e  t i m e  o f  minimum 

i o n  ( v i z . ,  October 1964 - November 1965). Based on t h e  

repo r t ed  d i f f e r e n t  i a1 energy spec t ra  o f  t h e  va r i ous  nuc l  e i  , Madey 

and McNul t y  (1969) represen ted  t h e  u n i d i r e c t i o n a l  d i f f e r e n t i  a1 f l u x  

spec t ra  o f  n u c l e i  b y  an inverse-power law i n  t h e  t o t a l  energy per  

nucleon E  above El, and by  a  cons tan t  va lue  i n  t h e  k i n e t i c  energy 

per nucleon i n  t h e  i n t e r v a l  between T  and TI: 0  

The s p e c t r a l  exponent Y has an observed va lue o f  about 2.5. The repre -  

s e n t a t i o n  i n  equa t ion  ( 2 )  i s  v a l i d  f o r  a  k i n e t i c  energy To i n  t h e  neighbor-  

hood o f  100 MeV per  nucleon. The va lue  o f  t h e  cons tan t  C1 f o r  oxygen, 

2 as r e p o r t e d  by Comstock -- e t  a l .  (1966),  i s  5.4 nuc le i /m -sec-sr-(GeVInucleon) 

i n  t h e  t ime  i n t e r v a l  f r om  October t o  November 1964. The va lues o f  
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C f o r  o ther  n u c l e i  come f r om measurements on t h e  r e l a t i v e  abundance 1 

o f  t h e  elements i n  t h e  cosmic r a d i a t i o n .  There seems t o  be no s i g n i f i c a n t  

change i n  the  r e l a t i v e  abundances w i t h  t i m e  even though t h e  f l u x  l e v e l  

changes w i t h  t h e  s o l a r  cyc l e .  Also, w i t h i n  t h e  p resen t  exper imenta l  

e r r o r s ,  the  r e l a t i v e  abundances appear t o  be independent o f  energy. 

The r e l a t i v e  abundance o f  t h e  n u c l e i  i n  t h e  cosmic r a d i a t i o n  f r om  

t h e  ( I M P  I V  and OGO I) s a t e l l i t e  measurements by  t h e  U n i v e r s i t y  o f  

Chicago group are 1  i s t e d  i n  Table  1 and p l o t t e d  i n  F i gu re  3. The 

c o e f f i c i e n t  C i n  t h e  h igh-energy p o r t i o n  o f  t h e  d i f f e r e n t i a l  f l u x  

equa t ion  (1) i s  g i ven  by Comstock -- e t  a l .  (1966) f o r  some o f  t h e  n u c l e i  

(namely, C, 0, 0 ,  Ne, Mg, S i ,  and t he  Fe-Co-Ni group).  These va lues 

f o r  t h e  c o e f f i c i e n t  C can be found i n  Tab le  1. For  these n u c l e i ,  

va lues f o r  t he  t o t a l  energy per nucleon El can be found b y  equa t i ng  

equat ions (1)  and ( 2 ) :  

The values o f  El a re  1  i s t e d  i n  Table  1. We have used equa t ion  ( 3 )  

w i t h  y = 2.5 t o  compute va lues f o r  t h e  c o e f f i c i e n t  C f o r  t h e  o t h e r  

n u c l e i  f o r  assumed ( t a b u l a t e d )  va lues o f  El and t h e  measured va lues 

o f  C1. 

Fo r  E > El ( o r  T  > TI), t h e  u n i d i r e c t i o n a l  i n t e g r a l  f l u x  spec t ra  

o f  t h e  g a l a c t i c  cosmic-ray n u c l e i  can be represen ted  by  t h e  f o l l o w i n g  

power 1  aw: 

( f o r  E>E1) 
( 5 )  

For Eo < E  < El ( o r  T  < T < TI), t h e  u n i d i r e c t i o n a l  i n t e g r a l  f l u x  0 



TABLE 1 
Relative Abundance of Nuclei in the Losmic Radiation and Parameters for Representing the Differential Flux Spectra 

at a Time of Minimum Solar Modulation. 

Relatlve Abundance Coeff~cient C1 Coeffic~ent C Total Energy Kinetic Energy 

Nucleus ( X  lo3) 1 1 [p/m2-s-sr-(~e~-nuc- ) I  [p/m2-s-w(~ev-nuc- ) I  E1(GeV/nucleon) T1(GeY/nucleon) 

zHe 4.2 + 0.6 228 + 32 

3L 19.5 1 s 1-05 ro.03 2.8 1.485 .554 

dB= 6.5 ? 2.2 0.35 t- 0.12 0.94 1.485 .554 

gB 29 t 6 1.6 0.3 (4.3) 1.485 .554 

6' 100 6 5.4 * 0.3 (12) 1.376 .445 

7N 25.5 * 2 1.4 ' 0.1 3.1 1.376 .445 

go 100 f 6 5.4 * 0.3 (12) 1.376 .445 

9 1.7 0.2 0.092 t 0.011 0.14 1.168 -236 

loNe 17.5 * 3 0.95 + 0.16 (1.4) 1.168 .236 

llNa 4.1 2 1.1 0.22 -+ 0.06 0.25 1 .064 .132 

12Mg 23 f 1 1.2 2 0.1 (1.4) 1 .a64 .I32 

13*' 3.4 t 0.4 0.18 0.02 0.27 1.183 .251 

14'~ 17 t- 3 0.92 -+ 0.16 (1.4) 1.183 .251 

1 5 ~  1.95-t 1.0 0.11 t- 0.06 0.16 1.170 .240 

16' 5.0 t 1.3 0.27 t 0.07 0.40 1.170 .240 

17~' 1.01t 0.29 0.055 + 0.016 0.081 1.170 .240 

2.08 0.112 0.17 1.170 .240 
laA 

1.37 0.074 0.11 1.170 .240 
lgK 

3.24+ 0.65 0.17 + 0.04 0.25 1.170 .240 
2oCa 

1.25 0.068 0.10 1.170 .240 
21SC 

2.62 0.142 0.21 1.170 .240 
22Ti 

2.38 0.129 0.19 1.170 ,240 
23' 

3.99 t1.25 0.215 2 0.068 0.32 1.170 .240 
24" 

2.65 0.143 0.21 1.170 .240 
25Mn 

0.44 ' 0.09 (1 .4 )  1.589 .657 26Fe-27C~-28N~ 8.15 ' 1.73 
____I___________I___ 



Nucleor charge number ( 2 )  
XBL7811-12344 

Figure 3. The r e l a t i v e  abundance o f  n u c l e i  i n  t he  g a l a c t i c  cosmic r a d i -  
a t ion.  



spectra of galactic cosmic-ray nuclei can be represented as follows: 

E 

Values of the coefficient C/(y-1) for integral flux spectra of 

galactic cosmic-ray nuclei for an integral spectral exponent Y - 1  = 

1.5 at a time of minimum solar modulation are listed in Table 2. 

Also listed in Table 2 are unidirectional integral fluxes above a 

total energy of 1.4 GeV per nucleon, which corresponds to a kinetic 

energy of 468 MeV per nucleon. 

RADIATION DOSES 

It is convenient to categorize radiation exposures of personnel 

in the SPS into two types: (1) predictable and (2) unpredictable. 

In the predictable category are exposures to the geomagnetical ly trapped 

protons, the geomagnetically trapped electrons and their associated 

bremsstrahlung, the proton and the helium fluxes in the galactic cosmic 

radiation, and radiations from isotopes or nuclear systems which may 

be carried aboard the SPS. Exposures from these sources are predictable 

in the sense that they can be calculated and measured. Control of 

exposures to these radiation sources involves tradeoff s between acceptable 

exposure levels and the weight of shielding. The unpredictable category 

includes exposures from solar-particle events, the hi gh-charge (Z > 2) 

and high-energy (HZE) particle component of cosmic radiation, artificially 

trapped electrons and their associated bremsstrahlung, emergency extravehicular 

activities (EVA), and emergency repair of nuclear systems which may 

be carried aboard the SPS. The time of occurrence of solar particle 



TABLE 2 

I n t e g r a l  F l u x  Spect ra  o f  G a l a c t i c  Cosmic-Ray Nuc le i  
a t  a Time o f  Minimum So la r  Modulat ion 

Nucleus C o e f f i c i e n t  C/(y-1) F l ux  Above T o t a l  Energy E 
N ( E  > 1.40 GeVIn) 

p/m2-s-sr- ( ~ e ~ / n )  - ( Y - 1  1 (p/mZ-s-sr)  



events i s  unpred ic tab le ,  and t h e  b i o l o g i c a l  e f f e c t s  o f  HZE p a r t i c l e s  

are unknown. A lso  p o l i t i c a l l y  unp red i c tab le  a re  h i g h - a l t i t u d e  nuc lear  

detonat ions which i n j e c t  copious numbers o f  e l e c t r o n s  i n t o  t h e  geomagnetic 

t r app ing  reg ion .  

Several a r t i f i c i a l  r a d i a t i o n  zones o f  t rapped r a d i a t i o n  were 

produced by t h e  exp los ion  o f  nuc lear  f i s s i o n  bombs a t  h i gh  a l t i t u d e s  

d u r i n g  t he  p e r i o d  f r om 1958 th rough 1962. E lec t rons  from t h e  r a d i o a c t i v e  

decay o f  f i s s i o n  fragments are t h e  most impor tan t  source o f  p a r t i c l e s  

f o r  a r t i f i c i a l  r a d i a t i o n  zones. The S t a r f i s h  exp los ion  on 9  J u l y  

1962 produced an i n tense  r a d i a t i o n  zone which would n o t  pe rm i t  manned 

miss ions i n  low-ear th  o r b i t s  f o r  months a f t e r  t h e  event (Hess, 1963). 

Since a  nuc lear  exp los ion  can produce an a r t i f i c i a l  r a d i a t i o n  zone 

more i n tense  than t h a t  produced by t h e  S t a r f i s h  explos ion,  t h e  t rapped 

r a d i a t i o n  environment cou ld  be enhanced t o  t h e  e x t e n t  t h a t  t h e  SPS 

miss ion  would have t o  be aborted. 

An es t imate  o f  t h e  p r e d i c t a b l e  r a d i a t i o n  exposure f rom t h e  n a t u r a l  

r a d i a t i o n  environment can be ob ta ined  by  c a l c u l a t i n g  t h e  absorbed 

dose i n  aluminum behind a  s l a b  s h i e l d  o f  aluminum versus t h e  t h i ckness  

o f  the  sh ie l d .  F i gu res  4 and 5 a re  t h e  d a i l y  doses i n  aluminum computed 

f o r  ZIT geometry behind a  s e m i - i n f i n i t e  s l a b  s h i e l d  by Stass inopoulos 

(1978) f o r  LEO d u r i n g  pe r i ods  o f  minimum and maximum s o l a r  a c t i v i t y ,  

r espec t i ve l y ,  f rom t rapped protons,  t rapped e l e c t r o n s  and t h e i r  assoc i -  

ated bremsstrahlung. The dose i n  t i s s u e  i s  about 1.3 t imes  t h a t  i n  

aluminum. Note t h a t  t h e  t rapped p ro tons  c o n s t i t u t e  t h e  dominant r a d i a t i o n  

hazard i n  LEO. The absorbed dose r a t e  i n  t i s s u e  f rom t rapped p ro tons  

2 behind 300 m i l s  (=2 g/cm ) o f  aluminum i s  about 0.2 r a d  per  day d u r i n g  



Thickness of oluminum slob shield ( g/cm2) 

Figure 4. The dose in aluminum behind a slab shigld of aJuminum versus 
the aluminum shield thickness for a 50 km, 30 orbit during 
a period of minimum solar activity. (From Stassinopoulos, 
1978) 



Thickness of oluminum slob shield (g/cm*) 

F igure  5 .  The dose i n  aluminum behind a s l a b  s h i e l d  o f  aguminum versus 
t h e  aluminum s h i e l d  t h i ckness  f o r  a  500 km, 30 o r b i t  d u r i n g  
a per iod  o f  maximum s o l a r  a c t i v i t y .  (From Stassinopoulos, 
1978) 



s o l a r  minimum and about 0.1 r a d  per  day d u r i n g  s o l a r  maximum; t h e  

cor responding absorbed doses f o r  a 90-day m iss i on  a t  t h e  LEO base 

a re  about 20 r a d  d u r i n g  s o l a r  minimum, and about 10 r a d  d u r i n g  s o l a r  

maximum. 

For a 90-day m iss i on  a t  t h e  LEO base, t h e  dose f r om g a l a c t i c  

cosmic r a d i a t i o n  i s  l e s s  than  0.5 r a d  a t  any t ime  d u r i n g  t h e  s o l a r  

c y c l  e. 

I n  Table  3, we summarize t h e  d a i l y  dose r a t e s  and t h e  90-day 

2 miss ion  doses behind 2 g/cm ( =  300 m i l s )  o f  aluminum f r om p r e d i c t a b l e  

r a d i a t i o n  sources i n  LEO. 

TABLE 3 

D a i l y  Dose Rates and 90-day M iss i on  Doses Behind 300 m i l s  
( =  2 g/cm2) o f  Aluminum f r om P r e d i c t a b l e  R a d i a t i o n  

Sources i n  a Low-Earth O r b i t  

Rad ia t i on  Source Dose Rate ( r a d l d a y )  Dose i n  90 Days ( r a d )  
s o l a r  m in  s o l a r  max s o l a r  m in  s o l a r  max 

Trapped e l e c t r o n s  < <0.1 <O. 1 

Bremsstrahlung < < <0.1 <O. 1 

Trapped p ro tons  0.2 0.1 18 9 

G a l a c t i c  cosmic 0.004 0.003 0.4 0.3 
r ays  

TOTAL 0.2 0.1 18 9 

Since t h e  geomagnetic f i e l d  d i v e r t s  t h e  paths o f  charged p a r t i c l e s  

f rom t h e  LEO s a t e l l i t e ,  exposure t o  e n e r g e t i c  p a r t i c l e s  f r o m  s o l a r  



f l a r e s  i s  not o f  concern t o  space workers i n  the  LEO s a t e l l i t e .  

As a r e s u l t  o f  anomalously low values o f  the  geomagnetic f i e l d  i n  

a  reg ion  o f  the South A t l a n t i c ,  the inner  zone d ips c lose  t o  the  ea r th  

i n  t h i s  reg ion  centered a t  35' west long i tude and 35' south l a t i t u d e .  

W i th in  the  South A t l a n t i c  Anomaly (SAA), e lec t rons  and protons d i p  

c lose enough t o  the  ea r th  t o  i r r a d i a t e  a  s a t e l l i t e  i n  LEO du r ing  

po r t i ons  o f  those o r b i t  t r acks  t h a t  t rave rse  the  SAA. Each exposure 

i n  t h e  SAA l a s t s  a  few minutes ou t  o f  any s i n g l e  90-minute o r b i t a l  

revo lu t i on .  Since most LEO t r a j e c t o r i e s  i n  a  24-hour per iod  miss 

t h e  SAA e n t i r e l y ,  t he re  i s  no exposure t o  inner-zone r a d i a t i o n  f o r  t he  

m a j o r i t y  o f  a  24-hour period. Thus, t he re  i s  ample t ime dur ing  these 

exposure-free per iods f o r  space workers t o  undertake e x t r a  veh icu la r  

a c t i v i t y  (EVA). I f  a  space worker must engage i n  unscheduled EVA 

and passes through t h e  SAA, then t h a t  worker would rece ive  a s k i n  dose 

2  o f  0.3 rad  behind a  s u i t  o f  th ickness 0.2 g/cm aluminum-equivalent 

f o r  a  "worst case" s i n g l e  t r a v e r s a l  through the  hear t  o f  t he  SAA. 

This dose est imate i s  about the  same du r ing  per iods o f  maximum and 

minimum so lar  a c t i v i t y  because, f rom the  data  i n  Figures 4  and 5, t h e  

h igher  dose from trapped e lec t rons  dur ing  s o l a r  maximum compensates 

f o r  t he  1  ower dose f rom trapped protons. 

During the t r a n s f e r  f rom LEO t o  GEO, personnel w i l l  pass through 

t h e  peak i n t e n s i t y  regions o f  t h e  inner  and outer  zones o f  t h e  trapped 

r a d i a t i o n .  Since the  t r a n s i t  t ime  o f  several  hours f o r  the  SPS miss ion 

i s  r e l a t i v e l y  slow compared w i t h  several minutes f o r  t h e  Apo l lo  mission, 

t he  p o t e n t i  a1 exposure i s  great.  Stassinopoulos (1979) ca l cu la ted  

t h e  f luence o f  trapped e lec t rons  and protons encountered dur ing  a 



5.25-hour orbital  transfer for specific in i t i  a1 and f inal  positions 

on the orbital-transfer e l l ipse ,  and then calculated the absorbed 

dose behind a slab shield of aluminum versus the thickness of the 

shield. The absorbed dose for  a round t r i p  from LEO t o  GEO and back 

t o  L E O  for the specified orbital-transfer e l l ipse  i s  3 rad behind 

2 2 2 g/cm aluminum and 0.2 rad behind 5 g/cm aluminum. For a d i f fe r -  

ent orbital-transfer e l l ipse ,  the absorbed dose might be higher or 

lower by perhaps as much as several orders of magnitude. Trapped 

electrons contribute the major portion of the total  dose behind 2 
2 

g/cm aluminum, and electron bremsstrahlung dominates the dose behind 
2 shielding thicknesses greater than about 3 g/cm aluminum. 

A t  the al t i tude of geostationary orbits,  the trapped electrons 

and the energetic par t ic les  from solar f la res  are the radiation com- 

ponents of major concern t o  space workers; trapped protons do n o t  

present a radiation hazard to  personnel because the protons are not 

energetic enough to  penetrate even the thinnest spacesuit. Trapped 

electron fluxes a t  geosynchronous al t i tude under-go large temporal 

fluctuations which can change by orders of magnitude in hours. For 

missions o f  extended duration i n  GEO, a  local time-averaged energy- 

flux spectrum i s  appropriate for  assessing the radiation exposure; 

however, the local time dependence of the ambient electron flux must 

be taken into account for  short-term EVA. The short-term variations 

of the trapped electron fluxes constrain EVA and affect radiation 

shield requirements. I t  i s  necessary t o  take into account the maximum 

intensi t ies  of the trapped electrons i n  determining minimum requirements 

of the vehicle shield. 



An impor tant  p a r t  o f  t he  r a d i a t i o n  p r o t e c t i o n  design f o r  t h e  

GEO base i nvo l ves  t h e  hazard f rom s o l a r  p a r t i c l e  events. The geomagnetic 

a f f o rd  s h i e l d i n g  aga ins t  e n e r g e t i c  p a r t i c l e s  f i e l d  i n  GEO i s  t oo  weak t o  

f r om s o l a r  f l a r e s .  Protons 

r e g i o n  o f  t he  geomagnetic f 

above 10 MeV have d i r e c t  access t o  t h i s  

i e l d .  Whi le a  t ime-averaged environment 

f r om s o l a r  p a r t i c l e  events may be used f o r  assessing t h e  r a d i a t i o n  

damage t o  m a t e r i a l s ,  personnel must be p ro tec ted  f rom t h e  r a d i a t i o n  

e f f e c t s  o f  an i n d i v i d u a l ,  l a r g e  s o l a r - p a r t i c l e  event such as t h a t  

o f  August 1972. Rossi  and Stauber (1977) c a l c u l a t e d  t h e  dose-equiva lent  

( i n  rem) i n  t i s s u e  rece i ved  behind va ry i ng  th icknesses o f  aluminum 

f r o m  the  p ro ton  component o f  a  model f l a r e  t h a t  approximates t h e  i n t e g r a l  

f l u x  and spec t ra l  shape o f  t h e  August 1972 event.  They used t h e  f l u x  

spectrum f rom K ing  (1973).  F i gu re  6 i s  a p l o t  o f  t h e  t o t a l  t i s s u e  

2 dose-equivalent ( i n  rem) versus t h e  t h i ckness  o f  aluminum ( i n  g/cm ) .  

2  
Th is  c a l c u l a t i o n  i n d i c a t e s  that  about 40 g/cm aluminum i s  needed t o  

reduce t h e  p ro ton  s k i n  dose equ i va len t  t o  25 rem. The dose-equiva lent  

inc ludes  c o n t r i b u t i o n s  f rom secondary neutrons and protons produced 

i n  spa1 1 a t i  on and evaporat ion processes. The secondary p a r t i c l e  con- 

t r i b u t i o n  grows w i t h  i nc reas ing  s h i e l d  t h i ckness  and becomes g rea te r  

2 than  t he  p r imary  p ro ton  dose behind 40 g/cm aluminum. 

Wilson and Denn (1976) c a l c u l a t e d  t h e  dose and t h e  dose-equiva lent  

i n  a  t i s s u e  sphere as a f u n c t i o n  o f  t ime  du r i ng  t h e  so la r  p a r t i c l e  

event o f  4 and 5 August 1972. F i g u r e  7 i s  a  p l o t  o f  t he  f l u e n c e  spec t ra  

f r om t h e  August 1972 s o l a r  p a r t i c l e  event as a f u n c t i o n  o f  energy 

f o r  var ious t imes d u r i n g  t h e  event.  The lowest  curve i s  t h e  accumulated 

f luence approx imate ly  40 minutes a f t e r  t h e  observa t ion  o f  t h e  o p t i c a l  
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Figure 6. The total  dose-equivalent in t issue from the solar proton 
event of August 1972 versus the thickness of aluminum shield- 
ing .  (From Rossi and Stauber, 1977)  



F igu re  7. Fluence spec t ra  from t h e  August 1972 s o l a r  p a r t i c l e  event 
as a f u n c t i o n  of t ime. (From Wilson and Denn, 1976) 
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F igu re  8. Absorbed dose a t  t h e  cen te r  o f  a t i s s u e  sphere as a f u n c t i o n  
o f  t i m e  d u r i n  August 4 and 5, 1972, versus t h e  r a d i u s  o f  
t h e  sphere. 9 From Wilson and Denn, 1976) 



Figure  9. Dose-equivalent a t  the  center of a t i s s u e  sphere as a f u n c t i o n  
o f  t ime d u r i n  August 4 and 5, 1972, versus t h e  r a d i u s  o f  
t he  sphere. 9 From Wilson and Denn, 1976) 



f 1  are on August 4. The source o f  t h e  low-energy f luence above t h e  

break i n  t h e  cu rve  i s  p ro tons  f r o m  t h e  e a r l i e r  event on August 2. 

The high-energy shoulder  i n  t h i s  cu rve  i n d i c a t e s  t h e  onset  o f  ene rge t i c  

p a r t i c l e s  f rom t h e  event on August 4. The o t h e r  curves show t h e  f l uence  

accumulated d u r i n g  t h e  succeeding 15 hours o f  August 4 and t h e  nex t  

12 hours t o  1000 UT on August 5  when t h e  event  was n e a r l y  over.  These 

curves were based on IMP da ta  below 60 MeV and an e x t r a p o l a t i o n  accord ing 

t o  exp ( -E /28)  above 60 MeV. T h i s  s p e c t r a l  e x t r a p o l a t i o n  i s  cons i s t en t  

w i t h  t he  spectrum repo r t ed  by K i n g  (1973) and t h e  exper imenta l  measurement 

o f  B raz i l evska  -- e t  a l .  (1973). F i gu res  8 and 9  a re  t h e  dose and t h e  

dose-equi v a l e n t  , r e s p e c t i  ve ly ,  accumul ated a t  t h e  cen te r  o f  a  t i s s u e  

sphere versus t h e  r a d i u s  o f  t h e  sphere f o r  va r i ous  t imes d u r i n g  August 

4 and 5, 1972. These curves i n c l u d e  t h e  c o n t r i b u t i o n s  from secondary 

neutrons and p ro tons  produced by t h e  p r ima ry  p ro tons  i n t e r a c t i n g  w i t h  

t i s s u e .  The dose-equiva lent  cu rve  a t  1000 UT on 5 August 1972 i n d i c a t e s  

t h a t  about 30 g/cm2 t i s s u e  a t tenua tes  t h e  dose-equiva lent  t o  25 rem 

a t  t h e  cen te r  o f  t h e  t i s s u e  sphere. Th i s  r e s u l t  i s  c o n s i s t e n t  w i t h  

t h a t  r epo r t ed  by Rossi  and Stauber (1977) s i n c e  t i s s u e  i s  more e f f e c t i v e  

i n  s topp ing  p ro tons  than  aluminum; f o r  example, a  220 MeV p r o t o n  has 

2  a  range o f  30 g/cm2 i n  t i s s u e  and 39 glcm i n  aluminum. 

Wi lson and Denn (1976) t a k e  i n t o  account s e l f - s h i e l d i n g  of marrow, 

skin,  lens,  and t e s t e s  by body t i s s u e s .  I n  Tab le  4 t h e y  c a l c u l a t e  

t he  t i m e  r e q u i r e d  t o  reach t h e  30-day exposure l i m i t s  s t a r t i n g  f r om  

t h e  t ime  o f  onset o f  ene rge t i c  p a r t i c l e s  f r om  t h e  f l a r e  o f  4 August 

1972. Wi th  a  s h i e l d  th i ckness  capable  o f  s t opp ing  p ro tons  o f  about 

2  120 MeV corresponding t o  an aluminum th i ckness  o f  13.7 g/cm , t h e y  



find that  the additional self-shielding i s  enough to keep the dose- 

equivalent below the 25-rem limit for the marrow and the 75-rem limit 

for  the skin; however, the 37-rem limit for  the eye lens and the 13- rem 

limit fo r  the testes  are reached in about 12  and 13 hours, respectively. 

Personal shielding in the form of goggles to  protect the eye lens 

and lead undergarments to  protect the tes tes  would keep the weight 

of the storm shelter from increasing. 

For the present workshop, Stassinopoulos (1979) updated his previous 

(1973) assessments of the radiation doses to  personnel in synchronous 

s a t e l l i t e s .  His updated calculations for  the electron environment 

in GEO are based on the model AEI-7, whereas his 1973 calculations 

used the AE-4 model. He calculated the daily doses and the 90-day 

mission doses behind a slab shield of aluminum versus the thickness 

TABLE 4 

Time Required t o  Reach Exposure Limits Starting 

from the Time of Onset of the August 4 Flare 

Shield Marrow Skin Lens Testes* 
Thickness (hr) (hr )  (hr)  (h r )  
(g/cm* t i ssue)  

*Values are overestimated since the t e s t e s  dose i s  taken t o  be the 
same as the marrow dose. 



o f  the  sh ie l d .  The r e s u l t s  depend on t h e  pa rk i ng  l o n g i t u d e  because 

o f  t h e  asymmetry o f  t h e  geomagnetic f i e l d .  The wors t  p o s i t i o n  i s  

a t  160' west long i tude ;  t h e  best,  a t  70' west l ong i t ude .  F i g u r e  10 

i s  a p l o t  o f  t h e  d a i l y  doses i n  aluminum as a  f u n c t i o n  o f  aluminum 

th ickness  f o r  t he  worst  p o s i t i o n .  I n  Table 5, we summarize t h e  t ime-  

averaged d a i l y  dose r a t e s  and 90-day m iss ion  doses behind 300 m i l s  

2 ( =  2 g/cm ) o f  aluminum f rom p r e d i c t a b l e  r a d i a t i o n  sources f o r  t h e  

bes t  and worst  pa rk i ng  l ong i t udes  i n  a  geos ta t i ona ry  o r b i t .  More 

d e t a i l e d  i n fo rma t i on  on t he  ana l ys i s  o f  t h e  r a d i a t i o n  environment 

i n  GEO i s  conta ined i n  a  companion paper by Stass inopoulos (1979). 

There i s  a need t o  mon i to r  and eva lua te  exposure t o  HZE 

p a r t i c l e s  du r i ng  an extended m iss ion  i n  space because t h e i r  b i o l o g i c a l  

e f f e c t s  are unknown. The dominant c o n t r i b u t i o n  t o  t h e  f l uence  o f  

HZE p a r t i c l e s  comes f rom t h e  g a l a c t i c  cosmic r a d i a t i o n  r a t h e r  than  

f rom s o l a r - p a r t i c l e  events.  Since t h e  convent iona l  absorbed dose 

i s  t h e  i n t e g r a l  o f  the  product  o f  t h e  d i f f e r e n t i a l  ( i n  energy) f l u x  

spectrum and t h e  energy depos i t i on  r a t e ,  t he  convent iona l  absorbed 

dose i s  smal l .  C u r t i s  (1976) est imated t h e  absorbed dose r a t e s  f rom 

g a l a c t i c  cosmic r a y s  a t  r o u g h l y  10 r a d  per  year  w i t h  35% coming from 

p a r t i c l e s  w i t h  Z > 2, and 10% from p a r t i c l e s  w i t h  Z > 20. 

RADIATION EXPOSURE LIMITS 

Rad ia t i on  exposure l i m i t s  i n  c u r r e n t  use f o r  t h e  SPS m iss ion  a re  

l i s t e d  i n  Table 6. The Space Science Board o f  t h e  Nat iona l  Academy 

o f  Sciences (1970) proposed these exposure 1  i m i t s  t o  serve as r a d i a t i o n -  

p r o t e c t i o n  guides and c o n s t r a i n t s  f o r  veh ic le -des ign  s tud ies  and miss ion  

p l  anni ng. The recommended exposure 1  i m i  t s  assume t h a t  t h e  space miss ion  
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Figure 10. Daily dose in aluminum behind a slab shield of abuminum versus 
the aluminum shield thickness for the worst (160 ) parking longi- 
tude in a geostationary orbit. (From Stassinopoulos, 1978) 



TABLE 5 

Average D a i l y  Dose Rates and 90-day M iss ion  Doses Behind 300 
m i l s  ( =  2 g/cm2) o f  Aluminum f rom P r e d i c t a b l e  R a d i a t i o n  

Sources f o r  t h e  Best and Worst Park ing  Longi tudes 
i n  a  Geos ta t ionary  Ea r th  O r b i t  

Radi a t i  on Source Worst P o s i t i o n  Best P o s i t i o n  
(1600 West l o n g i t u d e )  (700 West l o n g i t u d e )  
( rad/day)  ( r a d )  ( r ad lday )  b a d )  

Trapped e lec t rons  0.16 14 0.026 2.37 

Bremsstrahl  ung 0.44 40 0.28 2 5 

Trapped p ro tons  - - - - 

G a l a c t i c  cosmic 0.02 1.8 0.02 1.8 
r a y s  

TOTAL 0.60 56 0.30 29 

i s  a  h i g h - r i s k  opera t ion  r e q u i r i n g  r e a l i s t i c  cons ide ra t i on  o f  t h e  r a d i -  

a t i o n  hazard i n  pe rspec t i ve  w i t h  o the r  r i s k s .  Accord ing ly ,  t h e  r a d i a -  

t i o n  exposure l i m i t s  f o r  space workers are h i ghe r  than t h e  convent ional  

standards f o r  p ro fess iona l  r a d i a t i o n  workers.  I f  t h e  much lower exposure 

l i m i t s  l i s t e d  i n  Tab le  7 f o r  p r o f e s s i o n a l  r a d i a t i o n  workers were app l i ed  

t o  personnel i n  space, t h e  f e a s i b i l i t y  o f  t h e  SPS miss ion  would be 

chal lenged severe ly .  The 90-day m iss ion  doses i n  LEO (Tab le  3 )  and 

GEO (Tab le  4) exceed t h e  exposure l i m i t s  i n  Table 7. One o f  t h e  recom- 

mendations i n  t h e  1970 r e p o r t  o f  t he  Na t i ona l  Academy of Sciences 

i s  t h a t  t h e  proposed exposure l i m i t s  be rev iewed and r e v i s e d  "as 

a d d i t i o n a l  p e r t i n e n t  i n f o rma t i on  becomes avai  1  ab le  and be fo re  appl i c a t i o n  

t o  ac tua l  operat ions."  Because o f  t h e  impact o f  t h e  exposure l i m i t s  

on the f e a s i b i l i t y  o f  t h e  SPS mission, t h e  recommended rev iew  o f  t h e  



TABLE 6 

Miss ion Radi a t i o n  Exposure L i m i t s  i n  Dose-Equivalents (REM) 

Da i l y *  30 90 Year ly  Career 
Days Days** 

Bone marrow ( 5  cm) 0.2 2 5 35 7 5 40 0 

Skin (0.1 mm) 0.6 7 5 105 2 25 1200 

Eye lens ( 3  mm) 0.3 3 7 52 11 2 600 

~ e s t e s '  ( 3  cm) 0.1 13 18 3 8 200 

*Averaged over one year. 

**Permissible f o r  two consecut ive qua r te rs  provided r e s t r i c t i o n  

from f u r t h e r  exposure mainta ins y e a r l y  1 i m i t s .  
+ 
App l icab le  o n l y  i f  avoidance o f  psychologica l  e f f e c t s  o f  poss ib le  
01 i gospermi a and temporary i n f e r t  i 1 i t y  i s  deemed important .  

TABLE 7 

Occupational Rad ia t ion  Exposure L i m i t s  i n  Dose-Equivalent (rem) 

Da i ly *  90 days Year ly  Career** 

B l  ood-f ormi ng organs 0.014 3 5 5(N-18) 

Skin 0.082 7.5 30 

Eye lens 0.014 3 5 

Gonads 0.014 3 5 

"Averaged over one year.  

**The accumulated occupat ional  dose t o  t h e  whole body s h a l l  no t  
exceed 5(N-18) rem, where N i s  t he  i n d i v i d u a l ' s  age i n  years. 



exposure l i m i t s  needs t o  be accomplished a t  an e a r l y  date. 

The r a d i a t i o n  exposure l i m i t s  i n  Tab le  6  are based on t h e  p r imary  

re fe rence  r i s k  recommended by t he  R a d i o b i o l o g i c a l  Adv isory  Panel o f  

t h e  Committee on Space Medic ine o f  t h e  Space Science Board. The p r imary  

re fe rence  r i s k  corresponds t o  an added p r o b a b i l i t y  o f  r ad ia t i on - i nduced  

leukemia and o ther  n e o p l a s t i c  diseases over  a  p e r i o d  o f  about 20 years 

t h a t  i s  equal t o  t he  n a t u r a l  p r o b a b i l i t y  f o r  t h e  s p e c i f i c  popu la t i on  

a t  r i s k .  The panel recommended a l so  t h a t  t he  p r imary  re fe rence  r i s k  

exposure be taken as a  dose-equiva lent  o f  400 rem a t  t he  mean ( 5  cm) 

depth o f  t h e  bone marrow i r r e s p e c t i v e  o f  t h e  exposure r a t e .  

The exposure l i m i t s  i n  Table 6  a re  dose-equivalents i n  rem a t  

t h e  s p e c i f i e d  mean depth o f  i n t e r e s t ,  where t h e  dose-equiva lent  i s  

t h e  product  o f  t h e  absorbed dose D i n  rads  and a  q u a l i t y  f a c t o r  Q. 

The qua1 i t y  f a c t o r  takes i n t o  account d i f f e r e n c e s  i n  b i o l o g i c a l  e f f e c -  

t i veness  o f  r a d i a t i o n  o f  d i f f e r e n t  q u a l i t y ,  which i s  measured by t h e  

l i n e a r  energy t r a n s f e r  (LET) o r  r a t e  o f  d i s s i p a t i o n  o f  energy a long 

t h e  pa th  o f  t he  charged p a r t i c l e .  The purpose o f  i n t r o d u c i n g  t h e  

q u a l i t y  f a c t o r  i n  r a d i a t i o n  p r o t e c t i o n  i s  t o  ensure t h a t  t h e  r i s k  

from a  s p e c i f i e d  maximum p e r m i s s i b l e  dose o f  high-LET r a d i a t i o n  does 

n o t  exceed t h a t  f r om a  maximum p e r m i s s i b l e  dose o f  low-LET r a d i a t i o n .  

The r e l a t i o n s h i p  between Q and LET recommended by t he  I n t e r n a t i o n a l  

Commission on Rad io l og i ca l  P r o t e c t i o n  (1966) assumes t h a t  Q has a  

constant  value o f  20 beyond an LET o f  175 keV/pm. Barendsen -- e t  a l .  

(1963) and Todd (1967) r e p o r t e d  t h a t  t h e  r e 1  a t i v e  b i o l o g i c a l  e f f e c t i v e n e s s  

(RBE) f o r  k i l l i n g  c u l t u r e d  d i v i d i n g  mammalian c e l l s  reaches a  maximum 

o f  6  t o  8 i n  t h e  LET range o f  100 t o  200 keV/pm, and decreases t o  



u n i t y  a t  1000 keV/um. Thus, t h e  Q-LET r e l a t i o n s h i p  may overes t imate  

t h e  dose-equivalent f o r  p roduc t i on  o f  neop las t i c ,  sk in ,  t e s t i c u l a r ,  

and p o s s i b l y  occu la r  lens responses by  v e r y  densely i o n i z i n g  r a d i a t i o n .  

On t h e  o ther  hand, i t  i s  known t h a t  RBE increases as t h e  dose decreases, 

so t h a t  t h e  l a r g e  va lue o f  Q may n o t  be unreasonable f o r  t h e  doses 

consi  dered here. 

The estab l ishment  o f  exposure l i m i t s  t h a t  are l e s s  r e s t r i c t i v e  

than those f o r  convent ional  occupat iona l  exposure r e q u i r e s  q u a n t i t a -  

t i v e l y  r e l i a b l e  i n fo rma t i on  on t h e  l e v e l s  o f  human response as a  f u n c t i o n  

o f  dose and cond i t i ons  o f  exposure. The q u a n t i t y  and n a t u r e  o f  e x i s t i n g  

data are inadequate t o  de r i ve  conf idence l i m i t s  f o r  space cond i t i ons .  

One u n c e r t a i n t y  a r i s e s  because o f  t h e  l a c k  o f  i n f o r m a t i o n  on t h e  i n t e r a c -  

t i o n  o f  r a d i a t i o n  exposure w i t h  exposure t o  o ther  s t r esses  such as 

weight lessness i n  t h e  space environment. Other u n c e r t a i n t i e s  a r i s e  

because o f  inadequate i n f o r m a t i o n  on b i o l o g i c a l  e f f e c t s  o f  t h e  HZE 

p a r t i c l e  component o f  cosmic r a d i a t i o n .  These ve ry  h i g h l y  i o n i z i n g  

p a r t i c l e s  produce a  unique t y p e  o f  b i o l o g i c a l  damage which no rma l l y  

cannot be produced by  o ther  types o f  r a d i a t i o n .  An HZE p a r t i c l e  damages 

many cont iguous c e l l s  along t h e  p a r t i c l e  t r ack ,  and produces a  micro-  

scopic  les ion .  Malachowski & &. (1978) observed t h i s  t ype  o f  i n j u r y  

i n  r ecen t  l a b o r a t o r y  s tud ies .  The r a d i a t i o n  exposure l i m i t s  i n  Table 

6 are n o t  app l i cab le  t o  b i o l o g i c a l  e f f e c t s  such as t h i s  m i c r o l e s i o n  

t y p e  o f  i n j u r y  which can be produced o n l y  by HZE p a r t i c l e s  and n o t  

by o the r  r a d i a t i o n s  o f  d i f f e r e n t  q u a l i t y .  Also, t h e  concept o f  q u a l i t y  

f a c t o r  breaks down when t h e  b i o l o g i c a l  e f f e c t  cannot be produced by 

t h e  low-LET re fe rence  r a d i a t i o n .  To assess t he  damage f r om HZE p a r t i c l e s ,  



i t  i s  necessary t o  acquire r a d i o b i o l o g i c a l  in format ion t h a t  w i l l  permi t  

the  p red i c t i on  o f  dose-response r e 1  a t ionsh ips  f o r  t he  HZE p a r t i c l e s .  

Measurements are needed o f  the  p r o b a b i l i t y  f o r  i n a c t i v a t i o n  by HZE 

p a r t i c l e s  o f  nond iv id ing  c e l l s  t h a t  compose the  pr imary f u n c t i o n a l  

p o r t i o n  o f  the  c e n t r a l  nervous system. It i s  necessary a l so  t o  determine 

the  degree o f  redundancy i n  the  b r a i n  and the  poss ib le  consequences 

o f  progressive des t ruc t i on  o f  nond iv id ing  nerve c e l l s  du r ing  space 

missions o f  extended durat ion.  There i s  a need a lso  t o  in t roduce 

a  new physical  parameter other  than t h e  convent ional absorbed dose 

i n  order t o  q u a n t i f y  the  exposure. I n  the  Nat iona l  Academy o f  Sciences 

(1973) repo r t  e n t i t l e d  "HZE-Part ic le E f fec ts  i n  Manned Spacef l ight , "  

i t  was suggested as a  f i r s t  approximation t h a t  a  c r i t i c a l  o r  th resho ld  

i o n i z a t i o n  l e v e l  may be requ i red  t o  i n a c t i v a t e  o r  impair  c e l l s .  Below 

the  threshold, t he  b i o l o g i c a l  e f f e c t  does no t  occur; and above the  

threshold, the  b i o l o g i c a l  e f fec t  occurs w i t h  p r o b a b i l i t y  o f  100%. 

The threshold-LET concept r e s u l t e d  i n  the i n t r o d u c t i o n  o f  a  phys ica l  

quan t i t y  c a l l e d  t h e  s p e c i f i c  t r a c k  l eng th  ( o r  t r a c k  l eng th  per  u n i t  

mass) f o r  spec i f y i ng  the  exposure t o  HZE p a r t i c l e s .  The s p e c i f i c  

t rack  length  ( i n  u n i t s  o f  cm/g) i s  t h e  f luence of p a r t i c l e s  above 

the  threshold i o n i z a t i o n  l e v e l  i n  the  organ d iv ided by t h e  dens i ty  

o f  the organ. Ca lcu la t i on  o f  the  s p e c i f i c  t rack  length  must take 

i n t o  account the s lowing down and nuclear  fragmentat ion o f  t he  i nc iden t  

HZE p a r t i c l e s  i n  t h e  ma te r ia l  s h i e l d i n g  the  organ o f  i n t e r e s t .  F igure 

11 i s  a  p l o t  o f  the  integral-number LET spectrum f o r  t he  major components 

o f  HZE p a r t i c l e s  a t  so la r  minimum under no s h i e l d i n g  (Cur t i s ,  1 9 7 3 ) .  
2 The ord inate i s  the  f l u x  d e n s i t y  ( i n  p a r t i c l e d c m  -year) above a given 

LET, and the  abscissa i s  LET ( i n  keV/mof  t i s s u e ) .  



Figure 11. Integral number LET spectrum for the major components of HZE 
particles at solar minimum under no shielding. (From Curtis, 
1973) 



RADIATION DOSIMETRY 

Both passive and active dosimeters are needed for  monitoring 

radi a t i  on exposures. If each worker wears two passive dosimeters 

at all  times with one located behind some shielding (e.g. ,  perhaps 

strapped to a l eg ) ,  then i t  will be possible to  make some assessment 

of protection from self-shielding by body tissues.  The passive dosimeters 

should be rugged, rel iable ,  and simple enough t o  be read by the individual 

and the medical off icer .  In addition t o  passive dosimeters fo r  each 

individual, real-time monitoring of solar par t ic le  events and a1 so 

of other short-term fluctuations of the trapped electron fluxes i s  

needed in GEO. Both sources of radiation can produce exposures in 

excess of allowable limits. Space workers in GEO need to  be warned 

t o  move to areas affording greater protection i f ,  for  any reason, 

radiation levels exceed established limits.  There i s  a need also 

to  monitor exposure t o  HZE particles because of the unknown biological 

effects from the unique type of radiaton injur ies  produced by these 

particles.  

Tab1 e 4 from W i 1 son and Denn (1976) estimates the time to  reach 

exposure limits t o  the marrow, skin, eye lens, and testes  fo r  the 

solar par t ic le  events of August 1972 as a function of the thickness 

of a shield. These estimates include the self-shielding of these 

organs by the body. For a space worker in a space su i t  with a typical 
2 tissue-equivalent thickness of 0.3 g/cm , the resul ts  of Table 4 indicate 

that dose-equivalent limit t o  the skin would be reached in about three 

hours. The space su i t  helmet would give the eyes protection for  a 

longer time. This three-hour period i s  more than adequate f o r  such 



space workers t o  move e i t h e r  i n s i d e  t h e  v e h i c l e  w i t h  a  t i s s u e - e q u i v a l e n t  

2 t h i c kness  between one and f i v e  g/cm o r  i n s i d e  t h e  storm s h e l t e r .  

Pau l i kas  and B lake  (1971) r e p o r t  t h a t  t rapped  e l e c t r o n  i n t e n s i -  

t i e s  i n  GEO du r i ng  i n t e n s e  magnet ic storms i nc rease  b y  more t han  

two o rders  o f  magnitude i n  a  few hours f o l l o w e d  by  decay w i t h  mean 

l i f e t i m e  o f  severa l  days. When t h e  peak i n t e n s i t y  i s  reached, exposures 

i n  excess o f  a1 lowable l i m i t s  can be accumulated i n  about 30 minutes 

or  less .  Here again t h e  p e r i o d  o f  a  few hours  be fo re  r each ing  peak 

i n t e n s i t i e s  i s  more than  adequate f o r  space workers i n  space s u i t s  

t o  move w i t h i n  t he  v e h i c l e  f o r  p r o t e c t i o n .  

From an opera t ions  p o i n t  o f  view, a  r a d i a t i o n  m o n i t o r i n g  system 

i s  necessary t o  warn space workers when r a d i a t i o n  l e v e l s  expect  t o  

become excessive.  On-board a c t i v e  dos imet ry  w i t h  r a t e  and i n t e g r a t i o n  

c a p a b i l i t i e s  appears t o  be an a t t r a c t i v e  m o n i t o r i n g  means. The dos imet ry  

system should  i n d i c a t e  bo th  su r f ace  and depth doses and dose r a t e s  

i n  a l l  app rop r i a t e  areas. I t  appears a l s o  t h a t  t h e  dos imet ry  system 

cou ld  be adapted by mod i f y i ng  ins t rument  systems which have been 

designed and used aboard spacecra f t .  G re i ne r  -- e t  a l .  (1978) a re  f l y i n g  

a  s a t e l l i t e - b o r n  m u l t i d e t e c t o r  cosmic-ray t e l escope  which i d e n t i f i e s  

t h e  charge and mass o f  i n c i d e n t  cosmic-ray n u c l e i  over t h e  energy 

range f r om about 20 t o  500 MeV per  nucleon. P a r t i c l e  i d e n t i f i c a t i o n  

i s  based on t h e  m u l t i p l e  energy l o s s  technique. 

The ins t rument  descr ibed by  A l thouse -- e t  a l .  (1978) measures t h e  

i s o t o p i c  composi t ion o f  s o l a r  and g a l a c t i c  cosmic r ays  f o r  t h e  elements 

L i  through N i  i n  t h e  energy range f r om about 5 t o  250 MeV per  nucleon. 

The ins t rument  descr ibed by  von Rosenvi nge -- e t  a1 . (1978) measures t h e  



charge composi t ion o f  e n e r g e t i c  p a r t i c l e s  over wide reg ions  i n  energy 

( f r om  about 1 t o  500 MeV per  nuc leon)  and i n  charge ( f r om  Z = 1 t o  

28).  I n d i v i d u a l  i so topes  a re  r e s o l v a b l e  f o r  Z = 1 th rough  7 over a 

r e s t r i c t e d  energy range. T h i s  i ns t r umen t  measures e l e c t r o n s  a l s o  

f r om  2 t o  10 MeV. 

A t  t h i s  workshop, Wefel (1979) rev iewed t he  r a p i d  e v o l u t i o n  o f  

i n s t r umen ta t i on  f o r  charged p a r t i c l e  measurements i n  space t h a t  has 

taken p l ace  over t h e  1  a s t  decade. Whi l e  present  technology i s  s u f f i c i e n t  

t o  mon i to r  t he  i o n i z i n g - r a d i a t i o n  environment of t h e  SPS, t h e  cont inued 

r a p i d  development a n t i c i p a t e d  i n  t h e  coming years  i m p l i e s  t h a t  techniques 

supe r i o r  t o  those now i n  use may be a v a i l a b l e  be fo re  SPS c o n s t r u c t i o n  

begins.  

The development o f  t h e  l a t e s t  genera t ion  o f  space r a d i a t i o n  ins t rument  

systems was acce le ra ted  g r e a t l y  because o f  t h e  ava i  1  ab i  1  i t y  o f  heavy 

ions  (HZE p a r t i c l e s )  a t  t h e  Beval  ac. The heavy- ion beams p e r m i t t e d  

t e s t i n g ,  m o d i f i c a t i o n ,  r e t e s t i n g ,  and c a l i b r a t i o n  o f  t h e  ins t ruments  

t o  ensure be fo re  launch t h a t  a l l  components f u n c t i o n e d  as designed. 

Dur ing  t h i s  process, unexpected e f f e c t s  i n  bo th  t h e  de tec to r s  and 

e l e c t r o n i c s  were d iscovered  and cor rec ted .  C o r r e c t i v e  a c t i o n  would 

have been imposs ib le  i f  these e f f e c t s  had been d iscovered  a f t e r  launch. 

I n  a d d i t i o n  t o  r e a l - t i m e  m o n i t o r i n g  of t h e  r e l e v a n t  components 

o f  t h e  r a d i a t i o n  environment, t h e r e  i s  i n t e r e s t  i n  i n c l u d i n g  an e n t i r e  

complement o f  c h a r g e d - p a r t i c l e  ins t ruments ,  perhaps o r b i t i n g  i n  a  

s a t e l l i t e  i n  t h e  v i c i n i t y  o f  t h e  SPS, t o  produce a  complete da ta  base 

on t h e  r a d i a t i o n  environment.  A l though t h e  q u a n t i t y  o f  i n f o r m a t i o n  

would be t o o  l a r g e  t o  be a s s i m i l a t e d  i n  r ea l - t ime ,  t h e  recorded  da ta  



w i l l  pe rm i t  r e c o n s t r u c t i o n  o f  t he  r a d i a t i o n  environment f o r  use i n  

connect ion w i t h  unan t i c i pa ted  r a d i a t i o n  problems. 

CONCLUSIONS 

To conclude t h i s  eva lua t i on  o f  t h e  i o n i z i n g - r a d i a t i o n  env i ron-  

ment o f  t he  s a t e l l i t e  power system, we summarize t h e  p r e l i m i n a r y  assessment 

o f  t h e  r a d i a t i o n  doses and h i g h l i g h t  some p o t e n t i a l  problem areas. 

As p r e s e n t l y  conceived, t h e  SPS m iss ion  migh t  i n v o l v e  270 thousand 

space workers over a  p e r i o d  of 30 years.  3  

1. I n  LEO, n e a r l y  a l l  o f  t he  r a d i a t i o n  dose comes from t h e  geo- 

m a g n e t i c a l l y  t rapped p ro tons  i n  t h e  South A t l a n t i c  Anomaly. A  p r e l i m i n a r y  

es t ima te  i n d i c a t e s  t h a t  t h e  90- day m iss ion  dose behind 300 m i l s  

(= 2 g/cm2) o f  aluminum i s  about 20 rads a t  s o l a r  minimum; t h e  dose 

a t  s o l a r  maximum i s  about one-hal f  t h a t  a t  s o l a r  minimum. 

2. I n  the  o r b i t a l  t r a n s f e r  f rom LEO t o  GEO, t h e  t rapped e l e c t r o n  

f l u e n c e  i s  respons ib le  f o r  t h e  major p o r t i o n  o f  t h e  t o t a l  dose, w i t h  

t rapped e lec t rons  dominat ing behind a  s h i e l d  t h i ckness  l e s s  than  about 

2 2  g/cm aluminum and e l e c t r o n  bremsstrahlung dominat ing behind t h i c k e r  

s h i e l d s .  A p r e l i m i n a r y  es t imate  o f  t h e  dose f o r  a  round t r i p  f rom LEO t o  

GEO and back t o  GEO f o r  a  one-way t r a n s f e r  t ime  o f  5.25 hours4 i s  t y p i c a l l y  

2 2  3 r a d  behind 2 g/cm aluminum and 0.2 r a d  behind 5  g/cm aluminum. 

3 ~ e n t a t i v e l y ,  there  w i  11 be about 350 c o n s t r u c t i o n  workers r o t a t e d  every  
90 days f o r  each o f  60 s a t e l l i t e s  du r i ng  an e igh teen  month c o n s t r u c t i o n  
phase, and about twenty  maintenance workers r o t a t e d  every 90 days 
f o r  each o f  60 sate1 l i t e s  du r i ng  t h e  t h i r t y - y e a r  ope ra t i ona l  phase. 
The ac tua l  numbers o f  space workers w i  11 depend on op t ions  s t i  11 
under eva lua t i on  (see Reference System Report, 1979). 

4 ~ h i s  t r a n s f e r  t ime  was t h a t  assumed by S tass inopo l i s  (1979). Longer 
t r a n s f e r  t imes would, o f  course, inc rease  t h e  absorbed doses. 



3. I n  GEO, t h e  dose f rom p r e d i c t a b l e  r a d i a t i o n  sources comes 

f rom p e n e t r a t i n g  e l ec t rons  and t h e  assoc ia ted  bremsstrahlung. A 

p r e l i m i n a r y  es t imate  based on t h e  i n t e r i m  model (AEI-7) f o r  t h e  e l e c t r o n  

environment i n d i c a t e s  t h a t  t h e  90-day miss ion  dose behind 300 m i l s  

2 ( =  2 g/cm ) o f  aluminum v a r i e s  f rom about 29 r a d  f o r  t h e  bes t  pa rk i ng  

l ong i t ude  o f  70' west t o  about 56 r a d  f o r  t he  worst  p a r k i n g  l o n g i t u d e  

o f  160' west. Since the  major c o n t r i b u t i o n  comes f rom e l e c t r o n  bremsstrahlung, 

i t  i s  p o s s i b l e  t o  reduce these doses s i g n i f i c a n t l y  by des ign ing  t h e  

w a l l s  o f  t h e  work areas w i t h  an a d d i t i o n a l  l a y e r  o f  heavy meta l ,  

such as tanta lum o r  lead, t o  a t tenua te  t h e  e l e c t r o n  bremsstrah lung 

more e f f e c t i v e l y .  

4. A c r i t i c a l  ques t ion  a f f e c t i n g  t h e  des ign and p o s s i b l y  t h e  

f e a s i b i l i t y  o f  t he  SPS i s  whether o r  n o t  t h e  r a d i a t i o n  exposure l i m i t s  

i n  c u r r e n t  use w i l l  be reduced. I n  o rder  t o  i n t r oduce  s t a b i l i t y  i n t o  

t h e  p l ann ing  f o r  t h e  SPS miss ion,  i t  i s  necessary t o  s e t t l e  t h i s  ques t i on  

a t  an ear1.v date. 

5. There i s  a  major u n c e r t a i n t y  i n  t h e  assessment o f  t h e  r a d i a t i o n  

hazards because o f  t h e  l ack  o f  i n f o r m a t i o n  on t h e  b i o l o g i c a l  e f f e c t s  

o f  t he  HZE p a r t i c l e s .  There i s  a  need t o  generate t h i s  i n f o r m a t i o n  

w i t h  HZE p a r t i c l e  beams f rom t h e  Bevalac. The need t o  mon i t o r  exposure 

t o  HZE p a r t i c l e s  w i l l  remain as l o n g  as t h e r e  a re  unknown b i o l o g i c a l  

e f f e c t s  f rom t h e  unique t ype  o f  r a d i a t i o n  i n j u r i e s  produced by these 

p a r t i c l e s .  

6. High-a1 t i t u d e  nuc lear  de tona t ions  rep resen t  a  p o l  i t i c a l  l y  

unpred ic tab le  source o f  r a d i a t i o n .  The i n j e c t  i o n  o f  copious numbers 

o f  h i g h - i n t e n s i t y  e l ec t rons  i n t o  t h e  geomagnetic t r a p p i n g  r e g i o n  w i l l  



require plans for returning a l l  personnel t o  earth until radiation 

levels have decreased t o  1 ower values. 

7 .  An important part of the radiation protection design fo r  

the GEO base involves the hazard t o  personnel from solar par t ic le  

events. A heavily-shielded shelter i s  necessary t o  protect personnel 

from 1 arge solar par t ic le  events such as those of August 1972. To 

minimize the design weight of the storm she l te r ,  i t  i s  necessary t o  

take into account self-shielding of c r i t i c a l  organs by body t issues 

and t o  use personal shielding such as goggles to  protect the eye lens 

and lead undergarments to  protect the t e s t e s  and ovaries. While se l f -  

shielding by body t issues providks time fo r  space workers t o  move 

t o  the protective shel ter  before reaching the mission exposure l imits ,  

an early warning system i s  desirable t o  minimize the exposure. 

8. Both passive and active dosimeters are needed for  monitor- 

ing radiation exposures. In addition t o  rugged, rel iable ,  and simple 

passive dosimeters for  each individual, real -time monitoring i s  needed 

of unpredictable radiation sources, such as nuclear detonations, solar 

par t ic le  events, and short-term fluctuations of trapped electron fluxes 

i n  GEO. Space workers in GEO must be warned t o  move to areas affording 

greater protection whenever exposures from unpredictable radiations 

may exceed established limits. There i s  a need also to  monitor exposure 

to  HZE particles because of the unknown biological effects  from the 

unique type of injur ies  produced by these particles.  The design of 

appropriate active dosimeters can be based on the technology of existing 

space-operati onal instruments. 

9. The radiation requirements for  each portion of the SPS mission 
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must be determi ned f rom the  combined exposures f o r  

f o r  example, t he  a l lowable exposure w i t h i n  the veh 

on the  exposures i n  LEO, du r ing  o r b i t a l  t r ans fe r ,  

and unscheduled EVA, and as a n t i c i p a t e d  from so la r  

the t o t a l  mission; 

i c l e  a t  GEO depends 

dur ing scheduled 

p a r t i c l e  events. 

It i s  necessary t o  re-evaluate the  r a d i a t i o n  sh ie ld ing  requirements 

i n  terms o f  the  exposure budget f o r  each p o r t i o n  o f  the  miss ion.  Since 

there  are l a rge  u n c e r t a i n t i e s  i n  t he  e x i s t i n g  models o f  t h e  space 

r a d i a t i o n  environment, re -eva lua t ion  o f  t h e  sh ie ld ing  requirements 

must be updated as the models are improved; f o r  example, an important  

improvement needed i n  t h e  model o f  t h e  e lec t ron  environment f o r  GEO 

i s  the  dependence on the  so la r  cyc le.  The numbers quoted above f o r  

t he  p r e l i m i n a r y  est imates o f  doses do no t  take  i n t o  account t h e  unce r ta in t i es  

i n  models. 

RECOMMENDATIONS FOR CONTINUING RESEARCH EFFORT 

It i s  c lea r  f rom the fo rego ing  ana lys i s  t h a t  several unanswered 

quest ions should be attacked w i thou t  delay. The recommendations made 

below emerge f rom these considerat ions,  and would seem t o  c o n s t i t u t e  

the  minimum a c t i v i t y  t h a t  must be supported, based on our p resent  

knowledge o f  the  problems involved. 

1. One o f  t h e  major unresolved quest ions i s  t he  ex ten t  of t h e  

hazard f rom the  HZE component o f  t h e  r a d i a t i o n  i n  GEO. Two types 

o f  s tud ies  are recommended i n  t h i s  regard: 

a. Ear1.y i n i t i a t i o n  o f  appropr iate s tud ies  o f  the  b i o l o g i c a l  

e f f e c t s  o f  HZE p a r t i c l e s  on c r i t i c a l  orqans. This quest ion  

was no t  addressed i n  the  present  study. I t  i s  recommended 

t h a t  a  committee be c o n s t i t u t e d  t o  examine t h i s  quest ion, 



and to  arrive at  a ser ies  of experiments t o  be conducted with 

avail able heavy-i on beams t o  assess the biological effects  

of the c r i t i ca l  body organs assumed to  be the most vulnerable 

to the accumulation of damage from the HZE component. 

b. Realistic calculations of 90-day HZE exposure for  a "typical" 

space worker as a function of shielding thickness. For an 

adequate evaluation of the hazards t o  be made, i t  i s  recommended 

that reasonable estimates be obtained of the fluences of the 

HZE component expected in the various c r i t i ca l  organs determined 

in ( a )  above. Although the number of variables involved precludes 

a precise determination, i t  i s  important that the spacecraft 

designer i s  aware of the consequences of increasing the thickness 

of materials available for shielding. Although the absolute 

magnitude of the fluences may not be determinable with accuracy, 

the relat ive variation of fluence w i t h  thickness could give 

valuable information on the e f fec ts  of a given increase in 

thickness. This could impact the r isk vs. cost analysis 

for  the ultimate design chosen. 

2. Re-evaluation of the radiation exposure limits to  be used 

in spacecraft design. I t  i s  clear that  the radiation doses expected 

to  be encountered by a space worker during a 90-day SPS mission may 

exceed the limits recommended by the NCRP and ICRP for radiation workers. 

Since there will be a large number of workers who will potentially 

receive a significant radiation exposure, the career limits established 

by the NAS cornmi t t ee  for  astronauts may not be appropriate. In any 

case, th i s  question should be examined in detai l .  I t  i s  recommended 



t h a t  an appropr i  a t e  committee be c o n s t i t u t e d  

o f  what t h e  app rop r i a t e  exposure l i m i t s  shou 

w i t h  t he  c o n s t r u c t i o n  and maintenance o f  SPS 

On t h e  bas is  o f  t h e  l i m i t s  determined by  

o f  doses throughout  an e n t i r e  90-day m iss i on  

u s i n g  r e a l i s t i c  s h i e l d i n g  c o n f i g u r a t i o n s ,  so 

t o  s tudy t h e  q u e s t i o n  

I d  be f o r  workers  i nvo l ved  

t h i s  committee, es t ima t i ons  

must be r e c a l c u l a t e d ,  

t h a t  t h e  s p a c e c r a f t  des igner  

w i l l  have guidance i n  supp l y i ng  s u f f i c i e n t  s h i e l d i n g  t o  a p p r o p r i a t e l y  

1 i m i t  r a d i  a t i o n  exposure f r om p r e d i c t a b l e  sources. I n  a d d i t i o n ,  s t r a t e g i e s  

f o r  d e a l i n g  w i t h  t h e  unp red i c t ab le  sources must be developed a t  an 

e a r l y  stage, as these  may have s i g n i f i c a n t  impact on t h e  f i n a l  design. 
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