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FOREWORD 

The Department of .Energy (DOE) i s  cons ider ing  seve ra l  op t ions  f o r  
genera t ing  e l e c t r i c a l  power t o  meet f u t u r e  energy needs.  The s a t e l l i t e  power 
system (SPS), one of t hese  op t ions ,  would c o l l e c t  s o l a r  energy through a 
system of s a t e l l i t e s  ' i n  space and t r a n s f e r  t h i s  energy t o  e a r t h .  A r e f e rence  
system has  been descr ibed  t h a t  would use photovolt .aic c e l l s .  t o  c o l l e c t  the  
s o l a r  energy, conver t  i t  t o  microwaves, and t ransmi t  t he  microwave energy v i a  
d i r e c t i v e  antennas t o  l a r g e  r e c e i v i n g / r e c t i f y i n g  antennas ( r ec t ennas )  on 
e a r t h .  A t  t he  r ec t ennas ,  t he  microwave energy would be converted i n t o  e lec-  
t r i c i t y .  The p o t e n t i a l  environmental impacts of cons t ruc t ing  and ope ra t ing  
t h e  s a t e l l i t e  power system have been assessed  a s  a p a r t  of t he  Department 
of  ~ n e r g ~ ' s  SPS Concept ~eve lopmen t  and Evaluat ion Program. 

This  r e p o r t  is  t h e  l a s t  environmental assessment f o r  t he  SPS Concept 
Development and Evaluat ion Program. It has  been preceded by the  Pre l iminar  
Environmental Assessment f o r  t h e  S a t e l l i t e  Power system, f i r s t  published i: 
O c t o b e r  1978.  A r e v i s i o n  was i s s u e d  i n  J a n u a r y  1980.  T h i s  r e p o r t  i s  a 
summary of  more-detailed information publ ished i n  f i v e  volumes t h a t  r e f i n e  and 
extend the  e a r l i e r  assessments and provide guidance f o r  DOE recommendations 
regard ing  f u t u r e  SPS research  and assessment.  
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GLOSSARY 

a b l a t e  - t o  remove by c u t t i n g ,  e r o s i o n ,  me l t i ng ,  evapora t ion ,  o r  vapo r i za t i on .  

aerodynamics - a  branch of dynamics t h a t  d e a l s  with t h e  motion of a i r  and 
o t h e r  gaseous. f l u i d s  and wi th  f o r c e s  a c t i n g  on bodies  i n  motion r e l a t i v e  
t o  such f l u i d s .  

a lbedo  - t h e  f r a c t i o n  of i n c i d e n t  l i g h t  o r  e lec t romagnet ic  r a d i a t i o n  t h a t  is 
r e f l e c t e d  by a  s u r f a c e  o r  body. 

ambient - t h e  n a t u r a l  c o n d i t i o n  of  an environmental f a c t o r .  

ampl i tude  - the  maximum d e p a r t u r e  o f  t h e  va lue  of  an a l t e r n a t i n g  wave from t h e  
average va lue .  

a r t i f a c t  - a  p r o d u c t  o f  a r t i f i c i a l  c h a r a c t e r  d u e  t o  a n  e x t r a n e o u s  a g e n t .  

a t t e n u a t i o n  - a  r educ t ion  i n  amplitude of  e lec t romagnet ic  energy. 

beam width - t h e  a n g i i l a r  w i d t h  o f  a beam uf r a d i a t i o n ,  measured  between 
' t h e  d i r e c t i o n s  i n  which the  power i n t e n s i t y  ' i s  a  s p e c i f i e d  f r a c t i o n ,  

u s u a l l y  one-half,  o f  t h e  maximum. 

b i a s  c u r r e n t  - t h e  e l e c t r i c  c u r r e n t  app l i ed  t o  a  device  (e .g . ,  a  t r a n s i s t o r )  
t o  e s t a b l i s h  a  r e f e r e n c e  l e v e l  f o r  ope ra t i on .  

b i o t a  - t h e  p l a n t s  and animals  o f  a  r eg ion .  

COTV - c a r g o  o r b i t - t r a n s f e r  v e h i c l e ,  u sed  t o  t a k e  c a r g o  be tween  LEO and 
GEO . 

c i r c a d i a n  - p e r t a i n i n g  t o  even t s  t h a t  occur a t  approximately 24-hr i n t e r v a l s ,  
such a s  c e r t a i n  b i o l o g i c a l  rhythms. 

c loud condensat ion n u c l e i  (CCN) - p a r t i c l e s  upon which water vapor condenses 
. t o  form water  d r o p l e t s ,  which i n  t u r n  form clouds and fogs .  

cm - cen t ime te r  . 
continuous-wave r a d i a t i o n  - s i n g l e - f r e q u e n c y  , uniform-amp1 i t u d e  e l e c  t r o -  

magnetic r ad  i a t  ion .  

convec t ion  - c i r c u l a t o r y  motion t h a t  occurs  i n  t he  atmosphere due t o  non- 
un i formi ty  i n  temperature  and d e n s i t y ,  and t h e  a c t i o n  o f  g r a v i t y .  

c o r t i c a l  t i s s u e s  - t i s s u e  from t h e  o u t e r  l a y e r  of  g ray  m a t t e r  of t h e  b r a i n .  

cosmic r a y  - a  s t ream o f  atomic n u c l e i  of  heterogeneous,  extremely p e n e t r a t i n g  
c h a r a c t e r  athat e n t e r s  t h e  e a r t h ' s  atmosphere from o u t e r  space a t  a  speed 
approaching t h a t  of  l i g h t .  

coupl ing  - the mechanism by which e l e c e r m a g n e t i c  energy i s  de l ive red  Lu  a 
system o r  dev ice .  

c y t o g e n e t i c s  - a  branch of b io logy  t h a t  s t u d i e s  h e r e d i t y  and v a r i a t i o n  by t h e  
methods of  bo th  cy to logy  and g e n e t i c s .  

cy to logy  - a  branch of  b io logy  d e a l i n g  wi th  t h e  s t r u c t u r e ,  f unc t ion ,  m u l t i p l i -  
c a t i o n ,  pa tho logy ,  and l i f e  h i s t o r y  o f  c e l l s .  - 

dB - d e c i b e l ;  a  u n i t  f o r  express ing  t h e  r a t i o  o f  two amounts of  e l e c t r i c  o r  
a c o u s t i c  s i g n a l  power equa l  t o  10  t imes t h e  common logari thm of  t h i s  
r a t i o .  A r a t i o  o f  10 i s  10 dB, a  r a t i o  o f  100 i s  20 dB, a  r a t i o  o f  1000 
i s  30 dB, e t c .  

v i i i  



~ B ( A )  - "A-weighted" n o i s e  i n  d e c i b e l s .  The weighted average sound l e v e l  over  
t h e  frequency spectrum i n  accordance with t h e  performance of t h e  human 
e a r .  

dos imeter  - a dev ice  f o r  measuring doses  of r a d i o a c t i v i t y .  

ecology - a branch of s c i ence  concerned wi th  t he  i n t e r r e l a t i o n s h i p  o f  organ- 
i s m s  and t h e i r  environment.  

ecosystem - t he  complex o f  a  cbmmunity, and i t s  environment func t ion ing  a s  an 
e c o l o g i c a l  u n i t  i n  n a t u r e .  

e lec t romagnet ic  energy - energy i n  t h e  e n t i r e  range of wavelengths o r  f r e -  
quenc ies  of e lec t romagnet ic  r a d i a t i o n  ex t end ing '  from gamma rays  t o  t he  
longes t  r a d i o  waves and inc luding  v i s i b l e  l i g h t .  

e l e c t r o n  - a subatomic p a r t i d e  w i t h  a  nega t ive  e l e c t r i c a l  charge.  

endocrinology - a sc i ence  dea l ing  wi th  t he  endocrine g lands ,  which produce 
s e c r e t i o n s  t h a t  a r e  d i s t r i b u t e d  In  t h e  body by way o f  t h e  bloodstream. 

epidemiology ' -  a  branch of  medical s c i ence  t h a t  d e a l s  with t h e  inc idence ,  
d i s t r i b u t i o n ,  and c o n t r o l  o f  d i s e a s e  i n  a  popula t ion .  

exosphere - t h e  o u t e r  f r i n g e  r eg ion  o f . t h e  e a r t h ' s  atmosphere. 

f i e l d  i n t e n s i t y  - t h e  m a g n i t u d e  o f  t h e  e l e c t r i c  f i e l d  i n  v o l t s  p e r  m e t e r  
o r  t h e  magnitude of  t h e  magnetic f i e l d  i n  amperes per  meter .  

f l u x  - t h e  r a t e  of t r a n s f e r  of  articles o r  energy a c r o s s  a given su r f ace .  

frequency - t he  number of  complete o s c i l l a t i o n s  per second of  an e l e c t r o -  
magnetic wave, measured i n  h e r t z  ( H Z ) .  One h e r t z  equa ls  one cyc l e  per 
second. 

g e o s t a t i o n a r y  - geosynchronous. 

geosynchronous e a r t h  o r b i t  (GEO) - t he  o r b i t  a t  which i t  t a k e s  .a s a t e l l i t e  2 4  
h r  t o  c i r c l e  t he  e a r t h  so  t h a t  i t  i s  s t a t i o n a r y  a s  viewed from t h e  e a r t h ;  
a l t i t u d e  approximately 36,000 km. 

GHz - g igahe r t z :  one b i l l i o n  (1,000,000,000) h e r t z .  

GW - gigawat t :  one b i l l i o n  (1,000,000,000) w a t t s ;  a  measure of e l e c t r i c  
power. 

harmonic frequency - a component frequency of  an e lec t romagnet ic  wave t h a t  i s  
an i n t e g r a l  m u l t i p l e  of t h e  fundamental frequency. 

hematology - a branch of b io logy  t h a t  d e a l s  wi th  t h e  blood and blood-forming 
organs .  

Hz - h e r t z :  a  u n i t  of  frequency equa l  t o  one cyc l e  per  second. 

heavy- l i f t  launch v e h i c l e  (HLLV) - used t o  t r a n s p o r t  SPS m a t e r i a l s  from e a r t h  
t o  low e a r t h  o r b i t .  

HZE - cosmic-ray p a r t i c l e s  with h igh  charge and h igh  energy.  

immunology - a s c i ence  t h a t  d e a l s  wi th  t he  phenomena and causes  of d i s e a s e  
r e s i s t a n c e .  



in te rmodula t ion  - t h e  mixing of t he  components of a  complex wave with each 
, o t h e r  i n  a  non l inea r  c i r c u i t .  The r e s u l t  i s  tha t '  waves a r e  produced a t  

f requencies  r e l a t e d  t o  t he  sums and d i f f e r e n c e s  of t he  f requencies  of t he  
components of t h e  o r i g i n a l  waves. 

i o n  - an atom o r  group o f  atoms t h a t  c a r r i e s  a  p o s i t i v e  o r  nega t ive  e l e c t r i c a l  
c h a r g e  a s  a  r e s u l t  o f  h a v i n g  l o s t  o r  g a i n e d  one  o r ' m o r e  e l e c t r o n s .  

* .  
i o n i z i n g  r a d i a t i o n  - r a d i a t i o n  capable of producing ions by adding e l e c t r o n s  

t o ,  o r  removing e l e c t r o n s  from, an e l e c t r i c a l l y  n e u t r a l  atom, group of 
atoms, o r  molecule .  

ionosphere - t h e  p a r t  o f  t h e  e a r t h ' s  atmosphere beginning a t  an a l t i t u d e  of 
about 5 km and extending outward 500 Irm o r  more, conta in ing  f r e e . e l e c t r i -  
c a l l y  charged p a r t i c l e s  by means of which r a d i o  waves a r e  t r ansmi t t ed  
g r c a t  diotanaco around Cho on r th .  

kg - kilogram: m e t r i c  measure of mass. One kildgrm i s  about 2.2 pounds. 

k l y s t r o n  - an e l e c t r o n  tube  used t o  genera te  and amplify microwave cu r ren r .  

km - ki lometer :  a  m e t r i c  measure of d i s t a n c e .  One k i lometer  i s  about 0.6 
m i l e .  

low e a r t h  o r b i t  (LEO) - a l t i t u d e  approximately 500 km. 

m - meter:  a  m e t r i c  measure of d i s t a n c e .  One meter i s  about 39.8 inches.  

magnetosphere - a  reg ion  of the  e a r t h ' s  o u t e r  atmosphere i n  which e l e c t r i c a l l y  
charged p a r t i c l e s  a r e  t rapped and t h e i r  behavior  dominated by t he  e a r t h ' s  
magnetic f i e l d .  

mesoscale - of o r  r e l a t i n g  t o  a  meteoro logica l  phenomenon approximately 1-1 00 
km i n  h o r i z o n t a l  e x t e n t .  

mesosphere - a  l a y e r  of t he  atmosphere extending from the  top  of t he  s t r a t o -  
sphere t o  an a l t i t u d e  of about 80  km. 

pPa - micropascals :  s e e  Pa. 

VW - microwatt:  1/100,000 w a t t ,  a  u n i t  of energy o r  power. 

microwave - a  comparat ively s h o r t  e lec t romagnet ic  wave, e s p e c i a l l y  one between 
100 cm and 1 cm i n  wavelength or,  equ iva l en t ly ,  becween 0.3 and 30 G H z  i n  
f r p q i i ~ n c y  . 

mw/cm2-mi l l iwa t t s  pe r  square cent imeter :  u n i t , , o f  energy flow o r  power 
d e n s i t y .  A m i l l i w a t t  i s  1/1,000 wa t t .  

morphology - a  -branch .of  biology t h a t  d e a l s  with the  form and s t r u c t u r e  of 
animals and p l a n t s .  

m u l t i b i o t i c  - having o r  c o n s i s t i n g  of many p l a n t s  and animals .  

neuroendocrine - o f ,  r e l a t i n g  t o ,  o r  b e i n g  a  hormonal  s u b s t a n c e  t h a t  in -  
f l uences  t h e  a c t i v i t y  o f  nerves .  

n e u t r a l  p a r t i c l e s  - molecules ,  atoms, o r  subatomic p a r t i c l e s  t h a t  a r e  not  
e l e c t r i c a l l y  charged.  , 

neu t ron  - an  uncharged elementary p a r t i c l e  t h a t  has  a  mass nea r ly  equal  t o  
t h a t  of the  proton and i s  present  i n  a l l  known atomic n u c l e i  except  the  
hydrogen nucleus . 



n o c t i l u c e n t  cloud - a  luminous t h i n  cloud seen a t  n igh t  a t  a  he igh t  o f  about 
80 km. 

o c c u l t a t i o n  - t h e  s t a t e  of being hidden from view o r  l o s t  t o  n o t i c e :  e c l i p s e .  

ohmic h e a t i n g  - a  h e a t i n g  mechanism i n  a  plasma o r  o t h e r  conducting medium. 
The f r e e  e l e c t r o n s  i n  t h e  medium a r e  a c c e l e r a t e d  by an app l i ed  e l e c t r i c  
f i e l d  and g ive  up k i n e t i c  energy by c o l l i s i o n  with o t h e r  p a r t i c l e s .  

ppm - p a r t s  per  m i l l i o n :  used t o  measure p ropor t i on .  

Pa - pasca l :  a  u n i t  o f .  p r e s su re  equa l  t o  one newton per  square meter .  Twenty 
micropasca ls  (20  p,Pa) i s  about  t he  t h r e sho ld  of hea r ing  a t  1000 Hz. 

phase - t h e  measure of t h e  progress ion  of a  p e r i o d i c  wave i n  time o r  space  
from a  chosen i n s t a n t  o r  p o s i t i o n .  

pho to ion iza t ion  - i o n i z a t i o n  ( a s  i n  t h e  ionosphere)  r e s u l t i n g  from c o l l i s i o n  
of  a  molecule o r  atom wi th  a  photon. 

photon - a  quantum o f  r a d i a n t  energy.  

plasma - a  c o l l e c t i o n  o f  charged p a r t i c l e s  e x h i b i t i n g  some p r o p e r t i e s  o f  a  gas  
bu t  d i f f e r i n g  from a  gas  i n  being a  good conductor o f  e l e c t r i c i t y  and i n  
being a f f e c t e d  by a  magnetic f i e l d .  

PLV - personnel  launch v e h i c l e ,  used t o  t r a n s p o r t  SPS workers t o  low e a r t h  
orbi t . .  

POTV - personnel  o r b i t - t r a n s f e r  v e h i c l e ,  used t o  t r a n s p o r t  SPS workers between 
low e a r t h  o r b i t  and geosynchronous e a r t h  , o r b i t .  

power d e n s i t y  - t h e  q u a n t i t y  of  e lec t romagnet ic  energy t h a t  flows through a  
g iven  a r e a  per  u n i t  of  t ime. Formally,  power d e n s i t y  i s  s p e c i f i e d  i n  
w a t t s  per square meter (w/m2), bu t  by t r a d i t i o n  i n  b i o l o g i c a l  e f f e c t s  
s t u d i e s  i t  i s  u s u a l l y  expressed i n  m i l l i w a t t s  per square  cen t imeter  
(m~Icrn2).  

propagat ion - t h e  t ransmiss ion  of  e lec t romagnet ic  wave energy from one po in t  
t o  ano the r .  

proton - an  elementary p a r t i c l e  t h a t  is  i d e n t i c a l  with t he  nucleus of t he  
hydrogen atom, t h a t  along wi th  neut rons  i s  a  c o n s t i t u e n t  of  a l l  o t h e r  
atomic n u c l e i ,  t h a t  c a r r i e s  a  p o s i t i v e  charge numerical ly  equa l  t o  t he  
charge o f  an  e l e c t r o n .  

rec tenna  - a  coined term f o r  t h e  SPS ' r e f e r e n c e  system rece iv ing  antenna t h a t  
. a l s o  conve r t s  t h e  microwave power t o  d i r e c t - c u r r e n t  e l e c t r i c i t y .  

r e c t i f i c a t i o n  - t h e  conversion of an a l t e r n a t i n g  c u r r e n t  t o  d i r e c t  c u r r e n t .  

r e f r a c t i o n  - d e f l e c t i o n  from a  s t r a i g h t  p a t h  unde rgone  by a  l i g h t  r a y  o r  
. energy wave i n  passing ob l ique ly  from one medium i n t o  another  i n  which 

i t s  v e l o c i t y  i s  d i f f e r e n t .  

root-mean-square - f o r  an a l t e r n a t i n g  v o l t a g e ,  c u r r e n t ,  o r  f i e l d  q u a n t i t y :  
t h e  s q u a r e  r o o t  of  t h e  mean o f  t h e  s q u a r e  o f  t h e  q u a n t i t y  d u r i n g  a 
complete cyc l e  . 

s c a t t e r e d  power - power t h a t  i s  r e f l e c t e d  o r  d i spe r sed  a s  t h e  r e s u l t  of  an 
o b s t r u c t i o n  i n  t he  path ul: Clle power flow. 



s - second: t h e  60th p a r t  of  a  minute  of  t ime.  

s i d e  l obe  - r e f e r s  t o  power r a d i a t e d  from an  antenna i n  a  d i r e c t i o n  o t h e r  than 
- t h e  d e s i r e d  d i r e c t i o n  of  t r ansmis s ion .  

s p u r i o u s  power o r  frequency - e lec t romagnet ic  energy produced a t  f requenc ies  
t h a t  are.not e a s i l y  r e ' l a t ed  t o  a  s p e c i f i e d  ope ra t i ng  frequency. 

s t r a t o s p h e r e  - an upper . p o r t i o n  of t h e  atmosphere above approximately 10  km 
(depending on l a t i t u d e ,  season ,  and weather)  and  i n  which temperature  
changes l i t t l e  wi th  changing a t t i t u d e  and clouds of _water a r e  r a r e .  

s u s c e p t i b i l i t y  - t h e  s e n s i t i v i t y  of  an e lec t romagnet ic  r e c e i v e r  t o  undesired 
e lec t romagnet ic  waves t h a t  may r e s u l t  i n  i n t e r f e r e n c e .  

symptomatology - a b r a n c h  o f  m e d i c a l  s c i e n c e  c o n c e r n e d  w i t h  symptoms o f  
d i s e a s e s .  

t - m e t r i c  ton:  1000 k i lograms;  

t e r a t o l o g y  - t h e  s tudy  o f  malformation o r  s e r i o u s  d e v i a t i o n s  from. t h e  normal 
development of  f e t u s e s .  

thermosphere - t h e  p a r t  o f  t he  e a r t h ' s  atmosphere t h a t  beg ins  about 80 km 
above the  e a r t h ' s  s u r f a c e ,  ex tends  t o  o u t e r  space ,  and i s  c h a r a c t e r i z e d  
by s t e a d i l y  i n c r e a s i n g  tempera ture  wi th  h e i g h t .  

t r oposphe re  - t h e  p o r t i o n  of t he  atmosphere below the  s t r a t o s p h e r e ,  which 
e x t e n d s  o u t w a r d  a b o u t  1 5  km from t h e  e a r t h ' s  s u r f a c e ,  and i n  which  
temperature  g e n e r a l l y  d e c r e a s e s  r a p i d l y  with a l t i t u d e .  

I 

Van Al len  Bel t  - a ' b e l t  of i n t e n s e  i o n i z i n g  r a d i a t i o n  t h a t  surrounds t h e  e a r t h  
i n  t h e  o u t e r  atmosphere.  

x i i  



SUMMARY 

I n  t h e  s a t e l l i t e  power system (SPS) ,  s a t e l l i t e s  i n  geosynchronous e a r t h  
o r b i t  would c o l l e c t  s o l a r  energy i n  space,  conver t  i t  t o  microwaves, and 
t r ansmi t  t h e  microwaves t o  r ece iv ing  antennas ( r ec t ennas )  on e a r t h .  A t  t h e  
r ec t ennas ,  t h e  microwave energy would be converted t o  e l e c t r i c i t y .  This  
SPS environmental assessment consider ;  t h e  microwave and nonmicrowave e f f e c t s  
on t he  t e r r e s t r i a l  environment and human h e a l t h ,  a tmospheric  e f f e c t s ,  and 
e f f e c t s  on e lec t romagnet ic  systems. No environmental problem h a s  been iden- 
t i f i e d  t h a t  would prec lude  t h e  cont inued s tudy  of '  SPS technology. To inc rease  
t h e  c e r t a i n t y  of  t h e  assessment ,  some r e sea rch  has  been i n i t i a t e d  and long- 
term research  i s  being planned. 

Microwave E f f e c t s  on Heal th  and Ecosystems 

SPS workers i n  space o r  on e a r t h ,  t h e  gene ra l  pub l i c ,  and p l a n t s  and 
animals  would be exposed t o  microwaves from t h e  power t r ansmis s ion  system. 
Nonionizing microwave r a d i a t i o n  cannot cause b i o l o g i c a l  e f f e c t s  by t h e  t ypes  
o f  mechanisms e f f e c t i v e  i n  i o n i z i n g  r a d i a t i o n .  Most of  t h e  r epo r t ed  microwave 
e f f e c t s  on humans, an imals ,  and p l a n t s  a r e  a sc r ibed  t o  t h e  hea t ing  produced by 
t h e  microwave energy. The c u r r e n t  assessment is  t h a t  a t  h igh  l e v e l s  micro- 
waves ' have  t h e  p o t e n t i a l  t o  a f f e c t  immune systems, r ep roduc t ive  processes ,  
physiology,  and behavior .  

Ma in t enance  s p a c e  w o r k e r s  n e a r  t h e  SPS t r a n s m i t t i n g  a n t e n n a  and 
t e r r e s t r i a l  workers beneath t he  rec tenna  pane ls  o r  j u s t '  above them could be 
exposed t o  microwaves. The i n t e n s i t y  and d u r a t i o n  of t h e  exposures  could be ' 

c o n t r o l l e d ,  and p r o t e c t i v e  clothi 'ng might prove va luab le .  I f  i n t e r n a t i o n a l  
s t anda rds  f o r  microwave exposure a r e  developed i n  t h e  f u t u r e ,  t h e  microwave 
power t r a n s m i s s i o n  s y s t e m  would have  t o  b e  d e s i g n e d  t o  comply w i t h  such  
s t anda rds .  Considering t h e  small  number of  persons t h a t  would be  involved and 
t h e  opt  ions  i n  des ign  and environment c o n t r o l  t h a t  a r e  a v a i l a b l e ,  occupat iona l  
e x p o s u r e  ' t o  microwaves  i s  n o t  c o n s i d e r e d  t o  b e  a  c r i t i c a l  i s s u e  i n  t h e  
development o f  SPS technology. 

Based on c u r r e n t  knowledge, t h e r e  would appear t o  be l i t t l e  r i s k  of 
pub l i c  h e a l t h  problems. However, t h e  low l e v e l  of  microwave power d e n s i t y  o f f  
t h e  rec tenna  s i t e  would i nc rease  t h e  median popula t ion  exposure t o  background 
radio-frequency power d e n s i t y  by more than  an o rde r  of magnitude. A q u a n t i t a -  
t i v e  assessment of t h e  r i s k s  a s s o c i a t e d  wi th  chronic  exposure of t h e  gene ra l  
popula t iou  must be developed. 

The p o t e n t i a l  f o r  e f f e c t s  on t h e  ecosystem a s  a  whole due t o  t h e  very  
low SPS microwave power d e n s i t i e s  i s  unknown, and r e sea rch  i s  needed. I n i t i a l  
s t u d i e s  of honey bee behavior  and s u r v i v a l  show no e f f e c t  of  exposure t o  ' 

SPS- l eve l  microwaves .  C o n s i d e r i n g  t h e  v e r y  low microwave power d e n s i t y  
o u t s i d e  t h e  rec tenna  s i t e  and the  a d a p t a b i l i t y  of  t he  ecosystem, s i g n i f i c a n t  
e f f e c t s  would no t  be  l i k e l y .  



Nonmicrowave E f f e c t s  on Heal th and Ecosystems 

Development of t h e  s a t e l l i t e  power system would e n t a i l  convent ional  
mining,  manufactur ing,  and t r a n s p o r t a t i o n  a c t i v i t i e s . .  Their  environmental 
consequences a l s o  may b e  regarded a s  convent ional  and would occur even i f  t h e  
SPS were not developed, a s  a  r e s u l t  of ' t h e  development of ,other  new power 
sources .  However, t he  space a c t i v i t i e s  a s soc i a t ed  with the  s a t e l l i t e  power 
system must be g iven  s p e c i a l  cons ide ra t ion .  

SPS d e p l e t i o n  o f  r e sou rces  and gene ra t ion  of  convent ional  a i r  and water 
p o l l u t a n t s  and waste products  could be l o c a l l y  s i g n i f i c a n t  and n o t i c e a b l e  

. t o  t h e  pub l i c  n e a r  i n d u s t r i a l  c e n t e r s  and SPS r ec t enna  and launch s i t e s .  None 
of  t h e s e  p o t e n t i a l  lmpacts would be p e c u l i a r  t o  t he  s a t e l l i t e  power system, 
and a l l  could.  be c o n t r o l l e d  t o  some degree by convent ional  s t r a t e g i e s .  How- 
e v e r ,  n o i s e  d u e  t o  r o c k e t  l a u n c h e s  and l a n d i n g s  would p r e s e n t  a  s p e c i a l  
problem, and s i t e s  and t r a j e ' c t o r i e s  would need t o  be c a r e f u l l y  chosen. Also, 
s u n l i g h t  would be r e f l e c t e d  t o  e a r t h  by t h e  s o l a r  s a t e l l i t e s  and o t h e r  SPS 
s t r u c t u r e s .  I n i t i a l  s t u d i e s  of t h e  e f f e c t s  of t he  r e f l e c t e d  l i g h t  on the  eye 
a r e  i n  progress  and m i t i g a t i o n  s t r a t e g i e s  may be  requi red .  

Workers i n  i n d u s t r i e s  suppor t ing  SPS'development would be exposed t o  ' 

t h e .  same kinds of environmental e f f e c t s  a s  the  pub l i c ,  bu t  t h e i r  l e v e l  of 
exposure would o f t e n  be g r e a t e r . .  Avai lable  i n d u s t r i a l  s a f e t y  measures appear 
t o  be adequate t o  main ta in  SPS-related r i s k s  a t  gene ra l ly  accepted l e v e l s .  

One of t h e  p r i n c i p a l  i s s u e s  regard ing  t h e  SPS i s  the  a b i l i t y  of  humans 
t o  work e f f i c i e n t l y  i n  space f o r  extended periods of t imes without  undue 
r i s k  of l i f e  sho r t en ing  o r  p e r s i s t e n t  d i s a b i l i t y .  Avai lab le  d a t a  provide no 
s u b s t a n t i a l  evidence of  unpreventable  o r  noncorrec tab le  adverse e f f e c t s  on the 
h e a l t h  o f  SPS. space workers.  Pre l iminary  c a l c u l a t i o n s  o f  p r e d i c t a b l e  exposure 
t o  i o n i z i n g  r a d i a t i o n  f o r  SPS space workers i n d i c a t e  t h a t  r a d i a t i o n  doses 
might exceed c u r r e n t  l i m i t s  recommended by n a t i o n a l  and i n t e r n a t i o n a l  commis- 
s i o n s  on r a d i a t i o n  p r o t e c t  i on .  Unpredictable  . r a d i a t i o n ,  from s o l a r  storms f o r  
example, i s  also of concern. The r i s k s  trom ion iz lng  radiation i n  space 
could  be minimized through c a r e f u l l y  designed sh i e ld ing  f o r  space v e h i c l e s ,  
work ing  and l i v i n g  modu les ,  and  s o l a r  s t o r m  s h e l t e r s  a s  w e l l  a s  t h r o u g h  
s p e c i a l  monitor ing systems and personnel  dos imeters .  

Ecosystems might be a f f e c t e d  by p o l l u t a n t s  from i n d u s t r i a l  a c t i v i t i e s  
suppor t ing  SPS development; t hese  e f f e c t s  would be the  same a s  those from 
a c t i v i t i e s  suppor t ing  o t h e r  energy supply endeavors.  Some of t he  impacts 
would be s i t e  s p e c i f i c  and could be mi t iga t ed  o r  e l imina ted  by jud ic ious  s i t e  
s e l e c t i o n .  Other p r i n c i p a l  e c o l o g i c a l  e f f e c t s ,  ye t  t o  be q u a n t i t a t i v e l y  
a s s e s s e d ,  might stem from l i g h t  r e f l e c t e d  from power s a t e l l i t e s  and no i se  
nea r  launch and landing s i t e s .  Both of t hese ,  however, could be expected 
t o  be e i t h e r  minor p e r t u r b a t i o n s  o r  s u b j e c t  t o  m i t i g a t i o n  by appropr i a t e  
eng inee r ing  changes. 

Atmospheric E f f e c t s  

The waste h e a t  generated by r ec t enna  ope ra t ion  and the  e f f e c t  of t he  
s t r u c t u r e  on a i r  flow and h e a t  t r a n s f e r  would have a  small  impact on r eg iona l  



weather and c l ima te .  The impact would be comparable t o  t h a t  of  o t h e r  non- 
i n d u s t r i a l  land-use changes covering t h e  same a r e a  and would be of  l i t t l e  
consequence. The abso rp t ion  of  microwave power i n  t h e  t roposphere  would 
be  g r e a t e s t  during ra ins torms ,  bu t  even then would have a  n e g l i g i b l e  e f f e c t  
on t h e  weather .  

A i r  q u a l i t y  impacts o f  SPS rocke t  launches should no t  be s i g n i f i c a n t  o r  
involve  v i o l a t i o n s  of c u r r e n t  s t anda rds .  Nitrogen oxides  could be  expected i n  
t h e  ground cloud a t  concen t t a t i ons  comparable t o  those observed i n  power p l a n t  
plumes. Promulgation of an a i r '  q u a l i t y  s tandard  f o r  n i t rogen  d iox ide  i s  
a n t i c i p a t e d ,  and al though SPS heavy-l i f t - launch-vehicle  launches by themselves 
would not  be expected t o  v i o l a t e  t h e  s t anda rd ,  launch emissions combined wi th  
e x i s t i n g  l e v e l s  could cause a  problem. Nitrogen d iox ide  product ion could a l s o  
l ead  t o  s l i g h t  i nc reases  i n  ac id  r a i n  l o c a l l y  and i n t e r m i t t e n t l y ,  bu't i t  i s  
u n l i k e l y  t h a t  t h e  enhancement would be g r e a t  enough t o  cause any environmental 
e f f e c t .  Rocket e f f l u e n t s  from heavy- l i f t  launch v e h i c l e s  might t emporar i ly  
modify l o c a l  weather under c e r t a i n  meteoro logica l  cond i t i ons ;  cumulat ive 
e f f e c t s  might be produced by m u l t i p l e  launches.  Some m i t i g a t i o n  would be 
p o s s i b l e  through launch schedul ing .  

Carbon d iox ide  and n i t r o g e n  oxide emissions dur ing  t h e  rocke t  launches 
would no t  have any d e t e c t a b l e  e f f e c t  on t h e  s t r a t o s p h e r e  and mesosphere. The 
average change i n  t h e  t o t a l  ozone column due t o  water  vapor emissions from 
r o c k e t s ,  and i t s  e f f e c t  on u l t r a v i o l e t  r a d i a t i o n ,  would be unde t ec t ab l e .  
S i g n i f i c a n t  c o r r i d o r  ' ( l o c a l  concen t r a t i on )  e f f e c t s  would n o t .  be expected.  
Theo re t i ca l  c a l c u l a t i o n s  i n d i c a t e  t h a t  while  some n o c t i l u c e n t  c louds might 
form a t  t h e  mesopause due t o  water  vapor emiss ions ,  a  permanent g loba l - s ca l e  
c loud would not  be c r e a t e d .  On t h i s  b a s i s ,  no s i g n i f i c a n t  c l i m a t i c  e f f e c t  
would be expect1ed. 

The lower reg ion  of t h e  ionosphere i s  important because of t h e  e t t e c t  
o f  i t s  i o n i z a t i o n  on t h e  propagat ion of r a d i o  waves. Water vapor emi t t ed  by 
l a u n c h  r o c k e t s  m i g h t  d e p l e t e  t h e  i o n o s p h e r i c  p l a sma ,  w h i l e  n i t r i c  o x i d e  
produced dur ing  r e e n t r y  could enhance t h e  i o n i z a t i o n .  Current  capabi  1 it i e  s do 
no t  a l low a d e f i n i t i v e  assessment o f  t h e  u l t i m a t e  change i n  t h e  plasma d e n s i t y  
and i t s  e f f e c t  on radio-wave propagat ion.  SPS rocke t  e f f l u e n t s  tjatild reduce 
plasma d e n s i t y  i n  t h e  upper ionosphere,  producing ionospher ic  h o l e s  t h a t  could 
i n t e r f e r e  wi th  telecommunications systems. Each i n j e c t i o n  burn of  a  personnel  
o r b i t - t r a n s f e r  v e h i c l e  would c r e a t e  a n  i o n o s p h e r i c  h o l e  t h e  s i z e  o f  t h e  
c o n t i n e n t a l  United S t a t e s .  The c i r c u l a r i z a t i o n  burns of  t h e  heavy- l i f t  launch 
v e h i c l e s  would produce h o l e s  one-tenth t h e  s i ,ze .  While a  con f iden t  p r e d i c t i o n  
o f  c u m u l a t i v e  e f f e c t s  i s  n o t  y e t  p o s s i b l e ,  i t  h a s  b e e n  e s t i m a t e d  t h a t  a  
c h r o n i c ,  l o w - l e v e l  i o n o s p h e r i c  d e p l e t i o n  would d e v e l o p  i n  a  r i n g - s h a p e d  
g loba l  r eg ion  cen te red  around t h e  launch l a t i t u d e .  More-detailed modeling and 
an assessment of  radio-wave propagat ion e f f e c t s  a r e  r equ i r ed .  

Because t h e  chemical and argon-ion e f f l u e n t s  depos i ted  i n  t h e  upper 
atmosphere by personnel  and cargo  o r b i t - t r a n s f e r  v e h i c l e s  would be s u b s t a n t i a l  
compared t o  n a t u r a l l y  e x i s t i n g  q u a n t i t i e s ,  t h e s e  e f f l u e n t s  c o u l d  a f f e c t  
r a d i a t i o n  l e v e l s  i n  t h e  Van Al len  Belts, t e r r e s t r i a l  weather ,  space-based 
o p t i c a l  s enso r s ,  magnetic s torms,  and space-based communication systems. 
The p r o b a b i l i t y  t h a t  any of  t he se  e f f e c t s  would occur is  unknown, bu t  the  
c u r r e n t  assessment is  t h a t  t h e  consequences would not  be s o  s eve re  .or t he  
r equ i r ed  m i t i g a t i n g  s t r a t e g i e s  so  d i f f i c u l t  a s  t o  impede the  SPS p r o j e c t .  



E f f e c t s  of  Ionospheric  Heating on Telecommunications 

Changes i n  t,he ionosphere can a l t e r  the  performance of telecommunica- 
t i o n  systems whose power i s  t r ansmi t t ed  wi th in  and through the  ionosphere.  
The microwave power d e n s i t y  t r ansmi t t ed  from s o l a r  power s a t e l l i t e s  t o  e a r t h  
might be s u f f i c i e n t  t o  hea t  t he  ionosphere,  even though only a  small  f r a c t i o n  
of t h e  microwave power would be absorbed by the  ionosphere.  

E f f e c t s  on t h e  lower  i o n o s p h e r e  would be  due t o  enhanced  h e a t i n g  
through t h e  ohmic hea t ing  mechanism. Telecommunications experiments have been 
performed using ground-based ionospheric  hea t ing  f a c i l i t i e s  t o  observe the  
performance of r e p r e s e n t a t i v e  systems whose r a d i o  waves a r e  a f f e c t e d  by t h e  
s l r u c t u r e  of che lower ionosphere.  The r e s u l t s  obtained i n d i c a t e  t h a t  t he  
SPS, a s  c u r r e n t l y  conf igured  with a  peak power d e n s i t y  o f  23 mw/cm2, would not  
adve r se ly  impact t he  performance of v e r y - l o w - f r ~ q l l ~ n r y ,  low-frequenoy, and 
medium-frequency ( 3  kHz - 3 M H Z )  t e l e c o m m u n i c a t i o n  s y s  tems.  Con t inued  
t h e o r e t i c a l  and e x p e r i m e n t a l  work i s  r e q u i r e d  t o  e s t a b l i s h  t h e  maximum 
microwave power d e n s i t y  t h a t  would no t  adverse ly  a f f e c t  communications systems 
t h a t  use t h e  lower ionosphere.  

It i s  expected t h a t  hea t ing  e f f e c t s  i n  the  F-region would be due t o  
p lasma i r r e g u l a r i t i e s  c a u s e d  by t h e  t h e r m a l  s e l f - f o c u s i n g  phenomenon. 
R e s u l t s  obtained from experimental  s imula t ion  of SPS ope ra t ion  t o  measure 
thermal  se l f - focus ing  impacts have revea led  p o t e n t i a l  hea t ing  e f f e c t s  on 
s a t e l l i t e  s i g n a l s  propagated i n  t h e  very-high-frequency band. The observa- 
t i o n s  a r e  pre l iminary ,  and f u r t h e r  work i s  requi red  before  t he  SPS impact on 
telecommunication system performance can be asses'sed with con£ idence. 

Electromagnet ic  Systems Compat ib i l i ty  

The oatellicc powcr oystem would be des igued  and operaced In  ways t h a t  
would s a t i s f y  e s t a b l i s h e d  n a t i o n a l  and i n t e r n a t i o n a l  r u l e s  f o r  using the  
e lec t romagnet ic  spectrum. Never the less ,  t h e r e  would be a  s u b s t a n t i a l  poten- 
L iaP f o r  prodec ing  i n t e r  t e r ence  . The amount of microwave energy t r ansmi t t ed  
from space  t o  e a r t h  would be unprecedented. Only very  weak s i g n a l s  have been 
t r a n s m i t t e d  between space  and e a r t h  t o  d a t e ,  and these  s i g n a l s  have had an 
i n h e r e n t l y  low p o t e n t i a l  f o r  i n t e r f e r i n g  with o t h e r  systems. The s i z e  of t he  
microwave beam would a l s o  be very  l a r g e  a t  t he  e a r t h ' s  su r f ace .  

C o n v e n t i o n a l  e n g i n e e r i n g  p r a c t i c e s  and models  o f  e l e c t r o m a g n e t i c  
i n t e r f e r e n c e  can be used t o  determine t h e  electromagnet ic  s u s c e p t i b i l i t y  of 
e l ec r ruu i r :  equipment co microwave energy produced by the  s a t e l l i t e  power 
system. The uniqueness of .SPS i n t e r f e r e n c e  r e l a t e s  more t o  t he  scope of the  
p o t e n t i a l  problem ( t h e  number of systems t h a t  might be a f f e c t e d )  than t o  t he  
k i n d s  o f  i n t e r f e r e n c e  t h a t  m i g h t  r e s u l t  i n  t h e  a b s e n c e  o f  a m e l i o r a t i v e  
measures.  'Ihe p r i n c i p a l  s t r a t e g i e s  f o r  avoiding o r  minimizing SPS i n t e r -  
f e r e n c e  would be c a r e f u l  engineer ing  des ign  of the  microwave t r a n s m i t t i n g  and 
r e c e i v i n g  antennas,  j ud ic ious  rec tenna  s i t i n g  , and convent ional  methods such 
a s  s h i e l d i n g ,  f i l t e r i n g ,  and des ign  of t he  a f f e c t e d  systems. With the  excep-. 
t i o n  of s e n s i t i v e  m i l i t a r y  and research  systems, equipment more than 100 km 
from a rectenna s i t e  should not r e q u i r e  modi f ica t ion  o r  s p e c i a l  des ign  t o  
avoid degrada t ion  i n  performance. 



S o l a r  power s a t e l l i t e s  could i n t e r f e r e  with t h e  communications and 
e l e c t r o n i c  c i r c u i t r y  of  o t h e r  s a t e l l i t e s .  S a t e l l i t e s  i n  low e a r t h  o r b i t  
t h a t  would pass  through t h e  SPS microwave beam would r e q u i r e  s p e c i a l  de s ign  
mod i f i ca t i on ,  s h i e l d i n g ,  and f i l t e r i n g  . Their  o p e r a t i o n a l  procedures  would 
probably a l s o  need t o  be ad jus t ed  t o  account f o r  passage. near  o r  through the  
beam. S a t e l l i t e s  i n  geosynchronous e a r t h  o r b i t ,  i f  s u f f i c i e n t l y  separa ted  
from a  s o l a r  power s a t e l l i t e ,  should no t  be a f f e c t e d .  The a l lowable  spacing 
between a  s o l a r  power s a t e l l i t e  and o t h e r  s a t e l l i t e s  i n  geosynchronous o r b i t  
would probably n o t  be l e s s  than l o ,  bu t  t h i s  i s  based on approximate ana lyses  
t h a t  w i l l  r e q u i r e  ref inement  a s  t h e  SPS technology develops.  

M i l i t a r y  equipment used a t  major n a t i o n a l  defense  i n s t a l l a t i o n s  f o r  
combat t r a i n i n g  and equipment e v a l u a t i o n  u s u a l l y  i s  e s p e c i a l l y  s e n s i t i v e  t o  
ex t raneous  e lec t romagnet ic  f i e l d s .  Although s e n s i t i v e  m i l i t a r y  systems could 
be  modified and adapted t o  r e s t o r e  a  predetermined l e v e l  of  performance, t h e  
low p r o b a b i l i t y  o f  e r r o r  o r  t h e  h i g h  s a f e t y  m a r g i n s  d e s i g n e d  i n t o  t h e s e  
systems could be  compromised. It i s  l i k e l y  t h a t  t h e  on ly  accep tab l e  s t r a t e g y  
f o r  m i t i g a t i n g  SPS i n t e r f e r e n c e  w i t h  m i l i t a r y  s y s t e m s  would b e  r e c t e n n a  
s i t i n g .  

Radio and o p t i c a l  astronomy involves  s tudy  o f  t h e  weakest measurable 
s i g n a l s  from . the sky. The SPS would produce l a r g e  a d d i t i o n s  t o  e x i s t i n g  
i n t e r f e r e n c e  i n  t he  r a d i o ,  i n f r a r e d ,  and o p t i c a l  p o r t i o n s  of  t he  spectrum, 
t h u s  h inder ing  as t ronomica l  obse rva t ions .  Mi t iga t ion  s t r a t e g i e s  t h a t  r e q u i r e  
mod i f i ca t i on  of  t h e  as t ronomica l  equipment ( e  .g . ,  f i l t e r i n g )  would reduce t h e  
range of  t he  obse rva t ions .  Rectenna s i t i n g  and t e r r a i n  s h i e l d i n g  would no t  be 
e f f e c t i v e  because t h e  i n t e r f e r e n c e  source  ( i  . e . ,  t h e  s d l a r  power s a t e l l i t e )  
would be h igh  - i n  t he  sky. A s  t h e  SPS technology develops,  t h e  c o m p a t i b i l i t y  
wi th  astronomy w i l l  be a  major cons ide ra t i on .  The most l i k e l y  m i t i g a t i o n  
s t r a t e g i e s  would involve t h e  des ign  of  t h e  s a t e l l i t e  power system. 



INTRODUCTION 

The p o s s i b i l i t y  of c o l l e c t i n g  s o l a r  energy i n  space,  conver t ing  i t  t o  
microwave energy, t r a n s m i t t i n g  a  microwave beam t o  e a r t h ,  and then conver t ing  
t h e  microwave power t o  e l e c t r i c i t y  has been s tudied  by the  U.S. Department of 
Energy (DOE) and t h e  National  Aeronaut ics  and Space Adminis t ra t ion  (NASA). 
Th i s  j o i n t  program genera ted  the  information needed t o  make a  r a t i o n a l  deci-  
s i o n  regard ing  development of the  s a t e l l i t e  power system (SPS) program a f t e r  
1980.* NASA def ined  t h e  engineer ing  and ope ra t ing  c h a r a c t e r i s t i c s  o f  the  SPS. 
DOE eva lua t ed  t h e  sys tem's  h e a l t h ,  s a f e t y ,  and eco log ica l  impacts; examined 
economic, i n t e r n a t i o n a l ,  and i n s t i t u t i o n a l  i s s u e s ;  and developed comparative 
assessments  of t h e  SPS and a l t e r n a t i v e  f u t u r e  power sources .  

A n  SPS " re fe rence  system" dovclopcd by NASA p ~ o v i d e d  the  tec l -~nica l  a d  
o.perat iona1 information. DOE needed t o  conduct i t s  environmental and socio- 
eeoriomic s t u d i e s  and comparative assessments.** The re ference  system was an 
i n t e r i m  working concept ;  NASA's c u r r e n t  work has provided  a  more-complete 
understanding of t he  s a t e l l i t e  power system. Resul t s  of ongoing environmental 
s t u d i e s  w i l l  i n f luence  any f u t u r e  system des igns .  

An SPS s a t e l l i t e ,  a s  s p e c i f i e d  i n  t h e  r e f e r e n c e  s y s t e m ,  would be  
a  f l a t  s o l a r - c e l l  a r r a y  of about 50 km2 b u i l t  on a  graphi te - f iber - re inforced  
s t r u c t u r e ,  a s  i l l u s t r a t e d  i n  Figure 1. A microwave t r a n s m i t t i n g  antenna 1 km 
i n  d iameter  would be mounted on one end of the  s a t e l l i t e .  Each s a t e l l i t e  
would be c o n s t r u c t e d .  i n  geosynchronous e a r t h  o r b i t ,  a s  shown i n  F igure  2 ;  a  
100-km2 rec tenna  f o r  each s a t e l l i t e  would be b u i l t  a t  the .same ti.me. The 
r e f e r e n c e  system presumes 60 s a t e l l i t e s  would be cons t ruc ted  over a  30-yr 
p e r i o d .  

C o n s t r u c r i o n  b a s e s  i n  s p a c e ,  l a u n c h  a n d . m i s s i o n  c o n t r o l  b a s e s  on 
earth, and f l e e t s  of space v&hic lks  would be needed t o  b u i l d  and maintain 
t h e  s a t e l l i t e s .  The t r anspc - t a t i o r .  - -ek . ' . -?s  would inc lude  heavy- l i f t  launch 
v e h i c l e s ,  p e r s o n n e l  l a u n c h  v e h i c l e s ,  c a r g o  o r b i t - t r a n s f e r  v e h i c l e s ,  and 
personnel  o r b i t - t r a n s f e r  v e h i c l e s .  

The environmental assessment f o r  t h e  concept development and eva lua t ion  
phase of t he  SPS program i s  designed t o :  

I d e n t i f y  and d e s c r i b e  the  environmental i s s u e s  associ.atcd 
with t h e  SPS r e fe rence  system; 

Prepare an assessment based on e x i s t i n g  d a t a ;  

e Suggest m i t i g a t i n g  s t r a t e g i e s  and provide environmental 
d a t a  and g u i d a n c e  t o  o t h e r  components of  t h e  program 
a s  r equ i r ed ;  

*See S a t e l l i t e  Power System Concept Development and Evaluat ion Program Plan  
( ~ u l y  1977 - August 19801, Dept. of Energy Report DOE/ET-0034 (Feb. 1978). 

**See SPS Concept Development and Evaluat ion Program Reference System Report,  
Dept. of Energy Report DOE/ER-0023 ( 0 c t .  1978).  
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Plan long-range research t o  reduce the uncer ta in ty  jn t h e  
assessment ; and 

a I n i t i a t e  r e s e a r c h  on p a r t i c u l a r l y  s e n s i t i v e  i s s u e s .  

Ihe key environmental i s sues  associa ted  with the  s a t e l l i t e  power system 
concern h w a n  h e a l t h ,  ecosystems, t h e  atmosphere, and i n t e r a c t i o n  of e lec t ro-  
m a g n e t i c  syseems . F i v e  t a s k s  were established t o  a d d r e s s  t h e s e  i s s u e s :  

Task I Microwave Health 'and Ecological Ef fec t s  

Taek I1 Nonmicrowave Health and ~ c o l o ~ % g a i  .Effects 

Task 1,II Atmospheric Ef fec t s  

Taok IV . E f f e c t s  on Conuuw~ication Systems due to  
Io~~asptlerSc ~ f s r u t b a n c e  

Task V Electromagnetic Compatibi l i ty 

The cur ren t  assessments f i r '  these t a sks  a r e  smmiarized i n  t h i s  =eport .  

Task I evaluated the  p o t e n t i a l  e f f e c t s  of microwave energy on SPS 
w o r k e r s ,  t h e  g e n e r a l  p u b l i c ,  and ecosystems.  Other  p o s s i b l e  h e a l t h  and 
eco log ica l  impacts of the  s a t e l l i t e  power system were examined i n  Task 11. 
Task I11 character ized p o t e n t i a l  atmospheric disturbances due t o  t h e  SPS and 
assessed c l ima t ic  impacts. The impacts of  ionospheric disturbances caused by 
microwave heat ing on cammunication systems t h a t  use the  ionosphere f o r  radio- 
wave propagation were evaluated i n  Task I V  and i n  p a r t  i n  Task 111. Task V 
addressed the d i r e c t  e f f e c t s  of the  microwave power transmission system on 
communication and o the r  electromagnetic systems. 

Speci f ic  environmental i s sues  were i d e n t i f i e d  f o r  each t a s k  and an 
assessment performed based on e x i s t i n g  da ta .  No environmental problem has 
been i d e n t i f i e d  t h a t  would preclude t h e  continued study of t h e  s a t e l l i t e  power 
system technology. To increase  the  c e r t a i n t y  of t h e  assessment, some research 
h a s  been i n i t i a t e d  long-term research is being planned. 



1 HEALTH AND ECOLOGICAL EFFECTS OF MICROWAVE RADIATION 

1.1 INTRODUCTION 

The SPS microwave power t ransmiss ion  system would g e n e r a l l y  expose 
people and t h e  n a t u r a l  environment t o  low l e v e l s  of microwave r a d i a t i o n .  In  
a d d i t i o n ,  h igher  exposure l e v e l s  might be expected f o r  SPS t e r r e s t r i a l  and 
space  workers a s  we l l  a s  f o r  v e g e t a t i o n ,  animals ,  and members of  t h e  gene ra l  
pub l i c  nea r  rec tenna  s i t e s .  I n  l i g h t  of t he se  f a c t s ,  t h e  h e a l t h  and eco logi -  
c a l  e f f e c t s  o f  exposure t o  SPS microwave power must be analyzed.  

The SPS microwave r a d i a t i o n  assumed f o r  t h i s  a s s e s s m e n t  i s  t h a t  
p resen ted  i n  t h e  SPS r e f e r e n c e  system r e p o r t . l *  The r e f e r ence  system micro- 
wave frequency i s  2.45 GHz; t h e  power d e n s i t y  p r o f i l e  a t  and nea r  an  example 
rec tenna  s i t e  i s  i l l u s t r a t e d  i n  F igure  3. I f  t h e r e  .were 60 r ec t ennas  i n  t he  
c o n t i n e n t a l  United S t a t e s  spaced an average of 300 km a p a r t ,  t h e  t a i l $  o f  t h e  
power beam p a t t e r n s  would combine and t h e  minimum power d e n s i t y  a t  any po in t  
would be about 0.0001 m~/cm2. 

The power d e n s i t y  beneath t h e  rec tenna  pane ls ,  would depend on des ign  
d e t a i l s  and l o c a t i o n  under t h e  pane ls  and could be  a s  high a s  5 m~/cm2 nea r  
t h e  edge of  a  r ec t enna  pane l .  However, f o r  most of  t h e  a r e a  t h e  power d e n s i t y  
would be l e s s  than 1 mw/cm2. In space ,  nea r  t h e  s a t e l l i t e ' s  t r a n s m i t t i n g  

POWER DENSITY IS 23mw/cm2 
AT RECTENNA' CENTER . 

POWER DENSITY IS 1mw/cm2 
AT RECTENNA EDGE 

13  km NORTH-SOU1 
AT 3 5 O  LAT. ' ( POWER DENSITY IS 

0.1 mw/cm2 AT RECTENNA 
SITE EXCLUSION BOUNDARY 

Fig .  3. SPS Microwave Power Densi ty  C h a r a c t e r i s t i c s  a t  a  Rectenna S i t e  

" ~ e f e r e n c e s  f o r  Sec t ion  1 . a r e  l i s t e d  i n .  Sec t ion  1.4.  



antenna ,  t h e  power d e n s i t y  would be about 2200 mw/cm2 nea r  t h e  c e n t e r  o f  t he  
an tenna  and 240 mw/cm2 nea r  i t s  edge. 

Th.e SPS e n e r g y  beam would b e  u n d e r  t h e  c o n t r o l  o f  a  g round-based  
p i l o t  beam. Each suba r r ay  of t he  t r a n s m i t t i n g  antenna would have i t s  own 
radio-frequency r e c e i v e r  and phasing e l e c t r o n i c s  t o  process  t h e  pilot-beam 
i n s t r u c t i o n s .  I f  t h e  p h a s e - c o n t r o l  s y s t e m  f a i l e d ,  t h e  power beam would 
d ive rge  and t h e  peak power d e n s i t y  would drop t o  about 0.003 mw/cm2. I f  t he  
main power beam began t o  d r i f t  from t h e  c e n t e r  of  t h e  r ec t enna ,  s enso r s  a t  t he  
r ec t enna  s i t e  would feed back s i g n a l s  t o  t h e  t r a n s m i t t e r  and the  power flow 
would be i n t e r r u p t e d .  Harmonics of  2.45 GHz would be genera ted  a t  t h e  t r ans -  
m i t t e r  and the  r ec t enna ,  b u t  the  power d e n s i t i e s  a s soc i a t ed  wi th  them would 
be  o r d e r s  of magnitude l e s s  than t h e  power d e n s i t y  a t  2.45 GHz. 

The b a s i c  exposure s i t u a t i o n s  t o  be cons idered '  a r e  : 

Space workers could, be  occupa t iona l ly  exposed t o  h igh  
power d e n s i t i e s  and t h e i r  space s u i t s  would need t o  be 
designed f o r  p r o t e c t  ion.  

Persons working a t  t he  r ec t enna  s i t e  would be exposed f o r  
c o n t r o l l e d  p e r i o d s  o f  t ime  t o  power d e n s i t i e s  up t o  
23 mw/cm2, o r  perhaps h ighe r  i f  r e f l e c t i o n s  and enhance- 
ments a r e  cons idered .  S u i t a b l e  exposure s t anda rds  must be 
developed. 

The gene ra l  popula t ion  would be cont inuous ly  exposed , t o , ,  
power d e n s i t i e s  of  0 .1  kw/cm2 o r  less .  

Airborne b i o t a  'w i th in  t h e  microwave beam would be exposed 
t o  power d e n s i t i e s  of up t o  23 m~/cm2 f o r  d u r a t i o n s  t h a t  
depend on whether t h e  b i o t a  a r e  t r a n s i e n t  o r  indigeno~is  t o  
the  rec t e i ~ n a  s i t e .  

T r a n s i e n t  and i n d i g e n o u s  g round  a n i m a l s  and p l a n t s  
w i th in  o r ec t enna  s i t e  would l i k e l y  be exposed t o  power 
d e n s i t i e s  l e s s  than  1 mw/cm2 because t he  rec tenna  would 
absorb most o f  t h e  i n c i d e n t  r a d i a t i o n .  

Plafits  and animals  o u t s i d e  t h e  exc lus ion  boundary would be 
cont inuous ly  exposed t o  0 .1  m~/cm2 o r  l e s s .  

1 . 2  ASSESSMENT 

This  assessment summarizes a  more-detailed t rea tment  of  t h e  s u b j e c t , *  
and a l s o  makes use  of p re l iminary  assessment r e p o r t s  p re  a red  f o r  t h e  satel-  
l i t e  power sys  tem p r o j e c t 3  s 4  and o t h e r  gene ra l  reviews .f-7 These documents 
r e p r e s e n t  a  comprehensive review o f  t h e  r e l e v a n t  l i t e r a t u r e .  

Nonionizing v e r s u s  Ion i z ing  Radia t ion  

The d is f  i n c t  ion between microwave r a d i a t i o n  and ion i z ing  r a d i a t i o n  i s  
o f t e n  no t  made. Consequently,  t h e  known hazards of  t he  l a t t e r  a r e  l i nked  -- 
by imp l i ca t i on  -- with  exposure t o  microwaves. I n  essence ,  i o n i z i n g  r a d i a t i o n  



(which inc ludes  u l t r a v i o l e t  l i g h t ,  x-rays,  and the  emissions from r a d i o a c t i v e  
m a t e r i a l s )  has  s u f f i c i e n t  photon energy t o  expe l  an e l e c t r o n  from a  molecule ,  
l e av ing  t h e  molecule p o s i t i v e l y  charged ( i o n i z e d )  and thereby s t r o n g l y  a f f e c t -  
i ng  i t s  i n t e r a c t i o n s  wi th  neighboring molecules .  I o n i z a t i o n  can a l t e r  t h e  
func t ions  of b i o l o g i c a l  molecules fundamentally and o f t e n  i r r e v e r s i b l y .  By . 

c o n t r a s t ,  t he  photon e n e r g i e s  of microwaves a r e  so  much smal le r  t h a t  t h e i r  
p r i m a r y  e f f e c t  i s  t o  a g i t a t e  m o l e c u l e s  r a t h e r  t h a n  i o n i z e  them.  A l s o ,  
microwave-induced a g i t a t i o n  ceases  a f t e r  exposure i s  h a l t e d .  A t  low microwave 
i n t e n s i t i e s ,  t h e  h e a t  t h a t  such a g i t a t i o n  r e p r e s e n t s  i s  we l l  accommodateb by 
t h e  no rma l  t h e r m o r e g u l a t o r y  c a p a b i l i t i e s  o f  t h e  human, p l a n t ,  o r  a n i m a l  
e x p o s e d ,  and t h e r e f o r e  such  e f f e c t s  a r e  g e n e r a l l y  r e v e r s i b l e . .  A t  h i g h  
i n t e n s i t i e s ,  t h e  t h e ~ o r e g u l a t o r y  c a p a b i l i t i e s  may be unable t o  compensate f o r  
such e f f e c t s ,  thereby  l ead ing  t o  thermal d i s t r e s s  o r  even i r r e v e r s i b l e  thermal 
damage. I n  summary, a  s i n g l e  photon of  i o n i z i n g  r a d i a t i o n  t h a t  i s  absorbed by 
a  molecule a l t e r s h h e  p r o p e r t i e s  of  t h a t  molecule and thereby may profoundly 
a f f e c t  t h e  func t ion  of  t h e  b i o l o g i c a l  e n t i t y  involved,  whereaos t he  concur ren t  
a b s o r p t i o n  o f  many p h o t o n s  of  microwave  r a d i a t i o n  i s  n e c e s s a r y  t o  c a u s e  
b i o l o g i c a l l y  s i g n i f i c a n t  e f f e c t s .  

It fol lows from t h e  d i s c u s s i o n  above t h a t  even i f  a  b i o l o g i c a l  e f f e c t  
were produced by microwave r a d i a t i o n ,  t h a t  e f f e c t  might not  n e c e s s a r i l y  be 
d e l e t e r i o u s .  It should be s t a t e d  t h a t  one of t h e  reasons  why the  l e v e l s  of 
a l l owab le  exposure of  humans t o  microwaves a r e  g e n e r a l l y  lower i n  Eas t e rn  
European c o u n t r i e s  than i n  t h e  r e s t  of t h e  world i s  t h e  ph i lo soph ica l ly  based 
E a s t e r n  European  a s s u m p t i o n  t h a t  e v e r y  e f f e c t  p roduced  by  microwaves  i s  
p o t e n t i a l l y  harmful.  This  view i s  not  g e n e r a l l y  shared by s c i e n t i s t s  i n  
Western c o u n t r i e s .  

1.2.2 Exposure Standards 
- - - - . . . . 

The term "exposure s tandards"  i s  g e n e r a l l y  app l i ed  t o  s p e c i f i c a t  ions  o r  
g u i d e l i n e s  f o r  pe rmis s ib l e  occupat iona l  and nonoccupational exposure of  humans 
t o  e lec t romagnet ic  f i e l d s .  The s t anda rds  a r e  expressed a s  maximum power 
d e n s i t i e s  o r  f i e l d  i n t e n s i t i e s  i n  s p e c i f i c  frequency ranges  and f o r  i nd i ca t ed  
exposure du ra t i ons .  

The p re sen t  U.S. s tandard  i s  based on average power d e n s i t i e s  and i s  
e s s e n t i a l l y  t he  same a s  t h e  American Nat iona l  Standards I n s t i t u t e  (ANSI) 
r a d i a t i o n  p r o t e c t  i on  gu ide l ine  .8 Under t h i s  s t anda rd ,  which a p p l i e s  t o  t h e  
frequency range from 10  MHz t o  100 GHz, a  power d e n s i t y  o f  10 mw/cm2 should 
n o t  b e  exceeded  when a v e r a g e d  o v e r  a n y  e x p o s u r e  p e r i o d  o f  0 . 1  h r .  T h i s  
maximum pe rmis s ib l e  l e v e l  i s  a p p r o p r i a t e  f o r  exposure under moderate tempera- 
t u r e  and humidity c o n d i t i o n s ;  lower v a l u e s  should be used under environmental 
c o n d i t i o n s  t h a t  induce s i g n i f i c a n t  hea t  s t r e s s .  

& 

The 10-mW/cm2 v a l u e  o r i g i n a t e d  from ( 1 )  the  phys io log i ca l  c o n s i d e r a t i o n  
t h a t  whole-body exposure o f  a  human t o  l e v e l s  above 100 mw/cm2 would produce a  
mi ld  t o  severe  i n c r e a s e  i n  thermal  load ,  depending on t h e  l e v e l ,  and ( 2 )  t he  
a p p l i c a t i o n  of  a  s a f e t y  f a c t o r  of 10 t o  t he  lower l i m i t  of  t h i s  power-density 
range  . 

l'he U.S. ' s tandard  does ho t  con ta in  s p e c i f i c  enforcement o r  p u n i t i v e  
p rov i s ions  f o r  v i o l a t i o n s .  I t  has  been promulgated by t h e  Occupational S a f e t y  



and Heal th  Adminis t ra t ion  (OSHA) a s  a  r a d i a t i o n  p r o t e c t i o n  guide f o r  occupa- 
t i o n a l  exposure and h a s  been adopted by a  number of o r g a n i z a t i o n s ,  inc lud ing  
t h e  Department o f  Defense. The p r i n c i p l e  underlying t h i s  gu ide l ine  was t h e  
b e l i e f ,  based on t h e  then-ava i lab le  s c i e n t i f i c  evidence,  t h a t  n e a r l y  a l l  
workers could be  exposed t o  such a  l e v e l  of  microwave r a d i a t i o n  dur ing  the  
.normal s e r i e s  of  working days without  adverse e f f e c t s .  The gu ide l ine  t hus  
recognized  t h a t  e l ec t romagne t i c  f i e l d s  might cause b i o l o g i c a l  e f f e c t s  t h a t  
have no medical consequences,  o r  t h a t  t h e  workers could r e a d i l y  a d j u s t  t o  t he  
e f f e c t s .  

Based on r e c e n t  exper imenta l  and t h e o r e t i c a l  r e s u l t s ,  t h e  U.S. Environ- 
menta l  P r o t e c t i o n  Agency (EPA), Nat iona l  I n s t i t u t e  f o r  Occupational Sa fe ty  and 
H e a l t h  (NIOSH), and ANSI a r e  c o n s i d e r i n g  p o s s i b l e  r e v i s i o n s  t o  t h e  U . S .  
s t a n d a r d .  A p r o v i s i o n a l  frequency-dependent s tandard  based on an average 
s p e c i f i c  a b s o r p t i o n  r a t e  (SAR) l i m i t  of  0.4 w/kg i n  exposed t i s s u e  i s  being 
d i s c u s s e d .  Environmentti1 l e v e l s  o f  eleccrainagnecic fields are very  much lower 
t han  occupat iona l  l e v e l s ,  and the  ques t  ion of environmental s tandards  f o r  
t h e  g e n e r a l  popula t ion  i s  s t i l l  under cons ide ra t i on  by t h e  EPA. 

Presen t  s t anda rds  i n  t h e  United Kingdom, France,  and West Germany a r e  
e s s e n t i a l l y  t he  same a s  t h e  c u r r e n t  ANSI g u i d e l i n e . 2  This  was formerly t r u e  
f o r  Canada a l s o .  However, t h e  Canadian government has  r e c e n t l y  r ev i sed  i t s  
s t a n d a r d .  The maximum pe rmis s ib l e  nonoccupat ional  l e v e l  f o r  cont inuous expo- 
s u r e  i s  1 mw/cm2, a p p l i c a b l e  t o  f r equenc i e s  from 1 0  MHz t o  300 GHz. For occu- 
p a t i o n a l  exposure,  t h e  maximum l e v e l s  a r e  frequency- and duration-dependent.  
For  example, f o r  t h e  frequency range of 1-300 GHz, t h e  new s tandard  permits  
exposure t o  5 mw/cm2 f o r  a  maximum of 8 hr /day ,  up t o  10  mw/cm2 f o r  6 min o r  
l e s s ,  and up t o  25 mw/cm2 f o r  2.4 min o r  l e s s .  

The Swedish s t anda rd ,  which formerly was e s s e n t i a l l y  t he  same a s  t h e  
U,S, s t anda rd ,  was r e v i s e d  i n  1 9 7 6 . ~  Again, t h e  new maximum occupat iona l  
exposure l e v e l s  a r e  about  t e n  times lower than they were. The new s t anda rd  i s  
assumed t o  apply  t o  t h e  gene ra l  popula t ion  a s  we l l .  

Presumably, t h e  r educ t ions  o f  maximum pe rmis s ib l e  microwave exposure i n  
t h e  Canadian and Swedish s t anda rds  were engendered i n  p a r t  by cons ide ra t i on  
o f  some o f  the r e l a t i v e l y  r e c e n t  research  r e s u l t s  i n d i c a t i v e  of b i o l o g i c a l  
e f f e c t s  d u e  t o  c h r o n i c  e x p o s u r e  t o  power d e n s i t i e s  o f  1-10 mw/cm2. Fo r  
s i m i l a r  reasons ,  i t  i s  l i k e l y  t h a t  t he  exposure allowed by t h e  U.S. s tandard  
may a l s o  be  comparably reduced.  

I n  t h e  S o v i e t  Union, t h e  maximum l e v e l  f o r  24:hr expnsijre n f  t h e  
g e n e r a l  popula t ion  i s  5 v ~ / c m 2 ,  and t h e  occupat iona l  s tandard  s p e c i f i e s  h igher  

'maximum  level^.^ For example, i n  t h e  frequency range from 300 MHz t o  300 GHz, 
i t  permi ts  l e v e l s  from 10 p ~ / c m 2  f o r  a  f u l l  working day t o  1 mw/cm2 f o r  20 min 
o f  exposure.  However, Sovie t  m i l i t a r y  personnel  a r e  s p e c i f i c a l l y  exempted 
from such s t anda rds .  While t he  process  by which t h e  Sovie t  s tandard  was s e t  
i s  unknown, we can surmise - t h a t  t h e  s tandard  i s  based i n  p a r t  on t he  claimed 
e x i s t e n c e  of e f f e c t s  due t o  nonthermal mechanisms and on t h e  philosophy t h a t  
exposure t o  microwaves o f  any power d e n s i t y  is  p o t e n t i a l l y  harmful ,  l e ad ing  t o  
t h e  a p p l i c a t i o n  of l a r g e  s a f e t y  f a c t o r s  i n  formulat ing maximum permiss ib le  
exposure l e v e l s .  



It i s  p o s s i b l e  t h a t  i n t e rna t i -ona l  s tandards  w i l l  be developed i n  t h e  
f u t u r e .  A s  t he  SPS technology develops,  t h e  microwave power t ransmiss ion  

- system would have t o  be designed t o  comply with such s t anda rds .  

1 .2 .3  Ambient Electromagnet ic  Power D e n s i t i e s  

SPS microwave power-density l e v e l s  can be i n d i r e c t l y  compared with 
background o r  ambient power d e n s i t i e s  of  radio-frequency r a d i a t i o n .  ' The EPA 
i s  measuring ambient e lec t romagnet ic  f i e l d  i n t e n s i t i e s  a t  s e l e c t e d  metro- 
p o l i t a n  l o c a t i o n s  t o  permit e s t ima t ions  of cumulat ive f r a c t i o n s  of t h e  t o t a l  
popula t ion  being exposed t o  v a r i o u s  power d e n s i t i e s .  A r e c e n t  r e p o r t  p r e sen t s  
t h e  r e s u l t s  f o r  1 5  c i t i e s ,  i n c l u d i n g  a  t o t a l  o f  486 s i t e s . 9  The r e p o r t  
concludes t h a t ,  f o r  t h e  popula t ion  group s t a d i e d  -- r ep re sen t ing  20% of the  
t o t a l  U. S. popu la t i on ,  t h e  median exposure va lue  i s  0.005 p ~ / c m 2  t ime-averaged 
power d e n s i t y .  . Less than 1% of  the  popula t ion  i s  p o t e n t i a l l y  exposed t o  - 
l e v e l s  above 1 p ~ / c m 2 .  It was observed t h a t  FM r a d i o  broadcas t s  a t  88-108 MHz 
a r e  r e spons ib l e  f o r  most o f  t h e  cont inuous exposure of t h e  gene ra l  populat ion.  
D i r e c t  comparison wi th  SPS microwaves cannot be made because o f  t h e  frequency 
d i f f e r e n c e .  Never the less ,  t he se  d a t a  provide a  measure of  t h e  ambient non- 
ionizir ig  r a d i a t i o n .  

These ambient l e v e l s  may be  compared wi th  t h e  ~ . l - ~ ~ / c r n ~  minimum l e v e l  
expected i f  60 r ec t ennas  were cons t ruc t ed  i n  t h e  c o n t i n e n t a l  United S t a t e s .  
The conc lus ion  i s  t h a t  n e a r l y  a l l  of  t h e  gene ra l  popula t ion  would be exposed 
t o  l e v e l s  s i g n i f i c a n t l y  g r e a t e r  than  t h e  c u r r e n t  background l e v e l s .  Before 
t h e s e  r e c t e n n a s  a r e  c o n s t r u c t e d ,  a  q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e  r i s k  
a s s o c i a t e d  wi th  t h i s  exposure must be developed. 

1 .2 .4  I n t e r p r e t a t i o n  . . of  Experimental Resu l t s  
- " . . . - ,  P 

Most of  t h e  d a t a  a v a i l a b l e  f o r  t h i s  assessment r e s u l t s  from experiments  
with l a b o r a t o r y  animals .  The d i f f i c u l t i e s  i n  i n t e r p r e t i n g  t h e  l i t e r a t u r e  f o r  
t h i s  type of assessment have been d iscussed  i n  d e t a i 1 . 2 ~ 3 3 5  The problems 
inc lude :  

P r o p e r  t r e a t m e n t  o f  e x p e r i m e n t a l  c o n d i t i o n s  such  a s  
methods of  animal c a r e ,  t h e  r o l e  of  seasona l  and c i r c a d i a n  
rhythms, t empera ture ,  humidi ty ,  e t c  . 
Considera t ion  of  d i f f e r e n c e s  i n  s i z e ,  metabolism, and 
physiology.  

P r o p e r  a p p l i c a t i o n  and i n t e r p r e t a t i o n  o f  s t a t i s t i c a l  
ana lyses .  

Proper  dosimetry.  

To i l l u s t r a t e  t he  e f f e c t  of  frequency and body s i z e  on dos imet ry ,  i t  
h a s  been es t imated2  t h a t  a man exposed t o  1 mw/cm2 of microwave r a d i a t i o n  a t  
a  frequency o f  70 MHz would absorb 0.2 W/kg, b u t  a t  2.45 GHz, on ly  0.03  kg 
would be absorbed.  By c o n t r a s t ,  cxposure of a  l a b o r a t o r y  r a t  t o  1 rnw/cm2 a t  
2.45 GHz would r e s u l t  i n  a  s p e c i f i c  abso rp t ion  r a t e  of  0.2 W/kg. The inhe ren t  
d i f f i c u l t i e s  i n  e x t r a p o l a t i n g  from animals  t o  humans and i n  i n t e r p r e t i n g  d a t a  
a t  o t h e r  f requenc ies  a r e  apparen t .  



1.2 .5  B io log ica l  E f f e c t s  Research 

The p o t e n t i a l  i m p l i c a t i o n s  of  human microwave exposure due t o  SPS 
o p e r a t i o n  have been a s s e s s e d  through a thorough review of  t h e  l i t e r a t u r e . 2 *  * 

The . fol lowing c a t e g o r i e s  have been adopted t o  presen t  t h e  r e s u l t s  of t h i s  
rev iew and assessment:  

Epidemiology 

Genet ic  and c ~ t o g e n e t i c  e f f e c t s  and cancer  induc t ion  

Te ra togenes i s  and developmental abnorma l i t i e s  

Or.111.ar e f f e c t s  

Wervoi~n system 

B e l ~ a v i o ~  

Endocrinology 

Immunology 

When a p p r o p r i a t e ,  e f f e c t s  on animals  a r e  d i s cus sed  under t he se  c a t e g o r i e s  a s  
w e l l ;  a d d i t i o n a l  informat  ion  on microwave e f f e c t s  on ecosystems and a i rbo rne  
b i o t a  i s  presen ted  i n  Sec t ion  1.2.6.  

Epidemiology 

Severa l  epidemiologic  s t u d i e s  have been performed t o  determine i f  
one o r  more h e a l t h  c o n d i t i o n s  can be a s s o c i a t e d  s t a t i s t i c a l l y  with chronic  
exposure t o  nonioniz ing  e lec t romagnet ic  r a d i a t i o n  such a s  microwaves. A l -  
though none of  t h e s e  s t u d i e s  h a s  c l e a r l y  de f ined  t h e  exposure c .ondi t ions ,  t hey  
d o  r e p r e s e n t  t h e  r e c e n t  in format ion  on p o s s i b l e  e f f e c t s  ol: human exposure t o  
radio-frequency rad ia t ion .**  S t u d i e s  done i n  t h e  U n i ~ e d  Sta tes ,  Poland, and 
C z e c h o s l o v a k i a  o f f e r  no e v i d e n c e  o f  d e t r i m e n t a l  e f f e c t s  a s s o c i a t e d  w i t h  
exposure of t h e  gene ra l  popula t ion  t o  RFR. Soviet  s t u d i e s  o f f e r  f i nd ings  
t h a t . o c c u p a t i o n a 1  e x p o s u r e  t o  RFR a t  a v e r a g e  power d e n s i t i e s  l e s s  t h a n  
1.0 mw/cm2 does r e s u l t  i n  va r ious  symptoms, inc lud ing  symptoms a s soc i a t ed  
w i th  c e n t r a l  nervous system d i s o r d e r s .  Because Llle Sov ie t  f ind ingo  have 
n e v e r  b e e n  d u p l i c a t e d  i n  w e s t e r n  s t u d i e s ,  and b e c a u s e  t h e r e  a r e  marked 
d i f f e r e n c e s  between Sov ie t  and Western p u b l i c a t i o n s  i n  t h e  procedures  used f o r  

, r e p o r t i n g  d a t a ,  .any p r e d i c t i o n  o f  p o s s i b l e  RFR hazards  based on the  Sovie t  
epidemiologi.ca1 s t u d i e s  would r e q u i r e  acceptance of  t he se  f i nd ings  at face  
v a l u e .  Thus,  a v a i l a b l e  e p i d e m i o l o g i c a l  s t u d i e s  d o  not p r o v i d e  t h e  d a t a  
neces sa ry  t o  e i t h e r  make a q u a n t i t a t i v e  assessment o r  q u a l i t a t i v e l y  suggest  o r  
d i s m i s s  t h e  p o s s i b i l i t y  o f  e f f e c t s  from human exposure t o  microwaves. 

*See t h e  d e t a i l e d  assessment r e p o r t  (Ref .  2) f o r  c i t a t i o n s  of  t h e  s t u d i e s  
r e f e r r e d  t o  i n  t h i s  summary. 

**The term radio-frequency r a d i a t i o n  (RFR), a s  used he re ,  i s  intended t o  
apply  t o  f requenc ies  from approximately 10 MHz t o  18 GHz. RFK i nc ludes  
microwaves. 



Genet ic  and Cytogenet ic  E f f e c t s  and Cancer Induc t ion  

Mutations may occur  i n  any p l a n t  o r  animal s p e c i e s  due t o  a  v a r i e t y  of  
causes .  Microwave r a d i a t i o n  can produce s t r u c t u r a l  changes i n  genes i f  t he  
i n t e n s i t y  i s  so  high t h a t  c e l l s  a r e  s u b s t a n t i a l l y  hea ted .  This  has  been 
demonstrated with b a c t e r i a  i n  t e s t s  employing i n t e n s i t i e s  100 t imes h igher  
t han  those  proposed f o r  t h e  SPS microwave t ransmiss ion  system. Microwaves o f  
lower i n t e n s i t i e s  have been shown t o  possess  no mutagenic p o t e n t i a l .  More- 
o v e r ,  muta t ions  have not  been produced i n  more-complex b i o l o g i c a l  systems 
(whole-body animal t e s t s )  exposed t o  t h e  proposed SPS microwave i n t e n s i t y  and 
frequency . 

Although a  number of papers  publ ished over  t he  l a s t  30 yea r s  have 
claimed t h a t  microwave r a d i a t i o n  a t  v a r i o u s  f requenc ies  can produce mutat'ions, 
chromosome a b e r r a t i o n s ,  and cancer ,  a  c a r e f u l  review o f  t h e s e  papers  i n d i c a t e s  
t h a t  a l l  of  t h e  r epo r t ed  e f f e c t s  a r e  probably due t o  temperature  r i s e ,  f a u l t y  
exper imenta l  procedure,  o r  o t h e r  i n c i d e n t a l  causes .  There i s  no r e l i a b l e  o r  
sy s t ema t i c  evidence t h a t  microwave r a d i a t i o n  can induce any type of  mutat ion 
i n  l i v i n g  s y s t e m s  o t h e r  t h a n  -- p o s s i b l y  -- by h e a t i n g  t h e  t i s s u e  u n d e r  
examinat ion.  The mechanism by which temperature  r i s e  could induce apparent  
mutagenic e f f e c t s  is  no t  understood.  Poss ib ly  an i nc rease  i n  temperature  
a c c e l e r a t e s  t he  r a t e  of spontaneous mutagenic processes  i n  t he  t i s s u e .  There 
i s  no evidence t h a t  microwave i r r a d i a t i o n  induces cancer ,  a l though it i s  
p o s s i b l e  t h a t  some c a n c e r - p r o m o t i n g  e f f e c t  c o u l d  r e s u l t  from a c t i o n  o f  
microwaves on t h e  endocrine system ( s e e  l a t e r  d i s cus s ion  of endoc r ino log ica l  
e f f e c t s ) .  On t h e  whole, however, t h e r e  i s  probably no p o s s i b i l i t y  o f  muta- 
t i o n s  o r  cancer  from microwave r a d i a t i o n .  

The SPS microwave t ransmiss ion  system would no t  be expected t o  produce 
muta t ions  o r  cancer  i n  humans o r  animals .  This  expec t a t i on  a p p l i e s  equa l ly  t o  
t e r r e s t r i a l  EPS worlcers, t h e  gene ra l  puhl i r . ,  and ecosystems. Space workers 
conce ivably  could  be  exposed t o  r e l a t i v e l y  i n t e n s e  microwave energy f o r  b r i e f  
pe r iods ,  bu t  s u b s t a n t i a l  body hea t ing  would be u n l i k e l y .  Basic l i f e  forms, 
such a s  b a c t e r i a ,  probably would no t  be a f f e c t e d  even i f  they  were t o  e x i s t  i n  
t h e  immediate v i c i n i t y  o f  an SPS microwave beam. 

Tera togenes i s  and Developmental Abnormali t ies  

I n  t h e  narrowest  sense  o f  t he  word, t e r a t o g e n e s i s  r e f e r s  t o  t h e  produc- 
t i o n  of anatomical  a b e r r a t i o n s  i n  a  developing f e t u s .  The term i s  most o f t e n  
app l i ed  t o  development of mammalian f e t u s e s ,  bu t  s t u d i e s  of microwave e f f e c t s  
on t he  development of b i r d  eggs and t h e  da rk l ing  b e e t l e ' s  pupae have a l s o  been 
performed. Te ra to log i c  s t u d i e s  a l s o  have included obse rva t ions  o f  f e t a l  dea th  
o r  r e s o r p t i o n  and of  phys io log i ca l  and c e l l u l a r  abnorma l i t i e s  observed i n  t h e  
o f f s p r i n g  a f t e r  b i r t h .  

T e r a t o g e n i c  e f f e c t s  o f  microwave  r a d i a t i o n  have  been  r e p o r t e d  by  
a number of  s t u d i e s .  A t  power d e n s i t i e s  g r e a t e r  than 10 mw/cm2, f e t u s e s  of 
smal l  r oden t s  have e x h i b i t e d  delayed growth and increased  t e r a t o l o g i c  changes,  
w h e r e a s  r e p r e s e n t a t i v e  a v i a n  s p e c i e s  showed no e v i d e n c e  o f  t e r a t o l o g i c  
e f f e c t s ,  Also, s q u i r r e l  monkeys exposed t o  power d e n s i t i e s  up t o  10 mw/cm2 
d a i l y  du r ing  most of t he  g e s t a t i o n  per iod  showed no b i r t h  d e f e c t s .  Although 



t h e  mechanism f o r  i nduc t ion  of t e r a t o l o g i c  e f f e c t s  is  not  known, i t  may be 
p re sumed . tha t  t empera ture  r i s e  o r  h e a t  load i n  t h e  i r r a d i a t e d  s u b j e c t s  p l ays  a  
s i g n i f i c a n t  r o l e .  

I n  summary, exposure t o  power d e n s i t i e s  g r e a t e r  than 10 m~/cm2 may 
d e l a y  f e t a l  growth i n  mammals, b u t  n o t  i n  b i r d s .  Some rodent  f e t u s e s  could be 
harmed a t  t h e  r ec t enna .  s i t e .  However, harm t o  human f e t u s e s  o f f  t h e  rec tenna  
s i t e  would not be  expected because o f  t h e  lower power d e n s i t i e s  (0 .1  mw/cm2 o r  
l e s s )  ,and the  frequency/body-size r e l a t i o n s h i p ,  which would f u r t h e r  diminish 
t h e  abso rp t ion  o f  energy by humans. 

Ocular E f f e c t s  

During t h e  p a s t  30 y e a r s ,  v a r i o u s  s t u d i e s  have examined R F R  e f f e c t s  on 
€he  eyes  of animals .  Many o f  t he  r e s u l t s  i n d i c a t e  t h a t  temperature  i n c r e a s e s  
w i t h i n  t h e  eye of  about 5 C "  o r  more a r e  necessary  f o r  eye damage. The eye 
damage most o f t e n  t a k e s  t h e  form of c a t a r a c t s .  Also, l e n s  o p a c i f i c a t i o n s  
caused by RFR exposure a lone  have not  been produced a t  t he  same power d e n s i t y  
when t h e  eye was cooled .2 

Many o f  t h e  r e s u l t s  of RFR exposure s t u d i e s  i n d i c a t e  t h a t  (1 )  t h e r e  
i s  a n  i n v e r s e  r e l a t i o n s h i p  between average power d e n s i t y  and exposure d u r a t i o n  
a s  causes  of c a t a r a c t  formation and ( 2 )  a  t h r e sho ld  average power d e n s i t y  f o r  
c a t a r a c t  formation e x i s t s  a t  about 100 mw/cm2.2,5 For example, f o r  average 
power d e n s i t i e s  dec reas ing  from about 500 mw/cm2 t o  200 m~/cm2,  t h e  exposure. 
d u r a t i o n  needed t o  damage r a b b i t  eyes  i n c r e a s e s  fr.om 1-2 min t o  about 20 min. 
However, c a t a r a c t s  have not  been produced a t  100 mw/cm2 f o r  exposure d u r a t i o n s  
o f  up < t o  100 min. Thus, i t  i s  not  expected t h a t  humans o r  animals would 
s u f f e r  eye damage from chronic  exposure t o  SPS microwaves, e i t h e r  a t  t h e  
r e c t e n n a  s i t e ,  i n  t r a n s i t  through $he beam, nr 01-~tside tho  reotenna s i t e .  

S e v e r a l  r e t r o s p e c t i v e  e p i d e m i o ' l o g i c a l  s t u d i e s  were p e r  formed t o  
a s c e r t a i n  w h e t h e r  o r  n o t  c h r o n i c  e x p o s u r e  t o  RFR c o u l d  c a u s e  c a t a r a c t s .  
A s  wi th  o t h e r  r e t r o s p e c t i v e  ep idemiologica l  s t u d i e s ,  t h e  exposure h i s t o r i e s  
( f r e q u e n c i e s  and i n t e n s i t i e s  of r a d i a t i o n ,  d u r a t i o n  o f  exposure,  e t c . )  i n  
e i t h e r  t h e  exposed o r  t h e  c o n t r o l  groups used i n  t h e s e  s t u d i e s  were d i f f i c u l t  
t o  de te rmine  ' a ccu ra t e ly .  However, it i s  q u i t e  l i k e l y  t h a t  t h e  exposed groups 
d i d  r e c e i v e  more RFR exposure than  t h e  c o n t r o l  groups. The r e s u l t s  support  
t h e  conc lus ion  from animal s t u d i e s  t h a t  chronic  exposure t o  RFR a t  average 
power d e n s i t i e s  wel l  below 150 mw/cm2 i s  not  l i k e l y  t o  produce c a t a r a c t s .  

Nervous Sys terns 

People  near  some types .  of pulsed r a d a r  systems have perceived ind iv id-  
u a l  p u l s e s  o f  RFR a s  a u d i b l e  c l i c k s .  This  phenomenon has  o f t e n  been c i t e d  a s  
ev idence  t h a t  microwave e f f e c t s  due t o  nonthermal mechanisms can occur .  An 
i n i t i a l  hypo thes i s  was t h a t  one of  t h e  p o s s i b l e  mechanisms f o r  percept ion  
was d i r e c t ' s t i m u l a t i o n  o f  t h e  c e n t r a l  nervous system by RFR. However, v a r i o u s  
t h e o r e t i c a l  and experimental  s t u d i e s ,  t h e  l a t t e r  with both human v o l u n t e e r s  
and l a b o r a t o r y  an imals ,  have been conducted t o  determine t h e  cond i t i ons  under 
which pulsed RFR can be heard and t o  i n v e s t i g a t e  t he  mechanisms involyed.  



Many o f  t he  r e s u l t s  support  t h e  hypothes i s  t h a t  a  pu l se  of RFR having the  
r e q u i s i t e  power d e n s i t y  and d u r a t i o n  can produce a  t r a n s i e n t  thermal  g r a d i e n t  
l a r g e  enough t o  g e n e r a t e  a n  e l a s t i c  shock  wave a t  some bounda ry  be tween  
r eg ions  of  t h e  head wi th  d i s s i m i l a r  d i e l e c t r i c  p r o p e r t i e s ,  and t h a t  t h i s  shock 
wave i s  t r ansmi t t ed  t o  t h e  middle e a r ,  where i t  i s  perceived a s  a  c l i c k .  
Furthermore, t h i s  a u d i t o r y  phenomenon i s  a  pulsed-RFR e f f e c t  and would no t  be 
o f  concern wi th  regard  t o  t h e  proposed SPS cont inuous microwave t ransmiss ion .  

One s e r i e s  of s t ud i e s233  i n d i c a t e s  t h a t  t h e  nervous system is se lec-  ' 

t i v e l y  respons ive  t o  weak e lec t romagnet ic  f i e l d s  with f requenc ies  below 30 Hz 
o r  t o  microwave f i e l d s  t h a t  a r e  modulated a t  t he se  low f r equenc i e s .  E lec t ro-  
magnetic r a d i a t i o n  can a l t e r  t h e  f l u x  of calcium ions  i n  c o r t i c a l  t i s s u e s  
of b r a i n s  i s o l a t e d  i n  t h e  l a b o r a t o r y ,  bu t  on ly  when t h e  RFR i s  modulated by 
f r equenc i e s  between 5 Hz and 25 Hz, which a r e  nea r  n a t u r a l  b i o l o g i c a l  f r e -  
quenc ies  ( e  .g . ,  near .  t h e  8- t o  ,16-Hz range of t h e  electroencephalogram [EEG] 
a lpha  rhythm). The e f f e c t  may be r e l a t e d  t o  s u b t l e  bu t  r e l i a b l e  s h i f t s  of 
t iming  behavior  t h a t  a r e  seen  i n  experiments us ing  monkeys. Because t he  
e f f e c t  i s  modulation-frequency dependent,  i t  may be considered i r r e l e v a n t  t o  

.SPS. However, a  f i e l d  t h a t  i s  no t  modulated by i t s  source  can nonethe less  be 
modulated by an. exposed animal a s  i t  moves i n  t h e  f i e l d . 3  A p a r t i c u l a r l y  
r e l e v a n t  example i s  t h a t  of a  b i r d ' s  wings a s  i t  f l i e s  through a  microwave 
beam. 

The e x i s t e n c e  of  a  "blood-brain b a r r i e r "  i n  most r eg ions  of  t he  b r a i n  
h a s  been e s t a b l i s h e d  expe r imen ta l l y ,  a l though i t s  s p e c i f i c  s t r u c t u r e  i s  s t i l l  
c o n j e c t u r a l .  This  b a r r i e r  normally provides  high r e s i s t a n c e  t o  movements of  
l a r g e  molecules ,  such a s  p r o t e i n s  o r  po lypept ides ,  from t h e  blood v e s s e l s  i n t o  
t h e  s-urrounding b r a i n  t i s s u e ,  presumably t o  p r o t e c t  t h e  b r a i n  from invas ion  by 
v a r i o u s  blood-borne pathogens and t o x i c  subs tances .  Severa l  i n v e s t i g a t o r s  
have repor ted  t h a t  low l e v e l s  of  RFR can i n c r e a s e  t he  pe rmeab i l i t y  of t he  
blood-brain b a r r i e r  t o  c e r t a i u  subs tances  o f  l a r g e  molecular  weight .  However, 
o t h e r s  have been unable  t o  confirm such e f f e c t s ,  thereby  r ende r ing  t h e  r e s u l t s  
c o n t r o v e r s i a l  and inconc lus ive .  

There have been r e p o r t s  o f  microwave e f f e c t s  i n  animal t i s s u e  a t  energy 
l e v e l s  presumed t o  be below those  t h a t  would cause increased  temperature .  
However, l a t e r  s t u d i e s ,  with a  b e t t e r  understanding o f  l o c a l i z e d  power deposi- 
t iori, have shown t h a t  a l though t h e  cond i t i ons  v a r i e d  widely,  a l l  e f f e c t s  
r epo r t ed  were c l e a r l y  due t o  thermal mechanisms. 

Many s t u d i e s  have been conducted of  t h e  EEG o f  animals exposed t o  
radio-frequency r a d i a t i o n .  Some of  t he se  have been c a r r i e d  ou t  with meta l  
e l e c t r o d e s  e i t h e r  implanted i n  t h e  b r a i n  o r  a t t ached  t o  t he  s c a l p  dur ing  
exposure.  The use of such m e t a l l i c  e l e c t r o d e s  g r o s s l y  p e r t u r b s  t h e  e l e c t r o -  
magnetic f i e l d s  and g r e a t l y  enhances energy abso rp t ion  near  t h e  e l e c t r o d e s .  
Such enhancement produces a r t i f a c t s  i n  t h e  expe r imen te tha t  can be minimized by 
u s e  of e l e c t r o d e s  a p p r o p r i a t e l y  designed from h i g h - r e s i s t i v i t y  m a t e r i a l s .  
Experiments i n  which such spec i a l l y - cons t ruc t ed  e l e c t r o d e s  were used, o r  i n  
which e l e c t r o d e s  were app l i ed  a f t e r  exposure,  show no evidence of s t a t i s t i -  
c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  EEGs o r  evoked responses  between c o n t r o l  and 
RFR-expo s ed an ima 1 a .  

For humans and animals  o u t s i d e  t h e  SPS r ec t enna  s i t e ,  it would seem 
t h a t  e f f e c t s  on t he  nervous system a r e  u n l i k e l y .  Beneath t h e  rec tenna  pane ls ,  



t h e  power d e n s i t y  i s  a l s o  probably too  low t o  expect  e f f e c t s  on the  nervous 
system. For a i r b o r n e  b i o t a ,  having access  t o  the  power beam and power den- 
s i t i e s  up t o  2 3  mw/cm2, t h e  ques t ion  i s  whether e f f e c t s  might be induced by 
" b i o l o g i c a l  modulation." However, t h e r e  i s  nothing i n  t he  c u r r e n t  l i t e r a t u r e  
t h a t  a l lows a  d e f i n i t i v e  assessment .  S tudies  of microwave e f f e c t s  on a i rbo rne  
b i o t a  have been i n i t i a t e d  a s  p a r t  of DOE'S eva lua t ion  of the  SPS ( see  Sec t ion  
1 .2 .6 ) .  

Behavior 

Behavior i s  one of t he  most-explored a spec t s  of microwave e f f e c t s ;  a  
number of s t u d i e s  have examined s e v e r a 1 . a s p e c t s  of behavior  t h a t  could Lr 
a l t e r e d  by nonionizing r a d i a t i o n  exposures r e l e v a n t  to  SPS microwaves. These 
inc lude  s t u d i e s  of microwave percept ion ,  t h e  e i f e c t s  of microwaves on the  
l e a r n i n g  and performance .of t r a i n e d  t a sks ,  and i n t e r a c t i v e  e f f e c t s  'of micro- 
waves and drugs on behavior .  

Many of t h e  s t u d i e s  seem t o  have been prompted by Soviet  r e p o r t s  claim- 
ing  t h a t  RFR had d i r e c t  e f f e c t s  on t h e  c e n t r a l  nervous system a t  low power 
d e n s i t i e s .  Ev idence  t o  s u p p o r t  t h i s  c l a i m  from U.S. n e u r o p h y s i o l o g i c a l  
r e s e a r c h  i s  meager, and t h e  behaviora l  evidence a l s o  does not  support  t he  
c la im.2  The s t u d i e s  of microwave r a d i a t i o n  a s  a  noxious s t imulus  do not  
show t h a t  animals can perce ive  microwave r a d i a t i o n  a s  such. . The r a d i a t i o n  
avoidance observed i n  some experiments appears  t o  be p a r t  of the  thermo- 
regu , la tory  behavior  of animals ,  and under circumstances where the  environment 
i s  c o l d ,  animals w i l l  use  microwave r a d i a t i o n  a s  a  source of warmth. Disrup- 
t i o n  of  performance o r  l ea rn ing  appears  t o  have power-density t h re sho lds  in 
t h e  reg ion  of thermal load on the  animal.  The most s e n s i t i v e  behavioral  
responses  t o  microwaves appear t o  a r i s e  when the  microwaves i n t e r a c t  with 
d rugs  a f f e c t i n g  t h e  c e n t r a l  nervous system, but  even s t u d i e s  t h a t  examine such 
i n t e r a c t i v e  e f f e c t s  do not  prove d i r e c t  e f f e c t s  of microwaves on t h e  c e n t r a l  
nervous system. Overa l l ,  t he  behaviora l  s t u d i e s  do not  i n d i c a t e  a  s p e c i a l  
e f f e c t  of microwaves on t h e  nervous system, and the  mechanism of  must uf Ll~r 
r e s u l t s  t h a t  have been r epor t ed  remains unknown. 

It has  been shown t h a t  rodents  r e a c t  t o  t he  microwave power d e n s i t i e s  
expected a t  rec tenna  s i t e s  with lowered a c t i v i t y ,  avoidance of the  r a d i a t i o n  
f i e l d ,  and decreased d i s c r i m i n a t i o n .  As a  r e s u l t ,  cont inued research  i s  
r equ i r ed  t o  d e f i n e  t h e  p o t e n t i a l  f o r  behaviora l  response a t  t h e  rec tenna  s i t e .  
Although some of  t h e  e f f e c t s  have been repor ted  a t  lower power d e n s i t i e s  i n  . 
t h e  Eas t  European l i t e r a t u r e ,  they  have not  Leeu cuuLi~uleil i-n 1J.S. a t u d i e s .  
Behavioral  e f f e c t s  o u t s i d e  t h e  rec tenna  s i t e  a r e  very  u n l i k e l y ,  bu t  t h i s  must 
be  con£ irmed by f u r t h e r  r e sea rch .  

Endocrinology 

Endocrine glands s e c r e t e  hormones i n t o  the  bloodstream. Microwave 
i r r a d i a t i o n  of mammals has  produced somewhat i ncons i s t en t  e f f e c t s  on the 
endocr ine  system. I n  g e n e r a l ,  t h e  e f f e c t s  appear t o  be r e l a t e d  e i t h e r  t o  the  
h e a t  load a s soc i a t ed  with the  i r r a d i a t i o n  o r  t o  the s t r e s s  induced i n  the  
animals  by the i r r a d i a t i o n  and, poss ib ly ,  by o t h e r  experimental  c i rcumstances.  



Some e f f e c t s  a l s o  appear t o  be r e l a t e d  t o  a l t e r a t i o n  of t he  c i r c a d i a n  rhythm 
by microwaves. There do not  appear t o  be any e f f e c t s  a r i s i n g  from d i r e c t  
s t i m u l a t i o n  of t he  endocrine system or  the  a s soc i a t ed  p a r t s  of t h e  c e n t r a l  
nervous system. Although most of t he  e f f e c t s  of microwaves on the  endocrine 
s  ys tem appear t o  be r e l a t i v e l y  s t r a i g h t  forward and p red ic t ab le  from physio- 
l o g i c a l  cons ide ra t  i ons ,  t h e r e  a r e  s t i l l  some d e t a i l s  t h a t  r e q u i r e  f u r t h e r  
s tudy.  

Immunology 

Reports t o  d a t e  have shown t h a t  microwave r a d i a t i o n  has  e f f e c t s  on 
t h e  immune system of mammals. Some of t h e  r epo r t ed  e f l c L c s  were obta ined  a t  
low power d e n s i t i e s ,  bu t  most of t he  s t u d i e s  were performed a t  r e l a t i v e l y  
h i g h  power d e n s i t i e s ,  and i n  some c a s e s  e f f e c t s  ob ta i t i ed  a t  h i g h  power 
d e n s i t i e s  were not  found a t  lower 'power d e n s i t i e s ,  suggest ing t h e  p o s s i b i l i t y  
t h a t  power-density t h re sho lds  e x i s t .  Some of t he  r e s u l t s  i n d i c a t e  immuno- 
suppress ive  e f f e c t s ,  some i n d i c a t e  immunostimulative e f f e c t s ,  and some indi -  
c a t e  t h a t  t h e  s t a t e  of t h e  immune system depends on the du ra t ion  of exposure 
o r  t h e  time -- i n  r e l a t i o n  t o  t he  time of i r r a d i a t i o n  -- when measurements 
were taken. The e x i s t i n g  evidence i n d i c a t e s  t h a t  the  immune system e f f e c t s  
a r e  probably mediated through the  e f f e c t  of the r a d i a t i o n  on t h e  endocrine 
system, involving the  genera l  adap ta t ion  syndrome t o  s t r e s s .  It appears  
doubt fu l  a t  p resent  t h a t  microwaves have any d i r e c t  s t imu la to ry  e f f e c t  on the  
c e l l s  of  the  immune system. 

Two main  p o i n t s  need  t o  b e  e l u c i d a t e d  i n  e x p e r i m e n t a l  s t u d i e s .  
F i r s t ,  th ,e  r e l a t i o n s h i p  o f  t h e  immunologica l  r e s p o n s e s  t o  t h e  d u r a t i o n ,  
i n t e n s i t y  l e v e l ,  and t i m i n g  o f  t h e  r a d i a t i o n  n e e d s  t o  b e  c l a r i f i e d .  I n  
p a r t i c u l a r ,  i t  i s  des i ra 'b le  t o  determine i f ,  and. a t  what power d e n s i t i e s ,  
animals can accommodate t o  the  r a d i a t i o n  so t h a t  the  immune system r e t u r n s  t o  
i t s  normal  s t a t e .  Second,  t h e  mechanism f o r  i n d u c t i o n  o f  immunologica l  
e f f e c t s  needs f u r t h e r  s tudy .  Present  evidence sugges ts  t h a t  t h e  immune system 
e f f e c t s  a r e  p a r t  of a  genera l  s t r e s s  r e a c t i o n ,  bu t  c l a r i f i c a t i o n  i s  needed a s  
t o  t h e  n a t u r e  of  t he  s t r e s s  i n  r e l a t i o n  t o  o t h e r  environmental s t r e s s e s .  The 
Depar tment  o f  Energy  h a s  i n i t i a t e d  r e s e a r c h  on  t h e  e f f e c t s  o f  microwave 
exposure on the  immune system. 

The c u r r e n t  assessment i s  t h a t  no e f f e c t  on the  immune system could be 
expected f o r  t h e  genera l  populat ion o f f  the  SPS rec tenna  s i t e .  Within the  
rec tenna  s i t e ,  on ly  temporary a l t e r a t i o n s  i n  t hese  systems could be expected 
a s  a  r e s u l t  of short- term exposures ,  and the  e f f e c t s  of long-term occupat ional  
exposure a r e  not  y e t  known. For animals ,  no e f f e c t  would be expected ou t s ide  
t h e  rec tenna  s i t e ;  on - s i t e ,  e f f e c t s  would be a n t i c i p a t e d  from prolonged ex- 
posures and r e v e r s i b l e  e f f e c t s  from t r a n s i e n t  exposure a l s o  would be poss ib l e .  

Ecosystems and Airborne Biota* 

There i s  no i n d i c a t i o n  i n  t h e  l i t e r a t u r e  t h a t  comprehensive s t u d i e s  
o f  microwave exposure of complex eco log ica l  sy_stems have been made. The 

*Microwave e f f e c t s  on animals a r e  a l s o  d iscussed  i n  Sec t ion  1.2.5. 



complex i t i e s  i nhe ren t  i n  m u l t i b i o t i c  systems w i l l  pose a  d i f f i c u l t  and time- 
consuming cha l lenge  i n  t h e  eva lua t ion  of SPS impact. As  an ecosystem becomes 
more complex, t h e r e  i s  an  increased  l i k e l i h o o d  t h a t  d a t a  based on i t s  elements 
a s  s t u d i e d  i n  i s o l a t i o n  cannot be gene ra l i zed  t o  t he  whole system. A pe r tu r -  
b a t i o n  t o  a  component of t h e  ecosystem may be ampl i f ied  o r  suppressed by the  
i n t e r r e l a t i o n s h i p s  of t h e  system. 

Although some d a t a  a r e  a v a i l a b l e  on the  e f f e c t s  of acute  exposures of 
man and  some a n i m a l s  t o  mic rowaves ,  t h e r e  i s  a  d e a r t h  o f  i n f o r m a t i o n  on 
ch ron ic  exposures of most of  the animal kingdom. Likewise, t h e r e  i s  l i t t l e  
in format ion  concerning e f f e c t s  of microwaves on p l a n t s  o r  s o i l .  P a r t i c u l a r l y  
l ack ing  i s  information on the  e f f e c t s  of long-term exposure of l a r g e  land 
a r e a s  and the  ecosystems they  con ta in .  

Before any v a l i d  assessment of t he  eco log ica l  impact of SPS can be 
made, information must be obtained about t h e  e f f e c t s  of exposure on p l a n t s ,  
i n s e c t s ,  microbes and fung i ,  heterotherms such a s  snakes and l i z a r d s ,  b i r d s ,  
and smal l  and l a r g e  mammals -- t o  name bu t  a  few. 

Much of  t h e  s c a r c e  d a t a  a v a i l a b l e  o n , p l a n t s  i s  n o t  a p p l i c a b l e  t o  
p r e d i c t i n g  the  impact of microwaves on p l an t  communities. Ear ly  research  
was designed p r i m a r i l y  t o  determine g ros s  thermal e f f e c t s ,  and most i n i t i a l  
power d e n s i t i e s  were i n  excess  of 100 mw/cm2. Rela t ionships  between inc iden t  
and absorbed microwave energy and a s s o c i a t e d  changes i n  p l an t  temperatures  a r e  
v i r t u a l l y  unknown. Rates  of microwave energy absorp t ion  and morphophysiologi- 
c a l  c h a r a c t e r i s t i c s  t h a t  i n f luence  microwave hea t ing  have not  been determined. 
No a t t empt s  have been made t o  determine p l a n t  response t o  cont inuous exposure 
t o  low-level microwave i l l u m i n a t i o n  over s e v e r a l  genera t ions .  Thus, t h e r e  
i s  much t o  be learned  about  t he  impact of microwaves on s p e c i f i c  p l a n t  spec i e s  
and p l a n t  communities . 

Microbes  and f u n g i  p l a y  an i m p o r t a n t  r o l e  i n  g e n e r a l  e c o l o g i c a l  
b a l a n c e .  They c a n  i n s t i g a t e  d i s e a s e s  i n  h i g h e r  o r d e r s  o f  p l a n t s  and i n  
an imals .  Also, fungi  a r e  r e spons ib l e  f o r  t h e  decomposition of  dead c e l l u l o s e  
m a t t e r .  It i s  conceivable  t h a t  microwave power t ransmiss ion  could a l t e r  t he  
b i o l o g i c a l  ba lance  so  t h a t  r e g u l a t o r y  mechanisms t h a t  main ta in  o rde r  i n  fungal 
ecosystems would no longer  be synchronous. The r e s u l t  could be i n t e r a c t i o n s  
l ead ing  t o  p l an t  d i s e a s e .  A l t e r n a t i v e l y ,  t h e r e  might be n e g l i g i b l e  e f f e c t s  . 
Again, no d a t a  a r e  a v a i l a b l e  a t  p re sen t .  

Heterotherms o r  he l io therms a r e  animals t h a t  r e g u l a t e  body temperature 
by behaviora l  means. Within t h e  v e r t e b r a t e s ,  t hese  inc lude  r e p t i l e s ,  f i s h ,  
and amphibians. These forms a r e  o f t e n  c a l l e d  "cold-blooded , I 1  suggest ing 
t h a t  body temperature may b e  near  t h e  ambient s o i l - a i r  i n t e r f a c e  temperature.  
Th i s  i s  t r u e  f o r  f i s h  and amphibians, bu t  r e p t i l e s  can r e g u l a t e  t h e i r  tempera- 
t u r e  t o  a  l e v e l  cons ide rab ly  h igher  than t h a t  of t he  a i r .  O r i e n t a t i o n  of  t he  
body i s  one r e p t i l i a n  mechanism f o r  maximizing o r  minimizing i n t e r c e p t i o n  of 
r a d i a t i o n .  In  a d d i t i o n ,  many r e p t & l e s  seek ou t  o r  avoid r a d i a n t  energy i n  t he  
environment by such behavior  a s  seeking  shade. 

Lizards  and snakes a r e  two heterotherms t h a t  could be inf luenced by 
adding a  source of energy such a s  t he  SPS power system t o  t h e  environment. 
S t u d i e s  with r a t t l e s n a k e s ,  boas,  and anacondas have shown t h a t  t hese  snakes 



d e t e c t  -microwave energy a t  very  low l e v e l s ,  wel l  below 10  mw/cm2, appa ren t ly  
by means of i n f r a r e d  r e c e p t o r s .  Although d i u r n a l  snakes do not  have spec i a l -  
i z ed  i n f r a r e d  d e t e c t o r s ,  they  s t i l l  may use t h e  energy.  The imp l i ca t i ons  of 
t h e s e  f ind ings  a r e  unc l ea r  a t  p r e sen t .  

E f f e c t s  on t he  human popula t ion  around a  rec tenna  system cou'ld be' 
minimized by border ing  t h a t  system with a  l a r g e  r e s t r i c t e d  a r e a  t h a t  would no t  
b e  a c c e s s i b l e  t o  t h e  g e n e r a l  p o p u l a t i o n .  Such a  c o n s e r v a t i v e  a p p r o a c h ,  
howeve r ,  would n o t  p r e v e n t  a i r b o r n e  b i o t a  f rom f l y i n g  t h r o u g h  t h e  a r e a .  
S p e c i f i c  s t u d i e s  of  t h e  impact on bees  and b i r d s  a r e ,  of  t h e  h i g h e s t  p r i o r i t y .  

Birds  i n  f l i g h t  a r e  c l o s e  t o  t h e i r  thermal l i m i t ,  and pass ing  through 
t h e  microwave beam might impose an a d d i t i o n a l  thermal burden. Furthermore, 
b i r d s  appa ren t ly  use t h e  e a r t h ' s  magnetic f i e l d  a s  one of  s e v e r a l  i nhe ren t  
n a v i g a t i o n a l  a i d s ,  and t h e  SPS e lec t romagnet ic  beam might a f f e c t  t h e i r  use of 
i n h e r e n t  nav iga t iona l  c a p a b i l i t i e s .  Bees a r e  impor,tant because of t h e i r  
impact on t h e  p o l l i n a t i o n  process ,  which i s  important  t o  humans' food supply.  

:Fortunately,  they a r e  r e l a t i v e l y  easy  t o  handle  exper imenta l ly  and have a  
. s h o r t  l i f e  c y c l e ;  t h e r e f o r e ,  t h e y  a r e  a t t r a c t i v e  e x p e r i m e n t a l  s u b j e c t s .  

Two r e sea rch  s t u d i e s  have been i n i t i a t e d  a s  p a r t  of  DOE'S s tudy  o f  t h e  
SPS. One w i l l  i n v e s t i g a t e  microwave e f f e c t s  on b i r d s .  The o t h e r  i s  examining 
( 1 )  t h e  behaviora l  elements of o r i e n t a t i o n ,  nav iga t ion ,  and memory of  honey 
bees ;  ( 2 )  s u r v i v a l  and development i n  immature s t a g e s  o f  honey bees ;  and ( 3 )  
s u r v i v a l  and longev i ty  o f  a d u l t  worker bees .  The i n i t i a l  r e s u l t s  o f  t h e  f i r s t  
two s t u d i e s  show no  e f f e c t  o f  SPS microwave power d e n s i t i e s .  The t h i r d  
s tudy  i s  not  y e t  completed. 

The SPS would r e q u i r e  l a r g e  a r e a s  o f  n a t u r a l  and man-altered ecosystems 
f o r  r ec t enna  s i t e s .  The e c o l o g i c a l  e f f e c t s  of  long-term, low-dose exposure 
cannot  be a c c u r a t e l y  p red i c t ed  a t  t h e  p re sen t  t i m e .  Even i f  t he  basic-  bio- 
l o g i c a l  e f f e c t s  of such exposure were wel l  known, p r e d i c t i o n  of e c o l o g i c a l  
impact based on l a b o r a t o r y  s t u d i e s  of i n d i v i d u a l  s p e c i e s  would be  specu la t i ve .  
S i t e - s p e c i f i c  e c o l o g i c a l  f i e l d  r e sea rch  e v e n t u a l l y  w i l l  be  necessary  t o  answer 
c r i t i c a l  ques t i ons  f o r  t h e  SPS. 

1 . 3  SUMMARY AND CONCLUSIONS 

The d i s t i n c t i o n s  between i o n i z i n g  r a d i a t i o n  ( e .g . ,  x-rays and emissions 
from r a d i o a c t i v e  m a t e r i a l s )  'and nonionizing microwave r a d i a t i o n  . a r e  o f t e n  no t  
made. However, microwaves do not  have the  photon energy needed t o  i on i ze  
b i o l o g i c a l  molecules and cannot cause e f f e c t s  comparable t o  those  due t o  
i o n i z i n g  r a d i a t i o n .  Furthermore, almost a l l  o f  t h e  c r e d i b l e  r epo r t ed  micro- 
wave exposure e f f e c t s  a r e  a sc r ibed  t o  t he  hea t ing  produced by t h e  microwave 
e n e r g y .  Whether microwaves  c a n  c a u s e  b i o l o g i c a l  e f f e c t s  by n o n t h e r m a l  
mechanisms remains u n c e r t a i n .  

Microwave b i o l o g i c a l  e f f e c t s  a r e  a  r e l a t i v e l y  immature s c i e n t i f i c  
s t udy  a r e a .  An a p p r e c i a t i o n  f o r  c e r t a i n  important f e a t u r e s  of  experimental  
p r o t o c o l ,  e s p e c i a l l y  with regard  t o  dos ime t r i c  d e t a i l s ,  ha s  on ly  developed 
i n  r e c e n t  y e a r s .  Microwave power d e p o s i t i o n  i n  l a b o r a t o r y  b i o l o g i c a l  
p r epa ra t i ons ,  animals ,  and humans i s  nonuniform and depends on t h e  microwave 



. . 

f requency and p o l a r i z a t i o n ,  t h e  s i z e  and shape o f .  t h e  exposed o b j e c t ,  t he  
p r o p e r t i e s  of t h e  b i o l o g i c a l  m a t e r i a l s  and t h e i r  nonuniform d i s t r i b u t i o n ,  t h e  
m a t e r i a l  surroundings of  t h e  t e s t  s u b j e c t ,  e t c .  Ex t r apo la t i on  of  l abo ra to ry  
d a t a  t o  man i s  complicated and h a s  a f f e c t e d  t h e  i n t e r p r e t a t i o n  of experimental  
r e s u l t s .  

1 . 3 . 1  Occupat ional  Exposure t o  Microwaves 

The maintenance spaceworker near  t he  t r a n s m i t t i n g  antenna and t h e  
t e r r e s t r i a l  worker beneath t h e  rec tenna  panels  o r  j u s t  above them would be 
exposed t o  SPS 'microwaves. The exposures  could be c o n t r o l l e d  i n  i n t e n s i t y  and 
d u r a t i o n .  P r o t e c t i v e  c l o t h i n g  might a l s o  prove va luab le  and be developed. 

C u r r e n t  o c c u p a t i o n a l  s t a n d a r d s  and g u i d e l i n e s  v a r y  from c o u n t r y  
t o  count ry  because o f  d i f f e r e n c e s  i n  th.e i n t e r p r e t a t i o n  of s c i e n t i f i c  d a t a  
and b a s i c  phi losophy.  It i s  p o s s i b l e  t h a t  i n t e r n a t i o n a l  s tandards  w i l l  be 

. developed i n  t h e  f u t u r e .  As  SPS technology develops,  t h e  microwave power 
t r ansmis s ion  system would have t o  be designed t o  comply wi th  such s tandards .  

Continued r e sea rch  i s  requi red  t o  develop a q u a n t i t a t i v e  r i s k  assess -  
ment and an a p p r o p r i a t e  i n t e r n a t i o n a l  s tandard  f o r  occupat iona l  microwave 
exposure.  The small  number of  persons t h a t  would be involved would permit 
c o n t r o l l i n g  e x p o s u r e  t i m e  and c o n d i t i o n s .  O p t i o n s  i n  s y s t e m  d e s i g n  and 
environment c o n t r o l  would a l s o  be a v a i l a b l e ,  and t h e r e f o r e  microwave occupa- 
t i o n a l  exposure i s  no t  cons idered  t o  be a c r i t i c a l  i s s u e  i n  t h e  development of 
SPS technology.  

1 .3 .2  Pub l i c  Exposure t o  Microwaves 

The gene ra l  pub l i c  wnt~ld be exposed t o  SPS microwave power d e n s i t i e s  
b e t w e e n  0 .0001  and 0 . 1  mw/cm2. Based on c u r r e n t  knowledge ,  t h e r e  seems 
co Be l i t t l e  risk due t o  exposure a t  t h e s e  l e v e l s .  Certainly, no e f f e c t s  due 
t o  thermal  mechanisms would be expected.  However, t h e s e  l e v e l s  of microwave 
power d e n s i t y  would i n c r e a s e  t h e  median popula t ion  exposure t o  radio-frequency 
background power d e n s i t y  by  more than an o r d e r  o f  magnitude. 

Before a microwave. power t ransmiss ion  system i s  deployed, a quan t i t a -  
t i v e  assessment of t h e  r i s k  of  chronic  exposure f o r  t h e  gene ra l  popula t ion  
should  be developed. A comprehensive understanding of t h e  e f f e c t s  and t h e i r  
mechanisms i s  c r i t i c a l  t o  such an aesecement. A coordinotcd program t h a t  
i nc ludes  acu te  and ch ron ic  exposure experiments ,  a s  wel l  a s  t h e o r e t i c a l  and 
exper imenta l  s t u d i e s  o f  e f f e c t s  mechanisms, w i l l  be necessary .  

1 .3 .3  Ecosystems and Airborne Bio ta  

The p o t e n t i a l  f o r  e f f e c t s  on t h e  e c o s y s t e m  a s  a whole due  t o  t h e  
v e r y  'low SPS microwave power d e n s i t i e s  i s  unknown a t  t h i s  t ime. The d a t a  
be ing  developed i n  v a r i o u s  l a b o r a t o r i e s  f o r  human h e a l t h  assessments  w i l l  be 
u s e f u l - b u t  d a t a  on s p e c i f i c  animal s p e c i e s ,  p l a n t s ,  and s o i l s  w i l l  be  r equ i r ed  
f o r  an ecosystem assessment .  I n  a d d i t i o n ,  an understanding o f  t h e  response of  
t h e  ecosystem a s  a whole must be  developed. 



Stud ie s  of  a i r b o r n e  b i o t a  t h a t  would have access  t o  t h e  power beam 
have taken  p r i o r i t y .  Research us ing  honey bees  and b i r d s  h a s  been i n i t i a t e d .  
I n i t i a l  experiments on honey bee behavior  and s u r v i v a l  show no e f f e c t s  of 
exposure t o  SPS-level microwaves. 

Considering t h e  ve ry  low l e v e l  of  microwave power d e n s i t y  o u t s i d e  
t h e  rec tenna  s i t e  and t h e  a d a p t a b i l i t y  o f  t he  ecosystem, s i g n i f i c a n t  e f f e c t s  
a r e  no t  l i k e l y .  However, t h e  fa r - reaching  imp l i ca t i ons  of  t h i s  i s s u e  r e q u i r e  ' 
t h a t  a more d e f i n i t i v e  assessment be developed. 
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2  NONMICROWAVE HEALTH AND ECOLOGICAL EFFECTS 

2.1' INTRODUCTION 

The assessment desc r ibed  h e r e  i d e n t i f i e s  and a s s e s s e s  t h e  nonmicrowave- 
r e l a t e d  h e a l t h  e f f e c t s  and e c o l o g i c a l  impacts a r i s i n g  from t h e  development and 
o p e r a t i o n  of  t h e  SPS r e f e r e n c e  system.l* The information presented he re  i s  
a  summary o f  a  d e t a i l e d  a s s e s s m e n t 2  t h a t  c o v e r s  t h e  h e a l t h ,  s a f e t y ,  and 

, e c o l o g i c a l  impacts of a l l  nonmicrowave a s p e c t s  of SPS, i nc lud ing :  

Mining raw m a t e r i a l s  

Process ing  m a t e r i a l s  and f u e l s  

Manufacturing componeilts 

Transpor t ing  m a t e r i a l s  on t h e  e a r t h  and i n  space 

Packaging m a t e r i a l s  f o r  t r a n s p o r t  i n t o  space 

Manufacturing space  v e h i c l e s  

Launching space  v e h i c l e s  

  raveling i n  space 

L i v i n g  and work ing  i n  s p a c e  d u r i n g  c o n s t r u c t i o n  and 
maintenance o f  s a t e l l i t e s  

Returning t o  e a r t h  (bo th  personnel  and space v e h i c l e s )  

S i t i n g ,  c o n s t r u c t i n g  , and ope ra t i ng  the  ground r ece iv ing  
s t a t i o n  ( r e c t e n n a ) .  

F igure  4 shows t h e  cause  and e f f e c t  r e l a t i o n s h i p s  f o r  t e r r e s t r i a l  impacts of 
t h e  s a t e l l i t e  power system a s  c u r r e n t l y  understood.  

SPS-related mining, c o n s t r u c t i o n ,  and manufacturing would r e s u l t  i n  
impacts  t h a t  a r e  common t o  a l l  such ope ra t i ons :  a i r  and water  p o l l l ~ t i o n ,  land 
d i s t u r b a n c e ,  and t h e  l i k e .  The importance of t he se  impacts t o  t h e  SPS a s se s s -  
ment comes from t h e  need t o  eva lua t e  t he  incremental  e f f e c t s  caused by the  
s a t e l l i t e  power system. This  assessment provides  rough i n d i c a t i o n s  of t h ~  
e x t e n t  of  t h e  incrementa l  impacts caused by SPS deployment. The o n l y  unconven- 
t i o n a l  e f f e c t  of t h e s e  a c t i v i t i e s  i s  t h e  exposure t o  t o x i c  m a t e r i a l s  t h a t  a r e  
unique t o  t he  SPS. 

The t r a n s p o r t  of  m a t e r i a l s '  and equipment would involve t h e  l o g i s t i c s  of  
moving t h e  SPS s u p p l i e s  between mining s i t e s ,  c o n s t r u c t i o n  l o c a t i o n s ,  manufac- 
' t u r ing  f a c i l i t i e s ,  launch and recovery a r e a s ,  and ground s t a t i o n s .  Again, 
most of t h e  impacts would be  convent iona l ,  and the  i s s u e  of  i n t e r e s t  ,is t h e  
i n c r e m e n t a l  e f f e c t .  Two u n c o n v e n t i o n a l  and S P S - s p e c i f i c  i m p a c t s  would ,  
however, be  s i g n i f i c a n t  : t h e  exposure t o  t o x i c  m a t e r i a l s  and the  p o t e n t i a l  
f o r  c a t a s t r o p h i c  a c c i d e n t s  whi le  moving l a r g e  q u a n t i t i e s  of h i g h l y  flammable 
and p o t e n t i a l l y  exp los ive  m a t e r i a l s  ( e .g . ,  l i q u i d  hydrogen, p r o p e l l a n t s ,  
e t c . ) .  Although m a t e r i a l s  of t h i s  type  a r e  c u r r e n t l y  being t r a n s p o r t e d ,  t h e  

*References f o r  Sec t ion  2  a r e  l i s t e d  i n  Sec t ion  2.4.  
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i n c r e a s e  i n  q u a n t i t y  f o r  SPS use and the  concen t r a t i on  o f  movement a long 
s e l e c t e d  t r a n s p o r t  c o r r i d o r s  must be c a r e f u l l y  planned. 

Ground s t a t i o n  o p e r a t i o n  and maintenance i s  o f  concern because o f  t he  
h i g h - i n t e n s i t y ,  low-frequency e lec t romagnet ic  f i e l d s  a s s o c i a t e d  wi th  t h e  power 
d i s t r i b u t i o n  system. However, low-frequency f i e l d s  a r e  common t o  a l l  e lec-  
t r i c a l  power systems.  . 

The launch and recovery  o p e r a t i o n s  would be  s i m i l a r  t o  those undertaken 
i n  c u r r e n t  space program a c t i v i t i e s ;  however, t h e  s a t e l l i t e  power system 
would r e q u i r e  s i g n i f i c a n t l y  l a r g e r  launch v e h i c l e s  and a  cons ide rab l e  i n c r e a s e  
i n  launch and recovery  a c t i v i t y .  To t r a n s p o r t  t he  necessary  m a t e r i a l s  i n t o  
apace ,  the  SPS r e f e r e n c e  sybtem uses  v e h i c l e s  approximately f i v e  t imes t he  
s i z e  o f  t h e  Saturn V ,  l.aunched about twioe p e r  day  far 30 yr. 

A l l  space o p e r a t i o n s  would r e s u l t  i n  e f f e c t s  about which t h e r e  i s  
l i m i t e d  in format ion .  F igure  5 d e p i c t s  the  e f f e c t s  be l i eved  t o  be o f  con- 
c e r n .  Both t h e  type  o f . i n d i v i d u a 1  exposed t o  t h e  space cond i t i ons  ( i . e . ,  
c o n s t r u c t i o n  o r  maintenance worker i n s t ead  of ' a s t r o n a u t )  and the  exposure 
p a t t e r n  would be d i f f e r e n t  from space 'p rogram exper ience .  This  assessment i s  
b a s e d  on d a t a  from t h e  A p o l l o  and Sky lab  programs and  i d e n t i f i e s  f u t u r e  
r e s e a r c h  needs f o r  t h e  s a t e l l i t e  power system. 

2 .2  ASSESSMENT 

The n a t u r e  of SPS e f f e c t s  d i c t a t e s  t h a t  they be  assessed  i n  two ways. 
F i r s t ,  a  number o f  impacts r e s u l t  from convent iona l  p rocesses  t h a t  would be 
used more e x t e n s i v e l y  because of  development of  a  s a t e l l i t e  power system 
( e . g . ,  manufacture  of  s t e e l ) .  I n  t he se  ca se s ,  t h e  assessment .  e v a l u a t e s  t h e  
incrementa l  e f f e c t s  of an i n c r ~ a s ~ r l  exposure t o  oonvcnt ional  l iazards ( e . g . ,  
i nc reased  pub l i c  exposure ,  t o  a i r  p o l l u t i o n  from s tee lmaking) .  Second, a  
number of impacts a r e  unique t o  t h e  SPS ( e .g . ,  e f f e c t s  of  l i v i n g  and working 
i n  space) .  In  t h e s e  c a s e s  t he  assessment i d e n t i f i e s  t h e  p o t e n t i a l  e f f e c t s ;  
e v a l u a t e s  t h e  p o s s i b i l i t i e s  t h a t  t hey  would c r e a t e  h e a l t h ,  s a f e t y ,  and we l f a r e  
problems; and reviews the  r e sea rch  needed t o  e s t a b l i s h  t h e  magnitude of  t h e  
e f f e c t s  more conclus.ively . The assessment is ,  d iv ided  i n t o  d i s c u s s i o n s  of  t h e  
nonmicrowave SPS e f f e c t s  on t h e  p u b l i c ,  t e r r e s t r i a l  workers, spa re  workers, 
und ccaa]se~~s. 

2 .2 .1  E f f e c t s  on t h e  Pub l i c  

I 

Incremental  E f f e c t s  o f  Conventional Processes  

To d e t e r m i n e  t h e  i n c r e m e n t a l  e f f e c t s  o f  SPS dep loymen t  on p u b l i c  
h e a l t h  and s a f e t y ,  i t  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e  i n c r e a s e  i n  m i n i n g ,  
c o n s t r u c t i o n ,  manufactur ing,  and t r a n s p o r t  a c t i v i t y  t h a t  would be a t t r i b u t a b l e  
t o  t h e  s a t e l l i t e  power system. S tud ie s  o f  SPS m a t e r i a l s  requirements  can be 
used a s  a  rough gauge of  t h e  i nc rease  i n  a c t i v i t y  d i c t a t e d  by t h e  S P S . ~ , ~ S ~  
F igu re  6 shows t h e  m a t e r i a l s  requirements  of  t he  two t e n t a t i v e  SPS des igns  
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from Ref. 1 ( s i l i c o n  o r  ga l l ium aluminum a r sen ide  s o l a r  c e l l s )  compared t o  
c u r r e n t  U.S. product ion of  t h e s e  .ma te r i a l s .  Some of  t he  SPS m a t e r i a l s  re- 
quirements  r ep re sen t  s u b s t a n t i a l  increments t o  c u r r e n t  product ion r a t e s  ( e .g . ,  
mercury, argon,  hydrogen, oxygen); hence t he  e f f e c t s  a s s o c i a t e d  wi th  t he se  
processes  would be, s i g n i f i c a n t l y  increased  by deployment of  t h e  SPS r e f e r ence  , 
system. For o t h e r  m a t e r i a l s  t h e  increment i s  small  ( l e s s  than  4%) .  

An at tempt  has  been made t o  q u a n t i f y  t h e  impacts of  t h e  r e f e r ence  
system on a i r  p o l l u t a n t  emiss ions ,  water  e f f l u e n t s ,  water  use,  s o l i d  waste 
gene ra t i on ,  and land requirements .  These d a t a ,  p resen ted  i n  Table 1, a r e  from 
Ref.  4 and g ive  an order-of-magnitude e s t ima te  of t h e  impact. Emissions,  
e f f l u e n t s ,  and r e sou rce  requirements  can be compared e i t h e r  t o  U.S. t o t a l s  
o r  t o  t he  requirements  of a l t e r n a t i v e  e l e c t r i c a l  gene ra t i ng  systems. For 
example, t he  p a r t i c u l a t e  emissions o f  110,000 t a r e  about 0;8% of t h e  U.S. 
t o t a l  i n  1973; t h e  s u l f u r  d iox ide ,  carbon monoxide, and hydrocarbons a r e  about 
0.05%; and t h e  n i t rogen  d ioxide  i s  about 0.005%. '-As another  example, t h e  
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Fig .  6.  Comparison of  Annual SPS Mate r i a l s  Bequircments w i ~ l l  
U.S. Product ion (assuming two s a t e l l i t e s  a r e  b u i l t  
annual ly ;  " s i l i c o n  system" and "gallium aluminum 
a r s e n i d e  system" refer  t o  t h ~  two t y p ~ ~  of  o o l a r  
c e l l s  being corisidered f o r  use;  m a t e r i a l s  requirements  
a r e  from Ref. 1 and U.S. product ion f i g u r e s  a r e  from 
Ref. 6 ) .  

water -pol lu tan t  burden of a coa l - f i red  power p l an t  i s  8-600 t/MW-yr ve r sus  
2 t/MW-yr fo r  the.  s a t e l l i t e  power system5 ( t h i s  normalized comparison i s  
incomplete  because. it d n ~ s  ~ o t  i d ~ n t i f y  t h ~  ~ I I . I C Y L ~ L ~ ~ ~  f o r  l o c a l l y  tievere 
problems caused by heavy loading  o f  s t reams and a q u i f e r s ) .  

'The d a t a  upon which t o  base an assessment of p i ~ h l  i c  h e a l t h  and s a f e t y  
r I I e c t s  are reasonably  good, bu t  t h e  ana lyses  done t o  d a t e  a r e  incomplete.  It 
c a n  b e  s t a t e d  t e n t a t i v e l y  t h a t  t h e  a v a i l a b l e  a n a l y s e s  i n d i c a t e  t h a t  t h e  
s a t e l l i t e  power system would produce a measurable i nc rease  i n  a i r  and water  
p o l l u t i o n ,  water s c a r c i t y ,  s o l i d  waste ,  and land requirements .  Therefore ,  
p u b l i c  h e a l t h  and s a f e t y  e f f e c t s  a s soc i a t ed  with theoc increases . must be 
q u a n t i f i e d  i n  d e t a i l  a s  t h e  SPS p r o j e c t  develops.  

C e r t a i n  . tox ic  m a t e r i a l s  would be t r anspo r t ed  t o  manufacturing p l a n t s  
and SPS launch s i t e s .  . Toxic m a t e r i a l s  t r a n s p o r t  i s  a contemporary hazard 
i n  i n d u s t r i a l i z e d  s o c i e t i e s ,  and f e d e r a l  and s t a t e  r egu la t i ons .  have been 
developed t o  minimize c a t a s t r o p h i c  r i s k s .  Rocket p r o p e l l a n t s  such a s  l i q u i d  
hydrogen a r e  i n h e r e n t l y  exp los ive ,7  and s i z a b l e  q u a n t i t i e s  would be needed 



Table 1. Annual Environmental E f f e c t s  of 
t he  S a t e l l i t e  Power System 

Type o f  Impact SPSa U.S. Tota l  

A i r  p o l l u t a n t s b  ( l o 6  t l c  
P a r t i c u l a t e s  
Sul fur  d iox ide  
Carbon monoxide 
Hydrocarbons 
Nitrogen d iox ide  

Nonrecoverable water  used (106 

Sol id  waste  generatede ( l o 6  t )  

Land requi rements f  ( 103 km2) 

aAs.sumes two s a t e l l i t e s  and r ec t ennas  a r e  b u i l t  pe r  
yea r ,  Ref. 4. 

~ S P S  emiss ions  from mining, p rocess ing ,  f a b r i c a t  ion .  

Ct  = m e t r i c  ton  = 1000 kg. 
' 

d~~~ requirements  f o r  p r o p e l l a n t  manufacture,  launch pad 
c o a t i n g ,  c o n s t r u c t i o n .  

.eSPS waste from aluminum and s t e e l  p rocesses .  

f~~~ requirements  f o r  r ec t enna  s i t e s .  U.S. va lue  i s  
t o t a l  U.S. l and  a r ea .  

f o r  t h e  s a t e l l i t e  power s y s t e m .  O t h e r  m a t e r i a l s  migh t  be  h i g h l y  t o x i c  
o r  possess  unusual c h a r a c t e r i s t i c s ,  such a s  t he  extremely low temperature  of 
l i q u i d  oxygen. A s p i l l  of  l i q u i d  oxygen could adve r se ly  a f f e c t  components of  
an  ecosystem. Some incrementa l  i n c r e a s e  i n  t h e  r i s k  o f  c a t a s t r o p h i c  t ranspor -  
t a t i o n  a c c i d e n t s  would t h e r e f o r e  be conce ivable  f o r  t h e  SP6. 

Unconventional E f f e c t s  

Launch and Recovery E f f e c t s  on A i r  Qua l i t y .  A i r  p o l l u t i o n  would be 
caused by t h e  exhaust  products  o f  t h e  SPS launch v e h i c l e s  and by t h e  formation 
and d i s p e r s i o n  of a launch "ground cloud" made up of exhaust  gases ,  coo l ing  
water ,  and some sand and d u s t .  Because of launch t r a j e c t o r y  and v e h i c l e  
speed,  most exhaust products  would be emi t ted  i n  t h e  t roposphere  (0-11 km 
a l t i t u d e ) ,  a l though a s i z a b l e  q u a n t i t y  would a l s o  be emi t ted  i n  t h e  s t r a t o -  
sphe re  (11-50 The ground c loud ,  on t h e  o t h e r  hand, would r i s e  t o  on ly  
0.7-3 km, where i t s  bouyancy would be n e u t r a l i z e d  by a cool ing  of t h e  gases .  

The ground cloud has  been t h e  s u b ' e c t  o f  ex t eab ive  r e sea rch ,  p s r t i c u -  
l a r l y  with regard  t o  t h e  space s h u t t l e . ?  The ground cloud could expose t h e  
p u b l i c  t o  a i r  p o l l u t a n t s  because of i t s  low a l t i t u d e .  A mathematical model 



h a s  been developed t o  e s t i m a t e  t h e  maximum concen t r a t i ons  of v a r i o u s  po l lu-  
t a n t s  i n  t h e  g r o u n d  c l o u d  a s  a  r e s u l t  o f  a  s p a c e - s h u t t l e  l a u n c h .  These  
r e s u l t s  a r e  no t  d i r e c t l y  a p p l i c a b l e  t o  SPS o p e r a t i o n s  because of t h e  probable  
u se  of  l i qu id - fue l ed  r o c k e t s  (ve r sus  so l id- fue led  f o r  t h e  s h u t t l e )  and t h e  
s i g n i f i c a n t l y  l a r g e r  launch v e h i c l e .  This  i s  d i scussed  f u r t h e r  i n  Sec t ion  3. 

A s  a  r e s u l t  of  p rev ious  work, ambient concen t r a t i on  . l i m i t s  can be 
i d e n t i f i e d  f o r  v a r i o u s  launch- re la ted  a i r  p o l l u t a n t s .  The s t anda rds  used f o r  
t h e  space - shu t t l e  program were based on t h e  Nat iona l  Ambient A i r  Qua l i t y  
S tandards  promulgated by t h e  U.S. Environmental P r o t e c t i o n  Agency (EPA) and 
exposure l i m i t s  recommended by t h e  Committee on Toxicology of t h e  Nat ional  
Academy o f  ~ c i e n c e s / ~ a t i o n a l  Research Counci l .  The l a t t e r  l i m i t s .  i nc lude  a 
shor t - te rm pub l i c  l i m i t  designed t o  avoid i r r i t a t i o n  of  t he  mucous membrane 
o f  t h e  upper r e s p i r a t o r y  t r a c t  and a pub l i c  emergency l i m i t  r c l a t e d  t o  acci- 
dent: condi t innn  t h s t  might r e o u l t  i n  same i r r i ~ a t i o n  biie with r e v e r s i b l e  
e f f e c t s .  The s p a c e - s h u t t l e  s t u d y  i n d i c a t e s  t h a t  c o n c e n t r a t i o n s  o f  a l l  
p o l l u t a n t s  i n  t h e  SPS grnilnd c l o u d  would p r o b a b l y  b e  below b o t h  l i m i t s .  

Launch and Recovery E f f e c t s  on Water Qua l i t y .  Informat ion  a v a i l a b l e  

f o r  t h e  space s h u t t l e 7  h a s  been used t o  i d e n t i f y  t h e  water -qua l i ty  e f f e c t s  
o f  t h e  launch and recovery o f  SPS v e h i c l e s .  P o l l u t a n t s  could e n t e r  t h e  water  
through contaminat ion of  t h e  launch-pad cool ing  water  with engine exhaust 
p roduc t s ,  removal of  a b l a t i v e  i n s u l a t i o n  from r e e n t r y  v e h i c l e s ,  and s p i l l a g e  
o f  . r e s i d u a l  p r o p e l l a n t  i f  t h e  launch v e h i c l e  were recovered from t h e  ocean. 
The  f i r s t  two c o n d i t i o n s  c o u l d  b e  c o n t r o l l e d  b y  o n - s i t e  w a t e r - t r e a t m e n t  
f a c i l i t i e s  and would n o t  normally p re sen t  a  pub l i c  h e a l t h  problem. 

Launch and Recovery Noise.  A p r e l imina ry  e v a l u a t i o n  o f  t h e  n o i s e  impact 
o f  SPS v e h i c l e s  on communities and ecosystems near a h y p o t h e t i c a l  Launch a i t e  
h a s  been performed, us ing  the  Kennedy Space Center (Cape Canaveral)  a s  t he  
p ro to type  s i t e . 8  S ince  t h e  h e a v y - l i f t  launch v e h i c l e  (HLLv) would c r e a t e  more 
n o i s e  and be  launched more o f t e n  than  t h e  personnel  launch v e h i c l e  (PLV),  t h e  
s t u d y  emphasized t h e  HLLV launch impacts.  Though o t h e r  no i se  mechanisms may 
be  p re sen t  i n  a  rocke t  engine ,  mnst of t h e  no i ac  prodirr.ed is a r e s u l t  of  
t u r b u l e n c e  i n  t h e  e x h a u s t ,  and i n  t h i s  s t u d y  o n l y  t h e  e x h a u s t  n o i s e  was 
cons ide red .  The e v a l u a t i o n  a l s o  examined launch and re -en t ry  sonic  booms. 

The sound l e v e l  of HLLV launch n o i s e  h a s  been e s t ima ted  a s  a  £unc t ion  
o f  d i s t a n c e  f om t h e  lailnch pad and i s  prc~cntc td  i n  Table  2 .  Table 3 Lists 

, f a m i l i a r  sound l e v e l s  f o r  comparison. 

The Occupat ional  S a f e t y  and Heal th  Adminis t ra t ion  (OSHA) requirement 
f o r  p r o t e c t i o n  a g a i n s t  hea r ing  damage i s  a  maximum exposure o f  115 db(A). 
Thus, from the  va lues  g iven  irk Table 2 ,  a p o t e n t i a l  hear ing  hazard would 
e x i s t  w i t h i n  1500  m from t h e  HLLV l a u n c h  p o i n t  i f  p e o p l e  were  o u t d o o r s  
and exposed t o  t h e  sound every day. Using a  more-s t r ingent  technique employed 
by  t h e  U.S. EPA, which averages t he  sound over  a  24-hr per iod ,  t h e  range o f  
t h e  p o t e n t i a l  hea r ing  hazard would extend t o  3000 m.  

Launch n o i s e  c o u l d  i n t e r f e r e  w i t h  s p e e c h  f o r  a b o u t  two m i n u t e s  a t  
d i s t a n c e s  a s  g r e a t  a s  30,000 m .  However, s i n c e  t he  no i se  would occur on ly  



Table 2 .  Estimated Sound Levels  o f  HLLV Launch Noisea 

Distance from Launch Pad 
sound Level 
and Duration 3 0 0 m  1 ,500m 3 ,000m 9 ,000m 30 ,000m 

O A S P L ~  ( , d ~ )  149 136 130 120 109 

A-Level: [db(A) ] 130 114 105 89 72 

Duration ( s )  12 42 54 7 7 7  7  

aFrom Ref. 8  

b ~ ~ ~ ~ ~ :  Ove ra l l  sound p re s su re  l e v e l  expressed i n  d e c i b e l s  
( d ~ )  above . the  l e v e l  c o r r e s  onding t o  a  r e f e r ence  p re s su re  of  S 20 pPa (Pa = pasca l  = 1 N/m 1. 

CA-level: Weighted average sound l e v e l  over  the .  frequency 
spectrum i n  accordance with t h e  performance o f  t h e  human e a r .  

a b o u t  t w i c e  a d a y  a n d  s i n c e  i t s  Table 3. Representa t ive  Noise 
d u r a t i o n  would be s h o r t ,  i t  should not  Levels Due t o  Various 
i n t e r f e r e  s i g n i f i c a n t l y  wi th  speech. Source sa 

S l e e p  i n t e r f e r e n c e  would be  
p o s s i b l e  a t  d i s t a n c e s  a s  g r e a t  a s  Source o r  Descr ip t ion  Noise Level 
30,000 m from t h e  launch s i t e .  The of  Noise (dB) 
p e r c e n t a g e  o f  p e o p l e  who would be  
annoyed by t h e  n o i s e  a l s o  h a s  been  Threshold of  pa in  120 
e s t ima ted ,  a s  a  func t ion  of d i s t a n c e  R ive t e r  95 
from t h e  l a u n c h  p o i n t ,  and i s  p r e -  Elevated ' t r a i n  90 
sen ted  i n  Table 4 .  This  rough e s t i -  Busy s t r e e t  t r a f f i c  7  0  
m a t e  i s  based  on a  24-hr a v e r a g i n g  Ordinary conversa t ion  65 
o f  t h e  n o i s e ,  t h e  t e c h n i q u e  used  Quiet automobile 5  0  
by t h e  U.S. EPA. Quiet r a d i o  i n  home 40 

Average whisper 2 0 
The p o t e n t i a l  e f f e c t s  of i n f r a -  , Rus t l e  of l e aves  10 

sound ( f requenc ies  below t h e  a u d i t o r y  Threshold of  hea r ing  0  
r a n g e  o f  t h e  human e a r )  f rom HLLV 
l a u n c h e s  a r e  d i f f i c u l t  t o  a s s e s s  aFrom Ref. 9. 
b e c a u s e  o f  t h e  l a c k  o f  d a t a  a n d  
c r i t e r i a .  The c u r r e n t  e s t i m a t e  i s  
t h a t  no phys io log i ca l  e f f e c t s  should e x i s t ,  but  annoyance would be l i k e l y  
a t  d i s t a n c e s  a s  g r e a t  a s  30 ,000  m f rom t h e  p o i n t  o f  l a u n c h ,  d u e  t o  low- 
frequency v i b r a t i o n  of  bu i ld ings .  

Sonic boom p r e s s u r e s  on launch and r e e n t r y  were a l s o  es t imated  and a r e  
summarized i n  Table 5. Booms with p re s su re s  of 1200 Pa (HELV f i r s t - s t a g e  
b o o s t e r )  and 700 Pa (PLV f i r s t - s t a g e  boos t e r )  would cause s t a r t l e  e f f e c t s  
c h a r a c t e r i z e d  by g ros s  body movements but  would no t  cause i n j u r y .  Booms from 
r e e n t r y  vel l ic les  would no t  cause hea r ing  damage ( t h e  t h r e sho ld  i s  a t  about 200 
pa ) .  The t r a j e c t o r y  f o r  t h e  launch v e h i c l e s  would have t o  be designed t o  
avoid populated a r e a s .  



Since  t h e  son ic  boom would l a s t  
f o r  o n l y  a b o u t  h a l f  a  s e c o n d ,  i t  
should  n o t  be a  s i g n i f i c a n t  problem i n  
t e r m s  o f  s p e e c h  i n t e r f e r e n c e ,  b u t  
m i g h t  i n t e r f e r e  w i t h  s l e e p  i n  t h e  
a f f e c t e d  a r e a .  It  i s  es t imated  t h a t  
t h e  s o n i c  booms g e n e r a t e d  by  t h e  
r e e n t r y  v e h i c l e s  would annoy 5% o r  
more o f  t h e  popula t ion  over  a  d i s t a n c e  
o f  a b o u t  4 5  km f r o m  t h e  l a n d i n g  
s i t e .  

M O P C  i n f o r m a t i o n ,  o n  n o i s e  
1 e v e  1s , p r o p a g a t  i o n  phenomena, and 
human response i s  needed f o r  a  r e f i n e d  
assessment .  The forthcoming launches 
a n d  returns o f  t h e  s p a c e - s h u t t l e  
o r b i t e r  can provide a va luab le  source  
o f  in format ion .  Never the less ,  based 
o n  t h e  c u r r e n t  s t a t e  o f  knowledge ,  
r o c k e t  launch and r e e n t r y  n o i s e  i s  no t  
cons ide red  t o  be an impediment t o  t h e  
c o n t i n u e d  s t u d y  o f  SPS t e c h n o l o g y .  

Table 4 .  Community Reaction t o  
HLLV Launch Noise 

Distance from 
Launch Po in t  % of  People 

. (m> Highly Annoyeda 

a ~ a s e d  on a  24-hr average of  t he  
no i se .  

Table 5 .  Sonic Boom Summary (Pa la  

Vehicle Launch Reentry 

HLLV b o o s t e r  1200 190 
HLLV o r b i t e r  -- 140 

Launch and  Recovery Accidents .  PLV b o o s t e r  
I n j u r y  t o  members o f  t h e  g e n e r a l  PLV o r b i t e r  
p u b l i c  due t o  SPS launch o r  recovery 
a c c i d e n t s  w o u l d  b e  u n l i k e l y  b u t  aData from Ref. 8 .  
conce ivab le .  Launch a b o r t  o r  l anding  
a c c i d e n t s  have been .  assessed  f o r  t h e  
space  s h u t t l e , '  and the  conc lus ions  a r e  t h a t  t h e s e  i n c i d e n t s  would be analo- 
gous t o  convent iona l  a i r c r a f t  a cc iden t s  and, i n  t h e  ca se  of launch abo r t ,  
would occur  over  . c o n t r o l l e d  range a r e a s  and thus  p re sen t  no unusual problems. 

A p r e l imina ry  a n a l y s i s  i nd i ca t ed  t h e  exp los ive  p o t e n t i a l  of t he  HLLV t o  
b e  about  twice t h a t  o f  a  Sa turn  v . 3  A ca ta ' s t rophic  exp los ion  of an HLLV could 
a f f e c t  persons nea r  launch s i t e s .  For example, t h e  no i se  and shock waves from 
a n  HLLV explos ion  would blow ou t  windows and ,door s  i n  bu i ld ings  a s  f a r  as 15 
km from t h e  launch pad. S t r u c t u r a l  f a i l u r e  would riot be expected,  however. 
Launch s i t e s  a r e  t y p i c a l l y  surrounded by a  b u f f e r  zone of  land;  i t  i s  not  
l i k e l y  t h a t  any town would be c l o s e r  than  1 5  km t o  a  launch pad. 

Ref lec ted  L igh t .  Sunl igh t  would be r e f l e c t e d  t o  t h e  dark s i d e  o f  
t h e  e a r t h  by t h e  s o l a r  s a t e l l i t e s  and o t h e r  o r b i t i n g  SPS s t r u c t u r e s .  The 
magnitude o f  t h e  r e f l e c t i o n s  would depend on t h e  s i z e  -bf t h e  r e f l e c t i n g  a r e a ,  
t h e  smoothness of t h e  r e f l e c t i n g  s u r f a c e ,  t he  r e f l e c t i n g  ang le s ,  and t h e  
d i s t a n c e  between t h e  r e f l e c t i n g  s u r f a c e  and t h e  obse rve r .  For t h e  gene ra l  
p u b l i c ,  t h e  i s s u e  i s  t h e  t o l e r ance  of t h e  human eye -- p a r t i c u l a r l y  i f  t h e  
r e f l e c t e d  l i g h t  were viewed through b inocu la r s  o r  t e lescopes . ,  



There  a r e  two k i n d s  of  r e f l e c t i o n  t o  be c o n s i d e r e d :  s p e c u l a r  and 
d i f f u s e .  Specular  r e f l e c t i o n  i s  t he  kind t h a t  occurs  from very  f l a t ,  mirror-  
l i k e  s u r f a c e s .  I n  t h i s  c a s e ,  n e a r l y  a l l  of t h e  l i g h t  i s  r e f l e c t e d  a t  an angle 
equal  t o  t he  angle  of incidence (both ang le s  measured t o  a  l i n e  perpendicular  
t o  t h e  r e f l e c t i n g  s u r f a c e ) .  Di f fuse  r e f l e c t  ion occurs  from r e l a t ' i v e l y  rough 
s u r f a c e s .  L i g h t  i s  s c a t t e r e d  t h r o u g h o u t  t h e  h a l f  hemisphe re  above t h e  
su r f ace ,  and . the i n t e n s i t i e s  i n  d i f f e r e n t  d i r e c t i o n s  depend on the  su r f ace  
c h a r a c t e r i s t i c s .  

I f  specu la r  r e f k e c t i o n s  occur from SPS s t r u c t u r e s ,  they  would be v i s i b l e  
from l imi t ed  a r e a s  of  t h e  e a r t h  f o r  s h o r t  per iods of t ime. These r e f l e c t i o n s  
would cr .eate  t he  e f f e c t  of a  s p o t l i g h t  sweeping ac ros s  the e a r t h .  Specular 
r e f l e c t i o n s  could be kept  below l e v e l s  i n t o l e r a b l e  t o  t h e  human eye by opera- 
t i o n a l  procedures t o  t i l t  the  s a t e l l i t e  su r f ace  so. t h e  r e f l e c t e d  l i g h t  would 
miss t he  e a r t h  o r  by des ign  changes t o  make t h e  s u r f a c e s  nonspecular .  

It  has been es t imated  t h a t  the d i f f u s e  r e f l e c t i o n  from a  s o l a r  power 
s a t e l l i t e  i n  geosynchronous  o r b i t  ( 3 6 , 0 0 0  km above t h e  e a r t h )  would be 
about a s  b r i g h t  a s  Venus when i t  i s  most v i s i b l e  or  1/10 a s  b r i g h t  a s  the  
s t a r l i g h t  on a  moonless n ight .10  The 60 s a t e l l i t e s  c a l l e d  f o r  by the  SPS 
r e fe rence  system would provide a s  much l i g h t  a s  t he  moon between i t s  new and 
q u a r t e r  phases ac ros s  a  band 70" long and 10" wide. Earth-based o p t i c a l  
astronomy observa t ions  i n  t he  d i r e c t i o n  of such a  band.would be hindered ( see  
Sec t ion  5 ) .  

Reflected l i g h t  from smal le r  SPS s t r u c t u r e s  i n  low e a r t h  o r b i t  (LEO),  
470 km above the  e a r t h ,  i s  a l s o  a  concern because of t h e  s t r u c t u r e s '  nearness  
t o  e a r t h .  Spec ia l  a t t e n t i o n  must be given t o  t he  des ign  and development of 
t hese  s t r u c t u r e s  t o  reduce the  r e f l e c t e d  l i g h t  t o  accep tab le  l e v e l s .  

The r e f l e c t e d  l i g h t  fo r  the  SPS r e fe rence  system i s  c u r r e n t l y  being 
cha rac t e r i zed  i n  some d e t a i l .  Assessments of e f f e c t s  on the  human eye a l s o  
a r e  being i n i t i a t e d .  

Ozone R e d u c t i o n  F c  = - -  - Skin  , - - .  C a n c e r .  . O r  The ozone l a y e r  would p r o b a b l y  be  
a f f e c t e d  by SPS spacec ra f t  a c t i v i t i e s .  Prel iminary c a l c u l a t i o n s  ( s ee  Sec t ion  
3)  i n d i c a t e  t h a t  emissions from t h e  t o t a l  HLLV a c t i v i t y  f o r  SPS would probably 
reduce the  s t r a t o s p h e r i c  ozone l aye r  by only 0.02%, an undetec tab le  change. 
Likewise, c a l c u l a t i o n s  of l oca l i zed  ozone concen t r a t ion  i n d i c a t e  t h e r e  would 
be no s i g n i f i c a n t  c o r r i d o r  e f f e c t  ( s ee  Sec t ion  3 ) .  

For each 1% decrease  i n  ozone, t h e r e  i s  approximately a  2% inc rease  
i n  the  amount of b i o l o g i c a l l y  harmful u l t r a v i o l e t  l i g h t  t h a t  reaches e a r t h ;  
t h i s  type of l i g h t  i s  known t o  inc rease  the  incidence of s k i n  cancer .  It , 
i s  bel ieved t h a t  t he  small  decreases  i n  ozone caused by the  HLLV emissions 
would be i n s i g n i f i c a n t  due t o  t he  v a r i a b i l i t y  o f  o t h e r  f a c t o r s  i n f luenc ing  t h e  
ozone l a y e r .  

Acid Rain. Acid r a i n  may be of concern near  t h e  launch a r e a .  Acid r a i n  ---- 
occurs  -when ra indrops  form i n  o r  f a l l  through a  reg ion  of the  atmosphere 



con ta in ing  a  subs tance  t h a t ,  when d i s so lved  i n  water ,  produces an a c i d i c  
s o l u t i o n .  Natura l  r a i n f a l l  i s  on ly  s l i g h t l y  a c i d i c .  I n  r e c e n t  y e a r s ,  more- 
a c i d i c  r a i n  has  been observed i n  t h e  Scandanavian c o u n t r i e s  a s  wel l  a s  i n  
Canada and the  n o r t h e a s t e r n  United S t a t e s .  Acid r a i n ,  which can have adverse 
e f f e c t s  on v e g e t a t i o n  and s o i l  and water  q u a l i t y ,  has  been a t t r i b u t e d  t o  t he  
emiss ion  o f  s u l f u r -  and n i t rogen-conta in ing  subs tances  i n  t h e  i n d u s t r i a l i z e d  
a r e a s  o f  Europe  and t h e  U n i t e d  S t a t e s .  When t h e  e s t i m a t e d  HLLV r o c k e t  
exhaus t  emiss ions  ( s e e  Sec t ion  3 )  a r e  compared with t h e  s u l f u r  oxide and 
n i t r o g e n  oxide emiss ions  from i n d u s t r i a l  and o t h e r  sources  i n  t h e  sou theas t e rn  
United S t a t e s ,  i t  is concluded t h a t  t h e  c o n t r i b u t i o n  from SPS t o  reg iona l -  o r  
c o n t i n e n t a l - s c a l e  a c i d  r a i n  would be n e g l i g i b l e . 2  

However, l o c n l i o e d  and t e m p o r a r y  a c i d  r a i n f a l l  m i g h t  occur iu r l ~ e  
v i c i n i t y  o f  a  l a u n c h  a r e a  due  t o  r a i n  f a l l i n g  t h r o u g h  t h e  ground c l o u d ,  
For t h e  HLLV, s i n c c  any a c i d i t y  would be due t o  s u l f u r  oxides  and ~ ~ i ~ r o g e r ~  
oxides i n  t he  ground c loud ,  and n o t  t o  a  p r i n c i p a l  exhaust  p roduct ,  t h e  e f f e c t  
would be s i m i l a r  t o  t h a t  of r a i n  f a l l i n g  through t h e  plume of a  power p l a n t ,  
a l though on a much-reduced s c a l e ,  s i n c e  it would be due t o  a  s i n g l e  c loud 
r a t h e r  than  t o  an ex t ens ive  plume. It i s  expected t h a t  t h i s  e f f e c t  could be 
min imized  by m o n i t o r i n g  w e a t h e r  c o n d i t i o n s  and l a u n c h i n g  a t  a p p r o p r i a t e  
t imes .  

E f f e c t s  o f  Power-Transmission E l e c t r i c  and Magnetic F i e l d s .  People 
l i v i n g  and working i n  t he  v i c i n i t y  of  high-vol tage t ransmiss ion  l i n e s  a r e  
exposed t o  e l e c t r i c  and magnetic f i e l d s .  While t he  exac t  v o l t a g e  on t r ans -  
miss ion  l i n e s  l eav ing  an SPS rec tenna  has  no t  been de te r t~ l ined , ,  t he se  l i n e s  
would no t  be expected t o  be d i f f e r e n t  than convent iona l  t ransmiss ion  l i n e s .  
Also,  t h e r e  i s  some u n c e r t a i n t y  about t h e  b i o l o g i c a l  e f f e c t s  of  t h e  f i e l d s .  
R e s e a r c h  i s  p r e s e n t l y  b e i n g  funded  by t h e  Depar tment  o f  Energy  and t h e  
E l e c t r i c  Power Research ~ n s t i t u t e  . l l  

E f f e c t s  on T e r r e s t r i a l . W o r k e r s  

Incremental  E f f e c t s  of Conventional Processes  

Workers involved i n  convent iona l  a c t i v i t i e s  a s soc i a t ed  with SPS develop- 
ment  would be exposed  t o  t h e  same t y p e s . o f  e n v i r o n m e n t a l  i m p a c t s  a s  t h e  
p u b l i c .  The p r i n c i p a l  d i f f e r e n c e  would be one of degree ,  o r  i n t e n s i t y .  A i r  
and water  p o l l u t i o n  undoubtedly would be more severe  a t  work p l a c e s ,  f o r  
example, and t h e  l i k e l i h o o d  of  persona l  i n j u r y  from a c c i d e n t s  would be h igher  
f o r  workers than f o r  t h e  pub l i c .  On t h e  o t h e r  hand, p r a c t i c a l  s a f e t y  measures 
a r e  e a s i e r  t o  apply and en fo rce  a t  employment c e n t e r s  than f o r  t h e  pub l i c .  

Many a c t i v i t i e s  i n  t h e  p r o d u c t i o n  o f  SPS m a t e r i a l s  would be o f  a  
convent iona l  type ,  ,and t h e  l e v e l  of a c t i v i t y  can be compared with t h a t  of 
o t h e r  i n d u s t r i e s ,  and thus  t h e  hazards  can be q u a n t i f i e d .  Many a c t i v i t i e s  
r e q u i r e d  f o r  c o n s t r u c t i o n  of  t he  r ec t enna  and launch and landing pads would 
a l s o  be  expected t o  be  convent iona l .  

Table 6 p rovides  a  rough e s t i m a t e  of t h e  d i s t r i b u t i o n  of occupat iona l  
i l l n e s s  and i n j u r y  by v a r i o u s  SPS f u n c t i o n a l  a c t i v i t i e s .  These d a t a  were 



assembled us ing  occupa t iona l  i l l n e s s  and i n j u r y  r a t e s  from t h e  U.S. Department 
o f  Labor and SPS l abo r  requirements  .4 Occupational f a t a l i t y  information was 

, n o t  included.  The informat ion  shows t h a t  t h e  m a t e r i a l  a c q u i s i t i o n  a c t i v i t i e s  
( i . e . ,  mining) would account f o r  about h a l f  o f  t h e  person-days l o s t  f o r  i n j u r y  
and i l l n e s s  and t h a t  t h e  i n j u r y  r a t e  would be much h ighe r  than  t h e  i l l n e s s  
r a t e .  These r a t e s  a r e  t o t a l s  over  t h e  30-yr l i f e  of  t h e  s a t e l l i t e  power 
system and cannot be d i r e c t l y  compared t o  publ ished annual  r a t e s .  

Unconventional E f f e c t s  

The unconventional e f f e c t s  on t h e  h e a l t h  and s a f e t y  o f  t e r r e s t r i a l  SPS 
workers~would  r e s u l t  from exposure t o  t o x i c  m a t e r i a l s ,  t h e  t r a n s p o r t  of  h i g h l y  
exp los ive  m a t e r i a l s ,  a l l  of t h e  launch and recovery a c t i v i t i e s ,  and exposure 
t o  e lec t romagnet ic  f i e l d s  ( o t h e r  than  microwaves, which a r e  d i s cus sed  i n  Sec- 
t i o n  1 )  a t  t h e  rec tenna  s i t e .  These a r e  t h e  same e f f e c t s  a s  were d i s cus sed  i n  
Sec t ion  2.2.1 with regard  t o  pub l i c  h e a l t h  and s a f e t y .  The d i f f e r e n c e  between 
pub l i c  and t e r r e s t r i a l - w o r k e r  impacts would be one of degree and i n t e n s i t y .  

Some t e r r e s t r i a l  workers would handle  t o x i c  m a t e r i a l s  t h a t  would be 
s e n t  i n t o  s p a c e .  They m i g h t  a l s o  be  exposed  t o  fumes fr.om f u e l s  and t o  
e f f l u e n t s  from bu rned  f u e l s  a s  s p a c e c r a f t  were l a u n c h e d  and l a n d e d .  I n  
t r a n s p o r t  a cc iden t s  involv ing  c a t a s t r o p h i c  explos ions  o r  f i r e ,  t he  workers 
involved (e .g . ,  r a i l r o a d  crewmen, emergency personnel , '  e t c . )  would be more 
l i k e l y  t o  be i n ju red  o r  k i l l e d  than t h e  gene ra l  pub l i c  would be.  

T e r r e s t r i a l  workers i n  launch and landing a r e a s  could be i n ju red  o r  
k i l l e d  i n  acc iden t s  dur ing  launch and landing of  space v e h i c l e s .  They could 
conceivably be  s t r u c k  by a  v e h i c l e  ou t  of c o n t r o l .  Fue ls  a l s o  could explode 

Table 6.  D i s t r i b u t i o n  o f  Occupational 
I l l n e s s  and I n j u r y  

lo6 Person-Days Losta  

Occupat i o n a l  Occupational . 
A c t i v i t y  I n j u r i e s  I l l n e s s e s  

Ma te r i a l  a c q u i s i t i o n  15 0.5 

Ground c o n s t r u c t i o n  9 0 - 3  

Ground o p e r a t i o n  
and rnaintenanee - '1 - 5  - 0.1 

To ta l  25.5 0.9 

aData a r e  f o r  convent iona l  mining, c o n s t r u c t i o n ,  and 
manufacturing only  and a r e  t o t a l s  over  t he  30-yr 
l i f e  of t h e  s a t e l l i t e  power system. 

Source: Ref. 4. 



o r  i g n i t e .  Since t he  amounts of f u e l s  expected t o  be used i n  t h e  HLLV a r e  
immense compared t o  those  used i n  convent iona l  a i r c r a f t ,  t h e  explos ion / ign i -  
t i o n  hazard would be g r e a t e r .  T e r r e s t r i a l  workers a t  t h e s e  s i t e s  would be 
exposed t o  high l e v e l s  o f  n o i s e .  

Workers a t  o p e r a t i n g  r ec t enna  s i t e s  would be near  equipment ca r ry ing  
v e r y  h igh  v o l t a g e s ,  and t h e r e f o r e  t h e r e  would be t h e  p o s s i b i l i t y  of  e l e c t r i c  
shock caus ing  i n j u r y  o r  dea th .  I f  t he  SPS used h ighe r  ope ra t i ng  v o l t a g e s  than 
conven t iona l  power systems, t h e  SPS worker a t  a  rec tenna  s i t e  would be exposed 
t o  h i g h e r  d i r e c t - c u r r e n t  o r  low-frequency e l e c t r i c  and magnetic f i e l d s  than 
a  convent iona l  power-system worker.  

None of t h e  unconvent ional  e f f e c t s  i d e n t i f i e d  a r e  considered t o  be 
a n  impediment  t o  c o n t i n u i n g  SPS r e s e a r c h  and a s s e s s m e n t .  Any p o t e n t i a l  
occupa t iona l  r i s k s  could be amel iora ted  by educa t ion ,  t r a i n i n g ,  environmental 
c o n t r o l ,  and s a f e t y  procedures .  

2 .2 .3  E f f e c t s  on Space Workers 

Space SPS workers would be more l i k e l y  than anyone e l s e  t o  be exposed 
t o  unique h e a l t h  hazards  a s  a  r e s u l t  of SPS development. The SPS r e f e r e n c e  
system1 proposes 90-day t o u r s  i n  space,  and a  5-yr c a r e e r  f o r  space workers 
h a s  been contemplated.  This  schedule  could involve 90 days i n  space a l t e r -  
nat'ed wi th  90 days on e a r t h .  The longes t  f l i g h t s  f o r  U. S. a s t r o n a u t s  have 

. been  84 days,  and these  have not  been repea ted .  Thus f a r ,  exper ience  f o r  

.humans i n  space h a s  been l i m i t e d  t o  American and Russian a s t r o n a u t s ,  who have 
been h i g h l y  t r a i n e d ,  h i g h l y  motivated persons.  The i r  t a s k s  have been very  
d i f f e r e n t  from those  p ro j ec t ed  f o r  most SPS space workers. It i s  impera t ive  
t h a t  a l l  p o s s i b l e  p recau t ions  be taken  t o  avoid o r  minimize t h e  h e a l t h  hazards  
f o r  SPS space  'workers.  

Heal th  E f f e c t s  of  t h e  Space Environment 

The p o s s i b l e  h e a l t h  c o n s e q u e n c e s  f o r  SPS s p a c e  w o r k e r s  h a v e  been  
s se s sed  by N A S A . ~ ~  The s tudy  concludes t h a t  t h e  SPS space worker would no t  
u f f e r  any long-term adverse  h e a l t h  e f f e c t s .  'This conc lus iu r~  i s  Lased oli the 

e x p e c t a t i o n  t h a t  p r i o r  t o  SPS space f l i g h t s ,  both ground-based and space 
exper imenta t ion  and exper ience  w i l l  a s s i s t  i n  so lv ing  some of  t h e  problems 
t h a t  have been encountered by humans i n  space.  

Acceleration/Deceleration. Dur ing  a c c e l e r a t i o n  o r  d e c e l e r a t i o n ,  
p h y s i c a l  fo r ce s  a c t  on t h e  body t o  a c c e l e r a t e  and d i s p l a c e  a l l  o r  p a r t  o f  t h e  
b o d y .  The b o d y ' s  r e s p o n s e  tb f o r c e  r e s u l t s  i n  a  r a n g e  o f  p h y s i o l o g i c a l  
r e s p o n s e s ,  from a  l e v e l  a t  which no e f f e c t  c a n  be  p e r c e i v e d  t o  a  l e v e l  
r e s u l t i n g  i n  massive t i s s u e  d e s t r u c t i o n .  The d u r a t i o n  of  exposure t o  weight- 
l e s s n e s s  i s  known t o  i n f luence  t he  e x t e n t  t o  which l i n e a r  and angular  acce l -  
e r a t i o n  a l t e r  t he  body a s  wel l  a s  t h e  l eng th  of  time r equ i r ed  f o r  t h e  body t o  
r e g a i n  normal p r e f l i g h t  response c h a r a c t e r i s t i c s .  

The magnitude of t h e  f o r c e  a c t i n g  on a  human body i s  determined by 
t h e  body's  mass and t h e  magnitude of  t he  a c c e l e r a t i o n .  The d u r a t i o n  of t h e  



a c c e l e r a t i o n  i s  a  s i g n i f i c a n t  f a c t o r  i n  human r e s p o n s e ,  p a r t i c u l a r l y  a t  
s h o r t e r - d u r a t i o n  e x p o s u r e s  a p p r o a c h i n g  impac t  ( d u r a t i o n  < 0 . 2  s ) .  A l s o  
s i g n i f i c a n t  a r e  t h e  d i r e c t i o n  of t he  f o r c e  v e c t o r ,  t h e  r e s u l t a n t  d i r e c t i o n  
of  a c c e l e r a t i o n  with r e s p e c t  t o  t he  body's  o r i e n t a t i o n ,  and the  s p e c i f i c  
body p o s i t i o n .  The r e s t r a i n t  and support  systems f o r  t h e  human body i n  an 
a c c e l e r a t i n g  v e h i c l e  determine t h e  manner i n  which f o r c e s  a r e  t r ansmi t t ed  from 
t h e  v e h i c l e ' t o  t h e  body ,  t h e r e b y  s t r o n g l y  i n f l u e n c i n g  t h e  p h y s i o l o g i c a l  
response  t o  t h e  a c c e l e r a t i o n .  

Maximum f o r c e s  f o r  t h e  Apollo s p a c e c r a f t  reached approximately s i x  
t imes  t h e  fo rce  of  g r a v i t y  (6  g)  on r e e n t r y ,  wi th  l e s s e r  va lues  f o r  launch and 
o r b i t a l  maneuvers. Mercury and Gemini s p a c e c r a f t  operated a t  s l i g h t l y  h igher  
v a l u e s .  No acu te  o p e r a t i o n a l  problems, s i g n i f i c a n t  phys io log i ca l  d e f i c i t s ,  o r  
adverse  h e a l t h  e f f e c t s  r e l a t e d  t o  t h e  ca rd iovascu la r  and musculoske le ta l  
systems a r e  known t o  have r e s u l t e d .  The space s h u t t l e  ( a  pro to type  f o r  t h e  
SPS personnel  launch v e h i c l e )  w i l l  impose a  q u i t e  d i f f e r e n t  a c c e l e r a t i o n  
e n v i r o n m e n t  on t h e  = r e w .  The a c c e l e r a t i o n s  w i l l  b e  l ower  b u t  w i l l  l a s t  
l onge r .  There i s  a  compromise t o  be made between shor t -dura t ion ,  h igh  acce l -  
e r a t i o n  and longer -dura t ion ,  lower a c c e l e r a t i o n .  

Since t he  phys io log i ca l  e f f e c t s  of  an a c c e l e r a t i o n  f o r c e  f i e l d  a r e  
numerous, t he  p o t e n t i a l  f o r  modifying t h e s e  e f f e c t s  by a  number of environ- 
mental  f a c t o r s  would be cons idered .  The primary l i m i t i n g  e f f e c t  i s  a  l o s s  of 
oxygen i n  t h e  blood due t o  e f f e c t s  on t h e  ca rd iovascu la r  and r e s p i r a t o r y  
systems. Oxygen p re s su re  i s ,  t h e r e f o r e ,  a  very  important v a r i a b l e .  Tempera- 
t u r e .  can . b e  expected t o  a f f e c t  t o l e r a n c e  t o  a c c e l e r a t i o n  when i t  r e s u l t s  i n  
d i l a t i o n  of blood v e s s e l s  and decreased r e t u r n  of  blood t o  t h e  h e a r t .  Any 

' 
o t h e r  environmental f a c t o r  t h a t  might a f f e c t  t h e  ca rd iovascu la r  o r  r e s p i r a t o r y  
system would be expected t o  i n f luence  a c c e l e r a t i o n  t o l e r ance .  There i s  a l s o  a  
l a r g e  i nd iv idua l  v a r i a t i o n  i n  t o l e r a n c e  of  a c c e l e r a t i o n .  

Future  work i n  t h i s  a r e a  w i l l :  

Define t h e  e f f e c t s  o f  v a r i o u s  d u r a t i o n s  i n  a  zero-grav i ty  
environment on subsequent t o l e r a n c e  t o  f o r c e  f i e l d s  i n  a l l  
d i r e c t  ions .  

Define the  ranges  of a c c e l e r a t i o n  f o r c e s  r e s u l t i n g  i n  
phys io log i ca l  e f f e c t s  and of t o l e r a n c e  i n  t he  popula t ion  
t h a t  may f l y  i n  space .  

Optimize countermeasures t h a t  may be used under high- 
fo rce - f i e ld  c o n d i t i o n s .  

Weight lessness .  A number of d e v i a t i o n s  from normal phys ica l  parameters 
have been noted i n  a s t r o n a u t s .  Many o f  t h e s e  e f f e c t s  have appeared t o  be 
a d a p t a t i o n s  t o  t h e  l a c k  of  g r a v i t y ,  and t h e  a f f e c t e d  parameters  'have r e tu rned  
t o  normal e i t h e r  dur ing  t h e  mission o r  very  s h o r t l y  a f t e r  t h e  r e t u r n  t o  e a r t h ,  
w i th  no apparent  adverse consequences t o  t h e  a s t r o n a u t s .  However, some o f  
t h e s e  d e v i a t i o n s  m i g h t  be  problems i f  f l i g h t s  were r e p e a t e d  a t  r e g u l a r  
i n t e r v a l s .  The e f f e c t s  can be summarized a s  fol lows:  



Gross-Level E f f e c t s  
/ 

Muscles l o s e  mass and t h e r e  i s  a  smal l ,  r e v e r s i b l e  l o s s  o f  
s t r e n g t h  and a b i l i t y  t o  perform work a t  maximum l e v e l s .  

S k e l e t a l  i n t e g r i t y  i s  compromised by s l o w '  l o s s e s  of t he  
p r o t e i n  m a t r i x  o f  bone mine ra l .  Recovery i s  known t o  
r e q u i r e  a  p r o t r a c t e d  pe r iod .  

There i s  a  f l u i d  s h i f t ,  p a r t i c u l a r l y  from t h e  l e g s  t o  t h e  
head and upper  t o r s o ,  and some f l u i d  i s  l o s t .  

The normal t o l e r a n c e  o f  t h e  ca rd iovascu la r  system t o  t h e  
s t r e s s  o f  t h e  e a r t h ' s  g r a v i t y  i s  r e d u c e d .  Symptoms 
such a s  d i z z i u e u s ,  weakness, decreased h e a r t  r a t c ,  and 
decreased  p u l s e  p re s su re  l a s t  f o r  up' t o  two weeks a f t e r  a  
space f  1 i g h t  . 

Less-Important E f f e c t s  

There i s  a  tendency t o  i ncu r  s k i n  i n f e c t i o n s .  

Red blood c e l l  mass i s  l o s t .  

Neuroendocrine a c t i v i t y ,  a s  measured i n  blood and u r i n e  
specimens,,  changes.  

Seve ra l  organ systems have s u f f e r e d  minimal o r  no f u n c t i o n a l  changes a s  a  
r e s u l t  of  space f l i g h t .  These i nc lude  t h e  r ep roduc t ive ,  d i g e s t i v e ,  r e s p i r a -  
t o r y ,  lymphat ic ,  nervous,  s enso ry ,  and exc re to ry  systems, 

Ion i z ing  Radia t ion .  The i o n i z i n g  r a d i a t i o n  environment i n  which the  
s a t e l l i t e  power system would be b u i l t  and opera ted  i s  c h a r a c t e r i z e d  by t h e  
presence  of  f l u x e s  of  e l e c t r o n s ,  p ro tbns ,  neu t rons ,  and atomic nuc l e i . 13  ~t 
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  c a t e g o r i e s :  (1) t h e  
e l e c t r o n s  and pro tons  t rapped  by t h e  e a r t h ' s  magnetic f i e l d  i n  t h e  Van Al len  
b e l t s ,  ( 2 )  t h e  protons and atomic n u c l e i  o r i g i n a t i n g  i n  t h e  sun,  and ( 3 )  t h e  
p ro tons  and atomic n u c l e i  t h a t  make up g a l a c t i c  cosmic r ays .  The t rapped 
r a d i a t i o n  of t h e  Van Al l en  b e l t s  i s  of  g r e a t e s t  concern dur ing  o p e r a t i o n s  i n  
LEO and t r a n s f e r  t o  GEO. High-energy, heavy, charged p a r t i c l e s  ,(known a s  HZE) 
a r e  a  component of t h e  g a l a c t i c  cosmic rays f o r  which the b i u l u g i c a l  e l f r c t s  
a r e  l e a s t  adequate ly  measured and perhaps l e a s t  understood.  The magnitude of  
s o l a r  r a d i a t i o n  v a r i e s  unp red i c t ab ly  ( s o l a r  s to rms) ;  such v a r i a t i o n s  g r e a t l y  
a l t e r  t h e  GEO r a d i a t i o n  environment.  

A c r i t i c a l  q u e s t i o n  a f f e c t i n g  SPS d e s i g n  i s  w h e t h e r  t h e  c u r r e n t  
r a d i a t i o n  exposure l i m i t s  used i n  s p a c e c r a f t  de s ign  w i l l  be changed. It i s  
c l e a r  t h a t  t h e  r a d i a t i o n  doses  expected t o  be encountered by a  space worker 
d u r i n g  a  90-day SPS miss ion  might exceed t h e  l i m i t s  recommended f o r  . r a d i a t i o n  
workers by t h e  Nat iona l  Council  on Radia t ion  P r o t e c t i o n  and the  I n t e r n a t i o n a l  
Commission on Radio logica l  P r o t e c t i o n .  Since many workers could r e c e i v e  a  
s i g n i f i c a n t  r a d i a t i o n  exposure,  t he  c a r e e r  l i m i t s  e s t a b l i s h e d  f o r  a s t r o n a u t s  
by t h e  Nat iona l  Academy o f  Sciences may no t  be a p p r o p r i a t e .  I n  any c a s e ,  t h i s  
q u e s t i o n  must be examined i n  d e t a i l  a s  SPS technology and planning develops,  
i nc lud ing  t h e  a l lowable  time i n  space and t h e  p o s s i b i l i t y  of  us ing  space 
r o b o t s .  



The p o t e n t i a l  b i o l o g i c a l  hazards  of HZE p a r t i c l e s  a r e  unce r t a in .  The 
energy d e p o s i t i o n  of  HZE p a r t i c l e s  i s  d i f f e r e n t  from t h a t  of o t h e r  types  of 
r a d i a t i o n , 1 4  and t h e  t o l e r a n c e  l e v e l  f o r  exposure t o  HZE p a r t i c l e s  i s  no t  y e t  
known. Research has  been i n i t i a t e d  t o  develop a  d a t a  base on t h e  b i o l o g i c a l  
e f f e c t s  of  HZE p a r t i c l e s .  

The r a d i a t  i o n - s h i e l d i n g  r e q u i r e m e n t s  f o r  e a c h  p o r t  i o n  o f  t h e  SPS 
miss ion  must be based on ' cons ide ra t i on  of t h e  combined exposures f o r  t h e  
t o t a l  m i s s i o n .  For  example ,  t h e  a l l o w a b l e  e x p o s u r e  w i t h i n  t h e  v e h i c l e  
a t  GEO would depend on t h e  exposures  i n  LEO, dur ing  o r b i t a l  t r a n s f e r ,  du r ing  
scheduled and unscheduled e x t r a v e h i c u l a r  a c t i v i t y ,  and a s  a n t i c i p a t e d  from 
s o l a r  s torms.  Since t h e r e  a r e  u n c e r t a i n t i e s  i n  t h e  e x i s t i n g  models of the  
space  r a d i a t i o n  environment, s h i e l d i n g  requirements  would be reviewed period- 
i c a l l y  a s  the  models a r e  improved. For example, an important  improvement 
needed i n  t h e  model of t h e  e l e c t r o n  environment f o r  GEO i s  an a c c u r a t e  simula- 
t i o n  of  t h e  dependence of  e l e c t r o n  concen t r a t i ons  on the  s o l a r  c y c l e .  

An important  p a r t  of t h e  r ad i a t i on -p ro t ec t i on  des ign  f o r  t he  GEO base 
i nvo lves  t h e  h e a l t h  hazards  o f  s o l a r  storms. A h e a v i l y  sh i e lded  s h e l t e r  would 
be  necessary  t o  p r o t e c t  workers from these  storms. To minimize t h e  des ign  
w e i g h t  o f  t h e  s t o r m  s h e l t e r ,  i t  i s  n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  s e l f -  
s h i e l d i n g  of c r i t i c a l  organs by body t i s s u e s  and t o  use persona l  p r o t e c t i v e  
c l o t h i n g .  

Dosimeters would be needed f o r  monitor ing r a d i a t i o n  exposures .  In  
a d d i t  ion t o  rugged, r e l i a b l e ,  and s imple dos imeters  f o r  each i n d i v i d u a l ,  
rea l - t ime  monitor ing i s  needed of  unp red i c t ab l e  r a d i a t i o n  sources ,  s o l a r  
s to rms ,  and short- term f l u c t u a t i o n s  of  t rapped e l e c t r o n  f l u x e s  i n  GEO. Space 
workers .  i n  GEO must be warned t o  move t o  a r e a s  a f fo rd ing  g r e a t e r  p r o t e c t i o n  
whenever exposures  t o  unp red i c t ab l e  r a d i a t i o n  may exceed e s t a b l i s h e d  l i m i t s .  
There i s  a l s o  a  need t o  monitor exposure t o  HZE p a r t i c l e s  because of t h e  
unknown b i o l o g i c a l  e f f e c t s  of  t he se  p a r t i c l e s .  

There i s  appa ren t ly  no s i n g l e  ins t rument  o r  i n t e g r a t e d  group o f  i n s t r u -  
m e n t s  t h a t  g i v e s  r e a l - t i m e  r e a d o u t s  o f  f l u x  and e n e r g y  (wh ich ,  i n  t u r n ,  
a r e  r e l a t e d  t o  dose)  of  a l l  t h e  types  of i on i z ing  r a d i a t i o n  t h a t  would be 
encountered by SPS space workers.  Current  dosimeter  technology needs t o  be 
eva lua t ed  t o  determine whether ins t ruments  now being used can be i n t e g r a t e d  t o  
make t h e  measurements and provide read ings  on a  real- t ime b a s i s .  S tud ies  of  
personnel  dos imeters  a r e  a l s o  needed. The r a d i a t i o n  dose t o  i n d i v i d u a l s  would 
va ry  cons ide rab ly  depending on work schedules  and p l aces  of  work. Personnel  
dos imeters  now i n  use t ake  exces s ive ly  long t imes f o r  readout  and a r e  probably 
n o t  accu ra t e  enough t o  provide t h e  in format ion  needed t o  p r o t e c t  SPS personnel .  

The r i s k s  from ion i z ing  r a d i a t i o n  i n  space would be minimized through 
c a r e f u l l y  designed s h i e l d i n g  fo r ,  space v e h i c l e s ,  working and l i v i n g  modules, 
and s o l a r  storm s h e l t e r s .  Monitoring systems should be developed t o  o b t a i n  
comprehensive, immediate accounts  of cond i t i ons  i n  p l aces  occupied by space 
workers and t o  warn o f  r a d i a t i o n  hazards .  

I on i z ing  r a d i a t i o n  i n  space i s  no t  considered a b a r r i e r  t o  t he  con- 
t i nued  r e sea rch  and assessment of SPS technology. Never the less ,  i t  w i l l  be 
necessary  t o  q u a n t i t a t i v e l y  a s s e s s  t h e  hazard of t h i s  r a d i a t i o n  t o  humans i n  
space  be fo re  long miss ions  a r e  c a r r i e d  o u t .  



E l e c t r i c  and Magnetic F i e l d s .  The c o l l e c t i o n  and t ransmiss ion  of  
l a r g e  'ainounts of  e l e c t r i c  power ac ros s  t h e  s o l a r  c e l l s  would gene ra t e  e l e c t r i c  
and magnetic f i e l d s  t h a t  would surround t h e  s o l a r  panels  and antenna.  Workers 
i n  t h e  v i c i n i t y  o f  t h e  s o l a r  pane ls  would be  exposed t o  t h e s e  f i e l d s .  

I 

The evidence t h a t  e l e c t r i c  . f i e l d s  a r e  harmful t o  humans i s  somewhat 
c o n t r o v e r s i a l  a t  t h i s  s t a g e .  Russian s t u d i e s  of  e l e c t r i c a l  workers appear 
t o  i n d i c a t e  some d e l e t e r i o u s  e f f e c t s ,  b u t  t he se  have no t  a s  ye t  been substan- 
t i a t e d  by r e sea rch  i n  t h e  United S t a t e s .  'Ihere has  been some r e sea rch  wi th  
an imals ,  and some abnormal e f f e c t s  have been r epo r t ed .  Well-control led animal. 
s t u d i e s  a r e  c u r r e n t l y  underway;  t h e  ' l a r g e r  s t u d i e s  a r e  s u p  o r t e d  by  t h e  
Department of Energy and t h e  E l e c t r i c  Power Research I n s t i t u t e .  !1 

, Research on t h e  b i o l o g i c a l  e f f e c t s  of magnetic f i e l d s  i s  , in  t he  e a r l y  
s t a g e s .  Because t h e  space  worker i n  geosynchronous e a r t h  o r b i t  would be 
e s s e n t i a l l y  ou t  of t h e  e a r t h ' s  magnetic f i e l d ,  the effecLu of no magnetic 
f i e l d  should be examined. On t h e  o t h e r  hand, magnetic f i e l d s  would be gen- 
e r a t e d  by  t h e  e l e c t r i c  c u r r e n t s  on t h e  s a t e l l i t e .  The e f f e c t s  o f  t h e s e  
f i e l d s ,  which some space workers would presumably move through, should be  
i n v e s t i g a t e d .  

S p a c e c r a f t  C h a r g i n g  -and Envi ronmenta l  I n t e r a c t i o n s  with Space Struc-  
t u r e s .  E l e c t r i c  charge would c o l l e c t  on SPS s t r u c t u r e s  a s  they  t r ave l ed  
through space.  This  might r e s u l t  i n  l a r g e  d i s cha rges  from t h e  s u r f a c e s  of  
s p a c e c r a f t  and from s o l a r - c o l l e c t o r  pane ls .  There appears  t o  be a danger o f  
e l e c t r i c  shock l a r g e  enough t o  i n j u r e  o r  k i l l  space workers.  NASA and t h e  A i r  
Force a r e  c a r r y i n g  ou t  ground and s a t e l l i t e  (SCATHA, i n  p a r t i c u l a r )  exper i -  
ments t o  ga in  a b e t t e r  understanding of t he se  phenomena, which might endanger 
w o r k e r s ,  s p a c e c r a f t  i n s t r u m e n t a t i o n ,  and t h e  e f f i c i e n c y  o f  s o l a r - e n e r g y  
c n l l e c t i o n ,  Conclusions from t h e s e  experiments  may i n d i c a t e  ways of m i t i g a t -  
i ng  t h e s e  e f f e c t s .  Af t e r  m i t i g a t i n g  s t r a t e g i e s  have been lncluded i n  ehe SPS 
r e f e r e n c e  system, t he  r e s i d u a l  dangers  t o  space workers should be assessed .  

L i f e  Support ,  Medical-Dental Support ,  and System Emergencies 

NASA h a s  i n  progress  r e sea rch  and des ign  programs intended t o  make 
t h e  space  t r a n s p o r t a t  ion and 1 i v i r 1 ~  alld working modulea as hazard-proof a s  
p o s s i b l e  f o r  space workers and t o  provide a l l  t he  n e c e s s i t i e s  f o r  l i f e  and 
h e a l t h  suppor t .  A s  t h e  s a t e l l i t e  power system develops,  t h e  suppor t  systems 
w i l l  he examined f o r  t h e i r  relevance t o  the p r o j e c t  and new systems w i l l  need 
t o  be  des igned .  The c u r r e n t  assessment i s  t h a t  t h e  necessary  support  systems 
can  be des igned ,  and t h e i r  f e a s i b i l i t y  i s  not  a n  impediment t o  t he  development 
o f  t h e  SPS t e c h n o l o g y .  F o l l o w i n g  a r e  b r i e f  d i s c u s s i o n s  o f  a number o f  
p o s s i b l e  l i f e - suppor t  and s a f e t y  hazards  f o r  SPS space  workers.  

Ex t r aveh icu l a r  A c t i v i t y  (EVA). I n  t h e  c a s e  of  t h e  SPS, e x t r a v e h i c u l a r  
a c ' t i v i t y  would no t  be expected t o  be f r equen t ,  bu t  must be planned f o r  i n  
c a s e  of emergencies.  An example of  an EVA requirement would be t h e  ca se  
o f  m a c h i n e r y  n e e d i n g  e x t e r n a l  r e p a i r s .  Much c o n s t r u c t i o n  work c o u l d  be  
r e q u i r e d  o u t s i d e  t h e  space  module. This  i s  expected t o  be done by machinery, 



such a s  a  beam b u i l d e r ,  and would r e q u i r e .  a  space worker i n ' i t s  "cab" working 
t h e  c o n t r o l s :  The hazards'  of EVA w i l l  need t o  be assessed  a s  t he  system 
d e s i g n  i s  more f u l l y  developed. 

C o l l i s i o n s  with Meteoroids and Space Debris .  Computer programs a r e  
a v a i l a b l e  f o r  examining t h i s  problem and have been used f o r  previous space 
mi s s ions .  The s i z e  of an sPS s a t e l l i t e  would make i t  more vu lne rab l e  t o  
c o l l i s i o n s  than v e h i c l e s  and s a t e l l i t e s  t h a t  have been put i n  space t o  d a t e .  
While i t  c u r r e n t l y  appears  t h a t  t h e  p r o b a b i l i t y  of  c o l l i s i o n s  would be  smal l ,  
t h e s e  c o l l i s i o n s ,  i f  they  occur red ,  could be c a t a s t r o p h i c .  The amount of  
space  d e b r i s  i s  a l s o  i n c r e a s i n g  a t  a  f a i r l y  r a p i d  r a t e .  The problem o f  SPS 
c o l l i s i o n s  wi th  meteoroids  and space d e b r i s  t hus  needs d e f i n i t i v e  s tudy .  

Other Heal th  and S a f e t y  Hazards.  Space workers may be more prone t o  
convent iona l  c o n s t r u c t i o n  a c c i d e n t s  than  a r e  t e r r e s t r i a l  workers because of  
t h e  p o s s i b l e  awkwardness of working i n  t h e  we igh t l e s s  s t a t e .  Hazards may be 
a s s o c i a t e d  wi th  l i f t - o f f ,  l anding ,  t r a n s f e r  between v e h i c l e s ,  o r  t r a n s p o r t  
between s a t e l l i t e s .  Some space  workers would work i n  t h e  v i c i n i t y  of  equip- 
ment ca r ry ing  h igh  v o l t a g e ,  whi le  o t h e r s  might be exposed t o  t o x i c  m a t e r i a l s .  
These hazards  and o t h e r s  w i l l  r e q u i r e  q u a n t i t a t i v e  assessment a s  t h e  SPS 
d e s i g n  develops.  

Ameliorat ion of  P o t e n t i a l l y  Adverse ~ f . f e c t s l ~  

To ensure maximum p r o d u c t i v i t y  over  a  mu1 t i y e a r  c a r e e r ,  s e l e c t i o n .  
o f  s p a c e  w o r k e r s  would b e  b a s e d  on s u c h  c o n s i d e r a t i o n s  a s  good p h y s i c a l  
c o n d i t i o n ,  r e s i l i e n c e ,  a d a p t a b i l i t y  t o  s t r e s s ,  d e d i c a t i o n ,  and the  i n t e l l i -  
gence t o  understatid. 1io.t urily job requi rements ,  bu t  a l s o  t he  a c t i o n s  t h a t  must 
be  taken  t o  remain h e a l t h y  i n  space.  The exac t  c r i t e r i a  f o r  s e l e c t i n g  workers 
have y e t  t o  be  developed. 

Space workers f o r  SPS would r e q u i r e  ex t ens ive  t r a i n i n g  and educa t ion  
p r i o r  t o  t h e i r  i n i t i a l  space f l i g h t  and on a  cont inu ing  b a s i s  throughout t h e i r  
c a r e e r s .  Proper  i n d o c t r i n a t i o n  of  a s t r o n a u t s  i n  t he  importance of food, 
e x e r c i s e ,  hygiene., and o t h e r  hea l th-sus  t a i n i n g  regimens minimized p o t e n t i a l l y  
adverse  phys io log i ca l  e f f e c t s  of p rev ious  space miss ions .  The space-shut t le  
and space-operat ions-center  programs of t h e  1980s and 1990s w i l l  provide an 
oppor tun i ty  t o  ga in  i n s i g h t  i n t o  t he  requirements  f o r  space worker t r a i n i n g .  

Motivat ion would b e  c r i t i c a l .  A c a r e e r  a s  an SPS worker would p l ace  a  
s eve re  phys io log i ca l  and psychologica l  s t r e s s  on t h e  space worker and h i s  o r  
h e r  family or a s s o c i a l e u .  These s t r e s s e s  might r e s u l t  i n  a  v e r y  high person- 
n e l  tu rnover  r a t e .  Carefu l  s t u d i e s  o f  t h e  e f f e c t s  o f  repea ted  miss ions  by t h e  
space - shu t t l e  crews, and r epea t ed ,  long (90-day) miss ions  by t h e  crews of  t h e  
space ope ra t i ons  c e n t e r  should i d e n t i f y  means of mot iva t ing  SPS workers t o  
s e r v e  e f f e c t i v e  space c a r e e r s .  

The m a i n t e n a n c e  o f  good p h y s i c a l  c o n d i t i o n ' i s  a  v e r y  s i g n i f i c a n t  
f a c t o r  in '  ame l io ra t i ng  the  adverse  e f f e c t s  of t h e  space environment.  Good 
programs of n u t r i t i o n ,  e x e r c i s e ,  r e s t ,  and hygiene -- coupled wi th  a  good 



food system and en joyable  r e c r e a t i o n  -- would be r equ i r ed  f o r  SPS workers.  
These requirements  would need t o  be met between miss ions  a s  wel l  a s  dur ing  
space  f l i g h t ,  and would have t o  be t a i l o r e d  t o  t h e  needs of  t h e  i n d i v i d u a l .  
NASA h a s  learned  a  g r e a t  d e a l  about t h e s e  needs f o r  a s t r o n a u t s  and cosmonauts 
from prev ious  space  mi s s ions ,  bu t  much i s  ye t  t o  be  learned  about t h e  needs o f  
t h e  t y p e s  of  workers t h a t  would be  expected t o  be employed i n  t h e  SPS program. 

Living ,and working cond i t i ons  would be very  impor tan t .  The phys i ca l  
and psychologica l  w e l l  being of  t he  SPS space worker would be a f f e c t e d  by 
environments  t h a t  a r e  c o n t r o l l a b l e  a s  wel l  a s  those  t h a t  a r e  i nhe ren t  t o  space 
f l i g h t .  The l i v i n g  and working cond i t i ons  of t h e  space worker need c a r e f u l  
c o n s i d e r a t i o n  i f  t h e  long and repea ted  miss ions  a r e  t o  be made p a l a t a b l e .  
Some of t h e  more obvious o f  t he  controllable elements  i nc lude :  

Temperature 

Toxic and noxious elements 

~ r c 6 i t e c t u r e  

Humidity 

Breathing environment ( p r e s s u r e s  and c o n s t i t u e n t  gases )  

Noise 

Clo th ing  ( p r o t e c t i v e  and coun te rp re s su re  s u i t s )  

Soc i a l  and management s t r u c t u r e  

With many hundreds of  space workers involved,  some would be l i k e l y  t o  be 
a d v e r s e l y  a f f e c t e d  by t h e  space environment. Some of  t h e  p o s s i b l e  c u r a t i v e  
a c t i o n s  t h a t  might be needed a r e :  t a s k  reassignment  o r . s c h e d u l e  mod i f i ca t i on ,  
v a r i a t i o n s  i n  p h y s i c a l  c o n d i t i o n i n g  a c t i v i t i e s  ( p o s s i b l e  s u p e r v i s i o n  t o  
prevent  n e g l e c t  of necessary  e x e r c i s e ,  n u t r i t i o n ,  hygiene,  e t c . ) ,  medical 
t r e a t m e n t ,  and a l t e r e d  l i v i n g  cond i t i ons .  

Cur ren t ly ,  NASA i s  conduct ing only  ground-based r e sea rch ,  b u t ' i t  is  
a n t i c i p a t e d  t h a t  t h e  space s h u t t l e  and space ope ra t i ons  c e n t e r  w i l l  provide 
o p p o r t u n i t i e s  f o r  r e sea rch  i n  space .  This  r e sea rch  can be designed t o  y i e l d  , 

i n fo rma t ion  needed t o  i d e n t i t y  p o t e n t i a i  adverse effeccs  of SPS-cype space 
o p e r a t i o n s  and s u i t a b l e  countermeasures .  

.2.2.4 E f f e c t s  on Ecosystems 

S a t e l l i t e  power system a c t i v i t i e s  on and near  t h e  e a r t h ' s  s u r f a c e  
probably would impact many ecosystem components. The most ev iden t  e f f e c t s  
would L i k e l y  b e  l o c a l i z e d  n e a r  t h e  l a u n c h  and l a n d i n g  s i ~ e s  aud a t  the 
g r o u n d  r e c e i v i n g  s t a t i o n s .  F o r  t h e  l a u n c h  and l a n d i n g  s i t e s ,  e c o s y s t e m  
d i s t u r b a n c e s  could be l i m i t e d  by m i t i g a t i n g  s t r a t e g i e s .  Ground r ece iv ing  

. s t a t i o n s  ( r ec t enna  s i t e s )  would a l t e r  l o c a l  ecosystems. 



Rectenna S i t i n g  

The impacts of rec tenna  s i t i n g  have been assessed15 us ing  o pro to type  
s i t e  i n  t h e  C a l i f o r n i a  high d e s e r t  a t  t h e  Coso Hot Springs geothermal l e a s e  
a r e a .  While i t  i s  not  expected t h a t  t h i s  s p e c i f i c  s i t s  would be uead f o r  'a 
r ec t enna ,  i t  was s e l e c t e d  fo r  s tudy  because i t  has  many a t t r i b u t e s  p re f e r r ed  
f o r  SPS r ec t enna  s i t e s  ( l i t t l e  p r e c i p i t a t i o n ,  f l a t  t e r r a i n ,  low poptaletien 
d e n s i t y ,  e t c . )  and i s  t h e  sub jec t  of a  comprehensive environmental impact 
s t a t e m e n t  w r i t t e n  f o r  t h e  Bureau  o f  Land Management. The s t a t e m e n t  was 
prepared because t h e  a r e a  i s  a  p rospec t ive  s i t e  f o r  a  geothermal f a c i l i t y .  
Thus, much o f  t h e  in format ion  needed f o r  a  rec tenna  impact assessment has  been 
ob ta ined .  

The s tudy  produced a  comprehensive pro to type  environmental a s se s s -  
ment of t h e  SPS-reference-system rec tenna  f a c i l i t y  i n  both t he  c o n s t r u c t i o n  
and ope ra t i on  phases .  This  e f f o r t  a l s o  i d e n t i f i e d  and c a l i b r a t e d ,  i n  terms of  
i m p a c t s  on t h e  n a t u r a l  e n v i r o n m e n t ,  t h e  c r i t i c a l  e n g i n e e r i n g  d e s i g n  and 
c o n s t r u c t i o n  parameters  t h a t  a r e  most s i g n i f i c a n t  environmental ly .  P o t e n t i a l  
i m p a c t s  and key  d e s i g n  p a r a m e t e r s  were  d e f i n e d  i n  t h e  c o n t e x t  o f  a c t u a l  
b a s e l i n e  d a t a  f o r  a  s p e c i f i c  s i t e .  The s tudy  provided s p e c i f i c  impact d a t a  
r e l e v a n t  t o  s i t i n g  a  rec tenna  f a c i l i t y  i n  proximity t o  C a l i f o r n i a ' s  urban 
c e n t e r s  and i l l umina t ed  some p o t e n t i a l  impacts of rec tenna  s i t i n g  elsewhere.  

The i m p a c t s  o f  r e c t e n n a  c o n s t r u c t i o n  and o p e r a t  i o n ,  a l o n g  w i t h  
suggested procedures  f o r  m i t i g a t i o n  of impacts,  a r e  summarized i n  Tabla 7.  
Some of  t he  impacts a r e  s i t e - s p e c i f i c  and could  bg lessened o r  e l imina ted  by 
jud i c ious  s i t e  s e l e c t i o n .  C r i t e r i a  f o r  s i t e  s e l e c t i o n  can be based on s t u d i e s  
o f  t h i s  type .  

This  s i t e - s p e c i f i c  s tudy p o i n t s  ou t  p o s s i b l e  d e t r i m k t a l  env i rmmen ta l  
e f f e c t s  f a r  a r e a s  .with, s i m i l a r  ecosystems. However, i f  60 rec tenna  s i t e s  
were developed, a s  c a l l e d  f o r  by t h e  r e f e r e n c e  system, they would need t o  be 
d i s t r i b u t e d  i n  v a r i o u s  a r e a s  of t h e  count ry  t o  supply populated a r e a s  wi th  
e l e c t r i c i t y .  Thus, a r e a s  wi th  many d i f f e r e n t  types  o f  ecosystems l i k e l y  would 
be  involved.  E f f e c t s  on t h e s e  d i f f e r i n g  ecosystems w i l l  need t o  be s t u d i e d  
when s i t i n g  tequi rements  a r e  b e t t e r  known. 

~ r o d u c  t ion  ahd T r a n s ~ o r t  o f .  SPS C&bonent s and Fuels  

Most of  t h e  a c t i v i t i e s  i n  t h e  mining, p rocess ing ,  manufactur ing,  and 
t r a n s p o r t  of SPS components would be t h e  same a s  those  c u r r e n t l y  c a r r i e d  o u t  
i n  many i n d u s t r i e s .  I n  t h e s e  c a s e s ,  SPS a c t i v i t i e s  can be compared with t h o w  
o f  convent iona l  i n d u s t r i e s  t o  determine i f  t h e  s a t e l l i t e  power 'system would 
add app rec i ab ly  t o  p re sen t  eco log ica l  impacts.  SPS a c t i v i t i e s  t h a t  would be 
unique o r  t h a t  would cons ide rab ly  m u l t i p l y  t h e  e c o l o g i c a l  impacts of  c u r r e n t  
i n d u s t r y  w i l l  need t o  be c a r e f u l l y  a s se s sed .  

While l a r g e  amounts of f u e l s  would be needed f o r  t h e  SPS, t h e i r  prop- 
e r t i e s  would be  t h o s e  o f  c o n v e n t i o n a l  f u e l s ,  i . e . ,  t h e y  would be  t o x i c ,  
Ilauunable, and exp los ive .  The same precaut ions  would be needed a s  a r e  now 
used wi th  such f u e l s .  



Table 7. Summary of Envircrimental Impacts of Rectenna C o n ~ t r u c t i o n  
and Operation z t  e Speci f ic  Study S i t ea  

Technica l  Area Rectsnna C o n j t r u c t i o n  Rec t enna Operat  ion  M i t i g a t i o n  

A i r  q u a l i t y  and a Protp.sble s t a s d a r c s  No s i g n i f i c a n t  a i r  q u a l i t y  a Mequat 'e  d u s t  s u p p r e s s i o n  program 
c l i m a t o l o g y  . v i o l . s t i o n  f o r  n i t r o g e n  impacts  . c u r i n g  c o n s t r u c t i o n  would m i t i g a t e  

oxiC.zs, p a r t i c u l a t e s ,  a Unknown, b u t  p o s s i b l y  p a r t i c u l a t e s  impacts .  
and h y d r o c a r ~ o n s  . s i g n i f i c a n t  m i c r o c l i m a t i c  Extendiilg c o n s t r u c t i o n  schedule  

a No c l i m a t i c  Cmpacts. e f f e c t s  a t  o r  near  ground vomld r e d u c e  emiss ion  peaks f o r  
s u r f a c e .  

I hydroca.rbons and n i t r o g e n  o x i d e s .  
a Pending f u r t h e r  r e s e a r c h ,  p r o j e c t  

n o d i f i c . s t i o n s  might, be  needed f o r  
ground s u r f a c e  microc l imate  impacts .  

Noise a ' S u b s t a n t i a l l y  e l e v a t e d  
n o i s e  l e v e l s ,  bu t  i n  
a r e a s  wi th  lm popula- 
t ion  dens it y. 

a P o s s i b l e  impacts on 
n o i s e - s e n s i t i v e  s p e c i e s .  

Geology and s o i l s  a Gee-ogic impacts  l e s s  
important  than  geo log ic  
c o n s t r a i n t s .  

a Study a r e a  v e r y  a c t i v e  
s e i s m i c a l l y ,  bu t  w i t h i n  
norna l  range  f o r  south-  
e r n  C a l i f o r n i a .  
SoiLs impacts s i g n i f i -  
can:: l a r g e  d i szurbed  
a r e a ,  compact i o n ,  wind/ 
wa t e ~  e r o s  i c n  . 

a SoiLs cons t ra in t . ; :  d i -  
v e r s i t y  o f  s o i l s  t y p e s  
impl ies  v a r i a b i l i t y  i n  
e n g i n e e r i n g  p r o p s r t  i e s  
( e . g . ,  s h r i n k / s w a l l  
p o t z n t i a l ,  c o r r o s i v i t y  
t o  r e t a l s / c c n c r e : e ) .  

8 No s i g n i f i c a n t  impact.  

S e i s m i c i t y  h a s  p o t e n t i a l  
f o r  f a c i l i t y  d e s t r u c t i o n  
o r  l o s s  of  e f f i c i e n c y  
(al ignment  v s .  s a t e l l i t e ) .  
S o i l  p r o d u c t i v i t y  impacted 
f o r  p r o j e c t  l i f e :  depends 
on e x t e n t  and degree  o f  
cons t r u c  t ion-phase and 
ongoing o p e r a t i o n s  d i s -  
t u r b a n c e .  / 

a Im.,roved no.ise c o n t r o l  technology 
by c o n s t r u c t i o n  t ime frame f o r  
ve.iic l e s ,  equipment ,  and 'p rocesses  
v o ~ l d  m i t i g a t e  impacts .  

a During cons t ruce t  i o n ,  no ise -sens i -  
: i '~e  h a b i t a t s  should be avoided 
:o maximum e x t e n t  p o s s i b l e  d u r i n g  
b r ~ e d i n g  and n e s t i n g  seasons .  

a f i ~ r o u g h  s e i s m i c  and s o i l s  s t u d i e s  
. requirad a s  p a r t  of s i t e - s p e c i f i c  
..ngineering. 

a Z a r e f u l  soil-stabilization/drain- 
s g e i e r o s i o n - c o n t r o l  programs 
r e q u i r e d .  



Table 7 .  (Cont'd) 

. . 

Technica l  Area Rectenna Cons t ruc t ion  Rectenna Operat ion  M i t i g a t i o n  

Hydrology and wate r  P r o j e c t  requ i rements :  P r o j e c t  requ i rements  minor 
q u a l i t y  2-14 x  lo6 m3 (depends u n l e s s  major r e v e g e t a t i o n  

on d u s t  suppress ion  program undertaken.  Reveg- 
methods used) .  e t a t i o n  could r e q u i r e  27  x 
Meeting p r o j e c t  needs lo6 m 3 1 y r  f o r  3 y r ,  which 
f r &  groundwater would could  cause  water  t a b l e  
lower wate r  t a b l e  0.2-1.5 drawdown. 
m/yr; would reduce under- 
f low t o  a d j o i n i n g  vaLley ,  
could lower wate r  l e v e l  
i n  nearby l a k e ;  might 
contaminate  u s a b l e  water  

. through h y d r a u l i c  connec- 
t i o n  wi th  unusable 
groundwater. 

F l o r a  Land d i s t u r b a n c e  would Impacts  s i m i l a r  t o  
comple te ly  modify s i t e ' s  c o n s t r u c t  ion phase. 
f l o r a l  communities. Microcl'imate changes.  a t  
P o s s i b l e  i n d i r e c t  impacts ground s u r f a c e  a  key i s s u e  
on, f l o r a  f r &  hydro log ic  f o r  s e v e r i t y  and p o t e n t i a l  
changes,  a i r  and wate r  I o r  m i t i g a t i o n  of  f l o r a l  
p o l l u t a n t s ,  and personne l  impacts .  
a c t i v i t i e s .  
No endangered s p e c i e s  
p resen t  a t  Rose Valley/  
Coso; one r a r e  s p e c i e s  
p r e s e n t .  

Carefu l  s o i l  s t a b i l i z a t  ion /dra inage /  
e r o s i o n - c o n t r o l  program r e q u i r e d .  
Groundwater withdrawal  impacts  cou ld  
be a l l e v i a t e d  by import ing wate r  
from o u t s i d e  s t u d y  a r e a .  
Proper  sewage c o n t r o l  program 
n e c e s s a r y  d u r i n g  c o n s t r u c t i o n  t o  
p revent  wate r  q u a l i t y  d e g r a d a t i o n .  

Reestabl ishment  o f  p r e e x i s t i n g  
f l o r a  p rob lemat ic ;  major and 
d i f f i c u l t  r e v e g e t a t i o n  program 
r e q u i r e d .  
Carefu l  p lacement .  of  a n c i l l a r y  
f a c i l i t i e s  n e c e s s a r y  t o  minimize 
impacts  on s e n s i t i v e . h a b i t a t s .  . 
C a r e f u l  p lann ing ,  d e s i g n  and . 
c o n s t r u c t i o n / o p e r a t i o n s  p r a c t i c e s  
n.ecessary t o  minimize- i n d i r e c t  
impacts  ( e . g . ,  wa te r  q u a l i t y  
d e g r a d a t i o n ) .  



Table  7 .  (~owt'd) 

Technica l  Area Rect anna Cons t ruc t  i o n  Rectenna Opera t ion  M i t i g a t i o n  

Fauna Lane d i s t u r b a n c e  would 0 Impacts  s i m i l a r  t o  con- e k e s t a b l i s h m e n t  of p r e e x i s t i n g  
comple te ly  modify s i t e  s t r u c t i o n  phase.  fauna l  p rob lemat ic ;  c l o s e l y  l i n k e d  
f a u r a l  c o a m u n i t i ~ s .  Impacts c l o s e l y  r e l a t e d  t o  to s t r a t e g y  and s u c c e s s  of  f l o r a l  
P o s s i b l e  i n d i r e c t  impacts f l o r a  impacts .  ~ i t i g a t i o n ;  
on fauna from hydro log ic  Microcl imate changes a t  Carefu l  placement o f  a n c i l l a r y  
changes,  a i r  and w a t e r  ground s u r f a c e  a  key i s s u e  h c i l i t i e s  needed t o  minimize 
p o l l u t a n t s ,  pe rsonne l  f o r  s e v e r i t y  and p o t e n t i a l  impacts  on s e n s i t i v e  h a b i t a t s .  
a c t i v i t i e s ,  and l o s s  of  f o r  m i t i g a t i o n  of  fauna Carefu l  p lann ing ,  d e s i g n ,  con- 
feed ing  a r e a s  f o r  nearby impac t s  . s t r u c t  i o n ,  06M p r a c t i c e s ,  and ' 
fauna . c o n s t r u c t i o n  s c h e d u l i n g  needed 
Sur face  wate r  sources  f o r  t o  avoid i n d i r e c t  impacts  and t o  
migra tory  water  and land avoid s e n s i t i v e  h a b i t a t s  d u r i n g  
b i r d s  would be l o s t  ( p l a y a s )  b reed ing  and n e s t i n g  seasons .  
and jeopard ized  ( L i t t l e  
Lake 1. 
One p r o t e c t e d  s p e c i e s  
(Mohave ground s q u i r r e l )  
founf i n  Rose Val ley .  

Land u s e  T o t a l  displacement  of 
e x i s t i n g  s i t e  u s e s  
( e  .g.. , farming,  g r a z i n g ,  
r e c r t a t i o n ) .  
Minoc l o s s  of  m i n s r a l  
r e s o - ~ r c e s  ( c i n d e r ,  
Minoc i n d i r e c t  (growth- 
r e l a ~ e d )  impacts .  

Same a s  c o n s t r u c t i o n  phase.  k j o r  i n p a c t s  could not  be  
m i t i g a t e d .  I t  might  be p o s s i b l e  
t3 ach ieve  j o i n t  u s e  o f  r e c t e n n a  . 
s i t e s  b c t  t h i s  remains specu la -  
t i v e .  

r Pote7 t  i a l  land a c q u i s i t i o ~ l  
use  c o n f l i c t s  with Navy 
(China Lake NWC), energy . 
( g e o ~ h e r m a l ) ,  w i l d e r n e s s ,  
a r c h a e o l o g i c a l  r e  sources ,  
n a t i v e  b e r i c a n  u.se and 
a c c e s s  t o  c u l t u r a l  and 
r e 1  i g i o u s  s i t e s  . 

a ~ r w  Ref. 15 .  



Launching .and Landing of  S ~ a c e  Vehicles  

The no i se  c r ea t ed  by launching and landing of  space v e h i c l e s  could 
a f f e c t  nearby w i l d l i f e .  There might be s t a r t l e  responses,  d i s tu rbance  of 
d i u r n a l  c y c l e s  and r ep roduc t ion ,  e t c .  This could be e s p e c i a l l y  damaging i n  
a r e a s  where endange red  s p e c i e s  a r e  l o c a t e d .  Al though t h e  e n v i r o n m e n t a l  
impact s ta tement  f o r  the  space s h u t t l e  p r e d i c t s  t h a t  t h e r e  w i l l  be no adverse 
e f f e c t  from t h a t  a c t i v i t y , 7  t h e  poss ib l e  e f f e c t s .  of t he  SPS should be ex- 
amined. Space-shut t le  s t u d i e s  may c l a r i f y  t hese  e f f e c t s .  

A i r  p o l l u t i o n  from space t r a n s p o r t a t i o n  could a f f e c t  w i l d l i f e  and 
vege ta t ion .  The poss ib l e  impacts w i l l  need t o  be assessed  a s  t h e  system 
develops.  Acid r a i n  r e s u l t i n g  from HLLV rocket  launches would be expected t o  
be minimal, a s  d i scussed  i n  Sec. 2.2.1. Acid r a i n  can have adverse e f f e c t s  on 
s o i l  and water  q u a l i t y  and vege ta t ion .  

The amount o f  u l t r a v i o l e t  r a d i a t i o n  r e a c h i n g  t h e  e a r t h  would b e  
increased  by the  ozone d e p l e t i o n  caused b.y f u e l  e f f l u e n t s  from SPS space 
v e h i c l e s .  I n  gene ra l ,  the  b i o t a  of a  given region a r e  adapted t o  the  u l t r a -  
v i o l e t  l i g h t  o f  t h a t  r e g i o n .  A p p r e c i a b l e  changes  i n  u l t r a v i o l e t  l i g h t  
might adve r se ly  impact an ecosystem. For each 1% of  ozone l o s t  from the 
atmosphere,  t he  amount of b i o l o g i c a l l y  harmful u l t r a v i o l e t  r a d i a t i o n  reaching 
t h e  e a r t h ' s  s u r f a c e  i s  . increased by approximately 2%. However, a s  pointed 
o u t  i n  Sec t ion  3,  t h e  change i n  t h e  t o t a l  ozone l a y e r  and t h e  r e s u l t i n g  change 
i n  t h e  i n t e n s i t y  of u l t r a v i o l e t  r a d i a t i o n  a t  the  ground su r f ace  would be 
n e g l i g i b l e .  

Reflected Light  

S u n l i g h t  would b e  r e f l e c t e d  t o  t h e  d a r k  s i d e .  o f  t h e  e a r t h  by t h e  
s o l a r  s a t e l l i t e s  and o t h e r  s a t e l l i t e  power system s t r u c t u r e s ,  a s  descr ibed  i n  
Sec t ion  2.2.1. Since b i o t a  might be a f f e c t e d  by t h i s  unusual l i g h t ,  f o r  
example by d i s r u p t i o n  of d i u r n a l  c y c l e s  i n  w i l d l i f e  o r  growing cyc le s  i n  
p l a n t s ,  an assessment has  been i n i t i a t e d .  Mi t iga t ion  s t r a t e g i e s  might be 
r e q u i r e d .  

High-Vol tage  Power Transmiss ion  

Ecosystems might be a f f e c t e d  by the  cons t ruc t ion  of SPS t ransmiss ion  
l i n e s .  This impact would be comparable t o  t h a t  of  convent ional  t ransmiss ion  
l i n e  c o n s t r u c t i o n ,  and probably does not  need t o  be i n v e s t i g a t e d  u n t i l  spec i f -  
i c  s i t e s  and r o u t e s  a r e  proposed. Then these  impacts should be i n v e s t i g a t e d  
wi th  r e s p e c t  t o  endangered o r  f r a g i l e  spec i e s .  The e lec t romagnet ic  f i e l d  
i n t e n s i t i e s  surrounding SPS t ransmiss ion  l i n e s  would depend on t h e  ope ra t ing  
vo l t age .  The SPS p r o j e c t  w i l l  make use of r e s u l t s  from research  on t h i s  
s u b j e c t  c u r r e n t l y  sponsored by the  E l e c t r i c  Power Research I n s t i t u t e  and the  
Department of  Energy. l l 



2.3 SUMMARY AND CONCLUSIONS 

Although t h e r e  a r e  ques t i ons  t o  be  r e so lved ,  q u a n t i t a t i v e  assessments 
t o  b e  made,  and  p l a n s  t o  be  d e v e l o p e d ,  none o f  t h e  i s s u e s  d i s c u s s e d  i n  
S e c t i o n  2.2 prec ludes  t h e  cont inued r e sea rch  and assessment of SPS technology.  
The nonmicrowave h e a l t h ,  s a f e t y ,  and e c o l o g i c a l  e f f e c t s  of t h e  SPS r e f e r e n c e  
system a r e  summarized below. 

2.3.1 T e r r e s t r i a l  E f f e c t s  

A i r  P o l l u t i o n .  The p o t e n t i a l  f o r  a i r  p o l l u t i o n  would be increased  
by SPS-related mining, c o n s t r u c t i o n ,  manufactur ing,  and t r a n s p o r t ,  a s  wel l  
a s  by  t h e  l a u n c h  and r e c o v e r y  o f  s p a c e  v e h i c l e s .  A p r o t o t y p e  r e c t e n n a  
s i t e  s tudy  i n d i c a t e s  t h a t  c o n s t r u c t i o n  a c t i v i t i e s  would cause a i r  p o l l u t i o n  
i n  cxccoo of t h a t  allowed by e x i o t i n g  standards i f  corrective measures were 
n o t  t aken .  Most p o l l u t a n t s  would be t h e  same a s  t hose  encountered i n  conven- 
t i o n a l  a c t i v i t i e s  and f e d e r a l  and s t a t e  r e g u l a t i o n s  would apply.  

A i r  p o l l u t i o n  can a f f e c t  t h e  human r e s p i r a t o r y  and ca rd iovascu la r  
systems and cause s k i n  and eye i r r i t a t i o n .  The e f f e c t s  of a i r  p o l l u t a n t s  
on wild and domest ic  animals  a r e  unce r t a in  bu t  some adve r se  e f f e c t s  of  a i r  
p o l l u t i o n  on p l a n t s  a r e  known. It i s  c u r r e n t l y  assumed t h a t  by u s ing  m i t i -  
g a t i n g  procedures ,  SPS a c t i v i t i e s  could be c a r r i e d  o u t  wi thout  unduly exposing 
t h e  p u b l i c  o r  SPS workers t o  noxious a i r  p o l l u t a n t s .  

Water P o l l u t i o n .  Water p o l l u t i o n  could be i nc reased  by a  number o f  
SPS a c t i v i t i e s ,  i nc lud ing  c o n s t r u c t i o n ,  manufactur ing,  t r a n s p o r t ,  launch,  
a n d  recovery.  A q u a n t i t a t i v e  assessment of  water  q u a l i t y  impacts h a s  no t  been 
made f o r  t h e  SPS r e f e r e n c e  s y s t e m .  I f  t h e  SPS i s  d e v e l o p e d ,  i t  w i l l  b e  
neces sa ry  t o  p l an  t h e  d i s p o s a l  o f  wastewater t o  comply wi th  f e d e r a l  and s t a t e  

. w a t e r  q u a l i t y  s t anda rds .  Never the less ,  t h i s  i s  not  cons idered  a  c r i t i c a l  
i s s u e  and it i s  assumed t h a t  m i t i g a t i n g  s t r a t e g i e s  could keep p o l l u t i o n  a t  an  
a c c e p t a b l e  l e v e l .  

So l id  Waste. So l id  waste would be produced by SPS-related mining, 
m a n u f a c t u r i n g ,  and c o n s t r u c t i o n .  The i m p a c t s  would depend  on t h e  t y p e s  
o f  waste and methods of  d i s p o s a l .  Land might be l o s t  t o  t h e  pub l i c  and, i f  
t o x i c  m a t e r i a l s  were no t  disposed o f  c a r e f u l l y ,  t h e r e  might be a  danger t o  
human h e a i t h .  So l id  waste  could d i s r u p t  t h e  ecosystem i n  d i s p o s a l  a r e a s .  A s  
t h e  SPS des ign  deve lops ,  q u a n t i t a t i v e  assessments  w i l l  be needed so t h a t  
m i t i g a t i o n  measures can be  des igned .  

Land Use. In  a r e a s  where land was c l e a r e d  f o r  SPS a c t i v i t i e s ,  t h e  
l o c a l  ecosystems would be  des t royed .  Areas on pe r ime te r s  o f  t h e s e  c l ea red  
a r e a s  might be damaged.by t r a f f i c ,  was te ,  and d ra inage  changes.  Depending on 
t h e  type  o f  ground cover  and the  type o f  cont inued use ,  some p e r i p h e r a l  a r e a s  
might r e p a i r  and w i l d l i f e  could r e t u r n .  An impact assessment would be needed 
f o r  each s i t e  t o  avo id ,  where p o s s i b l e ,  i r r e p a r a b l e  damage t o  ecosystems, 
e s p e c i a l l y  where r a r e  and endangered s p e c i e s  a r e  involved .  



~ o i s e .  Noise would be produced by SPS launch and recovery a c t i v i t i e s  
and by t e r r e s t r i a l  c o n s t r u c t i o n .  For t h e  pub l i c  and the  SPS worker, hea r ing  
damage and psychologica l  s t r e s s  a r e  t h e  concerns.  The s i t e s  and t r anspo r t a -  
t i o n  c o r r i d o r s  must be s e l e c t e d  t o  minimize t h e  e f f e c t s  on t h e  publ ic .  Other 
convent iona l  m i t i g a t i o n  s t r a t e g i e s  would be  needed and workers would r e q u i r e  
hea r ing  p r o t e c t i o n .  The no i se  might s t a r t l e  and o therwise  d i s t u r b  w i l d l i f e ;  
animals might adapt  t o  c e r t a i n  of t he  n o i s e s  bu t  t h i s  i s  no t  c e r t a i n .  

Safe ty .  SPS workers would be s u b j e c t  t o  t h e  hazards  of  convent iona l  
mining,  manufactur ing,  c o n s t r u c t i o n ,  and launch and landing  a c t i v i t i e s .  The 
p u b l i c  a s  wel l  a s  SPS workers might be sub jec t ed  t o  t he  hazards  o f . a c c i d e n t s  
i n  t h e  t r a n s p o r t  o f  SPS m a t e r i a l s .  No q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e s e  
hazards  has  ye t  been made. A s  t he  SPS des ign  deve lops ,  q u a n t i t a t i v e  a s se s s -  
ments w i l l  be requi red  so  t h a t  m i t i g a t i o n  s t r a t e g i e s  can be designed.  

Toxic M a t e r i a l s .  The SPS worker and t h e  pub l i c  might be subjec ted  
t o  increased  amounts of t o x i c  m a t e r i a l s  du r ing  t h e  manufacture and t r a n s p o r t  
o f  SPS m a t e r i a l s .  Some unique m a t e r i a l s  might be involved,  such a s  ga l l i um 
aluminum a r sen ide ,  and, i n  , t he se  c a s e s ,  procedures  f o r  p r o t e c t i o n  would need 
t o  be developed. Some t o x i c  m a t e r i a l s  from f u e l  burning,  such a s  hydro- 
carbons,  would be r e l ea sed  dur ing  the  launch and recovery of  s p a c e c r a f t .  
Q u a n t i t a t i v e  assessments  w i l l  be  needed a s  SPS technology develops.  

High-Vol tage  Shock and Electromagnet ic  F i e l d  Exposure. The high- 
v o l t a g e  e l e c t r i c  shock hazard a t  t he  r ec t enna  s i tes  should be no d i f f e r e n t  
t han  t h a t  a t  convent ibna l  power s t a t i o n s .  The e f f e c t  o f  exposure t o  e l e c t r o -  
mggnetic f i e l d s  a t  t he se  s i t e s  and nea r  t h e  power t ransmiss ion  l i n e s  would be  
no d i f f e r e n t  than t h a t  a s soc i a t ed  wi th  convent iona l  power s t a t i o n s  and t r ans -  
miss ion  l i n e s .  The c u r r e n t  assessment i s  t h a t  t he se  f i e l d s  would no t  be 
harmful ,  bu t  t h e  need f o r  a d d i t i o n a l  d a t a  i s  recognized.  

Ref lec ted  L igh t .  Sunl igh t  r e f l e c t e d  t o  e a r t h  by t h e  s o l a r  s a t e i l i t e s  
and o t h e r  SPS s t r u c t u r e s  could exceed t h e  t o l e r a n c e  of t h e  human eye,  espe- 
c i a l l y  i f  t he  l i g h t  were viewed through b. inoculars  o r  t e l e scopes .  This  l i g h t  
a l s o  could a f f e c t  e c o l o g i c a l  d i u r n a l  o r  growing c y c l e s .  I n i t i a l  s t u d i e s  a r e  
i n  p rog re s s ,  and m i t i g a t i o n  s t r a t e g i e s  might be r equ i r ed .  

Ozone Reduction. Ozone r educ t ion  and the  r e s u l t i n g  i nc rease  i n  u l t r a -  
v i o l e t  l i g h t  reaching  t h e  e a r t h  due t o  SPS s p a c e c r a f t  a c t i v i t i e s  a r e  es t imated  . . 

t o  be ve ry  low compa;ed w i t h  o t h e r  a c t i v i t i e s  t h a t  a f f e c t  t h e  ozone l a y e r .  I f  
t hose  e s t i m a t e s  a r e  approximately c o r r e c t ,  t h e  e f f e c t  of  SPS would be unde- 
t e c t a b l e  due t o  t he  v a r i a b i l i t y  of o t h e r  f a c t o r s  a f f e c t i n g  t h e  ozone l a y e r .  

Acid Rain. Acid r a i n  can a f f e c t  v e g e t a t i o n  and s o i l  and water  q u a l i t y .  
Based on c u r r e n t  s t u d i e s ,  any ac id  r a i n  caused by chemicals i n  SPS rocker  
e f f l u e n t s  would be  expected t o  be h i g h l y  l o c a l i z e d  and smal l  compared t o  t h a t  
caused by o t h e r  t e r r e s t r i a l  a c t i v i t i e s .  



2.3.2 Heal th  and S a f e t y  o f  Space Workers 

Weight lessness .  I n  e a r l i e r  space f l i g h t s , - - a s t r o n a u t s  have experienced 
changes i n  a  v a r i e t y  of medical  parameters from p r e f l i g h t  b a s e l i n e  va lues .  
Some- of  t h e  changes a r e  probably due t o  the  body's  adap ta t i on  to, a  zero- 
g r a v i t y  environment and a r e  no t  expected t o  a f f e c t  f u t u r e  h e a l t h .  Other 
v a r i a t i o n s  from normal may a f f e c t  work e f f i c i e n c y  and f u t u r e  h e a l t h .  It i s  
expected t h a t ,  pr . ior  t o  SPS c o n s t r u c t i o n ,  t he  cause and e f f e c t  r e l a t i o n s h i p s  
w i l l '  be expla ined  and methods of  amel iora t ing  t h e  unwanted e f f e c t s  w i l l  be 
developed.  

Acce l e r a t i on .  It i s  known t h a t  t he  l eng th  of  time a  person spends i n  
t h e  we igh t l e s s  s t a t e  a f f e c t s  t h e  body's t o l e r a n c e  o f  a c c e l e r a t i o n  fo rces .  It 
i s  expected t h a t  a c c e l e r a t i o n  e f f e c t s  i n  SPS v e h i c l e s  could be  amel iora ted  by 
t r a d e o f f a  between a c c e l e r a t i o n  loads  and d u r a t i o n ,  by proper  body p o s i t i o n i n g  
o f  personnel ,  and by coun te rp re s su re  s u i t s .  Research and exper ience  a r e  
needed t o  deve lop  m i t i g a t i n g  s t r a t e g i e s .  

Extended Confinement. Prolonged confinement i n  remote working s i t u a -  
t i o n s  has  sometimes r e s u l t e d  i n  psychologica l  s t r e s s  and a  high personnel  
t u r n o v e r  r a t e .  A s y s t e m  o f  s c r e e n i n g  p r o s p e c t i v e  SPS s p a c e  w o r k e r s  . f o r  
a d a p t a b i l i t y ,  r e s i l i e n c e ,  d e d i c a t i o n ,  e t c . ,  would be needed. Also, recrea-  
t i o n a l  f a c i l i t i e s  i n  space and t h e  needs of  t h e  workers '  f a m i l i e s  and f r i e n d s  
on e a r t h  would need t o - b e  cons ide red ,  

L i f e  Support Systems and Environment. NASA has  previous exper ience  
with l i f e - suppor t  systems and i s  cont inu ing  t o  improve t h i s  equipment. The 
SPS module, l i v i n g  c o n d i t i o n s ,  and working s t a t i o n s  would d i f f e r .  g r e a t l y  fron, 
t h o s e  of  p rev ious  space  a c t i v i t i e s .  Designs o f  m n d ~ i l e s  and w o r k  st .at . ions o r e  
underway, and some a s p e c t s  of t h e s e  may be  t e s t e d  i n  t h e  planned space s h u t t l e  
and space ope ra t i ons  c e n t e r .  Design of SPS l i f e - suppor t  systems would take 
i n t o  account t h e  need f o r  emergency e x t r a v e h i c u l a r  a c t i v i t y ,  a c c i d e n t s  dur ing  
space  t r a n s p o r t ,  o t h e r  occupat iona l  hazards  enhanced by t h e  space  environment,  
emergency medical t r e a t m e n t ,  and the  p o s s i b i l i t y  of i n f e c t i o u s  d i s e a s e  out- 
b r eaks .  

Meteoroid and Space Debris Collisions: The l a r g e  s i z e  and long l i f e  of  
t h e  s o l a r  s a t e l l i t e  would make i t  more vu lne rab l e  t o  t h i s  hazard than o the r  
space  v e h i c l e s .  Relevant d a t a  e x i s t  but  a  q u a n t i t a t i v e  assessment h a s  no t  ye t  
been made. 

S p a c e c r a f t  C h a r g i n g  and E n v i r o n m e n t a l  I n t e r a c t i o n s .  The e x t e n t  
o f  t h i s  problem would depend on t h e  types  of  m a t e r i a l s  used i n  t he  space - - 

s t r u c t u r e s .  The e f f e c t  could  be m i t i g a t e d  by proper  system des ign .  

Electroniagnet ic  F i e l d  Exposure. Space workers nea r  t h e  s o l a r  energy 
pane l s  and microwave t r a n s m i t t i n g  antenna would be working i n  e lec t romagnet ic  



* 
f i e l d s . -  The i n t e n s i t y  of  t he se  f i e l d s  has  no t  been de f ined .  Research pro- 
grams a r e  underway t o  a s s e s s  t h e  b i o l o g i c a l  h a z a r d s  o f  such  f i e l d s ,  b u t  
r e s u l t s  t o  d a t e  a r e  l i m i t e d .  When t h e  s t r e n g t h  of  t h e  f i e l d s  i s  de f ined ,  a 
s t u d y  o f  p o t e n t i a l  e f f e c t s  w i l l  be needed. 

Ion i z ing  Radiation,.  There a r e  many u n c e r t a i n t i e s  about t h6  dosage and 
c h a r a c t e r  of r a d i a t i o n  i n  space.  Research i s  needed be fo re  a q u a n t i t a t i v e  - assessment  of t he  hazard can be made and m i t i g a t i n g  s t r a t e g i e s  developed. 
Never the less ,  t h i s  u n c e r t a i n t y  i s  not  considered a b a r r i e r  t o  t h e  . cont inued  
planning and development of  t h e  SPS technology.  

I 
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3 SPS EFFECTS ON THE ATMOSPHERE 

3.1 INTRODUCTION 

3.1 .1 Background 

Eve ry  l e v e l  o f  t h e  e a r t h ' s  a t m o s p h e r e  would b e  a f f e c t e d  t o  some 
e x t e n t  by  t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  a  s a t e l l i t e  power s y s t e m .  
This  s e c t i o n  cons ide r s  e f f e c t s  r e s u l t i n g  from space  t r a n s p o r t a t i o n  and s a t e l -  
l i t e  o p e r a t i o n s  a s  wel l  a s  e f f e c t s  of  t h e  r e c t e n n a ' s  s t r u c t u r e  and o p e r a t i o n .  

F igure  7 i l l u s t r a t e s  t h e  va r ious  l e v e l s  of t h e  atmosphere r e f e r r e d  t o  
i n  t h e  fol lowing t e x t .  Atmospheric r eg ions  a r e  most commonly c l a s s i f i e d  with 
r ega rd  t o  t h e  observed v a r i a t i o n s  of  temperature  with a l t i t u d e ,  a l though i f  
one i s  mainly concerned wi th  i o n i c  processes ,  a  d i f f e r e n t  c l a s s i f i c a t i o n  
scheme i s  o f t e n  used f o r  a l t i t u d e s  above 60 km. Some terms, such a s  tropo- 
sphere  and exosphere,  r e f e r  t o  t h e  gene ra l  atmosphere dominated by e l e c t r i c a l -  
l y  n e u t r a l  c o n s t i t u e n t s .  Coexis t ing  w i th  t h e  n e u t r a l  atmosphere, above an 
a l t i t u d e  o f  about 60 km, a r e  ion ized  c o n s t i t u e n t s  t h a t  make up t h e  va r ious  
r e g i o n s  o f  t h e  ionosphere and plasmasphere.  The magnetosphere, which ex tends  
from about  150 km o u t  t o  about 10  e a r t h  r a d i i  on t h e  s u n l i t  s i d e  o f  t h e  e a r t h  
and f a r  beyond t h a t  on t h e  dark s i d e ,  i s  t h e  r eg ion  i n  which t h e  motion o f  t h e  
i o n s  i s  domina t ed  by t h e  e a r t h ' s  m a g n e t i c  f i e l d  ( i . e . ,  i o n - i o n  and ion-  
n e u t r a l  c o l l i s i o n s  a r e  much l e s s  impor tan t ) .  For a  more d e t a i l e d  d i s cus s ion  
o f  t h e  n a t u r a l  atmosphere, s e e  Ref. l.* 

A l a r g e  v a r i e t y  o f  p rocesses  occur  n a t u r a l l y  i n  t h e  atmosphere, and 
many o f  t h e s e  ' ~ r o c e s s e s  could be in f luenced  by v a r i o u s  a s p e c t s  of t h e  SPS. 
~ i ~ & r e  8 i l l u s t r a t e s  some of t h e  d i s tu rbances  t h a t  might r e s u l t  from t h e  
d e p o s i t i o n  of rocke t  e f f l u e n t s  and t h e  ope ra t i on  of a  rec tenna  system. A s  
t h e  a l t i t u d e  i n c r e a s e s ,  t h e  atmosphere becomes i n c r e a s i n g l y  r a r i f i e d ,  t h e  
p o s s i b l e  degree of  mod i f i ca t i on  i n c r e a s e s ,  and t h e  amount o f  knowledge regard-  
i ng  p o s s i b l e  mod i f i ca t i ons  dec reases .  

P re l imina ry  s t u d i e s  of SPS atmospheric  e f f e c t s  have been completed, 
p o t e n t i a l l y  important  i s s u e s  have been i d e n t i f i e d ,  r e sea rch  and assessment 
approaches and t a s k s  have been de f ined ,  and f u r t h e r  s t u d i e s  a r e  i n  progress .  
Information has  been acqui red  through a n a l y s i s  of e x i s t i n g  d a t a  and theore t -  
i c a l  c a l c u l a t i o n s  us ing  e x i s t i n g  computer models and by t ak ing  advantage of 
a l r e a d y  planned experiments  (such a s  rocke t  launches)  t h a t  could y i e l d  u s e f u l  
in format ion .  The space - shu t t l e  program may p re sen t  many new o p p o r t u n i t i e s  f o r  
improving our  understanding of t h e  n a t u r a l  and per turbed  atmosphere 'and f o r  
v e r i f y i n g  c u r r e n t  p r e d i c t i o n s  of atmospheric e f f e c t s .  

This  assessment i s  organized by atmospheric reg ion ,  s t a r t i n g  wi th  t he  
t roposphe r i c  and ending with t h e  magnetospheric e f f e c t s .  The information 
presen ted  h e r e  i s  a  summary o f  a  d e t a i l e d  assessment of  t h e  ~ u b j e c t . ~  * 

*References f o r  Sec t ion  3 appear  i n  Sec t ion  3.4. 
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3.1.2 Space Transpor t a t ion  System 

The cons t ruc . t ion  and maintenance of t he  space components of the SPS 
r e f e r e n c e  system3 would r e q u i r e  a  space t r a n s p o r t a t i o n  system of unprecedented 
s i z e  and launch frequency,  a s  o u t l i n e d  i n  Table 8. The 375 heavy-lift-launch- 
v e h i c l e  (HLLV) f l i g h t s  pe r  year l i s t e d  i n  t he  t a b l e  a r e  pred ica ted  on the  
c o n s t r u c t i o n  of two 5-GW s a t e l l i t e s  per  year .  Addi t iona l  f l i g h t s  would be 
r equ i r ed  t o  main ta in  t h e  s a t e l l i t e s  and supply s t a t i onkeep ing  p rope l l an t s  and 
o t h e r  m a t e r i a l s .  Hence, toward t h e  end of t h e  30-yr cons t ruc t ion  period,  a  
maximum of  about 500 HLLV f l i g h t s  annual ly  might be r equ i r ed .  

\ . 
With a  g ros s  l i f t o f f  weight nea r ly  f i v e  t imes t h a t  of t h e  Saturn V 

launch v e h i c l e ,  the  HLLV would be by f a r  t h e  l a r g e s t  of' t h e  SPS space vehi- 
c l e s .  The NLLV and personnel  launch v e h i c l e  (PT.,v) wnvlrl t r a n s p o r t  cargn 2 n d  
personnel ,  r e s p e c t i v e l y ,  between e a r t h  and low e a r t h  o r b i t  (LEO), while  t he  
personnel  o r b i t - t r a n s f e r  v e h i c l e  (POW) and the  cargo o r b i t - t r a n s f e r  veh ic l e  
(COW) would c a r r y  personnel  and cargo betweon Z,RO and geosynchronou~ e a r t h  
o r b i t  ( G E O ) .  The b a s i c  c o n c e p t  i n v o l v e s  t h e  c o n s t r u c t i o n  o f  a  f l e e t  o f  
r e u s a b l e ,  round- t r ip  v e h i c l e s  and t h e i r  dedica ted  s o l a r  a r r a y  i n  LEO. Table 9 
l i s ts  t h e  rocke t  p r o p e l l a n t  exhaust  products  f o r  t h e  SPS r e fe rence  system 
space  v e h i c l e s .  

Table 8. SPS Space Transpor ta t ion  Vehicles  

-- 

Opera t ing  
~ a u n c h e s ~  A l t i t u d e  Main Exhaust 

Name Funct i o n  P r o p e l l a n t s a  pe r  y e a r  (km) Product  s C  

H e a v y - l i f t  T ranspor t  cn4/02 ( s t a g e  1 )  375 0-57 CU2, 
l a u n c h v e h i c l e  m n t e r i a l g  H3/02 ( s t a p e  2 )  77 5 57-1 711 I lpn,  

(HUV ) between e a r t h  H U ( c i r c u l a r -  2 /  ? 375 450-500 Ha?, Hz 
and LEO i z a t l o n / d e o r b i  t ) 

~ e r s o n n e l  ' I ' ransport  D e t a i l s  no t  36 0-500 C02, H20, H2 
l aunch  v e h i c l e  pe r sonne l  a v a i l a b l e  
( PLV ) bctween e a r t h  ( ~ r o b a b l ~  same 

and LEO ' a s  HLLV) 

Cargo o r b i t -  T ranspor t  . Argon 
t r a n p f e r  v o h i c l o  m a t o r i o l e  1iL/oy 
(COTV) between LEO 

and GEO 

3 0  500-35.800 Ar+ plasma 
~ 2 0 ,  n2 

P e r s o n n ~ l .  0rhi . t-  T ranspor t  H2/01 12 5nn-35, flnn ~ 2 0 ,  ~2 
t r a n s f e r  v e h i c l e  pe r sonne l  
(POTV) be tyeen  LEO 

and GEO 

aCHq/02 : l i q u i d  methanel  l i q u i d  oxygen 
H7/02: l i q u i d  h y d r o g e n / l i q u i d  oxygen 

b ~ s s u m i n g  c o n s t r u c t i o n  o f  two ( s i l i c o n  o p t i o n )  5-GW s a t e l l i t e s / y a a r .  

CC07 : ca rbon  d i o x i d e  
~ 7 6 :  water  - 
H z :  hydrogen 
A r + :  a r g o n  i o n  



5 7 

Table 9 .  Exhaust Products  of SPS Space T ranspo r t a t i on  Vehic lesa  

A l t i t u d e  
Atmospher ic  Range 

Mass o f  S p e c i f i c  Emiss ion P r o d u c t s  ( t )  
Mass 

Region (km) sourceb  ( t J C  c02 CO . H20 H2 ~ r +  

Troposphere  0-0.5 
0.5-13 

HLLV, PLV 
HLLV, PLV 

S t r a t o s p h e r e  13-50 HLLV, PLV 

Mesosphere 50-80 , HLLV, PLV 

Thermosphere 80-125 
 LEO^ 
LEO 

HLLV, PLV 
HLLV, PLV 

POTV 

Exosphere  . G E O ~  
477-GEO 

POTV 
COTVe 

aMass e m i s s i o n s  p e r  f l i g h t .  

b~~~ e m i s s i o n s  would b e  c h e m i c a l l y  s i m i l a r  t o  t h o s e  o f  t h e  HLLV, b u t  a r e  n o t  o t h e r w i s e  
de te rmined  a t  t h i s  t i m e .  The numbers shown a r e  e m i s s i o n s  o f  t h e  HLLV o n l y .  

C t  = m e t r i c  t o n  = 1000 kg.  

d ~ o w  e a r t h  o r b i t  (LEO) is  a t  477 Ian; geosynchronous  e a r t h  o r b i t  (GEO) i s  a t  35,800 km. 

e I n  a d d i t i o n  t o  mass e m i s s i o n s ,  t h e  a rgon  p l a s m a ' e n g i n e s  o f  t h e  COTV would i n j e c t  a  
s i g n i f i c a n t  amount o f  e n e r g y  i n t o  t h i s  a l t i t u d e  r ange .  Also a rgon  plasma e n g i n e s  
would be  used f o r  s a t e l l i t e  a t t i t u d e  c o n t r o l  and s t a t i o n k e e p i n g  c o n t r o l  a t  GEO; t h e s e  
e m i s s i o n s  a r e  unknown a t  p r e s e n t  and have  n o t  been i n c l u d e d .  

f ~ r +  mass f o r  t h e  s i l i c o n  p h o t o v o l t a i c  c e l l  o p t i o n .  For t h e  g a l l i u m  ,aluminum a r s e n i d e  
o p t i o n ,  t h e  Ar '  mass would be  212 t .  

3.2 ASSESSMENT 

3.2.1 --- Troposphere: .\.,.".-. E f f e c t s  o f  Rocket E f f l u e n t s  
... . . . 

The d i r e c t  e f f e c t s  of t h e  s a t e l l i t e  power system on t h e  t roposphere ' 

would r e s u l t  from manufactur ing,  t r a n s p o r t a t i o n ,  rocke t  launches,  and t e s t  
f i r i n g  of rocke t  engines .  The e f f e c t s  of  HLLV rocke t  launches on a i r  q u a l i t y  
and weather a r e  emphasized he re  because 'of  t h e  HLLV's l a r g e r  s i z e  and h ighe r  $+. 

launch r a t e  compared t o  t h e  PLV. F igure  9 i n d i c a t e s  t h e  gene ra l  t ropospher ic  
environmental e f f e c t s  of  rocke t  launches.  Es t imates  of  a c o u s t i c  n o i s e  and i t s  
impacts. a r e  d i scussed  kq Sec t ion  2 .  Es t imates  of  p o s s i b l e  a c i d  r a i n  a r e  g iven  
h e r e ,  and p o t e n t i a l  impa=t.s, a r e  addressed i n  Sec t ion  2 .  

A i r  Qua l i t y  Impacts 

The a i r  q u a l i t y  and meteoro logica l  e f f e c t s  of  rocke t  launches a r e  due 
p r i m a r i l y  t o  t h e  ground cloud formed du r ing  t h e  f i r s t  20 s fo l lowing  i g n i t i o n  
and l i f t - o f f .  Af t e r  a  rocke t  begins  t o  r i s e  a t  an app rec i ab l e  rate, t he  
exhaus t  products  a r e  depos i ted  i n  a  t h i n  column t h a t  qu i ck ly  mixes wi th  t h e  
ambient a i r  and d i s s i p a t e s .  No s i g n i f i c a n t  adverse environmental  e f f e c t s  
a s s o c i a t e d  w i th  t h e  exhaust  emissions i n  t he  middle and upper t roposphere  have 
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been i d e n t i f i e d .  The ground c loud ,  on t h e  o t h e r  hand; i s  a  source  of  poten- 
t i a l  a i r  p o l l u t i o n  and weather  mod i f i ca t i on .  

Because of  t h e  h igh  i n i t i a l  thermal energy con ten t  of  t he  'ground c loud ,  
i t  r i s e s  t o  an a l t i t u d e  of  0 .7  km t o  3 km, depending on meteoro logica l  condi- 
t i o n s  and t h e  s. ize o f  t h e  r o c k e t .  A s  t h e  cloud r i s e s ,  a  s u b s t a n t i a l  f r a c t i o n  
o f  t h e  heavy p a r t i c l e s  ( e n t r a i n e d  s u r f a c e  d u s t  and d e b r i s )  f a l l s  ou t  of  t h e  
c loud .  The range over which t h i s  f a l l o u t  con t inues  depends on t h e  t u r b u l e n t  
mixing f o r c e s  w i t h i n  t h e  ground c loud ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and 
ambient meteoro logica l  c o n d i t i o n s .  This  range has  no t  been evaluated,  f o r  t h e  
HLLV, bu t  could extend t o  a  few ( l e s s  than t e n )  k i l ome te r s ,  depending on wind 
spced . 

The amounts of t h e  p r i n c i p a l  exhaust  c o n s t i t u e n t s  i n  a  t y p i c a l  HLLV 
ground cloud a f t e r  n e u t r a l  buoyancy i s  a t t a i n e d  a r e  e s t ima ted  t o  be:  water  = 
400-650 t ,  carbon d iox ide  = 450-700 t ,  and submicron-size suspended pa r t i cu -  
l a t e  m a t t e r  a f t e r  e a r l y  f a l l o u t  = 0.01-1 t .  I n  a d d i t i o n ,  measu remen t s  
made on the  ground cloud o f  an ~ t l a s / C e n t a u r  launch ( s e e  d i s cus s ion  below) 
i n d i c a t e  t h a t  20-30 t of  n i t r o g e n  oxides  would a l s o  be  formed. The concen- 
t r a t i o n  o f  t h e s e  s p e c i e s  w i t h i n  a  ground cloud i s  g r e a t l y  modified by e n t r a i n -  
ment of  t h e  ambient a i r  ( t h e  s tab i l - ized  ground cloud i s  approximately 99% a i r )  
and steam from t h e  flame t r ench  and coo l ing  water  sprays .  



Af te r  s t a b i l i z a t i o n ,  t h e  s u r f a c e  and a i rbo rne  concen t r a t i ons  of some 
subs tances  i n  t h e  cloud can  b e . e s t i m a t e d  wi th  a i r  p o l l u t i o n  d i s p e r s i o n  models 
d e v e l o p e d  e s p e c i a l l y  f o r  t h i s  p u r p o s e . 4 , 5  I n  t h e  c a s e  o f  l i q u i d - f u e l e d  
r o c k e t s  such a s  t h e  HLLV, however, t h e  on ly  subs tances  t h a t  can be  handled by 
r e l a t i v e l y  s tandard  d i s p e r s i o n  models a r e  water ,  carbon d iox ide ,  and p o s s i b l y  
s u l f u r  d iox ide  i f  a  s u l f u r  i m p u r i t y . i s  p r e sen t  i n  t h e  f u e l ;  however, i t  i s  no t  
expected t h a t  s u l f u r  would be a  s i g n i f i c a n t  f u e l  impuri ty  i f  methane were 
used ,  a s  p ro j ec t ed  i n  t h e  r e f e r e n c e  system des ign .  Carbon monoxide would be 
p re sen t  i n  HLLV exhaus t ,  bu t  would be converted t o  carbon d iox ide .  Water and 
carbon d iox ide  a r e  of  no i n t e r e s t  from an a i r  q u a l i t y  s t andpo in t .  The t o t a l  
annual  carbon d ioxide  emiss ions  amount t o  on ly  23% of  those  from a  t y p i c a l  
1000-MW coal-f  i r e d  e l e c t r i c  power p l a n t  and a r e  t h e r e f o r e  i n s i g n i f i c a n t .  The 
subs tances  of  g r e a t e s t  concern a r e  t h e  n i t r o g e n  oxides ,  due t o  t h e  p o s s i b i l i t y  
t h a t  a  short-term n a t i o n a l  ambient a i r  q u a l i t y .  s tandard  f o r  n i t r o g e n  d iox ide  
may be promulgated i n  t h e  next  year  o r  so.  Moreover, n i t r o g e n  oxides  can 
c o n t r i b u t e  t o  t h e  a c i d  r a i n  problem ( s e e  Sec t ion  2) .  Very s p e c i a l i z e d  d i spe r -  
s i o n  models mus,t be used t o  a s s e s s  t h e  e f f e c t s  o f  n i t r o g e n  ox ides ,  p r i m a r i l y  
because of  t h e i r  chemical r e a c t i v i t y . .  Limited c a l c u l a t i o n s  have been c a r r i e d  
o u t  t o  e s t i m a t e  t h e  p o t e n t i a l  c o n t r i b u t i o n  of  an HLLV ground cloud t o  ground- 
l e v e l  n i t rogen  d ioxide  concen t r a t i ons ,  and t h e  r e s u l t s  i n d i c a t e  t h a t  under 
adverse  cond i t i ons  t h e  H U V  contr ibut i 'on might be s i g n i f i c a n t .  It seems 
u n l i k e l y  t h a t .  t h e  cloud by i t s e l f  would g ive  r i s e  t o  a  v i o l a t i o n  o f  c u r r e n t  
a i r  q u a l i t y  s t anda rds -unde r  normal c o n d i t i o n s ,  b u t  i t  could cause a  v i o l a t i o n  
i f  t h e  a m b i e n t  n i t r o g e n  d i o x i d e  c o n c e n t r a t i o n  were  a l r e a d y  c l o s e  t o  t h e  
s tandard  . 

A 'usefu l  source  of in format ion  about t h e  n a t u r e  of  - l iqu id- fue led  rocke t  
ground c louds  i s  t h e  r e s u l t s  of measurements made dur ing  t h e  launch of an 
A t l a s /  Centaur rocke t  i n  November 1978. A number of  cloud parameters  were 
meaau red ,  s u c h  30 t h e  c o n c e n t r e t i n n ~  o f  several g a s e o u s  s u b s t a n c e s ,  t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  t h e  concen t r a t i ons  of cloud-condensation n u c l e i  
(CCN) and ice-forming n u c l e i  ( IN),  and t h e  phys i ca l  dimensions of  t h e  cloud.* 
A number of  a e r o s o l  samples a l s o  were r e tu rned  t o  t h e  l a b o r a t o r y  f o r  i n v e s t i -  
g a t i o n  o f  s i z e  d i s t r i b u t i o n  and t r a c e - m e t a l  c o n t e n t  and f o r  C C N  and I N  
Q t u d i e ~ .  

A t o t a l  o f  52  a i r c r a f t  p a s s e s  t h r o u g h  t h e  ground c l o u d  were 'made 
du r ing  approximately 2.5 h r  a f t e r  launch. A f t e r  about 135 min t h e  ground 
cloud became i n d i s t i n g u i s h a b l e  from an i n d u s t r i a l  plume i n  t h e  a r e a .  The 
h i g h e s t  concen t r a t i ons  of  t h e  gaseous components were measured f i v e  minutes 
a f t e r  l i f t - o f f  d u r i n g  t h e .  f i r s t  s u c c e s s f u l  p a s s  t h r o u g h  t h e  c l o u d .  The 
observed concen t r a t i ons  of  n i t r i c  oxide (NO), n i t r o g e n  d ioxide  (NO2), and 
s u l f u r  d iox ide  (SO2) were 0.635, 0.500, and 0.023 ppm, r e s p e c t i v e l y .  The 
c luurl rrubscqutntly d r i f t e d  downwind and rl i spersed  unt i l :  a t  110 min a f t e r  
launch the  measured concen t r a t i ons  were 0.045, 0.065, and 0.007 ppm, respec- 
t i v e l y .  P r imar i l y ,  t h e  cloud grew i n  s i z e  h o r i z o n t a l l y ,  v e r t i c a l  d i s p e r s i o n  
be ing  s t r o n g l y  suppressed by a noc tu rna l  i nve r s ion .  A s  a  r e s u l t ,  a l though 
measurements a r e  no t  a v a i l a b l e ,  t h e  ground-level concen t r a t i ons  due t o  t h e  
ground cloud were undoubtedly below d e t e c t i o n  l i m i t s .  

 he monitor ing program was conducted , under c o n t r a c t  t o  Argonne Nat iona l  !.a 

Labortory,  by L.F. Radke and o t h e r s ,  Department of Atmospheric Sc iences ,  
Un ive r s i t y  of  Washington, and E.E.  Hindman and L.O. Grant ,  Department of 

. Atmospheric Science,  Colorado S t a t e  



I n  view of  t h e  presence of s u l f u r  a s  an impuri ty  i n  t h e  AtlasICentaur  
f u e l  (0.047% according t o  a n a l y s i s ) ,  SO2 was expected i n  t h e  ground cloud 
and was indeed observed.  Even the  h ighes t  observed concent ra t ion  of SO2 
was, however, cons ide rab ly  lower tha.n concent ra t  ions observed i n  the  plumes 
from f o s s i l - f u e l - f i r e d  power p l a n t s ,  which range from 1 ppm t o  10 ppm a t  a  
d i s t a n c e  of 1 .6 km from t h e  s tack .7  

The s u b s t a n t i a l  q u a n t i t i e s  of n i t rogen  oxides observed i n  t he  ground 
c loud  a r e  thought t o  r e s u l t  from rocket  exhaust a f t e rbu rn ing .  In  t h i s  case ,  
t h e  concen t r a t ions  observed a r e  comparable i n  magnitude t o  those  observed i n  
power p l a n t  plumes, which range from 0.5 ppm t o  5.0 ppm a t  a  d i s t a n c e  of about 
1 .6 km from t h e  stack.8 Tn a d d i t i o n ,  a sys temat ic  conversion of NO t o  NO2 was 
o b s e r v e d  a t  g r e a t e r  e l a p s e d  t i m e s ,  due  presumably  t o  t h e  e n t r a i n m e n t  nf  

alubienc a i r  ~ b n t a i n l n g  nzQne and r c a c t i o n  sf t h a t  L J Z C J L L ~  with NO t o  produce 
N O 2 .  The ambien t  ozone  c o n c e n t r a t i o n  a t  t h e  a l t i t u d e  o f  t h e  c l o u d  was 
measured t o  be about 0.060 ppm, but  w i th in  t h e  ground cloud t h e  ozone concen- 
t r a t i o n  was be low d e t e c t i o n  l i m i t s  u n t i l  t h e  c loud  had a l m o s t  e n t i r e l y  
d i s p e r s e d ,  i n d i c a t i n g  th'at r e a c t i o n  with NO was rlndouhtedly occurr ing .  

A s  mentioned above, emissions of n i t rogen  oxides can i n  p r i n c i p l e  
c o n t r i b u t e  t o  excess  a c i d i t y  i n  p;ecipi ta t ion.  Considerat ion of s eve ra l  
p o s s i b l e  mechanisms and t h e i r  r a t e s ,  however, shows t h a t  p r e c i p i t a t i o n  t ak ing  
p l a c e  a f t e r  a n  HLLV l a u n c h  would n o t  b e  s i g n i f i c a n t l y  more a c i d i c  t h a n  
b e f o r e  t h e  launch,  and t h a t  t he  s l i g h t  poss ib l e  i nc rease  i n  a c i d i t y  would 
p r o b a b l y  n o t  b e  d e t e c t a b l e .  . I t  i s  a l s o  e x p e c t e d  t h a t  any  change  i n  t h e  
l o n g - t e r m ,  r e g i o n a l  a v e r a g e  r a i n f a l l  a c i d i t y  would b e  u n d e t e c t a b l e  and 
comple te ly  n e g l i g i b l e ,  

Inadver ten t  Weather Modif icat ion 

Yhe p r i n c i p a l  concerns about inadver ten t  weather modi f ica t ion  by SPS 
r o c k e t  e f f l u e n t s  a r e  t he  p o s s i b i l i t i e s  t h a t  i nd iv idua l  ground clouds might 
t empora r i l y  modify l o c a l  weather and t h a t  one o r  two HLLV launches per  day 
might l ead  t o  cumulative e f f e c t s  under c e r t a i n  meteorological  cond i t i ons .  
Enhanced convect ive a c t i v i t y  i n  response t o  hea t  and moisture from t h e  rocket  
exhaust  and t h e  launch f a c i l i t y  f o r  a  given meteorological  cond i t i on  would be 
one poss ib l e  e f f e c t .  Another would be t h e  a l t e r a t i o n  of  t he  microphysical  
p roces ses  of c louds i n  t h e  genera l  a r e a ,  r e s u l t i n g  from rocket  e f f l u e n t s ,  
e n t r a i n e d  d e b r i s ,  and cool ing  water used dur ing  t h e  launch. 

E f f luen t  from s o l i d -  o r  l iqu id- fue led  rocke t s  would be expected t o  
produce both cloud-condensat ion  nuc l e i  and . ice-forming n u c l e i  i n  t h e  ground 
c loud .  The a d d i t i o n  of t h e s e  n u c l e i  t o  t he  atmosphere can a l t e r  cloud micro- 
phys i ca l  processes  t h a t  a r e  s i g n i f i c a n t  f o r  cloud and weather mod i f i ca t ion  i n  
F l o r i d a  and t r o p i c a l  rog inns .  In  gene ra l ,  the a d d i t i o n  of CCN may eend t o  
slow down the formation of warm r a i n  ( i n  which i c e  plays no s i g n i f i c a n t  r o l e )  
i f  t he re  a r e  more than  1000 C C N / C ~ ~ .  However, i f  ve ry  l a r g e  hygroscopic 
p a r t i c l e s  ( g i a n t  n u c l e i  with r a d i i  g r e a t e r  than 25pm,  such a s  a r e  expected t o  
come from launch pad d e b r i s )  a r e  p re sen t ,  r a i n  formation may be acce l e ra t ed .  
I n  F l o r i d a ,  some r a i n f a l l s  a r e  a s soc i a t ed  with condensat ion-freezing processes  
i n  a  deep convect ion cloud system. I n  an  IN-deficient ,  supercooled cloud,  t he  
a d d i t i o n  of  ice-forming n u c l e i  can lead t o  p r e c i p i t a t i o n ,  although t h e  exact  



e f f e c t i v e n e s s  of cloud seeding i s  s t i l l  c o n t r o v e r s i a l .  The g loba l  concentra- 
t i o n  of I N  i s  about one per  l i t e r  a t  - 2 0 " ~ .  I n  planned weather mod i f i ca t ion ,  
approximately 10 e f f e c t i v e  I N  per  l i t e r  a r e ,  added a t  a  supercool ing cloud 
t e m p e r a t u r e  of  - 1 0 " ~  t o  - 1 5 " ~  f o r  p r e c i p i t a t i o n  enhancement ,  and one  t o  
s e v e r a l  hundred I N  per  l i t e r  a r e  added f o r  thunderstorm modif ica t ion .  

The measurements  o f  t h e  November 1978 A t l a s I C e n t a u r  ground c l o u d  
i n d i c a t e d  t h a t  t h e  I N  c o n c e n t r a t i o n s  g e n e r a t e d  by t h e  rc:ket  l a u n c h  had 
l imi t ed  p o t e n t i a l  f o r  weather modi f ica t ion .  However, because of  u n c e r t a i n t i e s  
i n  measurement techniques and evidence f o r  t h e ,  c r e a t i o n  of new I N  a s  t he  
ground cloud aged, t h e  p o t e n t i a l  f o r  weather modi f ica t ion  due t o  I N  product ion 
cannot be assessed  with confidence a t  t h i s  t ime. The concent ra t ions  of CCN i n  
t h e  ground cloud were meteoro logica l ly  s i g n i f i c a n t .  The i n i t i a l  emission was 
about 1.2 x 1017 CCN, approximately equiva len t  t o  a  10-s emission of s i m i l a r  
n u c l e i  by a  l a r g e  c i t y .  I n  a d d i t i o n ,  CCN were produced i n  t he  ground cloud a t  
a  r a t e  of about 1 C C N / C ~ ~  per  second. This high a  concen t r a t ion  of cloud- 
condensat ion n u c l e i  i n  a  rocket-exhaust ground cloud could a l t e r  t h e  frequency 
and  p e r s i s t e n c e  o f  f o g s  and h a z i n e s s  on t h e  s u r f a c e .  I n  a d d i t i o n ,  i n  a  
complementary s tudy  , 9 ,  f i e l d  and l abo ra to ry  i n v e s t i g a t i o n s  bf a  ground cloud 
from a T i t a n  111 (so l id- fue led  boos t e r )  launch concluded t h a t  both t h e  I N  and 
CCN concent ra t  ions were of meteoro logica l  s i g n i f i c a n c e  . 

I n  a d d i t i o n  t o  t hese  microphysical  e f f e c t s ,  t h e  input  of h e a t  and 
mois ture  from an HLLV launch could,  under c e r t a i n  cond i t i ons ,  enhance convec- 
t i v e  a c t i v i t y .  General weather cond i t i ons  t h a t  favor  convect ive i n s t a b i l i t i e s  
and a c t i v e  convect ive elements a r e  conducive t o  i nadve r t en t  weather modifica- 
t i o n  by SPS rocke t  launches. These genera l  condi t ions  were i d e n t i f i e d  f o r  t h e  
Kennedy Space Center a r ea  i n  a  t h e o r e t i c a l  s tudy of t he  space-shut t le  exhaust 
c l o u d . 1 °  The c o n d i t i o n s  i n c l u d e  h u r r i c a n e s ;  e a s t e r l y  waves o f  summer; 
s t agna t ing  f r o n t a l  zones; cool-season s q u a l l  l i n e s ;  cool-season, '  low-lat i tude 
m i d t r o p o s p h e r i c  t r o u g h s ;  warm-season, w e a k , m i d t r o p o s p h e r i c  r r o u g h s ;  aad 
c o a s t a l  sea-breeze convergence regimes. I n  t h e  t r o p i c a l  reg ions ,  p o t e n t i a l l y  
uns t ab le  a i r  i n  t h e  boundary l a y e r  p e r s i s t s  d a i l y  throughout t he  year .  

In-cloud measurements have been made a s  long a s  4 h r  a f t e r  a  rocke t  
l a u n c h .  I n  v i ew o f  t h e  s i z e  o f  t h e  HLLV, t h e  p o t e n t i a l  f o r  i n a d v e r t e n t  
w e a t h e r  m o d i f i c a t i o n  from HLLV e f f l u e n t s  c o u l d  p e r s i s t  more t h a n  24 h r  
a f t e r  launch. The 500 launches proposed per  year t h e r e f o r e  might have some 
cumulative e f f e c t s .  Pending f u r t h e r  s tudy  of t h e  SPS and a  b e t t e r  under- 
s t a n d i n g  o f  .weather  phenomena g e n e r a l l y ,  i t  i s  j u d i c i o u s  t o  assume t h a t  
SPS rocket  launches would have the  p o t e n t i a l  t o  modify weather cond i t i ons  t o  
a t  l e a s t  some degree.  

3 .2.2 Troposphere: E f f e c t s  of  Rectenna Operation 

A pre l iminary  assessment of t he  poss ib l e  meteoro logica l  e f f e c t s  of SPS 
rec tenna  ope ra t ion  has  been conducted. l l  The s tudy  was based upon t h e  maximum 
microwave-beam power d e n s i t y  of about 23 mw/cm2 and an average waste-heat 
r e l e a s e  of 0.75 mw/cm2 f r 0 m . a  rec tenna  covering approximately 100 km2. The 
pre l iminary  f ind ings  were t h a t  t he  e f f e c t s  of an SPS rec tenna  on weather and 
c l i m a t e  would be small  compared t o  t he  d i r e c t  environmental consequences of 
c o n s t r u c t i o n .  The r e c t e n n a ' s  i n f l u e n c e  on w e a t h e r  and  c l i m a t e  would b e  



s i m i l a r  t o  t h a t  of a  t y p i c a l  suburban development. The i n t e n s i t y  of  the  
atmospheric  p e r t u r b a t i o n  due t o  SPS rec tenna  ope ra t ion  should be very  small  
compared t o  t h a t  caused by o t h e r  man-made i n s t a l l a t i o n s .  Microwave hea t ing  
o f  t h e  lower atmosphere through gaseous absorp t ion  would be n e g l i g i b l e .  Any 
a c t u a l  e f f e c t s  of t h e  microwave hea t ing  i n s i d e  a  cloud would not  be de t ec t ed  
i n  t h e  p r e s e n c e  o f  t h e  n a t u r a l  v a r i a n c e  o f  c l o u d  and s t o r m  phenomena.11 

A workshop on t h e  meteoro logica l  e f f e c t s  of rec tenna  ope ra t ion  and the  
r e l a t e d  microwave t ransmiss ion  problems has assessed the  s t a t e  of  knowledge 
and i d e n t i f i e d  poss ib l e  new issues .12  The two most important t o p i c s  d i s -  
cus sed ,  t h e  e f f e c t s  of waste-heat r e l e a s e  a t  t h e  rectenna s i t e  and microwave 
i n t e r a c t i o n s  with t h e  atmosphere, a r e  summarized below. 

Waete-Hcat Release 

Cons t ruc t ion  of  a  rec tenna  would modify the  t-hermal and r a d i a t i v e  
p r o p e r t i e s  of t h e  ground on which i t  was b u i l t ;  ope ra t ions  would in t roduce  a  
h e a t  source a t  t h e  s u r f a c e .  Though the  pe r tu rba t ions  'by t h e  rec tenna  .of the  
average su r f ace  h e a t  exchange would be on the  o r d e r  of lo%,  an inc rease  i n  
p e r t u r b a t i o n  should be considered on the  occasions of microwave-beam wandering 
and spreading due t o  atmospheric r e f r a c t i o n  e f f e c t s .  

Based on  s t u d i e s  o f  t h e  e f f e c t s  o f  l a n d  u s e  c h a n g e s ,  t h e  fo l low-  
i n g  atmospheric e f f e c t s  could be expected from rec tennas .  Small temperature'  
changes (on t h e  o r d e r  of 1 c " )  could  occur  on occasions of  l i g h t  wind, and 
changes i n  cloud popula t ions  a l s o  would-be poss ib l e .  Somewhat l a r g e r  man-made 
h e a t  d i s s i p a t i o n  r a t e s  o v e r  comparab le  a r e a s  have  been  a s s o c i a t e d  w i t h  
apparent  anomalies i n  t h e  d i s t r i b u t i o n  of r a i n f a l l .  

I n  h i l l y  t e r r a i n ,  on s c a l e s  sma l l e r  than  the  rec tenna  diinensions, t h e r e  
are d i u r n a l l y  va ry ing  changes i n  t h e  su r f ace  energy budget t h a t  a r e  l a r g e r  
t h a n  t h e  pro jec ted  r ec t enna  waste h e a t .  I t  is  t h e r e f o r e  expected t h a t  t h e  
meteoro logica l  e f f e c t s  of  r ec t enna  ope ra t ion  would vary  from s i t e  t o  s i t e ,  and 
t h e  c e n t r a l  maximum h e a t  d i s s i p a t i o n  (about  1.6 m~/cm2) might become important 
i n  augmenting a  n a t u r a l l y  occu r r ing  topographica l  e f f e c t  on the  s u r f a c e  energy 
budget .  

Assessment of p o s s i b l e  weather and c l ima te  e f f e c t s  over a r e a s  l a r g e r  
t h a n  a  r eg iona l  s c a l e  should not  be  confined t o  t h e  inf luence  of t h e  rec tenna  
a l o n e  -- i t  is necessary  t o  cons ider  the  whole s a t e 1 , l i t e  power Gyctcm i n  the 
contexc of the  energy demand it is designed t o  meet. The ove r r id ing  f e a t u r e  
o f  t h e  .system i s  t h a t  t h e  major i n e f f i c i e n c y ,  t h e  r e j e c t i o n  of waste h e a t ,  
would be i n  space .  Furthermore, t he re .  would be no s i g n i f i c a n t  emissions of 
m a t e r i a l  i n t o  t h e  t roposphere during opera t ion .  Of a l l  major proposed power 
product ion  systems, t h e  SPS wnllld be the  l e a s t  l i k c l y  t o  have r eg iona l  o r  
g l o b a l  e f f e c t s  on weather and c l ima te .  

The above e s t i m a t e s  have been con£ irmed by model s imula t ions  .I3914 
These s imula t ions  have examined t h e  e f f e c t s  of  waste h e a t ,  s u r f a c e  roughness,  
and r a d i a t i v e  p r o p e r t i e s .  They i n d i c a t e  t h a t  su r f ace  roughness change due t o  
t h e  presence of t h e  r ec t enna  would .per turb  t h e  h e a t  flow more than  waste h e a t  
would. Also,  a n  approximate a n a l y s i s  i n d i c a t e s  t h a t  r e f l e c t e d  energy a t  t h e  



r ec t enna  and i t s  d i u r n a l  v a r i a t i o n  would p o t e n t i a l l y  be a  source of  l a r g e r  
p e r t u r b a t i o n s  of  s u r f a c e  h e a t  flow than  wa.ste hea t  would be.  For p o t e n t i a l l y  
u n s t a b l e  moist  c o n d i t i o n s ,  on ly  a  s u r f a c e  roughness change would be conducive 
t o  t h e  formation of  cumulus c louds .  

I n  summary, p re l iminary  e s t i m a t e s  of t h e  l o c a l  and r eg iona l  e f f e c t s  
of  rec tenna  c o n s t r u c t i o n  on weather and c l ima te  a r e  t h a t  such e f f e c t s  would 
b e  g e n e r a l l y  s m a l l  b u t  d e t e c t a b l e  i n  some i n s t a n c e s .  The p o s s i b i l i t i e s  
o f  avoiding weather and c l ima te  changes by c o n s t r u c t i o n  manipulat ions not  
a f  f e c t  ing system e f f i c i e n c y  should be s t u d i e d  a s  t h e  system des ign  develops.  
Some atmospheric e f f e c t s  would l i k e l y  be  s i t e  s p e c i f i c ;  i n v e s t i g a t i o n  of t he se  
e f f e c t s  by t he  b e s t  a v a i l a b l e  methods should be p a r t  of t h e  assessment of  t h e  
environmental  impact of  r ec t enna  c o n s t r u c t i o n  a t  each s i t e  cons idered .  

Microwave P r o ~ a e a t i o n  

The atmospheric abso rp t ion  of microwave energy a t  t h e  proposed SPS 
wavelength would be n e g l i g i b l e  i n  c l e a r  a i r  f o r  t he  p ro j ec t ed  t ropospher ic  
pa th  l eng ths  of  about 20 km. However, some abso rp t ion  by c louds  and p rec ip i -  
t a t i o n  would occur when storms en t e r ed  the  beam pa th .  Information i s  a v a i l -  
a b l e  r e g a r d i n g  t h e  amount o f  microwave a b s o r p t i o n  p e r  u n i t  p a t h  l e n g t h  
a s  a  func t ion  of r a i n f a l l  r a t e . l 5  The t o t a l  a t t e n u a t i o n  of t h i s  wavelength 
would be due predominantly t o  abso rp t ion .  With t h e  most extreme r a i n f a l l  r a t e  
o f  254 mm/hr a s  an example, t h e  a t t e n u a t i o n  a t  t h e  proposed 2.45-GHz frequency 
would be about 0.063 d~Ikrn.15 A t  t h e  proposed maximum power d e n s i t y  of  23 
mw/cm2, t h e  absorbed microwave power i n s i d e  t h e  storm would be approximately 
3 . 2  x 1 0 ' ~  ~ / m 3 ,  which  i s  a p p r o x i m a t e l y  two o r d e r s  o f  m a g n i t u d e  s m a l l e r  
t han  t h e  r e l e a s e  r a t e  of t h e  buoyant energy of a  cumulus cloud wi th  an upd ra f t  
o f  In m / s  and a temperature  excess  of 2  c" .  Therefore ,  i t  i s  reasonable  t o  
conclude t h a t  t h e  abso rp t ion  of SPS microwave power by a  storm would have no 
s i g n i f i c a n t  i n f luence  on cloud dynamics and thermodynamics o r  t h e  a s soc i a t ed  
p r e c i p i t a t i o n .  

3.2.3 s t r a t o s p h e r i c  and Mesospheric E f f e c t s  

Composition Pe r tu rba t  ions  

S ince  t h e  e a r l y  1970s, t h e r e  has  been much concern about t h e  pos s ib l e  
a l t e r a t i o n  of  t h e  s t r a t o s p h e r e ' s  chemical composition by a  wide v a r i e t y  of 
n a t u r a l  and man-made phenemena, inc lud ing  vo lcan i c  emissions,  s o l a r  f l a r e s ,  
supersonic  a i r c r a f t ,  chlorof luoromethane emiss ions ,  nuc l ea r  weapons t e s t i n g ,  
and increased  b i o l o g i c a l  product ion of  n i t r o u s  oxide ( ~ ~ 0 ) .  P o s s i b l e  changes 
i n  t h e  concen t r a t i on  of ozone have been t h e  g r e a t e s t  concern,  because of  t h e  . 
r o l e  t h a t  upper-atmospheric ozone - plays i n  s h i e l d i n g  t h e  e a r t h ' s  s u r f a c e  from 
s o l a r  u l t r a v i o l e t  r a d i a t i o n .  In  a d d i t i o n ,  t h e  upper a tmosphere 's  chemical 
c o m p o s i t i o n  i s  d i r e c t l y  i n v o l v e d  i n  i t s  dynamics  and c i r c u l a t i o n .  F o r  
example, t he  i nc rease  i n  temperature  i n  t h e  s t r a t o s p h e r e  over t h a t  a t  t h e  
t ropopause i s  due d i r e c t l y  t o  t h e  abso rp t ion  of u fc rav io leL z a d i a t i s n  by 
ozone, t h e  absorbed energy be ing  converted u l t i m a t e l y  i n t o  thermal  energy.  I n  
t u r n ,  t h e  i nc rease  i n  temperature  with a l t i t u d e  has  a  d i r e c t  e f f e c t  on t he  



r a t e  of v e r t i c a l  t r a n s p o r t .  Also, between approximately 30 km and 70 km above 
t h e  e a r t h ' s  s u r f a c e ,  t h e  abso rp t ion  of s o l a r  energy provides  t h e  main d r i v i n g  
f o r c e  f o r  t h e  dynamics  o f  t h e  a t m o s p h e r e .  Thus ,  p e r t u r b a t i o n s  i n  u p p e r  
a tmospheric  composi t ion may a f f e c t  meteoro logica l  v a r i a b l e s ,  a l though i n  many 
r e s p e c t s  such e f f e c t s  a r e  l e s s  wel l  understood than  e f f e c t s  i n  t h e  t roposphere.  

The most d i r e c t  and obvious manner i n  which t h e  s a t e l l i t e  power system 
' . might a f f ec ' t  t h e  upper atmosphere would be through t h e  d i r e c t  i n j e c t i o n  o f  

rocke t  exhaus t .  The e s t ima ted  masses of  v a r i o u s  exhaust  products  emi t ted  i n t o  
d i f f e r e n t  r eg ions  of t h e  atmosphere during one f l i g h t  of t h e  HLLV were given 
i n  Table  9. . The r e l a t i v e l y  l a r g e  amounts of rocke t  exhaust  could a l t e r  t h e  
n a t u r a l  chemical composi t ion,  p a r t i c u l a r l y  with regard  t o  t r a c e  s r~bs t ances  
such a s  ozone and water  vapor .  I n  a d d i t i o n ,  t h e  r e e n t r y  o f  t he  upper s t a g e s  
o f  t h e  .launch v e h i c l e s  would d e p o s i t  a b l a t i o n  m a t e r i a l s  and produce NO i n  t h e  
mesosphere.  Tt1e cornposit i n n  changes r e s u l t i n g  from rocke t  e f f l u e i l t s  aud 
r e e n t r y  products  would be t he  most important primary e f f e c t s  expected i n  t he  
s t r a t o s p h e r e  and mesosphere.  

Q u a n t i t a t i v e  e s t i m a t e s  of t h e  impacts expected from i n j e c t i o n s  of  
r o c k e t  e x h a u s t  i n t o  t h e  u p p e r  a t m o s p h e r e ,  b a s e d  on c a l c u l a t i o n s  o f  t h e  
g l o b a l  o r  hemispheric  average concen t r a t  i ons ,  may be made r e l a t i v e l y  e a s i l y  
w i t h  a v a i l a b l e  one-dimens i o n a l  atmospheric models. However, because of t h e  
h igh  expected launch r a t e ,  a  s i g n i f i c a n t  " co r r ido r  e f f e c t "  ,might e x i s t .  The 
c o r r i d o r  e f f e c t ,  r e f e r s  t o  a  s i g n i f i c a n t  dependence of  t h e  composition pe r tu r -  
b a t i o n s  on l a t i t u d e ,  t h e  p e r t u r b a t i o n  being l a r g e s t  near  t he  l a ' t i t ude  a t  which 
r o c k e t  e x h a u s t  i s  i n j e c t e d .  T h i s  e f f e c t  would be  e x p e c t e d  whenever  t h e  
exhaus t  i n j e c t i o n  occurred over  a  narrow l a t i t u d e  band a t  a  r a t e  that was 
s i g n l  f i c a n t  compared t o  t h e  r a t e  o f  north-south atmospheric  t r a n s p o r t .  

I n i t i a l  c a l c u l a t i o n s  i nd i ca t ed  t h a t  carbon d iox ide  emissions from SPS 
r o c k e t  launches would have no d e t e c t a b l e  e f f e c t  on t h e  upper atmosphere, 
t ak ing  i n t o  account t h e  r e l a t i v e l y  l a r g e  amount a l r eady  p re sen t  and us ing  
r e c e n t  e s t i m a t e s  o f  t h e  r a t e  o f  v e r t i c a l  d i f f u s i o n a l .  t r a n s p o r t ,  l 6  This 
assessment  i s  s t i l l  cons idered  v a l i d .  

With r e s p e c t  t o  emissions of water  vapor ,  t h e  s i t u a t i o n  i s  d i f f e r e n t .  
Water i s  p re sen t  i n  on ly  t r a c e  amounts i n  t he  upper atmosphere; t h e  mass- 
m i x i n g  r a t i o  r a n g e s  be tween  3  ppm and 6  pgw. By cnmpar . iann ,  t h e  carbon 
d i o x i d e  mass-mixing r a t i o  i s , a b o u t  500 ppm. I n i t i a l  c o n s i d e r a t i o n s  i nd i ca t ed  
t h a t  water-vapor concen t r a t i ons  could be s i g n i f i c a n t l y  a f f e c t e d  by SPS rocke t  
exhaus t .  l 7  

More-recent c a l c u l a t i o n s  i n d i c a t e  t h a t  on a  g loba l  b a s i s ,  t h e  i n c r e a s e  
i n  t h e  water  concen t r a t i on  could be approximately 0.4% a t  30 km and 8% a t  
80 km a l t i t u d e ,  based on an assumed 400 HLLV f l i g h t s  per  year .18 Ca lcu l a t i ons  
made us ing  a  two-dimensional model i n d i c a t e  no c o r r i d o r  e f f e c t  f o r  water  a t  
a l t i t u d e s  below about 70 km, and on ly  a  s l i g h t  e f f e c t  above t h a t  a l t i t u d e .  
For example, the pred ic t ed  concen t r a t i on  i nc rease  a t  80 km reaches  a  maximum 
a t  t h e  assumed launch l a t i t u d e  ( 3 0 " ~ )  of  approximately 15%, and dec reases  t o  
n e a r  t he  g loba l  average va lue  a t  10°N and 5 0 " ~ .  Larger  e f f e c t s  might occur 
a t  h i g h e r  a l t i t u d e s .  

F igure  10 shows the  es t imated  change i n  the  water concen t r a t i on  a s  
a  f u n c t i o n  o f  a l t i t u d e  f o r  an  assumea 400 HLLV f l i g h t s  p e r  y e a r . 1 8  The 
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( a )  Change i n  water  concen t r a t i on  ( b )  Percent  i n c r e a s e  o f  water  a t  
a t  v a r i o u s  l a t i t u d e s  compared 3 0 ' ~  l a t i t u d e  
t o  g loba l  average 

F.ig. 10. Change i n  Water Concentrat ion ve r sus  A l t i t u d e  
f o r  400 HLLV F l i g h t s  pe r  Year 

f i g u r e  i l l u s t r a t e s  t h a t  t h e  most s i g n i f i c a n t  p e r t u r b a t  i ons  would be  expected 
i n  t h e  upper mesosphere and above and t h a t  t h e  impact on t h e  s t r a t o s p h e r e  
would be minimal. 

An es t imated  60-70 t of NO would be generated by f r i > c t i o n a l  h e a t i n g  
du r ing  t h e  r e e n t r y  o f  a  s i n g l e  HLLV second s t a g e ,  t h e  bu lk  o f  t h i s  product ion 
occu r r ing  a t  a l t i t u d e s  between 60 km and 90 km. Calcu la t i ons  made us ing  
a  two-dimensional model i n d i c a t e  t h a t  a t  75 km, t h e  i n j e c t i o n  of NO a t  a 
r a t e  corresponding t o  400 r e e n t r i e s  pe r  year  would i nc rease  t h e  NO concentra-  
t i o n  by about 40% between 2 0 " ~  and 3 0 " ~  l a t i t u d e ,  and by approximately 10% 
a t  1 0 " ~  and 4 0 " ~  l a t i t u d e . 1 8  Thus t he  mesospheric NO concen t r a t i on  could 
be  s i g n i f i c a n t l y  a f f e c t e d ,  and a' d e f i n i t e  c o r r i d o r  e f f e c t  would e x i s t  i n  
t h e  long-term NO d i s t r i b u t i o n .  In a d d i t i o n ,  a  somewhat l o c a l i z e d  reg ion  
o f  e l eva t ed  NO concen t r a t i on  .would be expected t o  p e r s i s t  i n  t h e  mesosphere 
f o r  1-2 d a y s  f o l l o w i n g  e a c h  r e e n t r y ,  a l t h o u g h  i t s  p o s i t i o n  would change  
wi th  t ime due t o  advec t ion  by t h e  wind a t  those  a l t i t u d e s . 1 8  

Al though  r e e n t r y  p r o d u c t i o n  o f  NO would o c c u r  . in  t h e  m e s o s p h e r e ,  
a  s u f f i c i e n t  amount would be  produced t o  a f  f e c t  s t r a t o s p h e r i c  NO concentra-  
t i o n s  a s  w e l l ,  due t o  downward d i f f u s i o n a l  t r a n s p o r t .  A t  50 Icm, an i n c r e a s e  .. 
o f  perhaps 5-15% would be  expected,  depending on l a t i t u d e ;  a t  lower a l t i t u d e s  
t h e  e f f e c t  would decrease  s u b s t a n t i a l l y .  N i t r i c  ox ide  product ion due t o  
r o c k e t  e x h a u s t  a f t e r b u r n i n g  would e s s e n t i a l l y  b e  c o n f i n e d  t o  th.e l o w e r  
s t r a t o s p h e r e  and would have a  n e i l i g i b l e  e f f e c t . .  



Changes i n  t h e  u p p e r  a t m o s p h e r i c  ozone c o n c e n t r a t i o n  and i n  t h e  
v e r t i c a l l y  i n t e g r a t e d  ozone "column" concen t r a t i on  would be expected due t o  
t h e  depos i t i on  of  both water  and ~ 0 . l ~  The expected e f f e c t  of t h e  depos i t i on  
o f  water  and NO from rocke t  exhaust  a f t e r b u r n i n g  would be t o  decrease  t h e  
t o t a l  g l o b a l l y  a v e r a g e d  ozone  column by  a b o u t  0 . 0 1 % ,  and no s i g n i f i c a n t  
c o r r i d o r  e f f e c t  would b e  e x p e c t e d .  The e f f e c t  o f  r e e n t r y - g e n e r a t e d  N O ,  
a s  es t imated  from two-dimensional model c a l c u l a t i o n s ,  would be t o  i nc rease  
t h e  t o t a l  ozone column by about 0.1% on a  g loba l  average b a s i s ,  wi th  va r i a -  
t i o n s  about t h i s  va lue  depending on season and l a t i t u d e .  This  e s t i m a t e  i s  
q u i t e  u n c e r t a i n ,  however, because i t  corresponds t o  t h e  d i f f e r e n c e  between an 
i n c r e a s e  a t  l o w e r  a l t i t u d e s  and a  d e c r e a s e  a t  h i g h e r  a l t i t u d e s ,  and i s  
undoubtedly model-dependent . Calc~ l l  a t  ions using a one-dimcnaional model -- 
which  c a n n o t  r e a l i s t i c a l l y  s i m u l a t e  s i g n i f i c a n t  l a t i t u d i n a l  e f f e c t s  o r  
p r o p e r l y  t r e a t  t h e  l o c a l i z e d  n a t ~ ~ r e  of t h e  NO p r o d u c t i o n  i a d i e a ~ e  a 
g l o b a l l y  averaged va lue  o f  0.001-0.01% f o r  t he  i n c r e a s e  i n  t he  ozone column 
due t o  reentry-produced NO. 

The- change i n  t h e  t o t a l  ozone column due t o  SPS rocke t  r e e n t i y  i s  
t h e r e f o r e  r a t h e r  u n c e r t a i n ,  bu t  a l l  model c a l c u l a t i o n s  made t o  d a t e  y i e l d  
v a l u e s  t h a t  would be unde t ec t ab l e  by c u r r e n t l y  a v a i l a b l e  techniques .  There 
a r e  no i n d i c a t i o n s  a t  p r e s e n t  t h a t  SPS-related rocke t  a c t i v i t y  would a f f e c t  
t h e  ozone column t o  an e x t e n t  t h a t  would be  observable .  

I n  a d d i t i o n  t o  t h e  p r i n c i p a l  e x h a u s t  p r o d u c t s ,  w a t e r  and c a r b o n  
d i o x i d e ,  any i m p u r i t i e s  i n  t h e  rocke t  f u e l  used would a l s o  be i n j e c t e d  i n t o  
t h e  upper atmosphere.  . Presen t  de s igns  c a l l  f o r  t h e  use o f  l i q u i d  methane a s  
t h e  ' f u e l  f o r  the HLLV and PT,V f i r s t - s t a g e  socke t  cnginco and l i q u i d  llyclrugen 
f o r  t h e  second s t a g e s ,  wi th  l i q u i d  oxygen a s  t h e  o x i d i z e r  i n  both s t a g e s .  It 
i s  expected t h a t  r e l a t i v e l y  pure methane would be used s i n c e  i t  can be pro- 
duced r a t h e r  e a s i l y ,  Curren t  1 iqu i.d-fi.~el.ed rocke t s  UEG CI hydrocarbon mixture  
wi th  a h i g h e r  molecular  weight than methane, however. The 1975 mean s u l f u r  
c o n t e n t ,  f o r  example, o f  RP-type hydrocarbon f u e l s  was 0.05% t o t a l  s u l f u r  by 
w e i g h t .  A rough  c a l c u l a t i o n  i n d i c a t e s  t h a t  t h i s  l e v e l  o f  s u l f u r  i n  t h e  
hydrocarbon f u e l  used f o r  t h e  HLLV launches would r e s u l t  i n  t h e  emission of  
about  300 t / y r  of s u l f u r  d iox ide  i n t o  t he  s t r a t o s p h e r e .  miis i n j e c t i o n  r a t e  
may be compared wi th  t h e  es t imated  n a t u r a l  r a t e  of  sulfur dioxide prndl?ct,ion 
1 n . t h e  s t r a t o s p h e r e  of about  200,000 t / y r  due t o  ox ida t ion  of  carbonyl  s u l f i d e  
( c o s ) ~ ~  o r  with t he  e s t ima ted  i n j e c t i o n  of  4,OO0,000 t from the 1963 vo lcan i c  
e r u p t i o n  of  M t .  Agung i n  ~ a 1 i . l ~  Based on these  comparisons,  a  0.05% s u l f u r  
impur i t y  i n  t h e  HLLV b o o s t e r  file1 wnllld have a t o t a l l y  n c g l i g i b l c  e f f e c t  "11 

t h e  atmosphere, and a  s i m i l a r  conc lus ion  may be reached r ega rd ing  any o t h e r  
known Pue 1 impuri ty  . 

Climat ic  E f f e c t s  

The e f f e c t  on t h e  t roposphe r i c  c l ima te  of changes i n  t h e  upper atmo- 
s p h e r e ' s  n a t u r a l  composition i s  an a c t i v e  a r e a  of c u r r e n t  . research  and i s  
n o t  wel l  understood.  However, information t h a t  a l lows ' e s t ima t ion  o f  some 
q u a n t i t i e s  o f  i n t e r e s t  i s  a v a i l a b l e ;  one  s u c h  q u a n t i t y  i s  t h e  change  i n  
s u r f a c e  t e m p e r a t u r e  r e s u l t i n g  from c h a n g e s  i n  h i g h - a l t i t u d e  a t m o s p h e r i c  
composi t ion.  e E s t i m a t e s  of  s u r f a c e  temperature  changes i n d i c a t e  t h a t  t he  
impact on t he  e a r t h ' s  s u r f a c e  temperature  of  t h e  a n t i c i p a t e d  p e r t u r b a t i o n s  i n  



t h e  upper a tmosphere 's  composition would be .completely n e g l i g i b l e  .17,18 The 
e s t i m a t e s  a r e  based on t h e  composi t ion-perturbat ion r e s u l t s  descr ibed  above 
and on r e s u l t s  a v a i l a b l e  i n  t h e  s c i e n t i f i c  l i t e r a t u r e  based on t h e  use of  
one-dimensional r a d i a t i v e  equ i l i b r ium models. Thus, on ly  t h e  d i r e c t  e f f e c t  o f  
composition p e r t u r b a t i o n s  on t h e  e a r t h ' s  r a d i a t i o n  budget h a s  been taken  i n t o  
account .  With regard  t o  more-general c l i m a t i c  o r  weather e f f e c t s ,  c u r r e n t  
understanding of t h e  coupl ing  between t h e  h igh -a l t i t ude  environment and t h e  
t ropospher ic  c l i m a t e  i s  such t h a t  r e l i a b l e  q u a n t i t a t i v e  p r e d i c t i o n s  of t h e  
gene ra l  c l imat ' i c  e f f e c t s  of SPS-related p e r t u r b a t i o n s  probably cannot  be made 
a t  t h i s  t ime;  

It  seems h i g h l y  probable  t h a t  t r a n s i e n t  n o c t i l u c e n t  c louds  (luminous, 
t h i n  clouds occu r r ing  nea r  t h e  mesopause) would be induced i n  t h e  v i c i n i t y  of  
t h e  burn t r a j e c t o r y  fol lowing t h e  launch of an HLLV o r  PLV. Severa l  examples 
o f  such a r t i f i c i a l l y  induced n o c t i l u c e n t  c louds have been r epo r t ed  i n  t h e  
s c i e n t i f i c  l i t e r a t u r e .  For example, Benech and Dessens r epo r t ed  t h e  formation 
o f  a r t i f i c i a l  n o c t i l u c e n t  c louds on two occasions fol lowing t h e  launching 
of  rocke t s  i n  sou the rn  France a t  a  l a t i t u d e  of approximately 4 5 ' ~ . l 9  The 
p e r s i s t e n c e  and growth of  t h e  clouds on ly  near  t h e  mesopause i nd i ca t ed  t h a t  
t h e  c louds  were formed from water ,  and t h e i r  e x t e n t  and l i f e t i m e  suggest  t h a t  
i n  view o f  t he  small  amount of  water  i n j e c t e d  (260 gm i n  t h e  80-90 km a l t i t u d e  
band),  t h e  ambient water concen t r a t i on  must have been r e l a t i v e l y  nea r  s a tu ra -  
t i o n .  To put t h e  emissions i n t o  pe r spec t ive ,  a  s i n g l e  HLLV launch would 
i n j e c t  approximately 13 t of water i n t o  t he  same 10-km a l t i t u d e  range -- 
50,000 t imes a s  much a s  emi t ted  by the  French rocke t .  In  view o f  t h e  l a r g e  
amount of water involved,  it seems l i k e l y  t h a t  v e r y  s u b s t a n t i a l  a r t i f i c i a l  
n o c t i l u c e n t  c louds  would be generated by HLLV and PLV launches.  

The l i f e t i m e s  of such a r t i f i c i a l  n o c t i l u c e n t  c louds a r e  unce r t a in ,  b u t  
p re l iminary  t h e o r e t i c a l  e ~ t  imates i n d i c a t e  l i f e t i m e s  on t h e  o r d e r  of s e v e r a l  
hours  f o r  c louds produced dur ing '  an HLLV launch. While c louds could p e r s i s t  
on a  l o c a l  s c a l e ,  t h e  expected i n c r e a s e  i n  water  vapor n e a r  t h e  mesopause from 
m u l t i p l e  launches would no t  be s u f f i c i e n t  t o  form a permanent g loba l - sca le  
c loud .  No s i g n i f i c a n t  c l i m a t i c  e f f e c t  . would be  expected due t o  noc t i l ucen t -  
c  loud format i.on . 

Energy I n j e c t  ion  

The c o n s t r u c t i o n  and ope ra t i on  of  t h e  s a t e l l i t e  power system would 
d i r e c t l y  i n j e c t  energy i n t o  t h e  s t r a t o s p h e r e  and mesosphere i n  a t  l e a s t  two 
ways: d i r e c t  i n j e c t i o n  of  thermal energy from HLLV -and PLV rocke t  exhaust  and 
d i r e c t  abso rp t ion  of  energy from t h e  microwave beam. It i s  no t  expected t h a t  
either proceoo would have any ~ i g n i f i c a n t  environmental impacts.  

Taken i n d i v i d u a l l y ,  HLLV and PLV l a u n c h e s  would h a v e  no  t h e r m a l  
impac t  on t h e  s t r a t o s p h e r e  and mesosphe re  beyond t h e  t r a n s i e n t  h e a t i n g  
i n  t h e  exhaust  wake, which i s  r a p i d l y  d i spe r sed .  The time-averaged energy 
f l u x  i n t o  t h e  upper atmosphere would a l s o  be extremely smal l  compared t o  t h e  
e n e r g y  n a t u r e , , l y ,  d e p o s i t e d  v i a  a b s o r p t i o n  by ozone  o f  s o l a r  u l t r a v i o l e t  
r a d i a t i o n .  Averaged over  t h e  e n t i r e  globe,  energy i n j e c t i o n  i n t o  t h e  s c r a to -  
sphere  from SPS rocke t  exhaust  woulda amount t o  approximately 0.00008 p wlcrn2 
f o r  an assumed 375 HLLV f l i g h t s  annual ly .  This  f i g u r e  should be compared t o  



t h e  average 4 mw/cm2 (4000 I.I w/cm2) energy input  due t o  absorp t ion  of  u l t r a -  
v i o l e t  l i g h t .  

E s t i m a t e s  a r e  a v a i l a b l e  f o r  t h e  uppe r -a tmosphe r i c  a b s o r p t i o n  o f  
microwaves a t  t he  SPS frequency of 2.45 GHz. The f r a c t i o n a l  absorp t ion ,  
v e r t i c a l l y  i nc iden t  on t h e  atmosphere, has  been repor ted  t o  be approximately 
0.01, o f  which only 0.001 occurs  i n  t h e  s t r a t o s p h e r e  and mes0s~here .20  The 
peak power i n  t h e  microwave beam would be approximately 23 m~/cm2 with an 
average  power l e v e l  of about  5  m~/cm2. Thus, a  n e t  cont inuous energy deposi- 
t i o n  i n  t h e  s t r a t o s p h e r e  and mesosphere of approximately 0.005 mw/cm2 would 
b e  expected per s a t e l l i t e .  This  f i g u r e  is  about 0.13% of t he  s o l a r  u l t r a -  
v i o l e t  abso rp t ion  input  and may be  considered n e g l i g i b l e .  When averaged over 
t h e  g lobe ,  even assuming t h e  presence of 60 5-GW rec t ennas ,  t he  average energy 
f l u x  t o  t he  upper atmosphere would be only  0.06 l r ~ / c m ~ .  

These va lues  a r e  smal l  i n  a n  abso lu t e  a s  wel l  a s  a  r e l a t i v e  sense .  The 
e f f e c t  of absorp t ion  i s  t o  hea t  t h e  a i r .  The t o t a l  temperature change would 
depend on t h e  l eng th  of  time t h a t  an ind iv idua l  pa rce l  of a i r  spent  i n  t he  
microwave beam and t h e r e f o r e  would depend on t h e  beam diameter  and wind speed. 
Assuming t y p i c a l  wind speeds and r e s idence  t imes and a  beam diameter  of 10 km, 
corresponding  es t imated  temperature changes have been c a l c u l a t e d  and a r e  
comple te ly  n e g l i g i b l e .  

3.2.4 Ionospher ic  E f f e c t s  

The ionosphere has  t r a d i t i o n a l l y  been i d e n t i f i e d  a s  t h a t  reg ion  i n  
which t h e  f r ee -e l ec t ron  d e n s i t y  i s  l a r g e  enough t o  a f f e c t  r a d i o  wave propaga- 
t i o n  over  a  broad frequency range. Because of a s soc i a t ed  phys i ca l  phenomena, 
t h e  ionosphere i s  u s u a l l y  thought . o f  as a ~ e r i ~ n  nf four  not - too-d is t inc t  
rcg iono .  The D-ieyiuri extends from a l t i t u d e s  of about 60 km t-o 90 km and i s  
roughly co inc iden t  with t h e  mesosphere. The E-region extends from about 90 km 
t o ,  150 km and co inc ides  with the  lower po r t i on  nf  the  t h a r ~ u o ~ p h c ~ e ~  The 
U-region of  the  ionosphere begins a t  an  a l t i t u d e  of about 150 km and extends 
upward i n t o  a  h i g h l y  ion ized  reg ion  c a l l e d  the  plasmasphere. The F-region 
i t s e l f  i s  subdivided i n t o  t h e  F1-region ' (  140-200 km) and t h e  F2-region (200- 
1000 km) . 

E f f e c t s  i n  t he  D-Region of t h e  Ionosphere 

The U-regiou is imporcarit because of t h e  e f f e c t  of  i t s  i o n i z a t i o n  
on t h e  propagat ion of r a d i o  waves extending from extremely low f requencies  
(ELF) t o  very  high f requencies  (VHF). The ions  and e l e c t r o n s  a r e  produced 
p r i m a r i l y  by photo ioniza t ion  of NO by s o l a r  r a d i a t i o n .  Because of t h e  h igh  
d e n s i t y  of  n e u t r a l  gas  i n  t h e  D-region, e l e c t r o n s  tend t o  become a t t ached  t o  
molecules  t o  form negat ive  ions  i n  t h e  lower reg ion .  A t  n i g h t ,  many of  t h e  
remaining f r e e  e l e c t r o n s  form negat ive  ions  so  t h a t  below 90 km f r e e  e l e c t r o n s  
e a s e n t  i a l l y  d isappear .  This  has  a  s i g n i f i c a n t  i n f  luence on t h e  r e f l e c t  ion  
h e i g h t ,  abso rp t ion ,  and p o l a r i z a t i o n  of r a d i o  waves. 

Water vapor emi t ted  by SPS launcki-rocket engines might a l t e r  p o s i t i v e  
and nega t ive  ion composition i n  . t he  lower ionosphere.  I n  e f f e c t  , added water 



vapor could tend t o . i n c r e a s e  t h e  pos i t ive- ion  c l u s t e r  s i z e ,  l e ad ing  t o  f a s t e r  
e f f e c t i v e  e l ec t ron - ion  recombination with a  subsequent r educ t ion  i n  plasma 
d e n s i t y .  Hence, r a d i o  wave abso rp t ion  i n  t he  daytime ionosphere could be 
reduced,  l e ad ing  t o  propagat ion anomalies.  While t h e  l i k e l i h o o d  of  a l t e r i n g  
t h e  e l e c t r o n  and ion  composition seems t o  be f a i r l y  h igh ,  t h e  impacts a r e  
judged not  t o  be v e r y  s i g n i f i c a n t  a t  t h i s  t ime. 

N i t r i c  ox ide ,  produced p r i n c i p a l l y  dur ing  rocke t  r e e n t r y ,  could al low 
a d d i t i o n a l  ions  t o  be formed i n  t h e  D-region. Also, du r ing  r e e n t r y ,  spo rad i c  
E-layers (1- o r  2-km t h i c k  l a y e r s  of g r e a t l y  enhanced e l e c t r o n  concen t r a t i on )  
might occur  more f r equen t ly  i f  t h e  ion  l a y e r s  between 100 km and 110 km were 
augmented by a b l a t i o n  products .  A s  mentioned i n  t h e  previous s e c t i o n ,  prelim- 
i n a r y  c a l c u l a t i o n s  i n d i c a t e  t h a t  NO product ion dur ing  r e e n t r y  would i nc rease  
ambient NO concen t r a t i ons  by a  f a c t o r  of up t o  two i n  a  40"- t o  50"-wide 
c o r r i d o r  cen te red  on t h e  r e e n t r y  l a t i t u d e .  This  might more t han  compensate 
f o r  t h e  plasma r educ t ion  d iscussed  above. Current  c a p a b i l i t i e s  do  no t  a l low a  
d e f i n i t i v e  assessment of  t h e  u l t i m a t e  change i n  t h e  plasma d e n s i t y  and i t s  
e f f e c t  on r a d i o  propagat ion.  

Recent ly ,  an a t tempt  was made t o ;  d e t e c t  rocket-launch-induced e f f e c t s  
i n  t he  lower ionosphere on very- lowfrequency  (VLF) propagat ion ( s i g n a l s  
from t h e  OMEGA na\;igation system).21 Evidence sugges t s ,  a l though not  con- 
c  l u s i v e l y  , t h a t  o b s e r v e d  s i g n a l  a n o m o l i e s  were c a u s e d  by  rocke t . - i nduced  
e f f e c t s  i n  t h e  D- o r  lower E-region. The s i g n i f i c a n c e  of such anomolies 
remains t o  be eva lua t ed .  

E f f e c t s  i n  t h e  E-Region of t h e  Ionosphere 

The E-region is formed by s o l a r  r a d i a t i o n .  Oxygen (02+ and 0') and 
n i t r i c  oxide (NO+) a r e  t h e  main p o s i t i v e  i ons .  Wen though t h e  f r ee -e l ec l ruu  
d e n s i t y  drops  by one t o  two o r d e r s  o f  magnitude from daytime t o  n igh t t ime ,  t h e  
d e n s i t y  remains high enough dur ing  t h e  n i g h t  t o  r e f l e c t  r a d i o  waves. This  
r eg ion  of t he  ionosphere was t h e  one discovered t o  be r e spons ib l e  f o r  t h e  
f i r s t  long-range t r ansmis s ions  of  r a d i o  s i g n a l s .  This  r eg ion  a l s o  c o n s t i t u t e s  
a  t r a n s i t i o n  zone between r eg ions  dominated by molecular  and atomic ions .  A s  
a l t i t u d e  i n c r e a s e s  w i t h i n  t he  E-region, t h e  o+-ion concen t r a t i on  becomes 
i n c r e a s i n g l y  important  and begins  t o  dominate i n  t h e  F-region (above 150 km). 
Th i s  i s  a  key f e a t u r e  of  t h i s  reg ion  o f  t h e  ionosphere,  because t h e  e l ec t ron -  
i on  recombination r a t e  i s  much g r e a t e r  i n  t h e  presence of  molecular  ions .  
This  po in t  w i l l  be d i scussed  aga in  l a t e r .  

Since t h e  HLLV engines  would be shu t  o f f  above about  124 km, o n l y  t h e  
lower E-region would be s u b j e c t  t o  t h e  d i r e c t  rocke t  e f f l u e n t s .  Since mole- 
c u l a r  d i f f u s i o n  i s  t h e  main mechanism f o r  v e r t i c a l  t r a n s p o r t  above 110 km, 
a s i d e  from g r a v i t a t i o n a l  s e t t l i n g ,  some e f f l u e n t s  would d i f f u s e  upward i n t o  
t h e  h ighe r  E- and F-regions.  In  a d d i t i o n ,  e f f l u e n t s  from t h e  HLLVs, PLVs, 
and personnel  o r b i t - t r a n s f e r  v e h i c l e s  ( P O T V ~ )  i n j e c t e d  nea r  LEO would e n t e r  
t h i s  reg ion  by downward d i  f f u s i o n  and g r a v i t a t i o n a l  s e t  t 1 ing  o f  exhaust  vapor 
molecules  and i c e  c r y s t a l s .  The E-region conduc t iv i t y  i s  c r i t i c a l  t o  plasma- 
sphere  c h a r a c t e r i s t i c s  and magnetosphere-ionosphere coupl ing .  This  coupl ing 
involves  a  r a t h e r  complex system of  e l e c t r i c  c u r e n t s  and f i e l d s  a s  wel l  a s  t he  
p r e c i p i t a t i o n  of  e n e r g e t i c  p a r t i c l e s  i n t o  t h e  lower atmosphere,  wi th  p o s s i b l e  



i m p l i c a t i o n s  f o r  ozone l e v e l s  and a i r  conduct i .vi ty  a t  low a l t i t u d e s .  Cl imat ic  
e f f e c t s  would t h e r e f o r e  be p o s s i b l e  bu t  t h e  p r o b a b i l i t y  i s  unknown. 

E f f e c t s  i n  t h e  F-Region of t h e  Ionosphere 

The e l e c t r o n  d e n s i t y  p r o f i l e  i n  t h e  F-region reaches  a  peak of  about 
one m i l l i o n  e l e c t r o n s  per cubic  cen t ime te r  dur ing  t h e  daytime and drops by a  
f a c t o r  o f  about 10 a t  n i g h t .  Above t h e  a l t i t u d e  of  peak d e n s i t y ,  t he  e l e c t r o n  
d e n s i t y  dec reases .  It undergoes a  r a t h e r  sharp  t e n f o l d  r educ t ion  a t  t h e  
plasmapause (about  fou r  e a r t h  r a d i i  n e a r  t h e  e q u a t o r i a l  p l ane ) .  The pos i t i ve -  
i o n  popula t ion  i n  t h e  F2-region i s  dominated by oxygen ions  (o+) t h a t  recom- 
b i n e  r a t h e r  s lowly wi th  e l e c t r o n s .  So la r  r , ad ia t ion  i s  t h e  p r i n c i p a l  source  o f  
i o n i z i n g  r a d i a t i o n  i n  t h e  F-region. 

Charged-part ic le  motion i n  t h e  F-region i s  q u i t e  complicated because of  
c o l l i s i o n s  with t h e  n e u t r a l  p a r t i c l e s  of  t h e  milch-denser, coex iu t ing  themon- 
sphe re  and the  presence o f  t he  e a r t h ' s  magnetic f i e l d .  The e x t e n t  t o  which 
t h e  n e u t r a l  and ion ized  components of t h e  upper atmosphere a r e  coupled may 
de te rmine  t h e  degree t o  which changes i n  ionospher ic  s t r u c t u r e  caused by HLLV 
i n j e c t  i o n s  could i n f luence  upper-atmospher i c  o r  middle-atmoapher i c  c i r c u l a -  
t i o n :  However, t h e  e x t e n t  of  t h i s  coupl ing and i t s  s i g n i  f i cance ,  i f  any, t o  
c l i m a t e  and weather  a r e  e s s e n t i a l l y  unknown. The major i s s u e s  r e l a t e d  t o  
F-region e f f e c t s  and t h e  c u r r e n t  understanding o f  them a r e  summarized below. 

F-Region Plasma Deple t ions .  Rocket e f f l u e n t s  such a s  water ,  hydrogen, 
and carbon d iox ide  cause t h e  dominant Fg-region oxygen ions  t o  qu i ck ly  form 
molecular  ions  ( e  .g . , H ~ o + ) ,  which very  r a p i d l y  recombine with e l e c t r o n s .  
Hence a  cloud of  exhaust  e f f l u e n t s  would cause .a d e p l e t i o n  o r  " ionospheric  
hole' '  t h a t  could extend f a r  beyond the  l o c a l  source  o f  i n j e c t e d  molecules 
a n d  t h u s  a f f e c t  r a d i o  communica t ion  and n a v i g a t i o n  s y s t e m s  o v e r  a  wide 
geograph ica l  a r e a .  

The depos i t i on  o f  rocke t  exhaust  i n  t h e  F2-region has  been e s t a b l i s h e d  
a s  a  c a u s e  o f  i o n o s p h e r i c  d e p l e t i o n s .  The 1973 l a u n c h  o f  S k y l a b  w i t h  a  
Sa tu rn  V rocke t  was t h e  f i r s t  t i m e  a  s u b s t a n t i a l  amount of rocke t  exhaust  
was i n j e c t e d  i n t o  t h e  F2-reeinn nf t h s  ionoophgrc ,22 Bear.rl nil telllsl;.a vu~iunr:  
of  communlcat i on  s a t e l l i t e  s i g n a l s  from s e v e r a l  ground-based o b s e r v a t o r i e s  , i t  
was r epo r t ed  t h a t  t h e  ionospher ic  ho l e  had a  r a d i u s  of a b o ~ l t  1000 km and 
l a s t e d  f o r  about four  hours .23 Subsequent a n a l y s i s  suggested t h a t  t h e  ho l e  
may a c t u a l l y  have l a s t e d  f o r  16 h r  .24 

The f i r s t  s u c c e s s f u l  a t t e m p t  t o  p roduce  a n  i o n o s p h e r i c  d e p l e t i o n  
u n d e r  c o n t r o l l e d  e x p e r i m e n t a l  c o n d i t i o n s  o c c u r r e d  i n  September  1977 .25  
P r o j e c t  "LAGOPEDO," a s  i t  was c a l l e d ,  involved two rocket-borne experiments .  
Each rocke t  c a r r i e d  h igh  exp los ives  and an instrument  package t h a t  was sep- 
a r a t e d  from t h e  r o c k e t  p r i o r  t o  de tona t ion  of  t h e  exp los ives .  The de tona t ion  
products  included wa te r ,  carbon d iox ide  and n i t r o g e n .  26 These experiments 
g e n e r a l l y  confirmed t h e o r e t i c a l  p r e d i c t i o n s .  A major f i nd ing  was t h e  impor- 
t a n c e  of suppress ing  t h e  p a r t i c i p a t i o n  of t h e  water  molecules i n  t h e  e l e c t r o n /  
i o n  removal process  through i n i t i a l  formation o f  i c e  c r y s t a l s  followed by 
g r a v i t a t i o n a l  s e t t l i n g  t o  lower a l t i t u d e s ,  where t h e  presence of  t h e  water  i s  
l e s s  s i g n i f i c a n t  (due t o  t h e  n a t u r a l  abundance of  molecular  i ons ) .  



The l a u n c h  o f  NASA's t h i r d  High Ene rgy  A s t r o p h y s i c a l  O b s e r v a t o r y  
(HEAo-C) i n  September 1979 by an At las ICentaur  rocke t  produced an e x t r a -  
o r d i n a r y  oppor tun i t  t o  monitor  a  l a rge - sca l e ,  a r t i f i c i a l l y  induced d e p l e t i o n  
o f  t h e  ionosphere.  7 A merging of  t h e  r e s u l t s  ob ta ined  from s e v e r a l  diag-  

, n o s t i c  s y s t e m s  showed t h a t  t h e  h o l e  f o l l o w e d  t h e  r o c k e t ' s  g round  t r a c k ,  
ex tending  a t  l e a s t  2000 km (and probably 3000 km) t o  t h e  e a s t  o f  t h e  launch 
s i t e .  I t s  n o r t h - s o u t h  e x t e n t  spanned  600-1000 km, and  t h u s  t h e  o v e r a l l  
d i s t u r b e d  r e g i o n  t o t a l e d  one  m i l l i o n  t o  t h r e e  m i l l i o n  s q u a r e  k i l o m e t e r s  
While t h e  geographica l  l o c a t i o n  of  t h e  d e p l e t i o n  cen te red  on t h e  r o c k e t ' s  
t r a j e c t o r y  f o r  approximately t h r e e  hours ,  evidence suggested a  subsequent 
northward displacement .  Approximately f i v e  hours  a f t e r  launch (and a f t e r  
s u n r i s e )  t h e  e f f e c t  of t h e  launch on t h e  ionosphere was no longer  apparen t .  

The mechanisms involved i n  t h i s  hole-making process  a r e  wel l  understood 
i n  gene ra l  terms and have been modeled approximately.  A v a r i e t y  of one-, 
two-, and t h r e e - d i m e n s i o n a l  mode l s  a r e  now a v a i l a b l e  t h a t  t r e a t  v a r i o u s  
p h y s i c a l ,  chemical ,  and e lec t romagnet ic  processes  t h a t  occur  i n  both the  
n a t u r a l  and per turbed ionosphere.  S p e c i f i c  d e t a i l s  of  t h e  phenomenon and 

- a c c u r a t e  p r e d i c t i o n  of  t h e  l o c a t i o n ,  s i z e ,  movement, and l i f e t i m e  of  t h e  ho l e  
r e q u i r e  f u r t h e r  s tudy .  I n  a d d i t i o n ,  t h e  cumulative e f f e c t s  of twice-a-day 
launches have not  y e t  been s tud i ed .  

Pre l iminary  c a l c u l a t i o n s  i n d i c a t e  t h a t  each POTV i n j e c t i o n  burn would 
r e s u l t  i n  an  ionospher ic  h o l e  wi th  an a r e a  t h e  s i z e  of t h e  c o n t i n e n t a l  United 
S t a t e s  t h a t  could l a s t  f o r  4-16 h r .  According t o  t he  SPS r e f e r e n c e  system, 
t h e  POTV burns would occur  once o r  twice a  month. I t  h a s  a l s o  been es t imated  
t h a t  t h e  c i r c u l a r i ' z a t i o n  burn of  t h e  HLLV would produce h o l e s  one-tenth t h a t  
s i z e ,  l a s t i n g  f o r  about 5 h r . 2 4  HLLV launches would occur once o r  twice  a  
day.  It is a l s o  p o s s i b l e  ' t h a t  because o f  t h e  m u l t i p l e  launches,  a  chronic  
low-level d e p l e t i o n  would develop i n  a  ring-shaped g loba l  reg ion  cen te red  
around the  launch l a t i t u d e .   ore-detailed modeling and assessluellt of r a d i o  
propagat ion e f f e c t s  a r e  r e q u i r e d .  

I n  a d d i t i o n  t o  a f f e c t i n g  r a d i o  communication and nav iga t ion  systems,  
o t h e r  p o s s i b l e  e f f e c t s  of SPS rocke t  launches have been i d e n t i f i e d  :22,28 

Enhanced v i s i b l e  a i rg low would be a s s o c i a t e d  with the  
plasma d e p l e t i o n  but  no adverse  e f f e c t s  would be l i k e l y .  

e The e l e c t r o n  temperature  would i nc rease ,  bu t  t h i s  would 
probably n o t  a f f e c t  anything e l s e .  

The plasmasphere could be a f f e c t e d ,  which .might  i nc rease  
t h e  l i f e t i m e  of  p a r t i c l e s  i n  t h e  Van Al len  B e l t s .  The 
p r o b a b i l i t y  o f  t h i s  event  i s  unknown. 

i n f r a r e d  emission d e n s i t y  could be increased  by chemical 
r e a c t i o n .  This could a f f e c t  space  systems and astronomi- 
c a l  o b s e r v a t o r i e s ,  bu;t t h e  l i ke l i hood  o f  t h i s  i s  unknown. 

I * .  . . I .  

The hea t  ba lance  i n  t h e  F-region a l s o  might be a l t e r e d  
by  t h e  i n j e c t i o n  o f  w a t e r  v a p o r  i n t o  t h e  i o n o s p h e r e .  
The most l i k e l y  e f f e c t  would be a n  i n c r e a s e  i n  t h e  r a t e  
o f  cool ing  by r a d i a t i o n .  The Van Al l en  Be l t s  could a l s o  
be a f f e c t e d ,  pos s ib ly  changing t h e  amount o f  i o n i z i n g  
r a d i a t i o n  i n  space .  



Changes i n  t h e  Hydrogen-Atom Cycle of  t h e  Exosphere. The hydrogen-atom 
c y c l e  i n  t h e  exosphere could  be a f f e c t e d  by HLLV launches.  Based on c u r r e n t  
SPS launch schedu le s ,  over  a five-day per iod  rocke t  e f f l u e n t s  would produce a 
q u a n t i t y  o f  hydrogen atoms equ iva l en t  t o  t h e  t o t a l  number n a t u r a l l y  presen t  i n  
t h e  upper thermosphere and exosphere.  24 A doubl ing -of  t he  hydrogen-atom 
d e n s i t y  i n  t h i s  r e g i o n . w o u l d  be  p l a u s i b l e  according t o  c u r r e n t  e s t ima te s .  
S a t e l l i t e  drag could be i nc reased ,  t h e  Van Al l en  r a d i a t i o n  b e l t s  could be 
a l t e r e d ,  and $ r a d i o  communications could be a f f e c t e d  by such an i nc rease .  
The p r o b a b i l i t y  o f  t h e s e  e f f e c t s  i s  unknown because the.  n a t u r a l  f l u x  of  water 
molecules  from t h e  lower t o  t h e  upper atmosphere i s  no t  known. 

3.2.5 Plasmaspheric  and Magnetospheric E f f e c t s  

The composi t ion and dynamics of t h e  niitermnst regions of t h e  atmoophcrc 
a r e  v e r y  complex. F i g u r e . 1 1  p r e s e n t s  a s i m p l i f i e d  c ros s - sec t iona l  view o f  t h e  
plasmasphere and magnetosphere i n  a plane perpendicu la r  t o  t h e  earth's o r h i t a l  
p l ane .  The sun i s  t o  t h e  l e f t  o.f t h e  p i c t u r e  and t h e  o r b i t a l  p lane  of  t he  SPS 
s a t e l l i t e  i s  pe rpend icu l a r  t o  t h e  page. In s ide  t h e  plasmakphere, a d ipo le -  
l i k e  ( t o r u s  shaped) volume, t h e  plasma d e n s i t y  is  s e v e r a l  o r d e r s  of  magnitude 
h i g h e r  t han  i n  t h e  o u t e r  magnetosphere. In t h e  magnetosphere, t h e  e a r t h ' s  
magnet ic  f i e l d  dominates and t r a p s  t h e  charged p a r t i c l e s .  The s o l a r  wind i s  a 
supe r son ic  plasma f low away from t h e  sun and i s  d e f l e c t e d  by the  e a r t h ' s  
magnet ic  , f i e l d .  / 

The two SPS-related sources  of d i s tu rbance  o f  t h e  n a t u r a l  plasmasphere 
and magnetosphere would be t h e  rocke t  e f f l u e n t s  used t o  prope.1' t h e  COTVs and 
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Fig .  11. Cross-Section of Magnetosphere and.Plasmasphere 



POTVs from LEO t o  GEO and t h e  presence of  t h e  s a t e l l i t e  s t r u c t u r e s  themselves 
( i nc lud ing  d e b r i s ) .  Based upon t h e  a n t i c i p a t e d  r e l a t i v e  importance o f  t h e s e  
two sources  of  d i s tu rbance ,  most of  t h e  e f f o r t  ha s  been devoted t o  t h e  rocke t  
e f f l u e n t s .  

The expected rocke t  e f f l u e n t s  would be of  two typ.es: chemical exhaust  
products  ( p r i n c i p a l l y  .hydrogen and water )  from t h e  POTV and argon ions  ( ~ r + )  
and e l e c t r o n s '  from t h e  ion propuls ion system of  t h e  COTV. Some a d d i t i o n a l  
c h e m i c a l  and ~ r +  p r o p e l l a n t s  would a l s o  b e  u sed  t o  c o n t r o l  p o s i t i o n  and 
a t t i t u d e  dur ing  o c c u l t a t i o n s  of  t he  s a t e l l i t e s  and COTVs. The numbers of 
a r g o n  i o n s  and hydrogen  a toms t h a t  would b e  i n j e c t e d  by r o c k e t s  a p p e a r  
s u b s t a n t i a l  when compared t o  t h e  n a t u r a l  numbers of  t h e s e  p a r t i c l e s  a t  GEO 
a l t i t u d e s .  However, any e f f e c t s  i n  t h e  plasmasphere o r  magnetosphere would 
depend on the  e f f l u e n t  r a t e s  a s  compared t o  t h e  n a t u r a l  r e s idence  t imes  o f  
p a r t i c l e s .  

P r e d i c t i o n s  c o n c e r n i n g  t h e  e f f e c t s  o f  SPS a c t i v i t i e s  beyond 500 
km a r e  v e r y  d i f f i c u l t  and a t  t h i s  t ime a r e  q u a l i t a t i v e  and tenuous. 

The p o t e n t i a l  impacts of t h e  COTV and POTV i n p u t s  on t h e  composition, 
s t r u c t u r e ,  a n d ' d y n a m i c s  o f  t h e  p l a s m a s p h e r e  and m a g n e t o s p h e r e  h a v e  been  
addressed a t  two workshops .22,  28 I n v e s t i g a t i o n s  have been made us ing  v a r i e d  
t h e o r i e s  and informat  ion obtained from arch ived  experimental  d a t a .  29'31 A 
number of  t he se  experiments  have been reviewed32 and a r e  recognized a s  having 
v e r y  l i m i t e d  a p p l i c a b i l i t y  t o  t h e  SPS c a s e .  One of t h e  major i s s u e s  i s  t h e  
manner i n  which t h e  argon ions  would i n t e r a c t  wi th  t h e  ambient plasma and 
geomagnetic f i e l d  and what t h e  consequences of v a r i o u s  i n t e r a c t i o n s  might be. 
According t o  t h e  SPS r e f e r ence  system des ign ,  a  l a r g e  r ec t angu la r  a r r a y  o f  
e l e c t r i c  ion  t h r u s t e r s  would be used t o  prope l  t he  COTV from LEO t o  GEO a long  
a  s lowly unrave l ing  s p i r a l .  The t r i p  would r e q u i r e  about  130 days.  Approxi- 
m a t e l y  80% o f  t h e  a r g o n  i o n s  would be  d e p o s i t e d  w i t h i n  t h e  p l a s m a s p h e r e  
( w i t h i n  f o u r  e a r t h  r a d i i )  and t h e  r e m a i n d e r  i n  t h e  o u t e r  m a g n e t o s p h e r e ,  
be tween  4.0 and 6 .6  e a r t h  r a d i i  (GEo). The p lasma e j e c t e d  from t h e  i o n  
t h r u s t e r  a r r a y  would be a  dense beam of argon ions  and e l e c t r o n s  t h a t  would 
no t  be  expected t o  recombine w i t h i n  t h e  beam.29 . 

The main p o t e n t i a l  impacts of t h e  COTV and POTV e f f l u e n t s  a r e  sum- 
marized below; 

The r a d i a t i o n  l e v e l s  i n  t h e  Van A l l e n  B e l t s  c o u l d  be  -. 
a f f e c t e d  by t h e  a d d i t i o n a l  hea t  energy a s s o c i a t e d  wi th  t h e  
argon ion  exhaus t ,  which might have a  tendency t o  change 
t h e  composition of  t h e  plasmasphere.  29 

Enhanced l e v e l s  o f  i o n i z i n g  r a d i a t i o n  a t  GEO could sho r t en  
t h e  l i f e t i m e  of  s o l a r  ~ e l l s . ~ 3  

The t e r r e s t r i a l  w e a t h e r  c o u l d  be  a f f e c t e d  by v a r i a -  
t i o n s  i n  t h e  magne tosphe re  o r  s o l a r  wind c a u s e d  by 
rocke t  exhaust  gas  o r  ion engine exhaust  i n  GEO a l t e r i n g  
t h e  i n t e r a c t i o n  of  t h e  s o l a r  wind wi th  t h e  magnetosphere. 
Changes i n  p a r t i c l e  d i s t r i b u t i o n  in t h e  Van Allen R e l t s  
could a f f e c t  t h e  weather through changes i n  ozone and 
atmospheric e l e ~ t r i c i t ~ . ~ ~ , ~ ~  



The p e r f o r m a n c e  o f  space -based  o p t i c a l  s e n s o r s  u sed  
f o r  m i l i t a r y ,  s c i e n t i f i c ,  weather ,  and e a r t h  r e sou rces  
s ens ing  could  be  a f f e c t e d  by a i r  glow due t o  t h e  chemical 
i n t e r a c t i o n  be tween  r o c k e t  e f f l u e n t s  and t h e  n a t u r a l  
atmosphere.  29 

P u b l i c  u t i l i t i e s  (power ,  t e l e p h o n e ,  and p i p e l i n e s )  
c o u l d  be  a f f e c t e d  by e a r t h  c u r r e n t  s u r g e s  c a u s e d  by 
changes i n  magnetospheric convect ion p a t t e r n s  o r  changes 
i n  i onosphe r i c  c o n d u c t i v i t y .  29, 34-36 

Signa l s  from space-based communications and nav iga t ion  
systems could be a f f e c t e d  by t h e  d i f f u s i o n  o f  t h e  exhaust  
plasma cloud d i s r u p t i n g  propaga t ion  pa ths  .29  

The p r o b a b i l i t y  that any of t h e s e  effects von1.d OCC1J.r i s  unknown; 
however, t h e  consequences could be s i g n i f i c a n t .  These e f f e c t s  must be con- 
e i d e r e d  a s  t he  SPS technology  develops and m i t i g a t i o n  s t r a t e g i e s ,  such aa 
i nc reased  ion-e lec t ron  recombinat ion i n  t h e  rocke t  exhaust  and jud ic ious  
t im ing  o f  rocke t  f i r i n g ,  must be cons idered .  

The i s s u e s  a s s o c i a t e d  wi th  t he  s a t e l l i t e  s t r u c t u r e ' s  presence i n  t h e  
magnetosphere are cons idered  t o  be  o f  lower p r i o r i t y  . These a r e  : o b s t r u c t  ion 
t o  plasma flow, c a t a s t r o p h i c  a c c i d e n t s ,  s u r f a c e  weather ing and product ion of  
d u s t  c louds ,  e l ec t romagne t i c  d i s t u r b a n c e s ,  space d e b r i s ,  v i s i b l e  and i n f r a r e d  
r a d i a t i o n  source ,  and high-energy e l e c t r o n  gene ra t i on .  

The c u r r e n t  e s t i m a t e  i s  t h a t  t h e  p o t e n t i a l  e f f e c t s  a r e  not  so  severe  
and p o s s i b l e  m i t i g a t i n g  s t r a t e g i e s  a r e  no t  so  d i f f i c u l t  a s  t o  impede t h e  SPS 
p r o j e c t  .22,28,29 

3 . 3  SUMMARY AND CONCLUSIONS 

Although t h e r e  a r e  ques t i ons  t o  be r e so lved ,    re diction models t o  be 
improvedo and v a l i d a t e d ,  and m i t i g a t i o n  s t r a t e g i e s  t o  be developed, none of  
t h e  atmospheric  e f f e c t s  i d e n t i f i e d  p rec ludes  t h e  p l a n n i n  and development o f  
SPS technology. 

3 . 3 . 1  Troposphere: E f f e c t s  of  Rocket E f f l u e n t s  
f 

A i r  q u a l i t y  cffccta  of  6P6 r o c k e t  launches i v~u l i l  Le due  p r i m a r i l y  t o  
t h e  ground cloud and would n o t  be  expected t o  involve v i o l a t i o n s  of c u r r e n t  
s t a n d a r d s .  Carbon monoxide would be p re sen t  i n  on ly  sma l l  amounts. Su l fu r  
dioxide. would be emi t ted  i f  s u l f u r  were p re sen t  a s  an impur i ty  i n  t h e  f u e l  bu t  
c o n c e n t r a t i o n s  would be n e g l i g i b l e  compared t o  those  observed i n  t h e  plumes of  
f o s s i l - f u e l - f i r e d  power p l a n t s .  Nitrogen oxides  could be expected i n  t h e  
ground cloud due t o  a f t e r b u r n i n g ,  i n  concen t r a t i ons  t h r e e  t o  four  t imes  those  
i n  power p l an t  plumes. Promulgation of  an a i r  q u a l i t y  s tandard  f o r  n i t r o g e n  
d i o x i d e  i s  a n t i c i p a t e d ,  and al though t h e  HLLV launches by themselves would 
probably  no t  v i o l a t e  t h e  s t anda rd ,  HLLV emissions combined wi th  e x i s t i n g  
l e v e l s  could  cause  a  problem. 



Heavy-lift-launch-vehicle rocke t  e f f l u e n t s  might t emporar i ly  modify 
l o c a l  weather under c e r t a i n  meteoro logica l  cond i t i ons  by producing cloud- 
condensat ion n u c l e i  and ice-forming n u c l e i  a s  wel l  a s  by c o n t r i b u t i n g  h e a t  and 
mo i s tu re  t h a t  could enhance convect ive a c t i v i t y .  Cumulative e f f e c t s  might 
be  produced by m u l t i p l e  launches.  Pending f u r t h e r  s tudy  of t h e  SPS and a  
b e t t e r  understanding o f  weather phenomena g e n e r a l l y ,  i t  i s  jud i c ious  t o  assume 
t h a t  SPS rocke t  launches would have the  p o t e n t i a l  t o  modify l o c a l  weather 
cond i t i ons  t o  some degree .  ' Some m i t i g a t i o n  would be p o s s i b l e  through launch 
schedul ing  . 

3 . 3 . 2  T r o ~ o s ~ h e r e :  E f f e c t s  o f  Rectenna O ~ e r a t i o n  

The waste hea t  generated by rec tenna  ope ra t i on  and t h e  e f f e c t  of t h e  
s t r u c t u r e  on a i r  flow and h e a t  t r a n s f e r  would have a  smal l  impact on r e g i o n a l  
weather and c l ima te .  The e f f e c t  would be comparable t o  t h a t  due t o  o t h e r  
n o n i n d u s t r i a l  land-use changes covering t h e  same a r e a  and would be of  l i t t l e  
consequence. The abso rp t ion  of  microwave power i n  t h e  t roposphere would 
l i k e l y  be h ighes t  dur ing  r a i n  s torms but even then  .would have a  n e g l i g i b l e  
e f f e c t  on t h e  weather .  

3 . 3 . 3  S t r a t o s p h e r i c ' a n d  Mesospheric E f f e c t s  

Carbon d iox ide  and n i t r o g e n  oxide emissions due t o  rocke t  launches 
would n o t  be expected t o  have a  d e t e c t a b l e  e f f e c t  on t h e  upper atmosphere. 
The presence o f  a  0.05% s u l f u r  impur i ty  i n  t h e  f u e l  is not  considered l i k e l y  
t o  have any impact, and a  s i m i l a r  conc lus ion  may be reached regard ing  o t h e r  
f u e l  impur i t i e s .  However, water  vapor concen t r a t i ons  could be s i g n i f i c a n t l y  
a l t e r e d  by SPS  rocket^ exhaus t .  The change i n  t h e  t o t a l  ozone column due t o  
SPS s p a c e  f l i g h t s  would be  e x p e c t e d  t o  b e  u n d e t e c t a b l e  and s i g n i f i c a n t  
c o r r i d o r  ( l o c a l  concen t r a t i on )  e f f e c t s  would no t  be expected.  

The e f i e c t s  on t h e  c l ima te  ( i f  any) o f  pe r tu rb ing  t h e  s t r a t o s p h e r e  
and mesosphere a r e  no t  known. The most probable  e f f e c t  would be t h e  l o c a l  
formation of  o p t i c a l l y  t h i n  n o c t i l u c e n t  c louds  a t  . a l t i t u d e s  of  about 80 km, 
which could a f f e c t  t h e  .amount of s o l a r  r a d i a t i o n  reaching  t h e  e a r t h .  Theoret- 
i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  a  permanent, g loba l - sca le  cloud would no t  form 
from m u l t i p l e  launches.  On t h i s  b a s i s ,  no s i g n i f i c a n t  c l i m a t i c  e f f e c t  would 
be  expected.  

I n j e c t i o n  of energy i n t o  t h e  s t r a t o s p h e r e  and mesosphere due t o  thermal  
energy from rocke t  exhaus ts  o r  abso rp t ion  from t h e  microwave beam would be 
n e g l i g i b l e  compared t o  n a t u r a l  h e a t i n g  and no a d v e r s e  e f f e c t s  would be 
expected.  

3 . 3 . 4  Ionospheric  E f f e c t s  

The D-region of t h e  ionosphere i s  important  because of  t h e  e f f e c t  of 
i t s  i o n i z a t i o n  on the  propagat ion of r a d i o  waves. The two most l i k e l y  D- 
r eg ion  e f f e c t s  coun te rac t .  each o t h e r .  I n  t h e  f i r s t  case ,  water  vapor emi t ted  
by launch-rocket engines  might cause plasma d e p l e t i o n ;  whi le  i n  t h e  second 



c a s e ,  n i t r i c  oxide produced during r e e n t r y  could inc rease  the  number of ions 
i n  t h e  D-region. Current  c a p a b i l i t i e s  do not  a l low a  d e f i n i t i v e  assessment 
o f  t h e  u l t ima te  change i n  t h e  plasma d e n s i t y  and i t s  e f f e c t s  on r a d i o  propaga- 
t ion .  

The E-region a l s o  r e f l e c t s  r a d i o  waves and the  plasma d e n s i t y  remains 
h igh  enough t o  r e f l e c t  r a d i o  waves a t  n igh t .  The HLLV rocke t  engines could be 
shu t  down soon a f t e r  reaching  E-region a l t i t u d e s  t o  minimize e f f l u e n t s  i n  t h i s  
r eg ion .  However, e f f l u e n t s  could reach t h e  E-region by d r i f t i n g  from e i t h e r  
lower o r  higher  a l t i t u d e s .  The conduc t iv i ty  of t h e  E-region p lays  a  r o l e  i n  
c l i m a t e ,  bu t  c u r r e n t  knowledge does not  a l low a  conf ident  assessment of the  
p r o b a b i l i t y  of c l i m a t e  changes due t o  rocke t  e f f l u e n t s  e n t e r i n g  t h e  E-region. 

Hncket eff:Li.~ents have been observed t o  reduce t h e  :P-rcgi.on p';I.asma 
d e n s i t y ,  producing ionospher ic  ho le s .  I n  a d d i t i o n  t o  a f f e c t i n g  radio-wave 
p r o g a g a t  i o n ,  o t h e r  p o s s i b l e  e f f e c t s  h a v e  been  i d e n t i f i e d .  F o r .  example ,  
v i s i b l e  a i r g l o w  would be  enhanced  and e l e c t r o n  t e m p e r a t u r e  i n c r e a s e d  i n  
a s s o c i a t i o n  with the  plasma dep le t ion .  Each POW i n j e c t i o n  burn would c r e a t e  
a n  ionospheric  ho le  with an a r e a  the  s i z e  of t he  c o n t i n e n t a l  United S t a t e s .  
The HLLV c i r c u l a r i z a t i o n  burn would produce a  ho le  one-tenth t h a t  s i z e .  The 
POTV burns would occur once o r  twice a  month and the  HLLV burns once o r  twice 
a  day. A conf ident  p r e d i c t i o n  of cumulative e f f e c t s  i s  not  y e t  poss ib l e ;  
however ,  i t  h a s  b e e n  e s t i m a t e d  t h a t  a  c h r o n i c  l o w - l e v e l  d e p l e t i o n  would 
develop i n  a  ring-shaped g loba l  r e g i o n ' c e n t e r e d  around the  Launch l a t i t u d e .  
More-detailed modeling and an assessment of r a d i o  propagat ion e f f e c t s  a r e  
r e q u i r e d .  

SPS rocke t  e f f l u e n t s  might in t roduce  s i g n i f i c a n t  numbers of hydrogen 
atoms i n t o  the  F-region. Current understanding of t h e  F-region does not a l low 
a  conf ident ' assessment  o f  any impacts.  

3.3.5 Plasmaspheric and Magnetospheric E f f e c t s  

Because t h e  chemical and argon-ion e f f l u e n t s  i n  t h e  upper atmosphere 
from t h e  POTV and COW would be s u b s t a n t i a l  compared wi th  n a t u r a l l y  e x i s t i n g  
q u a n t i t i e s ,  a  number of i s s u e s  have been i d e n t i f i e d :  changes i n  r a d i a t i o n  
l e v e l s  i n  the  Van Al len  B e l t s ,  e f f e c t s  * o n  t e r r e s t r i a l  weather,  e f f e c t s  on 
space-based o p t i c a l  s enso r s ,  changes i n  magnetic s torms,  and i n t e r f e r e n c e  wi th  
space-based communication systems. The p robab i l i t y ,  t h a t  any o f  t hese  e f f e c t s  
would 'occur a s  a  r e s u l t  o f  SPS c o n s t r u c t i o n  and ope ra t ion  i s  unknown, b u t  t he  
c u r r e n t  assessment i s  t h a t  the  consequences would not  be so severe  or  t h e  
r equ i r ed  m i t i g a t i n g  s t r a t e g i e s  so d i f f i c u l t  a s  t o  impede the  SPS p r o j e c t .  
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4 SPS EFFECTS ON COMMUNICATIONS SYSTEMS 
DUE TO IONOSPHERIC HEATING 

4.1 INTRODUCTION 

This s e c t i o n  cons ide r s  t he  p o t e n t i a l  e f f e c t s  on telecommunications 
systems of  a d i s tu rbance  of  t h e  ionosphere by the  SPS microwave power beam.l* 
The i n f o r m a t i o n  p r e s e n t e d  h e r e  i s  a summary o f  a d e t a i l e d  a s s e s s m e n t  of  
t h e  sub jec t  . 2  

The ionosphere i s  t h a t  r eg ion  of  t he  e a r t h ' s  atmosphere beginning a t  an 
a l t i t u d e  of about 50 km and extending outward 500 km o r  more. It con ta ins  
f r e e ,  e l e c t r i c a l l y  charged p a r t i c l e s  ( i o n s  and e l e c t r o n s )  . The e l e c t r o n  
d e n s i t y  v a r i e s  w i t h  a l t i t u d e ,  t i m e  o f  d a y ,  s e a s o n ,  and t h e  sn1,ar c y c l e .  

Because of t h e  presence of f r e e  e l e c t r o n s ,  t h e  ionosphere r e f r a c t s  and 
slows down e lec t romagnet ic  (EM) energy t h a t  i s  s e n t  i n t o  i t .  The amount of  
r e f r a c t i o n  depends d i r e c t l y  on t h e  ionospher ic  e l e c t r o n  d e n s i t y  and is a l s o  a 
f u n c t i o n  of t h e  frequency of t he  e lec t romagnet ic  wave s e n t  i n t o  t h e  iono- 
sphe re ,  t h e  frequency of  e l e c t r o n  c o l l i s i o n s ,  and t h e  s t r e n g t h  of t h e  geomag- 
n e t i c  f i e l d .  The e l e c t r o n  d e n s i t y  can be g r e a t  enough t o  t o t a l l y  r e f l e c t  t h e  
i n c i d e n t  EM wave and r e t u r n  i t  t o  t h e  e a r t h ' s  su r f ace ;  t h i s  proper ty  permits  
t h e  o p e r a t i o n  o f  l o n g - d i s t a n c e ,  h i g h - f r e q u e n c y ,  rad io-wave  p r o p a g a t i o n  
systems.  The ionosphere t h e r e f o r e  must be considered an i n t e g r a l  p a r t  of such 
s y s t e m s .  A t  h i g h e r  f r e q u e n c i e s ,  r a d i o  waves t r a v e l  d i r e c t l y  though t h e  
ionosphere with speeds s l i g h t l y  below t h a t  o f  l i g h t .  

changes i n  t h e  ionosphere can a l t e r  t he  performance of  telecommunica- 
t i o n s  systems whose energy is propagated wi th in  and through t h e  ionosphere.  
I n  a d d i t i o n ,  smal l - sca le  (meteirs t o  k i lome te r s )  i r r e g u l a r i t i e s  i n  t h e  iono- 
s p h e r i c  e l e c t r o n  d e n s i t y  can cause fad ing  and s c i n t i l l a t i o n  of s i g n a l s  t h a t  
p a s s  t h r o u g h  t h e  i r r e g u l a r i t y .  T h i s  can  r e s u l t  i n  l o s s  o f  i n f o r m a t i o n  
a s s o c i a t e d  with changes i n  ampli tude and phase of t h e  r a d i o  wave. 

The a o u n  t o f  microwave energy t r ansmi t t ed  from so la , r  power s a t e l l i t e s  
t o  e a r t h  might be s u f f i c i e n t  t o  h e a t  t h e  ionosphere,  even though only  a small  
f r a c t i o n  of  the  micro~~ave energy would be absorbed by t h e  ionasphere.  Some 
p o t e n t i a l  e f f e c t s  o f  hea t ing  t h e  ionoephere a r e  ahown i n  Figure 12. 

To f u l l y  u n d e r s t a n d  and  p r e d i c t  t h e  impact  o f  SPS h e a t i n g  o f  t h e  
ionosphere,  ' a  coord ina ted  program of t h e o r e t i c a l  end experimental  work has 
been under takrn .  Thc experimentai  work i s  concent ra ted  around t h e  ionospher ic  
h e a t i n g  f a c i l i t i e s  a t  ( 1 )  t h e  Arecibo Observatory of t h e  National  Astronomy 
and Ionosphere Center i n  Puer to  Rico and ( 2 )  t h e  I n s t i t u t e  f o r  Telecommunica- 
t i o n  Sciences Ionospher ic  Heater  F a c i l i t y  i n  P l a t t e v i l l e ,  Colorado. Both 
f a c i l i t i e s  use high-frequency (HF) t t ansmios ions  t o  hea t  ' t he  ionosphere.  

One a rea  of  experimental  work i s  t h e  s imula t ion  of SPS e f f e c t s  on 
telecommunications.  These s t u d i e s  a r e  conducted a t  P l a t t e v i l l e ,  because of 

*References f o r  Sec t ion  4 a r e  l i s t e d  i n  Sec t ion  4.4. 
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Fig. 12. Examples of SPS Microwave Transmission Effects  on 
the Ionosphere and Telecommunication System 

f a v o r a b l e  l o g i s t i c s  and because t h e  communications environment t h e r e  i s  
be l i eved  t o  be r e p r e s e n t a t i v e  of  t h e  environments i n  which a n  SPS would 
typ ica l ly  operate. The other.  experimental s tudies ,  devoted t o  understanding 
and analyzing the physical mechanisms tha t  cause ionospheric heating, are 
carr ied out a t  Aracibo. The Arecibo f a c i l i t y  has unique diagnostic capabil- 
i t i e s ,  par t i cu la r ly  i n  the "incoherent s c a t t e r  radar," tha t  enable d i r ec t  
measurement ~f electron densi ty  and temperature i n  the ionosphere. 

Theoretical s tudies  focus on the development of simulation models 
of the ionosphere t h a t  can both predict  the  e f f ec t s  observed i n  the experi- 
mental s tudies  and provide the l inks  between observed telecommunications 
e f f ec t s ,  observed experimental physics e f f ec t s ,  and predicted SPS operating 
conditions. 



4.2 ASSESSMENT 
, 

4.2.1 Ionospheric Heating Phenomena 

Regions of t h e  Ionosphere 

The ionosphere i s  commonly discussed i n  terms of three  regions:  t h e  
D-, E-, and F-regions. The D-region, a t  an a l t i t u d e  of roughly 50 km t o  85 
km, i s  c h a r a c t e r i z e d  by low e l e c t r o n  d e n s i t i e s  and c o l l i s i o n - d o m i n a t e d  
processes.  Ionospheric beat ing from t h e  SPS microwave beam would he expected 
t o  be g r e a t e s t  i n  t h i s  l ayer .  The a l t i t u d e  range from 85 km t o  140 km i s  
d c ~ i g n a t e d  t h e  E-region. Co l l i s ions  and conduction e x e r t  equal control an t h e  
dynamic processes i n  t h i s  region. The F-region, extending from 140 Irm out- 
ward, conta ins  t h e  g r e a t e s t  e l ec t ron  concentrat ions i n  the  ionosphere. The 
large-scale  proceases i n  t h i s  region a re  control led  by plasma conduction, and 
t h e r e f o r e  are  s t rong ly  a f fec ted  by the geomagnetic f i e l d .  Because of the  
d i f f e r i n g  c h a r a c t e r i s t i c s  of these  regions,  t h e  physics of ionosphere/micro- 
wave i n t e r a c t i o n s  would vary g rea t ly .  

Plasma Frequency 

A r a d i o  wave w i l l  pass through a region of the  ionosphere o r  be re- 
f l e c t e d  by it depending on t h e  frequency of the  rad io  wave and the  e lec t ron  
d e n s i t y  o f  t h e  r e g i o n .  T h i s  phenomen~n i s  c h a r a c t e r i z e d  hy the "plasma 
frequency," which i s  proport ional  t o  the  square root  of the  e lec t ron  densi ty .  
When the  radio-wave frequency i s  higher than t h e  plasma frequency, the  r a d i o  
wave w i l l  pass through t h e  plasma and the  plasma i s  ca l l ed  "~mdsrdense .I1 When 
t h e  radio-wave frequency is lower than t h e  plasma frequency, the  rad io  wave 
w i l l  be re f l ec ted  and the  plasma is termed "overdense." The plasma frequencj 
i n  t h e  F-region of  the  ionosphere i s  much higher than if i s  in the  R- and 
E - r e i o n s .  The 2.45-GHz frequency of t h e  SPS microwave power beam would be 
high enough t o  al low the  beam t o  pass through a l l  regions of the  ionosphere. 

Enhanced Heating and Thermal Gel £-Focusing 

The power dens i ty  associa ted  with t h e  passage of the  SPS power beam 
through t h e  ionosphere would be the  same order of magnitude a s  the  power 
d e n s i t y  required t o  hea t  t h e  lower ionosphere and c rea te  i r r e g u l a r i t i e s  and 
s t r i a t i o n s  i n  the  ionospheric plasma a t  P-region a l t i t u d e s  of 250-400 km.3 
The heat ing of the  lower ionosphere associated with the  passage of the  SPS 
microwave power beam would r e s u l t ,  it  is  believed,  from ohmic-type in te r -  
a c t i o n s  between the  microwave beam and t h e  ionoapheric e lec t rons .  In the 
upper  i o n o s p h e r e  ( t h e  F- reg ion) ,  t h e  passage  o f  t h e  SPS beam would most 
nrobably give r i s e  t o  the  phenomenon of thermal se l f - f  ocusing . 

Solar  photoionizat ion i n  t h e  ionosphere produces f r e e  e lec t rons  with an 
e f f e c t i v e  temperature usua l ly  exceeding t h a t  of the  background n e u t r a l  gas. 
A s  e l e c t r o n s  ga in  energy through s o l a r  photoionization, they a l s o  lose  energy 
by c o l l i s i o n s  with t h e  much heavier  atoms and molecules of t h i s  background 



gas .  The e l e c t r o n  temperature  t h e r e f o r e  r e p r e s e n t s  an energy ba lance  between 
t h e s e  hea t ing  and cool ing  processes .  The c o l l i s i o n a l  hea t ing  and coo l ing  
i n t e r a c t i o n s  of  t h e  ionospher ic  plasma a l l  depend on t h e  e l e c t r o n  temperature .  
The microwave power beam migh t  c a u s e  t h e  r a t e  o f  h e a t i n g  t o  t e m p o r a r i l y  
dominate t h e  normal coo l ing  l o s s e s ,  i n i t i a t i n g  a r a p i d  i nc rease  i n  e l e c t r o n  
temperature  t h a t  would con t inue  u n t i l  compensating coo l ing  processes  develop,  
l i m i t i n g  t h e  temperature  r i s e .  The compensating coo l ing  processes  would 
deve lop  qu ick ly  enough t o  prec lude  unl imi ted  i nc reases  i n  e l e c t r o n  tempera- 
t u r e ,  a l though s i g n i f i c a n t l y  enhanced e l e c t r o n  h e a t i n g  could occur .  This  
enhanced e l e c t r o n  h e a t i n g  could a f f e c t  t h e  e l ec t ron - ion  recombination r a t e s ,  
changing ionospher ic  d e n s i t i e s ,  o r  could d r i v e  secondary,  non l inea r  iono- 
s p h e r i c  i n t e r a c t  ions ,  f u r t h e r  d i s t u r b i n g  t h e  ,ambient plasma. These d i s t u r b -  
ances  could produce p o t e n t i a l l y  s e r i o u s  telecommunications impacts.  

Thermal se l f - focus ing4  can a r i s e  because smal l ,  n a t u r a l  f l u c t u a t i o n s  i n  
ionospher ic  d e n s i t y  cause a v a r i a t i o n  i n  t h e  plasma's index o f  r e f r a c t i o n .  A s  
a r e s u l t ,  an e lec t romagnet ic  wave propagat ing through t h e  plasma i s  s l i g h t l y  
focused and unfocused, wi th  t he  l o c a l  e l e c t r i c  f i e l d  i n t e n s i t y  increased  a s  
t h e  i nc iden t  wave r e f r a c t s  i n t o  r eg ions  of  comparat ively l e s s  dense plasma. 
D i f f e r e n t i a l  ohmic h e a t i n g  of  t h e  plasma g i v e s  r i s e  t o  a temperature  g r a d i e n t ,  
d r i v i n g  plasma 'from the  focused r eg ion  and amplifying the  i n i t i a l  d e n s i t y  
p e r t u r b a t i o n .  This  se l f - focus ing  i n s t a b i l i t y  con t inues  u n t i l  hydrodynamic 
e q u i l i b r i u m  i s  reached,  and it c r e a t e s  ' l a rge - sca l e  ionospher ic  i r r e g u l a r i t i e s .  
Thermal se l f - focus ing  caused by t h e  SPS microwave beam could a f f e c t  telecom- 
municat ions systems us ing  t h e  F-region of  t h e  ionosphere.  

Frequency Sca l ing  and Ground-Based Simulat ion 

A t  t h e  2.45-GHz frequency,  t h e  h e a t i n g  t h a t  t h e  SPS power beam would ' 

prov ide '  t o  t he  lower ionosphere is be l i eved  t o  be t h a t  a r i s i n g  from ohmic 
i n t e r a c t i o n s  between t h e  power beam and t h e  e l e c t r o n s ,  i ons ,  and n e u t r a l  
p a r t i c l e s  t h a t  make up t h e  ambient ionosphere.  Under cond i t i ons  o f  ohmic 

, h e a t i n g ,  t h e  r e s u l t i n g  power f l u x  a t  microwave f r equenc i e s  can be r e l a t e d  to .  
t h e  r e s u l t i n g  power f l u x  a t  another  frequency through the  r e l a t i ~ n s h i ~ : ~  

where fspS and Psps a r e  t h e  SPS microwave frequency and power d e n s i t y  and ~ H F  
and PHF a r e  another  frequency and t h e  power d e n s i t y  a t  t h a t  frequency. It 
fo l lows  from Eq. 1 t h a t  h e a t i n g  t h e  ionosphere us ing  r a d i o  waves a t  a lower 
f requency than  t h a t  of  t h e  SPS r e q u i r e s  a sma l l e r  power d e n s i t y  t o  achieve an 
SPS-comparable e f f e c t .  P-rovided t h e  frequency i s  h igher  than  t h e  plasma 
frequency,  t h e  h e a t i n g  i s  accomplished by r a d i o  waves t h a t  pass  through t h e  
ionosphere ( t h e  underdense c a s e ) ,  and high-powered, high-frequency waves can 
be  used t o  s imula te  SPS heat ing ' .  

The th r e sho ld  f o r  t h e  onse t  of thermal  s e l f - focus ing  i s  be l i eved  t o  be 
p r o p o r t i o n a l  t o  t h e  cube of  t h e  wave frequency ,2 .Thus, t h e  r a t e  a t  which 
energy i s ' i m p a r t e d  i n t o  t h e  se1.f-focusing i n s t a b i l i t y  can be expressed a s :  



Equat ions 1 and 2  i n d i c a t e  t h a t  t h e  amount of SPS microwave energy 
t h a t  would h e a t  t h e  ionosphere and gene ra t e  thermal se l f - focus ing  i n s t a b i l i -  
t i e s  can be r e a l i s t i c a l l y  s imulated us ing  much lower f requenc ies  and power 
d e n s i t i e s ,  provided t h a t  t h e  lower f requenc ies  a r e  h ighe r  than  t h e  plasma 
f r equenc i e s .  

The v a l i d i t y  o f  Eqs. 1 and 2  is  c r u c i a l  t o  t h e  ground-based s imu la t i ons  
o f  t h e  SPS o p e r a t i o n .  The r e s u l t s  obtained by hea t ing  the  ionosphere with 
high-frequency waves must be . ex t r apo la t ed  over  a  frequency range of n e a r l y  
1000 ca arrive ac che SPS o p e r a t i o n a l  f requency.  L t  i s  p o s s i b l e  t h a t  some 
i n s t a b i l i t i e s  i n  t h e  ionosphere t h a t  would r e s u l t  from t h e  passage of  t h e  
SPS power beam cannot  be s imulated u s ing  t h e  lower-frequency, ground-based 
ionospher ic -hea t ing  f a c i l i t i e s .  However, t he  c u r r e n t  understanding of  t h e  
p roces se s  t h a t  a r e  a n t i c i p a t e d  t o  occur  i n  t h e  SPS environment i n d i c a t e s  
t h a t  t h e  ohmic h e a t i n g  ( l / f 2 )  and thermal  se l f - focus ing  i n s t a b i l i t y  ( l / f 3 )  
s c a l i n g  laws a r e  v a l i d  .2 

\ 

The ionospher ic  h e a t i n g  f a c i l i t i e s  a t  P l a t  t e v i l l e  and Arec ibo  can 
produce cont inuous SPS-equivalent ohmic hea t ing  i n  t h e  lower ionosphere.  A t  
g r e a t e r  a l t i t u d e s  t h e  d e l i v e r e d  power f l u x  d e n s i t y  is  s i g n i f i c a n t l y  l e s s  than  
t h a t  of t he  frequency-scaled SPS microwave beam, fol lowing a  l / f 2  s c a l i n g  
law. The energy d e n s i t y  t h a t  s c a l e s  t @  t h e  SPS s c e n a r i o  f o r  t h e  onse t  of  
s e l f - focus ing  ( l / f 3 )  i s  g r e a t e r  than t h e  SPS power d e n s i t y  a t  a l l  ionospher ic  
h e i g h t s  up t o  700 km, however. The ionospher ic  hea t ing  s t u d i e s  undertaken 
t o  a s s e s s  t h e  telecommunications impact of  SPS o p e r a t i o n  have cen te red  on 
s imu la t i ng  SYS o p e r a t i o n  us ing  t h e  two ground-based f a c i l i t i e s .  

4.2.2 D- and E-Renion E f f e c ~ s  

P l a t t e v i l l e  E x ~ e r i m e n t s  

Experiments were performed us ing  t h e  P l a t t e v i l l e  f a c i l i t y  t o  determine 
t h e  degree  t o  which ionospher ic  changes induced by ohmic hea t ing  due t o  SPS 
o p e r a t i o n  would a f f e c t  telecommunications systems. The P l a t t e v l l l e  t a c i l i t y  
can  provide SPS-comparable ohmic hea t ing  t o  t he  lower ionosphere by e x p l o i t i n g  
t h e  l / f 2  s c a l i n g  law. . Telecommunications systems whose s i g n a l s  a r e  r e f l e c t e d  
and c o n t r o l l e d  by t h e  lower ionosphere were i n v e s t i g a t e d .  

The c u r r e n t  P l a t t e v i l l e  ionospher ic  h e a t i n g  f a c i l i t y  is  e s s e n t i a l l y  
t h e  same a s  t h a t  d e s c r i b e d  i n  Hef .  5 .  L t  p r o v i d e s  ~ ~ ~ - c o m ~ a r a b l e  power 
d e n s i t y  a t  5 MHz t o  an a r e a  of t h e  lower ionosphere t h a t  i s  30 km i n  d iameter  
a t  an a l t i t u d e  of  75 km and 40 km i n  d iameter  a t  100 km. This  a r e a  i s  t h r e e  
t o  four  t imes l a r g e r  than  t h a t  a n t i c i p a t e d  f o r  t h e  SPS microwave beam a s  i t  
p a s s e s  through t h e  ionosphere.  The telecommunica'tions Gystems chosen for 
i n v e s t i g a t i o n  were r e p r e s e n t a t i v e  of those  ope ra t i ng  i n  t h e  very-low--frequency 
(VLF, 3  kHz - 30 k ~ z ) ,  low-frequency (LF, 30 kHz - 300 kHz) , . and  medium- 
frequency (MF, 300 kHz - 3 . ~ ~ 2 )  p o r t i o n s  of t h e  e lec t romagnet ic  spectrum. 
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VLF S i s t e m  ~ f f e c t s .  The s o u r c e  o f  t h e  VLF s i g n a l s  u s e d  i n  t h e s e  

s t u d i e s  was t h e  OMEGA nav iga t ion  s t a t i o n  i n  Hawaii. OMEGA i s  a  r a d i o  naviga- 
t i o n  system ope ra t i ng  i n  t h e  i n t e r n a t i o n a l l y  a l l o c a t e d  frequency band between 
1 0  kHz and 14 kHz. It i s  designed t o  provide a  p r e c i s e  pos i t i on - loca t ion  
c a p a b i l i t y  over  t he  e n t i r e  e a r t h ,  with e i g h t  s t r a t e g i c a l l y  loca ted  t r ans -  
m i t t e r s .  The system i s  u s e f u l  f o r  gene ra l  nav iga t ion  by s h i p s ,  a i r c r a f t ,  and 
land v e h i c l e s .  OMEGA s i g n a l s  a r e  r e l a t i v e l y  s t a b l e ,  and the  system provides  
good accuracy.  

The main r e c e i v i n g  l o c a t i o n s  f o r  t h e  OMEGA-Hawaii s i g n a l s  were i n  t h e  
v i c i n i t y  o f  Brush, Colorado. The f i e l d  s i t e s  near  Brush were chosen t o  l o c a t e  
t h e  modified reg ions  of t h e  ionosphere above P l a t t e v i l l e  on o r  n e a r  t h e  s i g n a l  
pa th  between Hawaii and t h e  f i e l d  s i t e s .  The d a t a  were rece ived  us ing  a  
s t anda rd  vLF/LF t r a c k i n g  r e c e i v e r .  It was determined t h a t  t h e  changes i n  t h e  
OMEGA-Hawaii s i g n a l ,  i f  they  were t o  occur ,  should be d i s ce rnab le  i f  t h e  
i o n o s p h e r i c  s t r u c t u r e  was a l t e r e d  by t h e  SPS-comparable  power d e n s i t i e s  
a s s o c i a t e d  wi th  t h e  o p e r a t i o n  of t h e  P l a t t e v i l l e  f a c i l i t y . 2  

Approximately 40 h r  of record ings  of ampli tude and r e l a t i v e  phase of 
t h e  OMEGA s i g n a l s  from Hawaii were made whi le  t h e  P l a t t e v i l l e  f a c i l i t y  was 
h e a t i n g  t h e  ionosphere,  and t h e r e  were no observable .  changes . i n  t he  OMEGA 
phase o r  amplitude t h a t  could be a s s o c i a t e d  wi th  ope ra t i on  of  t h e  f a c i l i t y .  

Data were a l s o  recorded a t  l o c a t i o n s  south ,  no r th ,  and west of  Brush. 
These l o c a t i o n s  were chosen i n  an a t tempt  t o  determine i f  off-angle  enhance- 
ments of s i g n a l s  propagated through t h e  modified reg ion  might bee lde t ec t ab l e .  
A l l  the  OMEGA d a t a  were analyzed t o  determine i f  t h e  ampli tude and phase 
changed on average when t h e  ionospheric  h e a t e r  was on compared t o  when i t  was 
o f f .  The r e s u l t s  c l e a r l y  demonstrated t h a t  t h e r e  was no s i g n i f i c a n t  change i n  
t h e  performance of t h e  OMEGA system t h a t  could be r e l a t e d  t o  t h e  ope ra t i on  o f  
t h e  P l a t t e v i l l e  f a c i l i t y .  

LF Sys tem E f f e c t s .  The s o u r c e s  o f  LF t e l e c o m m u n i c a t i o n  s i g n a l s  
used i n  t h e  i n v e s t i g a t i o n  of  ohmic h e a t i n g  e f f e c t s  were LORAN-C t r a n s m i t t e r s .  
Severa l  LORAN-C cha ins  a r e  i n  ope ra t i on  a s  nav iga t ion  systems. I n  t h e  United 
S t a t e s ,  LORAN-C nav iga t ion  depends on t h e  h i g h l y  s t a b l e  groundwave p o r t i o n  
o f  its propagated s i g n a l  f o r  system accuracy.  The LORAN-C s i g n a l s  were chosen 
a s  LF s i g n a l  s o u r c e s  n o t  b e c a u s e  i n t e r f e r e n c e  t o  LORAN-C n a v i g a t i o n  was 
a n t i c i p a t e d  fr'om t h e  heater-induced ionospher ic  mod i f i ca t i on ,  bu t  because t h e  
LORAN-C s t a t i o n s  provided a  convenient ,  s t a b l e  source  o f  s i g n a l s  a t  100 kHz. 
LORAN-C s t a t i o n s  a t  Dana, Ind iana ,  and Fa l lon ,  Nevada, were used a s  sources ;  
s i g n a l s  were r e c o r d e d ,  r e s p e c t i v e l y ,  a t  B o u l d e r ,  C o l o r a d o ,  and B r u s h ,  
Colorado. 

Although t h e  e f f e c t s  on t h e  LORAN-C s i g n a l  of  t h e  d i s tu rbance  induced 
by t h e  P l a t t e v i l l e  f a c i l i t y  were expected t o  be  sma l l ,  t h e  s e n s i t i v i t y  of  
t h e  LORAN-C m o n i t o r s  i s  s u f f i c i e n t  t o  d e t e c t  s i g n i f i c a n t  c h a n g e s  i n  t h e  
performance of the  LORAN-C system. Approximately 19 h r  of  r e l a t i v e  phase d a t a  
and 13  h r  o f  r e l a t i v e  phase and ampli tude record ings  were made of  t h e  LORAN-C 
s i g n a l s  from Nevada, du r ing  t h e  o p e r a t i o n  of t h e  P l a t t e v i l l e  f a c i l i t y .  Ahout 
35 h r  o f  ampli tude and r e l a t i v e  phase record ings  were made o f  t h e  LORAN-C 
s i g n a l  from the  Ind iana  s t a t i o n .  A d e t a i l e d  s tudy of  t h e  LORAN-C reco rds  



0 
determined t h a t  ionospher ic  hea t ing  by the  P l a t t e v i l l e  f a c i l i t y  d i d  not  cause 
propagat ion  e f f e c t s  of s u f f i c i e n t  magnitude t o  be observed i n  t he  LORAN-C 
skywave phase and ampli tude.  

MF System E f f e c t s .  Two r e c e i v e r s  , in Brush, Colorado, . were used t o  
monitor  ampli tude s i g n a l s  from s t a t i o n s  i n  t he  AM broadcast  band. S igna ls  
were recorded from 11 s t a t i o n s ,  8 o f  which were l o c a l  ( l e s s  than  100 km from 
P l a t t e v i l l e )  and 3 of which were remote. The remote s t a t i o n s  KREX (Grand 
J u n c t i o n ,  co lorado) ,  KNX (LOS Angeles) and KSL ( S a l t  Lake c i t y )  were the  
sou rces  of t h e  skywave s i g n a l s  rece ived  a t  Brush, Colorado. The groundwave 
s i g n a l  from t h e  l o c a l  s t a t i o n s  was s o  s t rong  t h a t  skywave s i g n a l s  could not  be 
discerned i n  the d a t a .  Since t h e  ope ra t ion  of t h e  P l a t t e v i l l e  f a ~ i l i t y  does 
n o t  impact groundwave rad io  . prnpagnt i nn, only  tho  c f f ccks  on shywave si#nals 
nccd t o  be i o l r s i d t r ~ e d .  The daca, show no e f f e c t  Qn t h e  r e c e i v ~ d  s i g n a l s  t h a t  
Can be a t t r i b u t e d  t o  ionospher ic  hea t ing  by t h e  P l a t t e v i l l e  f a c i l i t y .  

Aux i l i a ry  Diagnos t ics .  During t h e  time t h a t  t he  P l a t t e v i l l e  f a c i l i t y  
was s imu la t ing  SPS ohmic h e a t i n g  of t h e  lower ionosphere,  a number of experi-  
ments were conducted t o  determine how the  ionosphere responded t o  ehe high- 
power., high-frequency t ransmiss ions .  These experiments were designed t o  
provide  information about ionospher ic  temperature and s t r u c t u r e  changes i n  a 
more d i r e c t  manner than  a n a l y s i s  of  telecommunications d a t a .  , 

The experiments show t h a t  t h e  e l e c t r o n  temperature was changing i n  the  
D- and E-regions while  t h e  P l a t t e v i l l e  f a c i l i t y  was ope ra t ing .  The e l e c t r o n  
tempera ture  above P l a t t e v i l l e  can be r a i s e d  from a background l e v e l  of 200 K 
t o  between 300 K and 500 K us ing  power d e n s i t i e s  such a s  those  employed i n  t h e  
experiments .6 This  change i n  e l e c t r o n  temperature corresponds ve ry  c l o s e l y  t o  
r e c e n t  t h e o r e t i c a l  c a l c u l a t i o n s  of changes i n  D-region c l e c t r o n  temperatures  
due t o  t h e  passage of a 23-mw/cm2 SPS power beam .* I The same ' s t u d i e s  show, 
however, t h a t  i n c r e a s e s  i n  e l e c t r o n  d e n s i t y  of 10-15% should accompany the  
e l e c t r o n  temperature i n c r e a s e s .  Both t h e  d i a g n o s t i c ' a n d  telecommunications 
d a t a  seem t o  i n d i c a t e  t h a t  e l e c t r o n  d e n s i t y  i n  t h e  lower ionosphere was not  
changed apprec iab ly  by t h e  P l a t t e v i l l e  f a c i l i t y ,  o r  i f  it was, such changes 
d i d  not  have s i g n i f i c a n t  adverse impacts on telecommunication systems. 

Natura l  Dis turbances .  During the  P l a t t e v i l l e  experiments ,  changes in  
t h e  u y l i ~ u d e  and phase of t he  OMEGA, LORAN-C, and AM-station s i g n a l s  were 
oboervcd t h a t  wtt  a s ~ ~ ~ ~ i b l k e d  with 'notina'l day-LU-day changes i n  propagation 
c o n d i t i o n s .  These  c h a n g e s  were much g r e a t e r  t h a n  any  c h a n g e s  i n  sys t em 
performance due t o  ionospher ic  hea t ing ,  a s  t he  l a t t e r  were unde tec t ab le ,  
During t h e  time per iods  f o r  which VLF, LF, and MF d a t a  were c o l l e c t e d ,  la rge-  
s c a l e  geophysical  d i s tu rbances  -- no tab ly  s o l a r  f l a r e s  -- occurred.  These 
di 'a turbances produced changes i n  telecommunication 'systems performance t h a t  
f a r  exceeded any p o s s i b l e  changes induced by i n t e n t i o n a l  ionospheric  hea t ing .  

Numerical Simulat ions.  Attempts t o  s imula te  the  performance of t e l e -  
communication systems ope ra t ing  when t h e  ionosphere i s  modified by the  passage 
of  high-power r a d i o  waves a r e  c r u c i a l  t o  t h e  o v e r a l l  SPS ionospher ic  h e a t i n g  



a s s e s s m e n t .  Such . s i m u l a t i o n s  p r o v i d e  a  means t o  c o r r o b o r a t e  t h e o r y  and 
experiment .  The e x t e n t  t o  which performance d a t a  p e r t a i n i n g  t o  telecommunica- 
t i o n  systems ope ra t i ng  i n  an SPS2simulated environment can be  numerical ly  . 
c a l c u l a t e d  is  d i r e c t l y  r e l a t e d  t o  t h e  a b i l i t y  of t h e o r e t i c a l  models of  t h e  
ionosphere t o  p r e d i c t  ionospher ic  hea t ing  e f f e c t s  . Numerical s imu la t i ons  'of 
telecommunications systems a l s o  provide a  means t o  s tudy  t h e  behavior  o f  a  
number of systems under varying . s i t u a t i o n s  without having t o  undertake a l l  
p o s s i b l e  experimental  s c e n a r i o s .  

Numerous c a l c u l a t i o n s  were made i n  an a t tempt  t o  s imula te  t h e  per- 
formance of .VLF and LF telecommunication systems d u ~ i n g  ionospher ic  h e a t i n g ,  
u s ing  t h e  method of Berry and ~ e r m a n . ~  For a  g iven  e l e c t r o n  d e n s i t y  (assumed 
cons t an t  over  t h e  e n t i r e  propagat ion p a t h ) ,  t h e  method al lows t h e  c a l c u l a t i o n  
o f  t he  amplitude and phase 0.f t h e  groundwave and waves r e f l e c t e d  from the  
ionosphere.  The r e s u l t s  i n d i c a t e  t h a t  l i t t l e  change i n  t h e  performance of VLF 
o r  LF systems would r e s u l t  from ionospher ic  changes caused by t h e  SPS. 

Arecibo E x ~ e r i m e n t s  

An understanding of  t h e  phys ics  of  t h e  s p e c i f i c  i n t e r a c t i o n s  exc i t ed  by 
t h e  SPS microwave beam i s  an important  p a r t  of  t h e  SPS environmental assess -  
ment. The experimental  physics  s t u d i e s  a r e  designed t o  determine i n s t a b i l i t y  
t h r e s h o l d s ,  growth r a t e s  and s p a t i a l  excent  of t he  r e s u l t a n t  ionospher ic  
d i s t u r b a n c e s ,  and frequency and powe,r dependencies of t h e  i n t e r a c t i o n s .  The 
o b j e c t i v e  i s  t o  determine how t h e s e  i n t e r a c t i o n s  a r e  a f f e c t e d  by v a r i a t i o n s  i n  
t h e  n a t u r a l  ionospher ic  c o n d i t i o n s ,  how d i f f e r e n t  i n s t a b i l i t i e s  occu r r ing  
s imul taneous ly  may a f f e c t  each o t h e r ,  and how m u l t i p l e  SPS microwave beams 
might i n t e r a c t .  

The experimental  s t u d i e s  of  t h e . p h y s i c s  of ionosphere/microwaiie-beam 
i n t e r a c t i o n s  have p r i m a r i l y  been conducted us ing  t h e  ionospher ic  hea t ing  
f a c i l i t y  a t  t h e  Arecibo Observatory.  This  high-power, high-frequency f a c i l i t y  
can produce cont inuous SPS-equivalent h e a t i n g  i n  t h e  lower ionosphere,  follow- 
i ng  a  l / f 2  s c a l i n g .  A f u l l  complementc of  ionospher ic  d i a g n o s t i c s  i s  used t o  
monitor  t he  atmospheric response t o ' t h e  ionosphere/radio-wave i n t e r a c t i o n s .  
The p r i n c i p a l  d i a g n o s t i c  i s  an incoheren t  b a c k s c a t t e r  r a d a r  t h a t  can measure 
e l e c t r o n  d e n s i t i e s ,  e l e c t r o n  and ion tempera tures ,  ionospher ic  winds,' and 
c u r r e n t s  and composition a s  func t ions  of  a l t i t u d e  and time. 

Enhanced e l e c t r o n  h e a t i n g  of  t he  lower ionosphere was observed du r ing  a  
r e c e n t  Arecibo i o n o s p h e r i c . h e a t i n g  program. The f a c i l i t y  r a d i a t e d  a t  3.175 
MHz and 5.1 MHz. This  provided SPS-equivalent h e a t i n g  through an a l t i t u d e  of 
100 km a t  3.175 MHz, and somewhat l e s s  than SPS-equivalent hea t ing  a t  5.1 MHz 
(frequency-scaled 10 mw/cm2) a t  75 km. Pre l iminary  r e s u l t s  of  t h i s  s t udy  .show 
t h a t  e l e c t r o n  hea t ing  wi th  r a d i o  waves a t  5 .1  MHz peaked a t  75 km. E lec t ron  
d e n s i t y  i n c r e a s e s  were a l s o  observed dur ing  t h i s  h e a t i n g .  The pre l iminary  
r e s u l t s  a r e  i n  ve ry  good agreement with t h e o r e t i c a l  hea t ing  models a t  h e i g h t s  
above 80 km. The measured e l e c t r o n  temperatures  a r e  s l i g h t l y  h igher  than 
expect'ed below t h i s  a l t i t u d e .  



F-Region E f f e c t s  

P l a t t e v i l l e  Experiments 

Experiments t o  determine whether thermal se l f - focus ing  e f f e c t s  could be 
produced i n  underdense plasma were undertaken us ing  t h e  P l a t t e v i l l e  f a c i l i t y .  
A s  de sc r ibed  e a r l i e r ,  thermal  se l f - focus ing  may c r e a t e  s t r i a t i o n s  o r  i r regu-  
l a r i t i e s  i n  t he  ionospher ic  e l e c t r o n  d e n s i t y .  These i r r e g u l a r i t i e s ,  i f  they  
o c c u r ,  c o u l d  s c a t t e r  r a d i o  waves i n  t h e  h i g h - f r e q u e n c y  ( H F ) ,  ve ry -h igh -  
f requency (vHF), and ulfra-high-frequency (UHF) p o r t i o n  of  t he  spectrum. 
The performance o f  telecommunications systems o p e r a t i n g '  i n  t h e s e  band6 could 
be  degraded due t o  i n t e r f e r e n c e  from s c a t t e r e d  s i g n a l s .  The s c a t t e r e d  s i g n a l  
cou ld  t r a v e l  over  g r e a t  d i s t a n c e s  and i n t e r f e r e  with systems ope ra t i ng  f a r  
from t h e  SPS pnwer beam. 

Tn ear l  i el' ne r t  i n n s ,  t h e  phys ica l  mochnniomo involved i n  the g c u e r a ~ i u u  
o f  t h e  s e l f - focus ing  i n s t a b i l i t y  were descr ibed .  It was pointed ou t  t h a t  t he  
t h r e s h o l d  f o r  t h e  onse t  of t h e  i n s t a b i l i t y  va r i ed  a s  l / f 3 .  The P l a t t e v i l l e  
f a c i l i t y  can  provide more t han  5 times SPS-equivalent power d e n s i t y  t o  t h e  
ionosphere  a t  300 km f o r  a  10-MHz s c a l i n g  t o  t h e  SPS o p e r a t i o n a l  s cena r io  
( l / f 3  s c a l i n g ) .  A t  5 MHz, t h e  SPS equ iva l en t  power energy i s  more t han  50 
t i m e s  t h e  SPS o p e r a t i o n a l  power d e n s i t y  o f  23 mw/cm2. Fo r  t h i s  r e a s o n ,  
measurements were made t o  determine i f  s e l f - focus ing  i n s t a b i l i t i e s  could be 
gene ra t ed  using underdense r a d i o  waves and what e f f e c t  t he se  i n s t a b i l i t i e s  
would have on s p e c i f i c  telecommunication systems. . 

The ' e f f e c t s  of  thermal  s e l f - focus ing  a r e  a n t i c i p a t e d  t o  be most pro- 
nounced i n  t he  F-region. The i n s t a b i l i t i e s  could lead  t o  s t r i a t i o n s  i n  t h e  
e l e c t r o n  d e n s i t y  r e s u l t i n g  from e l e c t r o n s  a l i g n i n g  along t h e  genmagnet ic  f i e l d  
l i n e s .  The experimental  arrangement,  t h e r e f o r e ,  emphasized use of telecom- 
munica t ions  systems o p e r a t i n g  a t  f r equenc i e s  t h a t  a r e  s e n s i t i v e  t o  t he  e l ec -  
t r o n  d i s t r i b u t i o n  i n  t h e  F-region . The systems uf i b i zed  were fiat.el1 i  t e -  
to-ground and s a t e l l i t e - t o - a i r c r a f t  t ransmiss ions  ope ra t i ng  i n  t h e  VHF (30-300 
MHZ) p o r t i o n  of t h e  spectrum. . Such 4transmi.ssions a r e  r a t h e r  s e n s i t i v e  t o  
i r r e g u l a r i t i e s  i n  t h e  e l e c t r o n  d e n s i t y  s t r u c t u r e  a long the  s a t e l l i t e - t o -  
oljserirer r a d i o  pa th .  These i r r e g u l a r i t i e s  g ive  r i s e  t o  f ad ing  and f l uc tua -  
t i o n s  i n  s i g n a l  a m p l i t u d e  and  p h a s e  s imi la r  t o  d e s t r l ~ c t i v e  i n t e r f e r e n c e  
r e s u l t i n g  from d i f f r a c t i o n  o f  t he  s i g n a l  about an ob j ec t . 8  The fading of t h e  
s i g n a l  under t h e s e  c o n d i t i o n s  i s  c a l l e d  " s c i n t i l l a t i o n . "  Natural.1.y occu r r ing  
s c i n t i l l a t i o n  h a s  been i n t e n s i v e l y  s t u d i e d  i n  r e c e n t  yea r s  .9r lo I n  a d d i t i o n  
t o  t h e  s a t e l l i t e  s c i n t i l l a t i o n  measurements, obse rva t ions  of  HF (3-30 MHZ) 
s i g n a l s  back-scat tered from t h e  ionospher ic .  i r r e g u l a r i t i e s  were ob ta ined  a t  
Hollaman A i r  Force Base, New Mexico. 

The se l f - focus ing  experiments  were conducted r e c e n t l y ,  and on1.y pre- 
l i m i n a r y  r e s u l t s  a r e  a v a i l a b l e  a t  t h i s  t ime. 

S a t e l l i t e - t o - A i r c r a f t  Measurements. The s a t e l l i t e - t o - a i r c r a f t  t r ans -  
mi s s ion  measurements were made us ing  an A i r  Force Avionics  Laboratory C1351662 - 

a i r c r a f t .  This plane i s  equipped t o  monitor s i g n a l s  t r ansmi t t ed  from t h e  
LES-8 s a t e l l i t e  (249.2 MHZ) and t h e  FLEETSATCOM s a t e l l i t e  (244.0 MHz). Both 
ampl i tude  and phase can be measured under t e s t  cond i t i ons .  



The LES-8 s i g n a l  was observed on t h e  a i r c r a f t  when . the P l a t t e v i l l e  
f a c i l i t y  was ope ra t i ng  i n  t h e  underdense mode. Using t h e ,  l j f 3  s c a l i n g  law f o r  
thermal  s e l f - focus ing ,  t he  power. d e n s i t y  i n  t h e  F-region was c a l c u l a t e d  t o  be  
about  280 mw/cm2 f o r  t h i s  experiment.  

The r e s u l t s  i n d i c a t e d  t h a t  ionospher ic  i r r e g u l a r i t i e s  were c r ea t ed  and 
t h a t  t he se  i r r e g u l a r i t i e s  induced s c i n t i l l a t i o n  i n  t h e  LES-8 s i g n a l .  Whether 
t h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  SPS microwave beam would have an adverse  e ' f f ec t  

'I 
on telecommunications i s  y e t  t o  be determined. This  de te rmina t ion  depends 
upon a  v a l i d a t i o n  of  t h e  l / f 3  s c a l i n g  law and f u r t h e r  exper imenta t ion  s i m i l a r  
t o  t h e  pre l iminary  experiment descr ibed  above. 

Satel l i te- to-Ground Observa t ions .  ' Sate l l i t e - to -ground . . telecommun'ica- 
t ions  experiments conducted a t  Carpenter ,  Wyoming, monitored t r ansmis s ions  
from t h e  LES-8 s a t e l l . i t e  a t  249.2 MHz. The observa t ion  methods were designed 
t o  detecf  underdense hea t ing  e f f e c t s  . 

The LES-8 s a t e l l i t e  can be viewed from Carpenter  through the  iono- 
s p h e r i c  volume hea ted  by t h e  . P l a t t e v i l l e  f a c i l i t y  i n  a  d i r e c t i o n  p a r a l l e l  t o  
t h e  e a r t h ' s  magnetic f i e l d .  Since t h e o r e t i c a l  s t u d i e s  o.f ionospher ic  h e a t i n g  
p r e d i c t  i r r e g u l a r i t i e s  i n  e l e c t r o n  d e n s i t y  t h a t  a r e  a l i gned  along magnetic 
f i e l d  l i n e s ,  t h i s  geometry provided a  s e n s i t i v e  experiment t o  d e t e c t  ampli tude 
and phase f l u c t u a t i o n s  i n  response t o  ionospher ic  hea t ing .  

The r e s u l t s  o f  thepe experiments c l e a r l y  show e f f e c t s  o f  ionospher ic  
i r r e g u l a r i t i e s  on t h e  LES-8 s a t e l l i t e  s i g n a l s .  These p re l imina ry  r e s u l t s ,  
however, cannot  be i n t e r p r e t e d  a t  t h i s  t ime f o r  t h e  SPS r e f e r ence  ,system. The 
l / f 3  s c a l i n g  law i s  y e t  t o  be  v a l i d a t e d ,  b u t  i f  c o r r e c t ,  i n d i c a t e s . t h a t  about 
90 mw/r.m2 nf SPS comparable power d e n s i t y  was d e l i v e r e d  t o  t h e  F-region f o r  
t h e s e  experiments .  Also, t h e  experiments  maximized t h e  e f f e c t  o f  t h e  i r r egu -  
l a r i t i e s  because t h e  s a t e l l i t e  s i g n a l  was observed along t h e  e a r t h ' s  magnetic 
f i e l d  l i n e s .  

HF Observat ions.  A s  p a r t  of t h e  program t o  i n v e s t i g a t e  t h e  effeccs of  
t h e  thermal  se l f - focus ing  i n s t a b i l i t y  i n  t h e  upper ionosphere,  obse rva t ions  - 
were made using a  HF b a c k s c a t t e r  r a d a r .  The r a d a r  -- l oca t ed  a t  Hollaman A i r  
Force Base, New Mexico -- could t r ansmi t  s i g n a l s  i n  t h e  range o f  6-30 MHz. 
The r ada r  s i g n a l s  were d i r e c t e d  toward t h e  volume of t h e  ionosphere hea ted  by 
t h e  P l a t t e v i l l e  f a c i l i t y .  I f  i r r e g u l a r i t i e s  i n  t h e  ionospher ic  s t r u c t u r e  were 
produced by t h e  h e a t i n g ,  p a r t '  of  t h e  r a d a r  energy would be s c a t t e r e d  back t o  
t h e  r a d a r  s i t e .  The amount of b a c k s c a t t e r  energy depends on t h e  i n t e n s i t y  o f  
t h e  r a d a r  energy,  t h e  d i r e c t i o n  t h e  energy propagates  with r e s p e c t  t o  t h e  
e a r t h ' s  magnetic f i e l d ,  and t h e  r ada r  f requency.  

Backsca t te r  of  s i g n a l s  a t  HF, VHF, and UHF has  been used t o  d i s c e r n  
p r o p e r t i e s  o f  ionospher ic  changes s i n c e ' t h e  e a r l y  days of  h e a t i n g  experiments .  
For t h e  SPS s imu la t i on  experiments ,  t h e  r a d a r  provided no evidence of back- 
s c a t t e r  from ionospher ic  i r r e g u l a r i t i e s .  The reasons  f o r  t h e s e  pre l iminary  
r e s u l t s  a r e  no t  ye t  understood.  



Arecibo Experiments 

No s m a l l - s c a l e  p lasma s t r i a t i o n s  have  been  d e t e c t e d  a t  e i t h e r  E- 
o r  F-region a l t i t u d e s  i n  underdense ionospher ic  hea t ing  experiments conducted 
t h u s  f a r  a t  Arec i bo  . However, p re l iminary  r e s u l t s  i n d i c a t e  t h a t  l a rge-sca le  
(k i l ome te r - s i ze )  i r r e g u l a r i t i e s  d i d  develop i n  t he  n igh t t ime F-region f o r  
underdense h e a t i n g .  These i r r e g u l a r i t i e s  disappeared a b r u p t l y  near  s u n r i s e .  
E l e c t r o n  d e n s i t y  v a r i a t i o n s  a s  l a r g e  a s  2% were observed w i t h i n  t h e  i r regu-  
l a r i t i e s ,  with fad ing  pe r iods  o f .  s e v e r a l  minutes.  It i s  not  known i f  the  
observed i r r e g u l a r i t i e s  r e s u l t e d  d i r e c t l y  from HF wave se l f - focus ing  o r  i f  
t h e y  were a  HF-triggered n a t u r a l  cond i t i on .  

Thao ro t i aa l  Eimulat ian _g_.--. . .. , . . . . - . . . . 

Theore t i ca l  s t u d i e s  have been undertaken t o  i n v e s t i g a t e  t h e  changes i n  
t h e  performance o f  HF systems o p e r a t i n g  i n  an SPS environment.  Using the  
e l e c t r o n  d e n s i t y  p r o f i l e s  genera ted  by Pe rk ins  and ~ o b l e l l  a s  i n d i c a t i v e  of  
t h e  ionospher ic  s t r u c t u r e  r e s u l t i n g  from t h e  passage of  an SPS power beam, t he  
performance of a  high-frequency c i r c u i t  ope ra t i ng  from Washington, D . C . ,  t o  
Albuquerque, New Mexico, ha s  been s imula ted .  S imi l a r  p r o f i l e s  genera ted  fo r  
c o n d i t i o n s  when SPS o p e r a t i o n  i s  absent  have a l s o  been used t o  a s s e s s  SPS 
impact on such c i r c u i t s .  The r e s u l t s  show t h a t  t h e  changes i n  HF c i r c u i t  
performance ( t h e  maximum usab le  f requency)  a r e  small  f o r  SPS-related e l e c t r o n  
d e n s i t y  changes.  

SPS P i l o t  Beam 

The SPS microwave power t r ansmis s ion  s y s t a  would emp1 .n~  a p i  l n t  beam, 
o r i g i n a t i n g  a t  t h e  r ec t enna  s i t e ,  t o  c o n t r o l  t he  focus ing  o f  t h e  power beam. 
I r r e g u l a r i t i e s  i n  t h e  ionospher ic  s t r u c t u r e  t h a t  a r i s e  from t h e  passage of t h e  
power beam a s  we l l  a s  n a t u r a l  causes  would need t o  be  considered i n  t h e  design 
ok t h e  p i l o t  beam system, s o  t h a t  t h e  p i l o t  beam's performance would no t  be 
a f f e c t e d .  

4 , 3  SUMMARY AND CONCLIJSTONS 

Although t h e r e  a r e  ques t  i ons  t o  be r e  solved concerning t h e  maximum 
a l lowab le  microwave power d e n s i t y  i n  t h e  ionosphere,  t h e  r e s u l t s  of  studies t o  
d a t e  do no t  i n d i c a t e  t h a t  t h e  i n t e r a c t i o n  of  a  microwave power beam wi th  t h e  
ionosphere would be an o b s t a c l e  t o  t h e  SPS r e f e r ence  system. A coord ina ted  
program of  t h e o r e t i c a l  and experimental  work i s  underway t o  b e t t e r  underst 'and 
t h e  impact of  SPS h e a t i n g  of t h e  ionosphere.  Experimental s t u d i e s  a r e  being 
performed a t  t h e  Arecibo Observatory i n  Pue r to  Rico and t h e  Ionospheric  Heater 
F a c i l i t y  i n  P l a t t e v i l l e ,  Colorado. Both f a c i l i t i e s  use high-frequency rad io-  
wave t r ansmis s ions  t o  h e a t  t he  ionosphere;  by e x p l o i t i n g  frequency s c a l i n g  

' laws,  they  can d e p o s i t  energy i n  t h e  lower ionosphere t h a t  i s  equ iva l en t  t o  
t h e  SPS energy f o r  underdense ionospher ic  hea t ing .  



D- and E-Region E f f e c t s  

SPS microwave e f f e c t s  on t h e  lower ionosphere would be  due t o  ohmic 
h e a t i n g .  Ohmic hea t ing  i s  i n v e r s e l y  p ropor t i ona l  t o  t h e  square  of  t h e  h e a t e r  
f requency,  and t h i s  a l lows ground-based h e a t e r s  t o  d e l i v e r  SPS-equivalent 

, power d e n s i t y  t o  t h e  lower ionosphere.  Telecommunication experiments  have 
been performed t o  observe t h e  performance of  systems whose r a d i o  waves a r e  
a f f e c t e d  by t h e  s t r u c t u r e  of  t h e  lower ionosphere.  The telecommunication 
systems chosen f o r  i n v e s t i g a t i o n  were r e p r e s e n t a t i v e  o f  those  ope ra t i ng  i n  
t h e  very- low- ' f requency ,  l ow- f r equency ,  and medium-frequency p o r t i o n s  o f  
t h e  e lec t romagnet ic  spectrum. The r e s u l t s  obtained i n d i c a t e  t h a t  t h e  SPS, 

' . a s  c u r r e n t l y  configured wi th  a peak power d e n s i t y  of  23 mw/cm2, would no t  
adve r se ly  a f f e c t  t h e  performance o f  t h e s e  telecommunication systems. 

Con t inued  t h e o r e t i c a l  work and a d d i t i o n a l  e x p e r i m e n t s  w i t h  more- 
, powerful f a c i l i t i e s  a r e  r equ i r ed  t o  e s t a b l i s h  t he  maximum microwave power 
d e n s i t y ' t h a t  can be t r ansmi t t ed  through t h e  lower ionosphere wi thout  degrading 
t h e  performance o f  telecommunications systems. 

4.3.2 F-Region E f f e c t s  

It  i s  e x p e c t e d  t h a t  SPS e f f e c t s  i n  t h e  F - r eg ion  would b e  d u e  t o  
p lasma i r r e g u l a r i t i e s  c a u s e d  by  t h e r m a l  s e l f - f o c u s i n g .  C u r r e n t  t h e o r y  
p r e d i c t s  t h e  thermal  s e l f - focus ing  th re sho ld  t o  be  p ropor t i ona l  t o  t h e  cube of  
t h e  frequency of t h e  e lec t romagnet ic  wave pass ing  through t h e  ionosphere.  

Resu l t s  obtained from experimental  s imula t ion  of  t h e  SPS ionospher ic  
h e a t i n g  to '  measure thermal se l f - focus ing  have revea led  p o t e n t i a l  underdense 
h e a t i n g  e f f e c t s  on s a t e l l i t e  s i g n a l s  propagated i n  t h e  VHF band. The observa- 
t i o n s  a r e  p r e l i m i n a r y ,  and  f u r t h e r  work i s  r e q u i r e d  b e f o r e  a c o n f i d e n t  
assessment can be made o f  impacts on telecommunications systems 
depending on the  'F-region. S tud ie s  using e lec t romagnet ic  r a d i a t i o n  with 
v a r i o u s  input  powers and f r equenc i e s  a r e  needed t o  e s t a b l i s h  t h e  t h r e sho ld  f o r  
t h e  o n s e t  o f  i o n o s p h e r i c  i r r e g u l a r i t i e s  g e n e r a t e d  by  u n d e r d e n s e  t h e r m a l  
s e l f - focus ing  i n s t a b i l i e i e s  and LO v a l i d a t e  t h c  l / f 3  s c a l i n g  1 . a ~ .  

4.4 REFERENCES FOR SECTION 4 

1. SateZZite Power System Concept DeveZopment and EvaZuation Progmm 
Reference System Repor t ,  U.S. Dept. of  Energy Report D O E I E R - O O ~ ~  
(Oct.  1978). 

2 .  Environmental A66e66ment f o r  t h e  Satellite Power System Concept Develop- 
ment and Evalua t ion  Program - Effects of Ionosphe r i c  Heating on TeZe- 
communications, U.S. Dept. o f  Energy r e p o r t  ( i n  p r e s s ) .  

3. Meltz,  G . ,  e t  a l . ,  Ionospher io  Heating by Powerful Radio Waves, Radio 
Science,  9:1049-1063 (NOV. 1974).  

4 .  Perk ins ,  F.W., and E.J. Valeo, Thermal Setf-Focusing of Elec t romagnet ic  
Waves i n  Plasmas, Phys. Rev. L e t t e r s ,  32:1234-1237 (1974). 



5 .  Carroll, J.C., et al., The PZatteviZZe High Power Facility, ~adio' 
Science, 9:889-894 (NOV. 1974). 

6.  hilto on, c.J., Wave Interaction Observations of Ionospheric Modification 
in the D Region, National Telecommunications and Information Administra- 
tion Technical Memorandum NTIA-TM-79-4  an. 1979). 

7. Berry, L.A., and J.E. Herman, A Wave Propagation Progmm fors an 
~nisotropic Ionosphere, Institute for Telecommunications Sc iencesl 
Office of Telecommunications Research Report 11, U.S. Government 
Printing Office (stock No. 0300-03161, Washington, D.C. (1971). 

8. Crane, R.K., Ionospheric ~cintiztation, Proc. 'IEEE, 65: 180-199 (1977). 

9 .  Aarons, J. , Equator&zz Sc~ntiz~ati0n6: A Review., IEEE Trans. A n t ,  Prop. , 
AP25, pp. 729-736 (1977) .  

10. Basu, S., et al., Mode2 of EquatoriaZ ScintiZZations from in situ 
Measurements, Radio Science, 11 :821-832 (1976). 

11. Perkins, F .W., and R. G. Roble, lonospheric Heating by Radio Waves : 
Predictions for Arecibo and the SateZZite Power Station, J. Geophys. 
Res., 83:1611 (1978). 



9 3 

5 ELECTROMAGNETIC SYSTEMS COMPATIBILITY 

5.1 INTRODUCTION 

Radio, radar ,  and o ther  wireless e lect ronic  systems can share the  same 
a i r  space and geographic area  without in te r fe r ing  with each other ,  by opera- 
t i n g  a t  assigned frequencies and power levels .  Operating assignments a r e  made 
by nat ional  agencies, such a s  the U.S. Federal Communications Commission, 
according t o  in ternat ional  standards. The regulations and operating assign- 
ments are intended t o  permit the most e f fec t ive  use of limited radio spectrum 
resources by control l ing interference between various users. Examples of 
e lec t ron ic  devices subject  t o  in terference a re  telephone systems, monitor and 
control  c i r c u i t s  used by pipeline transmission operators, and convenience 
products such a s  radio-controlled garage door openers. "Electromagnetic 
compatibility" (EMC) i s  achieved when communications c a p a b i l i t i e s  a re  maxi- 
mized with a minimum of in terference between systems. 

Electromagnetic t ransmit ters  typical ly  generate and rad ia te  small 
amounts of power a t  unassigned frequencies. Emissions such a s  harmonics or 
noise sidebands outside the  frequency band required for  system operation, and 
perhaps outside the  assigned band, a re  referred t o  a s  spurious emi~s ions  and 
a r e  limited by regulation since they a r e  potent ia l  sources of in terference t o  
other  systems. Moreover, o ther  ru l e s  are  generally established tha t  r e l a t e  
t o  geographic  c o n d i t i o n s  and t h e  number of  e l ec t romagne t i c  systems i n  a 
pa r t i cu l a r  area t o  ensure interference-free operat ions among users of the 
electromagnetic spectrum. 

The s a t e l l i t e  power system would be designed and operated t o  minimize 
interference t o  other users of the  electromagnetic spectrum. Nevertheless, 
there  would be a substant ia l  potent ia l  for  producing interference.  The amount 
of microwave energy tha t  would be transmitted from space t o  ear th  i s  unprece- 
dented. Only very weak s ignals  have been transmitted between space and ear th  
t o  date,  and these s ignals  have had a r e l a t i ve ly  low poten t ia l  fo r  in te r fe r ing  
with other  systems. In addit ion,  s ide  lobes and s c a t t e r  from the  SPS power 
beams would produce s ign i f ican t  microwave f i e l d  i n t ens i t i e e  over wide geo- 
graphic areas. 

The SPS microwave power transmission system (MPTS) would produce EMC 
problems due t o  three  major phenomena: 

a High power l e v e l s  of 2.45-GHz microwave' r a d i a t i o n ,  
espec ia l ly  near rectennas. 

~ m i s e f o u u  of f r e q u e n c i e s  n l ~ t a i d e  t h e  band a l l o c a t e d  
f o r  power t r ansmis s ion ,  i . e . ,  harmonics ' ( m u l t i p l e s )  
of the intended frequency, noise components, and thermal 
radiat ion.  

~ o n o s ~ h e r i c  heating (discussed i n  Section 4) .  

Electromagnetic systems l i k e l y  t o  experience interference from the  MPTS would 
include s a t e l l i t e ,  mi l i t a ry ,  communications, control ,  navigation, and radio 
astronomy systems. Sunlight scat tered and ref lected from the so l a r  power 



satellite might affect optical astronomy. The potential for electromagnetic 
compatibility problems due to fhe SPS is illustrated in Figure 13. 

The SPS environmental assessment has addressed EMC problems for: 

a Communication receivers 

a Radar 

a Optical seneors 

a Medical electronics 

a Computers 

a Satellites and their earth terminals 

r Radio and optical aacr0hc)my 

The assessment has studied the electromagnetic environment that would Ire 
generated by the SPS, the mechanisms for interaction and coupling with other 
systems, and the methods of mitigat&g the interference. The assessment 

- -. - - .-. . - . - . - . . . . - - .. 

Fig. 13. Overview of Potential SPS Electromagnetic-Compatibility Impacts 



presented  he re  i s  based on t h e  SPS r e f e r ence  system1* and i s  a summary o f  a 
more-detai led a n a l y s i s . 2  

5.2 ASSESSMENT 

5.2.1 Electromagnet ic  C h a r a c t e r i s t i c s  o f  t h e  S a t e l l i t e  Power System 

SPS Antenna P a t t e r n s  

The SPS r e f e r ence  system uses  a microwave beam with a f requency of  2.45 
GHz and a power of about 6.85 GW. The beam emanates from a 1-km-diameter 
c i r c u l a r  a r r a y  i n  geosynchronous e a r t h  o r b i t  (GEo) .l The 6.85 GW o f  power 
would be generated us ing  s e v e r a l  hundred thousand microwave k l y s t r o n s ,  each 
producing about 50-70 kW. The beam would be i n t e r c e p t e d  on t h e  e a r t h  by a 
10-km by 13-km e l l i p t i c a l  r ece iv ing  antenna ( r ec t enna )  t o  y i e l d  about 5 GW o f  
e l e c t r i c  power t o  a u t i i i t y  g r i d .  The s i z e  of  t h e  rec tenna  and space  antenna 
were s e l e c t e d  s o  t h a t  approxiinately 90% of t h e  t r ansmi t t ed  energy would be 
i n t e r c e p t e d  by  t h e  r e c t e n n a  ( a t  35O l a t i t u d e )  and f l u x  d e n s i t i e s  i n  th'e 
ionosphere would be l e s s  than 23 mw/cm2. 

The r a d i a t i o n  p a t  t e r n  o f  c i r c u l a r  a p e r t u r e s  i s  w e l l  u n d e r s t o o d .  
For  t h e  SPS r e f e r e n c e  system, t h e  f i e l d  d i s t r i b u t i o n  ac ros s  the  f ace  o f  t he  
t r a n s m i t t i n g  antenna i s  Gaussian with a l O d B  t ape r .3  The a n a l y s i s  of r/he 
r e s u l t i n g  r a d i a t i o n  p a t t e r n  i s  developed f u l l y  i n  Ref. 4 .  The r e su l t s : -o f  
t h i s  a n a l y s i s  a r e  g iven  i n  F igure  14. 

The r e l a t i o n s h i p  between t h e  power d e n s i t y ,  p ( i n  mw/cm2), and t h e  
root-mean-square i i e l d  i n t e n s i t y ,  E ( i n  V/m), which i s  ind i ca t ed  i n  F igure  14; 
assumes propagat ion through f r e e  space and i s  desc r ibed  by: 

The power d e n s i ~ y  d i s t r i b u t i o n  a s  a func t ion  of d i s t a n c e  from a r ec - ,  
t enna  s i t e  i s  i l l u s t r a t e d  i n  F igure  15. Here, contours  of cons t an t  powei. 
d e n s i t y  f o r  a s i n g l e  r ec t enna  a r e  shown on a map o f  t h e  United S t a t e s .  

Out-of-Band Emissions 

Harmonics of  t h e  2.45-GHz tn-ansmisoion fteqilency would be  generated 
by t h e  high-power k l y s t r o n s  and r a d i a t e d  by t h e  SPS t r a n s m i t t i n g  antenna.  
Using d a t a  from. k l y s t r o n s  used in m i l i t a r y  r ada r ,  it h a s  been es t imated  t h a t  
t h e  frequency .of  second, t h i r d ,  and f o u r t h  harmonic powers would be ,  respec-  
t i v e l y ,  50 dB (105 t i m e s ) ,  90 dB (109 t imes ) ,  and 100 dB (1010 t imes)  below 
t h e '  power a t  t h e  fundamental frequency of  2.45 GHz. The antenna r a d i a t i o n  

. p a t t e r n  f o r  t he se  f r equenc i e s  would be  s u b s t a n t i a l l y  d i f f e r e n t  than  t h a t  f o r  
t h e  fundamental frequency. It would n o t  be a s  d i r e c t i v e  and p r e d i c t a b l e ,  
a l though e s t i m a t e s  of  t he  p a t t e r n  have hcen made. 

*Reference's f o r  Sec t ion  5 a r e  l i s t e d  i n  Sec t ion  5.4. 
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Fig.  14 .  SPS Transmi t t ing  Antenna P a t t e r n  
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The spu r ious  n o i s e  generated by the  k l y s t r o n s  has  been es t imated .1  It 
h a s  been suggested t h a t ,  by app rop r i a t e  des ign  ,and f i l t e r i n g ,  t he  no i se  power 
o u t s i d e  of the 2.45 + 0.05 GHz band could be 1-educed C6 l e v e l s  t h a t  would 
i rub  coube i n t e r f e r e n c e  t o r  most ca se s .  

I n t e r f e r e n c e  power r a d i a t e d  from a rec tenna  would be generated by 
r e f l e c t i o n  of t h e  2.45-GHz power a s  wel l  a s  r e r a d i a t i o n  of  harmonics and o t h e r  
f r equenc i e s  genera ted  by non l inea r  mechaoisms i n  t he  rec tenna  s t r u c t u r e .  
The power s p e c t r u m  g e n e r a t e d  would v a r y  w i t h  t i m e  and t h e  a g i n g  o f  t h e  
r e c t e n d a  s t r u c t u r e .  The r a d i a t i o n  p a t t e r n  f o r  t h e  2.45-GHz power ' r e f l e c t e d  
from t h e  rec tenna  has  been es t imated2  and would be expected t o  be somewhat 
d i r e c t i v e  with a  beam width of approximately 10".  The r a d i a t i o n  p a t t e r n  fo r  
t h e  harmonics would be much broader  than 10".  



F i g .  15. Power Densi ty  D i s t r i b u t i o n  (mw/cm2) f o r  a  
S ingle  Hypothet ical  Rectenna S i t e  

Propagat ion E f f e c t s  

The propagat ion of  the power beam i n  t h e  ionosphere and t h e  beam's 
e f f e c t  on t he  ionosphere i s  t r e a t e d  i n  Sec t ion  4. Expected' s c a t t e r i n g  of  t h e  
beam In  t he  t roposphere  could degrade performance o f  t he  SPS beam c o n t r o l  
system; t h i s  i n  t u r n  could add t o  t he  power t r ansmi t t ed  o u t s i d e  t h e  r ec t enna  
a r e a .  Major n a t u r a l  phenomena of  i n t e r e s t  a r e :  . 

Var i a t i ons  i n  r e f r a c t i v e  index .due t o  tu rbulence ,  ' s t r a t i -  
f i c a t i o n ,  and v a r i a t i o n s  i n  temperature  and humidi ty .  

S c a t t e r  due t o  p a r t i c u l a t e s  ( e . g . ,  d u s t  and  c l o u d s ) .  

S c a t t e r  due t o  p r e c i p i t a t i o n  ( e .g . ,  h a i l ,  r a i n ) .  

A t t e n u a t i o n  a n d  s c a t t e r i n g  due  t o  p r e c i p i t a t i o n  would r e d u c e  t h e  
amount o f  power r e a c h i n g  t h e  r e c t e n n a .  Thi.s r e d u c t i o n  would g e n e r a l l y  
be  p ropor t i ona l  t o  t h e  p r e c i p i t a t i o n  r a t e  and t h e  problem would va ry  with 
geographica l  l o c a t i o n .  Blowing dus.t o r  sand a l s o  might c o n t r i b u t e  t o  a t tenua-  
t i o n  and s c a t t e r i n g .  These mechanisms would have small  e f f e c t s ,  a s  a percent-  
age of main-beam power; however, because of  t h e  l a r g e  power l e v e l s  involved 
wi th  t h e  SPS, t he  abso lu t e  power f l u c t u a t i o n s  caused by t h e s e  mechanisms could 
be  l a r g e .  . Spacecraf t  and a i r c r a f t  c ro s s ing  t h e  microwave power beau could 
a l s o  s c a t t e r  app rec i ab l e  amounts of energy.  



The e f f e c t  of t h e  h e a t  r e l e a s e d  from the  rec tenna  has  been s tudied  and 
t h e  r e s u l t s  i n d i c a t e  t h a t  tu rbulence  caused by t h i s  h e a t  would not  cause  a  
problem. It would n o t  reduce t h e  power rece ived  by t h e  r ec t enna  and would not 
s c a t t e r  power .beyond t h e  rec tenna  boundary. 

Sandstorms would be minor c o n t r i b u t o r s  t o  rec tenna  power l o s s  and 
inc reased  power d e n s i t i e s  ou t s ide  the  rec tenna  a rea .  For t h e  l a r g e r  sand- 
s torms  i n  the  Southwest, t h e  maximum power s c a t t e r  would be expected t o  be i n  
t h e  range of 0.001-0.01% of  t he  t r ansmi t t ed  power. This assumes a  storm 
cen te red  on t h e  r ec t enna ,  with a  h e i g h t  of 1.5-3 km. 

V a r i a t i o n s  i n  r a i n  r a t e s  o v e r  t h e  c o n t i n e n t a l  Un i t ed  S t a t e s  h a v e  
been eva lua ted  and s c a t t e r  power determined f o r  va r ious  reg ions .  A t  maximum 
r a i n  r a t e s ,  a  smal l  percentage of t he  power would be l o s t  due t o  absorp t ion  
and s c a t t e r i n g .  A s p e c i f i c  example i s  presented i n  Sect ion 5.2.11 f o r  a  
h y p o t h e t i c a l  r ec t enna  s i t e  i n  t he  Mojave Deser t .  

5.2.2 Coupling Mechanisms 

The p r i n c i p a l  mechanisms f o r  t h e  inadve r t an t  coupl ing of  SPS microwave 
power t o  o the r  e lec t romagnet ic  systems would be equipment case  pene t r a t ion ,  
c a b l e  pickup, and i n t e r f e r e n c e  v o l t a g e s  induced i n  antennas.  

Case p e n e t r a t i o n  would occur when microwave energy l e v e l s  were high 
enough t h a t  some of t h e  energy would pass  through metal  e l e c t r i c a l  c a b i n e t s  o r  
e n t e r  through door openings and seams and i n t e r f e r e  with i n t e r n a l  e l e c t r i c a l  
c i r c u i t s .  Wood o r  p l a s t i c  c a b i n e t s ,  such  a s  t h o s e  f o r  home t e l e v i s i o n  
r e c e i v e r s ,  would provide  n e g l i g i b l e  s h i e l d i n g .  

Cable pickup w ~ u l d  occ~lr i f e l e c  t r i o o l  eablca  i l l u u l i ~ ~ i l t ~ c l  hy micro- 
wave ruergy  inadve r t en t ly  ac ted  l i k e  r ece iv ing  antennas.  They g e n e r a l l y  
wuuld be i n e f f i c i e n t  r e c e i v i n g  antennas,  b u t  they neve r the l e s s  could d e l i v e r  
s u b s t a n t i a l  energy t o  r e c e i v e r s  and t r a n s m i t t e r o  i f  the mii~uwave  ' i ncens i ey  
were r e l a t i v e l y  high.  The de l ive red  energy could be s u f f i c i e n t  t o  i n t e r f e r e  
w i t h  i n t e r n a l  c i r c u i t s .  

Antenna-induced v o l t a g e s  can produce i n t e r f e r e n c e  i n  t h e  same way a s  
c a b l e  pickup. A home t e l e v i s i o n  r ece iv ing  antenna would not  be e f i i c i e n t  a t  
microwave f requencies ,  bu t  i t  could d e l i v e r  enough energy t o  the  t e l e v i s i o n  , 
s e t  t o  cause i n t e r f e r e n c e  i f  t he  inicrowave energy were s u i f i c i e n t l y  h igh .  

5.2.3 Microwave F i e l d s  i n s i d e  Habi tab le  S t r u c t u r e s  

To analyze e lec t romagnet ic  c o m p a t i b i l i t y ,  it i s  necessary  i n  some c a s e s  
t o  know t h e  SPS microwave f i e l d  s t r e n g t h s  t h a t  would b e  e x p e c t e d  i n s i d e  
v a r i o u s  s t r u c t u r e s ,  p a r t i c u l a r l y  b u i l d i n g s  and veh ic l e s .  T h e o r e t i c a l l y ,  such 
s t r u c t u r e s  could concen t r a t e  i nc iden t  microwave energy t o  produce f i e l d s  more 
i n t e n s e  than  would o therwise  be expected.  Very l i t t l e  work has  been done 
e x p l i c i t l y  on t h i s  problem, bu t  a  s u b s t a n t i a l  body of  t h e o r e t i c a l  and experi-  
mental  information i s  a v a i l a b l e  on t h e  coupling of microwaves i n t o  enc losu res  
and t h e i r  behavior  t h e r e i n .  An exac t ,  d e t a i l e d  a n a l y s i s  of t h e  microwave 



p r o p e r t i e s  of h a b i t a b l e  s t r u c t u r e s  i s  no t  p r a c t i c a l  due t o  t h e  tremendous 
v a r i e t y  o f  m a t e r i a l s  and complex geometr ies  involved.  

The problem o f  e s t i m a t i n g  t h e  f i e l d s  i n s i d e  h a b i t a b l e  s t r u c t u r e s  
exposed t o  microwaves nea r  an SPS rec tenna  h a s  r e c e n t l y  been analyzed,  with 
p a r t i c u l a r  a t t e n t i o n  t o  t h e  p o s s i b i l i t y  o f  i n c r e a s e s  i n  f i e l d  s t r e n g t h . 2  This  
s tudy  analyzed the  r e l e v a n t  phys ica l  p rocesses  and measured a c t u a l  microwave 
f i e l d  s t r e n g t h  i n s i d e  houses' exposed t o  2.6-GHz r a d i a t i o n  from a  s a t e l l i t e .  
Key elements  of t h i s  a n a l y s i s  a r e  summarized below. 

To determine microwave f i e l d  s t r e n g t h s  i n s i d e  a  s t r u c t u r e ,  t h e  coupl ing  
o f  energy i n t o  t h e  s t r u c t u r e  and i t s  behavior  i n s i d e ,  inc lud ing  r e f l e c t i o n s  
( p o s s i b l y  r e sonan t ) ,  must be understood.  Coupling t o  t h e  i n t e r i o r  could  occur  
v i a  r e l a t i v e l y  m i c r o w a v e - t r a n s p a r e n t  o p e n i n g s  (windows,  f o r  example )  o r  
through wal l  m a t e r i a l s ,  which i n  genera l  do no t  t r ansmi t  microwaves a s  w e l l .  
The fol lowing approximate microwave t r ansmis s ions  f o r  r e p r e s e n t a t i v e  s t r u c -  
t u r a l  e lements  have been measured: 

% Transmission 

S t r u c t u r a l  Element Dry Wet 

Wooden wal l  ' 15  6  
i Frame wa 11 40 15 

Window (wood s a s h )  7 0 40 

Metal w a l l s  o r  s c r een ing ,  o r  even f o i l ,  t r ansmi t  ve ry  l i t t l e  2.45-GHz micro- 
wave energy ( l e s s  than 1%)  i f  openings o r  j o i n t s  a r e  s u b s t a n t i a l l y  l e s s  than  
3 cm long.  

Average f i e l d  s t r e n g t h s  i n s i d e  s t r u c t u r e s  . a r e  t hus  expected t o  be 
l e s s  than those  o u t s i d e ,  due t o  coupl ing  l o s s e s .  The s t r u c t u r e  could,  how- 

, eve r ,  a l t e r  t h e  s p a t i a l  d i s t r i b u t i o n  of  energy t o  produce l o c a l i z e d  a r e a s  of 
increased  f i e l d  i n t e n s i t y .  Re f l ec t  i ons  w i th in  s t r u c t u r e s  a r e  t h e  most l i k e l y  
causes  of  l o c a l i z e d  inc reases  i n  f i e l d  s t r e n g t h .  M e t a l l i c  s u r f a c e s  a r e  t h e  
o n l y  common elements of  h a b i t a b l e  s t r u c t u r e s  l i k e l y  t o  produce s i g n i f i c a n t  
f i e l d  i nc reases .  I n  t h e  absence of any absorbing m a t e r i a l ,  a  s i n g l e  m e t a l l i c  
r e f l e c t i o n  could i nc rease  power d e n s i t y  a t  some l o c a t i o n s  by a s  much a s  a  
f a c t o r  o f  four  above t h e  power i nc iden t  on t h e  s u r f a c e .  More complex geome- 
t r i e s  involv ing  m u l t i p l e  r e f l e c t i o n s  could ,  i n  p r i n c i p l e ,  produce l a r g e r  f i e l d  
i n c r e a s e s .    ow ever, such l a r g e  i nc reases  r e q u i r e  s p e c i a l  geometr ies  and very  
l i t t l e  microwave abso rp t ion  i n  t he  system. Nei ther  o f  t he se  c r i t e r i a  i s  
l i k e l y  t o  be s a t i s f i e d  by r e a l  h a b i t a b l e  s t r u c t u r e s .  I n  p a r t i c u l a r  i t  should 
b e  n o t e d  t h a t  t h e  p r e s e n c e  and movements o f  p e o p l e ,  who a r e  s i g n i ' f i c a n t  
microwave abso rbe r s  and r e f l e c t o r s ,  a l s o  modify r e f l e c t i o n  p a t t e r n s .  

Measurements have been r epo r t ed  g iv ing  the  r a t i o  o f  microwave f i e l d  
s t r e n g t h  i n s i d e  t o  t h a t  o u t s i d e  s i n g l e  fami ly  houses i l l umina t ed  by 2.6-GHz 
microwaves from a  ~ a t e l l i t e . ~ , ~  Average f i e l d s  i n s i d e  were found t o  be  about  
25% o f  those  o u t s i d e ,  a l though i n t e r i o r  f i e l d s  v a r i e d  s u b s t a n t i a l l y  from p o i n t  
t o  po in t .  . For t h e  case  of t h e  h i g h e s t  r a t i o  of average i n s i d e  f i e l d s  t o  
o u t s i d e  f i e l d s ,  t h e  p r o b a b i l i t y  o f  encounter ing a microwave f i e l d '  i n s i d e  
t h a t  was l a r g e r  t h a n  t h a t  o u t s i d e  was o n l y  15%.  I f ,  i n  s p e c i f i c  c a s e s ,  
i n t e r i o r  microwave f i e l d  s t r e n g t h s  were found t o  be a  problem, they could 
e a s i l y  b c  rcduced by convent iona l  methods. 
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5.2.4 Communications Receivers  

A communica t ions  r e c e i v e r  i s  d e s i g n e d  t o  o p e r a t e  i n  t h e  p r e s e n c e  
o f  i n t e r n a l  sys t em n o i s e  a s  w e l l  a s  u n d e s i r e d  s i g n a l s  from o u t s i d e  t h e  
system. The performance of such r e c e i v e r s  might ,  however, be degraded i n  t h e  
p r e s e n c e  o f  t h e  2.45-GHz s i g n a l  from t h e  SPS. The SPS s i g n a l  might  b e  
coupled i n t o  t h e  r e c e i v e r  through the  r e c e i v e r  antenna; a p e r t u r e s  i n  t h e  
r e c e i v e r  cab ine t  such a s  cool ing  ho le s ,  louvers ,  and instrument openings; 
and the  power supply.  

Tes t s  performed on a  number of  r ece ive r  systems have determined degra- 
d a t i o n  th re sho lds  and i d e n t i f i e d  t h e  b a s i c  i n t e r f e r e n c e  m i t i g a t i o n  techniques.  
The t e c e f v e r s  t e s t e d  included 2-, 4-, 6-GHz systems, and s p e c i a l  u n i t s  de- 
s igned  f o r  o p e r a t i o n ,  a t  12-14 GHz. The r e c e i v e r s  were subjec ted  t o  r a d i a t e d  
i n t e r f e r e n c e  power a s  wel l  a s  i n t e r f e r e n c e  power d i r e c t l y  i n j ec t ed  i n t o  t h e  
r e c e i v e r  t e rmina l s .  The r e s u l t s  of t hese  t e s t s  i nd ica t ed  s i g n i f i c a n t  per for -  
mance degrada t ion  could be expected f o r  i n t e r f e r i n g  power wi th  a  f i e l d  in ten-  
s i t y  above 10 ~ / m ,  which corresponds t o  d i s t a n c e s  w i th in  about 5  km of an SPS 
r ec t enna  boundary. 

I n t e r f e r e n c e  t o  communications r e c e i v e r s  can be mi t iga t ed  by: 

F i l t e r i n g  a t  t h e  r e c e i v e r  i npu t .  

Modifying the  r e c e i v e r  antenna t o  be nonresponsive i n  
t h e  d i r e c t i o n  of t h e  i n t e r f e r e n c e  source.  

N u l l i n g  t h e  i n t e r f e r i n g  s i g n a l  by u s e  o f  a  s e p a r a t e  
n u l l i n g  antenna.  ' 

e Improved s h i e l d i n g  of equipment enc losures  and cab le s .  

5.2.5 Radar Systems 

Radar systems e x h i b i t  i n t e r f e r e n c e - s u s c e p t i b i l i t y  c h a r a c t e r i s t i c s  
s i m i l a r  t o  t h o s e  o f  communica t ions  r e c e i v e r s ,  s i n c e  many d e t e c t i o n  and 
process ing  func t ions  a r e  s i m i l a r  i n  des ign .  Radar equipment eva lua ted  fo r  SPS 
i n t e r f e r e n c e  s u s c e p t i b i l i t y  inc ludes  f ixed - s i t e ,  a i rbo rne ,  and f u t u r e  space- 
c r a f t  systems. Appl ica t ions  inc ludes  surface- ,  a i rborne- ,  and space-target  
d e t e c t i o n  and t r a c k i n g ;  v e l o c i t y  c o n t r o l ;  and v a r i o u s  m i l i t a r y  command/ 
g u i d a n c e  f u n c t i o n s .  Radar  c o n f i g u r a t i o n s  v a r y  s i g n i f i c a n t l y  f o r  t h e s e  
a p p l i c a t i o n s .  The c r i t e r i a  used t o  e v a l u a t e  performance degrada t ion  depended 
on t h e . a p p l i c a t i o n  a s  fo l lows:  . . 

Surve i l l ance  and Search Systems 

T a r g e t  d e t e c t i o n  r a n g e ,  t a r g e t  i d e n t i f i c a t i o n  t i m e ,  
f a l s e  t a r g e t  p r o b a b i l i t i e s .  

Tracking and Guidance Systems 

Target  lock-on time, t r a c k  e r r o r  d i s t r i b u t i o n ,  loss-of- 
lock p r o b a b i l i t y ,  c o n t r o l  a c t i o n  de l ays  (e .g . ,  i n t e r -  
fe rence  n u l l i n g ) .  ' 



a Mapping and Te r r e s t r i a l -Ta rge t  Detec t ion  Systems 

Target  d e t e c t i o n  range ,  s p a t i a l  r e s o l u t i o n ,  t e r r e s t r i a l  
f e a t u r e  r e s o l u t i o n .  

The e f f e c t  of  microwave i n t e r f e r e n c e  on some m i l i t a r y  r a d a r  systems was 
t e s t e d  a s  a  func t ion  of t h e  r a t i o  of rece ived  power t o  i n t e r f e r e n c e .  In  
gene ra l ,  t h e  r e s u l t s  showed s i g n i f i c a n t  performance degrada t ion  when the  
r ece ived  power was l e s s  than 20 t imes t h e  i n t e r f e r e n c e  power. Approximate 
assessment  of  t he se  r e s u l t s  i n d i c a t e s  t h a t  i n t e r f e r e n c e  m i t i g a t i o n  measures 
would n e e d  t o  b e  e v a l u a t e d  f o r  r a d a r  s y s t e m s  w i t h i n  50-100 km o f  a n  SPS 
r e c t e n n a  b i t e .  

5.2.6 Computers and Microprocessors 

~ i c r o w a v e  power can a f f e c t  a  computer o r  microprocessor  i n  va r ious  
ways. The primary mechanism f o r  i n t e r f e r e n c e  i s  through r e c t i f i c a t i o n  of  t h e  
microwave power i n  t h e  numerous semiconductor d iode  j unc t ions  found i n  a l l  
modern s o l i d  s t a t e  c i r c u i t s .  The r e c t i f i c a t i o n  process  produces unwanted b i a s  
c u r r e n t s  w i t h i n  t h e  device  t h a t  can a f f e c t  t h e  device  i n  va r ious  ways. For 
example ,  e r r a t i c  o p e r a t i o n  o f  s w i t c h i n g  c i r c u i t s  c a n  b e  i n c r e a s e d .  The 
t iming o f  c lock  c i r c u i t s  can a l s o  be changed, caus ing  a  l o s s  o f  d a t a  dur ing  
memory t r a n s f e r  o r  a r i t h m e t i c  o p e r a t i o n s  w i th in  t h e  computer. An i n t e r f e r i n g  
microwave f i e l d  can a l s o  a f f e c t  t h e  ope ra t i on  of  p e r i p h e r a l  dev i ce s  such a s  
magnetic and c a s s e t t e  s t o r a g e  t a p e s .  

Three d i f f e r e n t  minicomputers and t h r e e  d i f f e r e n t  microprocessors  were 
i l l u m i n a t e d  a t  v a r i o u s  l e v e l s  o f  microwave  power from a 2.6-GHz s o u r c e .  
Energy coupl ing  modes and system degrada t ion  were s t u d i e d .  Once ' coup l ing  
modes were uuderstood, m i t i g a t i o n  techniques  w e r e  designed and t e s t e d  t o  
de te rmine  how much performance could be r e s t o r e d .  One t e s t  measured the  
percent  i n c r e a s e  i n  c o n t r o l  pu lse  j i t t e r  ( a  measure of  t iming s t a b i l i t y )  
p r e sen t  i n  t h e  c lock  and c o n t r o l  c i r c u i t r y  of  t h e  microprocessors '  memory 
r e g i s t e r s .  The percent  j i t t e r  under normal c o n d i t i o n s  i s  about 1%. The 
j i t t e r  increaacd t o .  12% i n  some r lq~~ipment  when i l l umina t ed  by 2.6-GHz, 2-V/m 
microwaves ( t h e  i n t e n s i t y  about 30 km from a rec tenna  c e n t e r ) .  When t h e  f i e l d  
i n t e n s i t y  o f  t h e  i n t e r f e r e n c e  s i g n a l  was increased  t o  1 0  V/m ( t h e  i n t e n s i t y  
about 15 km from a . r ec t enna  c e n t e r ) ,  t h e  c o n t r o l  pu lse  j i t t e r  increased  by 

* s u b s t a n t i a l  amounts wi th  t h e  worst  c a s e  reaching  33%. I n  many c a s e s  t h e  12% 
j i t t e r  would no t  be accep tab l e  and i n  a l l  c a s e s  33% would be an  unacceptable  
performance degrada t ion .  

- - 
.Another t e s t  measured the  i nc rease  i n  t h e  no i se  i n  t h e  microprocessor  

c o n t r o l  c i r c u i t r y  a s  a  func t ion  o f  increa,sed f i e l d  i n t e n s i t y .  The inc rease  
exceeded the  t h r e sho ld  f o r  unacceptab le  performance a t  f i e l d  i n t e n s i t i e s  
o f  about 15 V/m ( t h e  i n t e n s i t y  about 10 km from a r ec t enna  c e n t e r ) .  ' It was 
determined t h a t  t h e  i n t e r f e r e n c e  was coupled through t h e  d iode  p r o t e c t o r  

\ c i r c u i t s  on t h e  power supply.  A c a p a c i t o r  c i r c u i t  was added t o  t h e  power 
supply  t o  f i l t e r  t h e  i n t e r f e r e n c e  and t h e  t e s t s  were repea ted .  The n o i s e  
was reduced t o  a n  accep tab l e  l e v e l  f o r  a 15-V/m f i e l d  i n t e n s i t y .  

A . t es t  o f  t h e  i n c r e a s e , ,  i n  memory - t r ans fe r  e r r o r s  w i t h  i n c r e a s e d  
exposure t o  2.6-GHz, 15-V/m power showed t h a t  t h e  a d d i t i o n  of  a  complete wi re  



mesh s h i e l d  i n s i d e  t h e  e x i s t i n g  nonmeta l l i c  computer cab ine t  reduced the  
t r a n s f e r  e r r o r s  by two o r d e r s  of  magnitude t o  a  l e v e l  nea r  normal. 

5.2.7 Opt i ca l  Sensors  

The e f f e c t  of SPS microwave power on o p t i c a l  s enso r s  would be  important  
t o  t h e  wide  r a n g e  o f  o p t i c a l  d e v i c e s  u s e d  f o r  s e c u r i t y  m o n i t o r s ,  t a r g e t  
t r a c k i n g ,  communications, resource  monitors ,  and astronomy a p p l i c a t i o n s .  
Microwave power can p e n e t r a t e  such sys tems .  through t h e  o p t i c a l  a p e r t u r e ;  any 
o t h e r  a p e r t u r e s ,  such a s  coo l ing  louve r s ;  p l a s t i c  c a s e s ;  c o n t r o l  c a b l e s ;  and 
power-supply 1 i n e s .  

The performance c r i t e r i a  used i n ' t h i s  e v a l u a t i o n  included v ideo  n o i s e ,  
s c a n  jitter , spat  i n 1  resolution, and dynamic rauge e f f ec t s .  'I'he s enso r s  
t e s t e d  were  i l l u m i n a t e d  w i t h  a  2.6-GHz s i g n a l  d i r e c t l y  i n t o  t h e  o p t i c a l  
a p e r t u r e ,  a t  + 30" o f f  t h e  o p t i c a l  a x i s ,  and d i r e c t l y  i n t o  nonmeta l l i c  and 
cab l e - en t ry  a r e a s  of t h e  o u t e r  ca s ing .  

S i g n i f i c a n t  deg rada t ion  was demonstrated f o r  microwave f i e l d  l e v e l s  of 
1 0  V/m.  Increased '  v ideo  n o i s e  and reduced s p a t i a l  r e s o l u t i o n  were t h e  primary 
e f f e c t s  . No in te rmodula t  ion  was noted i n  ' t h e  i n f r a r e d  d e t e c t i o n  systems 
t e s t e d . .  

Success fu l  m i t i g a t i o n  of  i n t e r f e r e n c e  a t  a  f i e l d  i n t e n s i t y  of  15 V/m 
h a s  been demonstrated u s i n g  t h e  fol lowing techniques :  

Use o f  an aluminum enc losure  i n  p l ace  of a  nonmeta l l i c  
enc losu re .  

Reducing t h e  s i z e  of  al.1 access  and coo l ing  h o l e s  t o  l e s s  
than 1 cm. 

Use o f  a  wi re  mesh with a  g r id  s i z e  of 1 cm x 1 cm i n  t h e  
o p t i c a l  pa th ,  ou t  of focus ,so a s  n o t '  t o  a f f e c t  imaging. 

Use o f  dua l - sh ie ld  c o a x i a l  c a b l e  i n  v ideo  and con t ro l  
c a b l e s .  

M o s t  t e l e v i v  i o n  arld i n f r a r e d  s e n s o r  s y s  tems wo.uld n o t  e x p e r i e n c e  , 

i n t e r f e r e n c e  i f  l o c a t e d  more than 50 km from a rec tenna  s i t e ,  depending on t h e  
r e q u i r e d  r e s o l u t i o n  accuracy .  For c e r t a i n  ve ry - sens i t i ve  m i l i t a r y  systems, a  
s e p a r a t i o n  of 100 km might he necessary .  

5.2.8 Medical E l e c t r o n i c  Devices 

The Bureau of Medical' Devices a t  t h e  Food and Drug Adminis t ra t ion  
s u p p o r t e d  a  s t u d y  o f  e l e c t r o n i c  d e v i c e s  and t h e  a m b i e n t  e l e c t r o m a g n e t i c  

*environment i n  s e v e r a l  maj'or h o s p i t a l s .  l h e  r e s u l t s  e s t a b l i s h  g u i d e l i n e s  f o r  
a c c e p t a b l e  emissions from medical dev i ce s  and s a f e  s u s c e p t i b i l i t y  t h r e sho lds  .7 

The e x i s t i n g  g u i d e l i n e  f o r  e l e c t r i c  f i e l d  s u s c e p t i b i l i t y ' a t  1 GHz would 
permi t  t h e  manufacture of  dev i ce s  wi th  t h r e sho lds  o f  7 V/m. The s tudy  d i d  no t  
evaluate  f requenc ies  above 1 GHz, bu t  a  h ighe r  s u s c e p t i b i l i t y  i s  expected.  



Although t h e  7-V/m th re sho ld  is  lower than  t h e  19-V/m l e v e l  a t  t h e  rec tenna  
exc lus ion  boundary f o r  t h e  SPS r e f e r ence  system, i t  i s  c l e a r  t h a t  medical 
e l e c t r o n i c  dev ices  could be  designed t o  be  immune t o  2.45-GHz r a d i a t i o n  a t  t h e  
19-V/m l e v e l .  

The e l e c t r o m a g n e t i c  c o m p a t i b i l i t y  o f  c a r d i a c  pacemakers  h a s  b e e n  
under s tudy  f o r  many y e a r s , 8  and they a r e  designed and manufactured t o  be  
r e s i s t a n t  t o  e ' lectromagnetic i n t e r f e r e n c e .  f t  i s  ve ry  u n l i k e l y  t h a t  c a r d i a c  
pacemakers would be a f f e c t e d  by t h e  SPS microwave f i e l d  o u t s i d e  t h e  rec tenna  
s i t e .  

Although i t  i s  not  l i k e l y  t h a t  i t  would be r equ i r ed ,  t h e  most cos t -  
e f f e c t i v e  method f o r  i n t e r f e r e n c e  m i t i g a t i o n  f o r  h o s p i t a l s ,  c l i n i c s ,  and 
emergency medical f a c i l i t i e s  would be t o  s h i e l d  t he  s e n s i t i v e  a r e a  with a  
l ight-weight  sc reen ing  m a t e r i a l .  

5.2.9 S a t e l l i t e s  

The e lec t romagnet ic  c o m p a t i b i l i t y  of  SPS wi th  o t h e r  s a t e l l i t e  systems 
h a s  been s tud i ed  both a n a l y t i c a l l y  and exper imenta l ly .  The d e t a i l e d  des ign  of  
SPS and f u t u r e  . s a t e l l i t e  systems must t ake  t h i s  problem 'into account .  The 
ways SPS might i n t e r f e r e . w i t h  f u t u r e  s a t e l l i t e  systems inc lude :  

Power a t  2 .45  GHz c o u l d  i n t e r f e r e  w i t h  s a t e l l i t e s  i n  
low e a r t h  o r b i t  (LEO) t h a t  pass  through t h e  SPS beam by 
p e n e t r a t i n g  t o  t h e  i n t e r n a l  e l e c t r o n i c s  and adding t o  
system no i se  o r  u p s e t t i n g  computer c i r c u i t r y .  

Noise from SPS k l y s t r o n s  could i n t e r f e r e  with assigned 
p u b l i c  s e r v i c e  s a t e l l i t e  b r o a d c a s t  f r e q u e n c y  bands  
a d j a c e n t  t o  2 .45  GHz, such  a s  t h e  2.5-2.69 GHz band .  

Harmonics of 2.45 GHz might f a l l  w i t h i n  s a t e l l i t e  f r e -  
quency bands. For example, t h e . t h i r d  harmonic, 7.35 GHz, 
f a l l s  w i th in  t h e  7.3-7.45 GHz space-to-earth band used by 
goveriment s a t e l l i t e s .  

To d e f i n e  t h e  magnitude of  t h i s  problem and i d e n t i f y  t h e  u s e f u l  mit iga-  
t i o n  techniques ,  a  number of s a t e l l i t e  systems and subsystems c u r r e n t l y  i n  use 
were analyzed 'and t e s t e d  i n  va r ious  hypo the t i ca l  s i t u a t i o n s .  Some of  t h e s e  
ana lyses  a r e  d i scussed  h e r e  a s  examples. They inc lude :  

S a t e l l i t e s  i n  LEO pass ing  through t h e  SPS microwave power 
beam. 

S a t e l l i t e s  i n  GEO p o s i t i o n s  a d j a c e n t , ( e . g . ,  a t  s e p a r a t i o n s  
of  O . l O ,  l o ,  e t c . )  t o  a  s o l a r  power satellite. 

S a t e l l i t e s  i n  GEO p o s i t i o n s  "across  from" a  s o l a r  power 
s a t e l l i t e  ( i . e . ,  180" s e p a r a t i o n ) .  



S a t e l l i t e s  i n  Low Ear th  Orb i t  

The LANDSAT e a t e l l i t e  i s  r e p r e s e n t a t i v e  of s a t e l l i t e s  i n  LEO t h a t  
cou ld  be  a f f e c t e d  by SPS i n t e r f e r e n c e .  The LANDSAT s a t e l l i t e  w i l l  provide 
g l o b a l  moni tor ing  suppor t  f o r  e a r t h  r e sou rces  management; launch of  LANDSAT-D 
i s  scheduled f o r  l a t e  1981. Subsequent launchings a l s o  a r e  a n t i c i p a t e d .  
The LANDSAT-D, i l l u s t r a t e d  i n  F igure  16, w i l l  provide imagery from a .  sun- 
s y n c h r o n o u s ,  c  i r c u l a r - o r b i t  a l t i t u d e  o f  705 km w i t h  a  98.' i n c l i n a t i o n .  
Imagery i s  de r ived  from a  m u l t i s p e c t r a l  scanner  and thermal mapper on t h e  
s a t e l l i t e .  . Scanner and mapper image d a t a  and system s t a t u s  a r e  t r ansmi t t ed  t o  
c o n t r o l  s t a t i o n s  through TDRSS, a  t r a c k i n g  and d a t a  r e l a y  s a t e l l i t e  system i n  
GEO . 

R F  COM 

GlMBA 

RSS ANTENNA 

S-BAND FEEDS 

WIDE BAND 
MODULE 

L X-BAND ANTENNA ( 2 )  
ANTENNA 

'ED BE 

TTER 

Fig .  16.  The LANDSAT-D S a t e l l i t e  



I f  t h e  LANDSAT were t o  pass  through an SPS microwave beam, it would 
exper ience  power d e n s i t y  l e v e l s  g r e a t e r  than 0.0002 mw/cm2 f o r  13  s ,  0.02 
mw/cm2 f o r  3  s ,  and 2  m~lcm2 f o r  1 s. The power could e n t e r  t h e  s a t e l l i t e  
through t h e  communications an tennas ,  a t t i t ude - senso r  o p t i c a l  a p e r t u r e s ,  and 
t h e  o p t i c a l  a p e r t u r e s  and thermal louvers  of t h e  m u l t i s p e c t r a l  scanner and 
thermal  mapper. Since t he  power u n i t s  a r e  f i l t e r e d  and r e g u l a t e d ,  energy 
would no t  be expected t o  e n t e r  through t h e  s o l a r  pane ls .  

The performance degrada t ion  of  t h e  mu1 t i spec  t r a l  scanner  and thermal  
mapper subsystems i n  t h e  SPS power beam might t ake  t h e  form o f :  

Increased v ideo  n o i s e ,  r e s u l t i n g  i n  image degrada t ion .  

Control  s i g n a l  j i t t e r ,  caus ing  image-line s t a g g e r .  

Reduced s p a t i a l  f r e q u e n c y ,  a f f e c t i n g  p i c t u r e - e d g e  
sharpness .  

Reduced dynamic r a n g e ,  a f f e c t i n g  p i c t u r e  s h a r p n e s s .  

I n t e r f e r e n c e  m i t i g a t i o n  techniques  f o r  t h e  m u l t i s p e c t r a l  scanner  and 
t h e r m a l  mapper c o u l d  i n c l u d e  c i r c u i t  f i l t e r s ,  s p e c i a l  n o i s e - e x t r a c t i o n  
techniques  i n  t h e  d a t a  a n a l y s i s  p rocess ,  and a d d i t i o n a l  s h i e l d i n g  f o r  t h e  
d e t e c t o r s  and v ideo  a m p l i f i e r s  . Addi t iona l  s h i e l d i n g  fo r  t h e  v ideo  channel  
and scan c o n t r o l  c i r c u i t r y  could e l i m i n a t e  any . j i t t e r  i n  t h e  scan  s i g n a l  i f  
i n t e r f e r e n c e  power were t o  couple  d i r e c t l y  t o  t h e s e  c i r c u i t s .  These tech- 
n iques  would have t o  be  accounted f o r  i n  i n i t i a l  s a t e l l i t e  assembly. 

The p o t e n t i a l  f o r  SPS i n t e r f e r e n i e  wi th  t h e  LANDSAT communications 
channels  t o  TDRSS and t h e  LANDSAT s t a r  t r ack ing  system a l s o  have been eva l -  
ua ted  and m i t i g a t i o n  techniques  descr ibed .*  

The GPS satellite, a g loba l  nav iga t ion  and p o s i t i o n  f i x i n g  system i n  
LEO a t  an a l t i t u d e  of  17,500 km, has  a l s o  been analyzed.  Since i t  i s  i n  a  
h ighe r  o r b i t  t han  LANDSAT i t  would be  exposed t o  more-intense SPS e l e c t r o -  
magnetic energy and consequent ly  would exper ience  more-severe i n t e r f e r e n c e .  
Never the less ,  s i m i l a r  i n t e r f e r e n c e  m i t i g a t i o n  techniques  would apply.  

S a t e l l i t e s  i n  Geosynchronous Ear th  Orb i t  

Geosynchronous e a r t h  o r b i t  i s  c u r r e n t l y  occupied by a  number of s a t e l -  
l i t e s  and w i l l  undoubtedly be  occupied by more i n  t h e  f u t u r e .  The s o l a r  power 
s a t e l l i t e s  would sha re  t h i s  o r b i t  a l t i t u d e  with t h e s e  s a t e l l i t e s ,  and an 
accep tab l e  spacing between s a t e l l i t e s  i n  GEO must be determined.  E lec t ro-  
magnetic c o m p a t i b i l i t y  i s  an important  f a c t o r  i n  t h i s  de t e rmina t ion .  

,The i n t e r f e r e n c e .  caused by a  s o l a r  power s a t e l l i t e  a t  an ad j acen t  
s a t e l l i t e  i n  GEO has  been e s t ima ted .  These e s t i m a t e s  have been app l i ed  t o  
some e x i s t i n g  GEO s a t e l l . i t e s .  To make t h e  e s t i m a t e s ,  c e r t a i n  assumptions have 
been made, based on engineer ing  judgment, regard ing  the  fol lowing parameters  : 
SPS no i se  and harmonic-frequency power, SPS o f  f -ax is  antenna ga in ,  o  f f - ax i s  
antenna ga in  for the. ad j acen t  o a t e l l i t e ,  ad j acen t  s a t e l l i t e  f i l t e r i n g  , and 
ad j acen t  s a t e l l i t e  sy s t em 'no i se  and i n t e r f e r e n c e  s u s c e p t i b i l i t y .  This  approx- 
imate a n a l y s i s  shows t h a t  GEO spac ings  of  l e s s  than  l o  would probably not  be 



accep tab le .  As t h e  SPS technology and des ign  develops and a s  t h e  cha rac t e r -  
i s t i c s  of f u t u r e  s a t e l l i t e s '  become a v a i l a b l e ,  a  more-accurate assessment of 
t h e  r equ i r ed  GEO spac ings  w i l l  be poss ib l e .  

As an  example of SPS i n t e r f e r e n c e  with a  GEO s a t e l l i t e  separa ted  from 
t h e  s o l a r  power s a t e l l i t e  by 180°, INTELSAT was analyzed.  Figure 17,  which 
shows t h e  geometry used i n  t hese  c a l c u l a t i o n s ,  i l l u s t r a t e s  t h a t  t h e  angle  from 
t h e  SPS antenna a x i s  t o  t h e  e a r t h ' s  o p t i c a l  horizon would be 8.65", while  
t h e  ang le  between the  SPS antenna a x i s  and INTELSAT would be 10.25". 

Using an e s t i m a t e  of t h e  SPS antenna ga in  i n  t he  d i r e c t i o n  of INTELSAT, 
t h e  2.45-GHz power d e n s i t y  a t  INTELSAT was ca l cu la t ed  and compared wi th  the  
INTELSAT t ransponder  s a t u r a t i o n  l e v e l s .  This  comparison showed a  wide margin 
o f  s a f e t y .  Since o t h e r  communication s a t e l l i t e s  have s i m i l a r  i n t e r f e r e n c e  
t h r e s h o l d s ,  the SPS would n o t  i n t e r f e r e  with GEO s a t e l l i t e s  near  180" separa- 
t ion .  

5.2.10 Astronomy 

'Much of our knowledge about t h e  universe  o u t s i d e  of our s o l a r  system 
h a s  been obtained by s tudying the e lec t romagnet ic  emissions of c e l e s t i a l  

Fig. 17.  Geometry Used i n  Ca lcu la t ions  of  I n t e r f e r e n c e  
between SPS and INTELSAT Spacecraf t  



o b j e c t s .  Because t h e  most d i s t a n t  o b j e c t s  a l s o  have t h e  f a i n t e s t . e m i s s i o n s ,  
as t ronomers  have at tempted t o  develop the  most s e n s i t i v e  d e t e c t o r s ' p o s s i b l e .  
Because t h e s e  d e t e c t o r s  a r e  so  s e n s i t i v e ,  t hey  a r e  l i m i t e d  by i n t e r f e r e n c e  due 
t o  o t h e r  sources  of  r a d i a t i o n .  The e f f e c t  o f  t h e  SPS would be t o  s u b s t a n t i a l -  
l y  i nc rease .  t h e  amount of  man-made i n t e r f e r i n g  r a d i a t i o n .  This would f u r t h e r  
l i m i t  as t ronomers '  a b i l i t y  t o  observe f a i n t  o b j e c t s .  The primary SPS e f f e c t  
on o p t i c a l  astronomy would be  a  r e s u l t  o f  increased  sky b r i g h t n e s s .  

The i n c r e a s e  i n  sky b r i g h t n e s s  would come from s u n l i g h t  r e f l e c t e d  from 
t h e  SPS s o l a r  c e l l s .  Using t h e  lowest e s t i m a t e s  o f  l i g h t  s c a t t e r i n g  f o r  t h e  
SPS r e f e r e n c e  system, each  s a t e l l i t e  would be  a s  b r i g h t  a s  t h e  p l ane t  Venus a t  
i t s  b r i g h t e s t .  This  would make t h e  s a t e l l i t e s  t h e  t h i r d  b r i g h t e s t  o b j e c t s  i n  
t h e  sky; o n l y  t h e  sun and t h e  moon would be b r i g h t e r .  The .magnitude of  t h e  
e f f e c t  i s  a  func t ion  o f  SPS des ign .  

Any i n c r e a s e  i n  t h e  b r i g h t n e s s  of t h e  sky r e s u l t s  i n  a  p ropor t i ona l  
r e d u c t i o n  i n  t h e  e f f e c t i v e  a p e r t u r e  of  a  t e l e scope  when i t  i s  being used on 
f a i n t  sources .  The p red i c t ed  i n c r e a s e s  of sky b r i g h t n e s s  from 60 s a t e l l i t e s  
sugges t  t h a t ,  a t  a  minimum, any obse rva to ry  would be  prevented from e f f e c t i v e -  
l y  observ ing  f a i n t  sou rces  i n  a  10" by 70" band def ined  by the '  l i n e  of  s a t e l -  
l i t e s .  There 'would a l s o  be  a  n o t i c e a b l e  e f f e c t  on obse rva t ion  over  a  r eg ion  
more than  60" by 90" (approximately h a l f  of  t h e  n i g h t  sky) .  

For r a d i o .  astronomy and deep space r e sea rch ,  SPS would have t h r e e  
p o t e n t i a l  major e f f e c t s .  Microwave r a d i a t i o n  leak ing  from a  s i n g l e  s a t e l -  
l i t e ' s  power beam could temporar i ly  overload o r  permanently damage s e n s i t i v e  
r e c e i v e r s  us'ed f o r  r a d i o  obse rva t ion .  This  e f f e c t  would prevent  succes s fu l  
o p e r a t i o n  o f  cen t ime te r -wave  r a d i o  t e l e s c o p e s  l o c a t e d  t o o  c l o s e  t o  SPS 
r e c t e n n a s  o r  t o  r e g i o n s  o f  h i g h  l e a k a g e .  N e c e s s a r y  a v o i d a n c e  d i s t a n c e s  
could  be hundreds of k i l ome te r s ,  and even a t  those  d i s t a n c e s  some problems 
might remain. The e f f e c t  would also  prevent  s t l cc~nnfu l .  operat ion of ouch 
t e f e s c o p e s  i f  t h e y  were p o i n t e d  t o o  n e a r  t h e  l i n e  o f  power s a t e l l i t e s .  
The magnitude of  t h i s  e f f e c t  could be in f luenced  t o  a  l i m i t e d  e x t e n t  by t h e  
d e s i g n  o f  t h e  r a d i o  t e l e scope  and by d e s i g n  o f  t h e  SPS. 

The second major e f f e c t  would a r i s e  i f  power beam leakage f r o m  two 
o r  more s a t e l l i t e s  were rece ived  s imul taneous ly  by a  s i n g l e  r a d i o  t e l e scope .  
Depending upon SPS des ign ,  t h e  r e s u l t  could be a  slow, p a r t l y  random v a r i a t i o n  
i n  r e c e i v e r  p r o p e r t i e s .  This  could be extremely d i f f i c u l t  t o  d i s t i n g u i s h  from 
n a t u r a l  a s t r o n o m i c a l  p r o c e s s e s .  A s  a  r e s u l t ,  m u l t i s a t e l l i t e . p o w e r  beam 
leakage  could do markedly g r e a t e r  harm. 

.The t h i r d  major e f f e c t  would r e s u l t  from u n i n t e n t i o n a l  r a d i o  emiss ions  
a s s o c i a t e d  wi th  massive amounts of  microwave power o r  with t h e  presence of 
l a r g e ,  warm s t r u c t u r e s  i n  o r b i t .  These emissions from power s a t e l l i t e s  would 
make the  s a t e l l i t e s  appear  a s  i n d i v i d u a l  s t a t i o n a r y  r a d i o  s o u r c e s , ' u n l i k e  
n a t u r a l  r a d i o  sources .  , Emissions o r i g i n a t i n g  a t  t h e  r ec t ennas  could be  much 
l i k e  o t h e r  t e r r e s t r i a l  sources  of i n t e r f e r e n c e ,  Emissions i n  t h e  a l l o c a t e d  
r a d i o  astronomy bands a r e  s u b j e c t  t o  c q n s t r a i n t s  under i n t e r n a t i o n a l  t r e a t y . 9  
Emissions a t  o t h e r  f r equenc i e s  can a l s o  harm a  s u b s t a n t i a l  number o f  important  
r a d i o  astronomy obse rva t ions  t h a t  occur a t  s p e c t r a l  l i n e s  and f requenc ies  
o f  oppor tun i ty  o u t s i d e  t h e  p ro t ec t ed  bands. 



While t h e  p o t e n t i a l  SPS e f f e c t s  on r a d i o  and o p t i c a l  astronomy a r e  
q u i t e  d i v e r s e ,  t h e r e  a r e  two important  e f f e c t s  of common o r i g i n  t h a t  would 
a f f e c t  bo th  a r e a s  of r e sea rch .  Because t h e  s a t e l l i t e s  would be  i n  geosta-  
t i o n a r y  o r b i t ,  they  would occupy the  same p o r t i o n  of t he  sky a t  a l l  t imes.  
The re fo re ,  a  f i x e d  r eg ion  of t h e  sky would. no t  be usab le  f o r  as t ronomica l  
r e s e a r c h .  The s i z e  o f  t h e  reg ion  would depend on t h e  des ign  of t h e  s a t e l -  
l i t e s ,  t h e  p a r t i c u l a r  obse rva t ion  being made, and the  kind of  i n s t rumen ta t i on  
be ing  used.  The second e f f e c t  i s  t h a t  t h e  source  of e lec t romagnet ic  i n t e r -  
f e r e n c e  and  l i g h t  p o l l u t i o n  would b e  h i g h  i n  t h e  s k y .  A s  a  r e s u l t ,  t h e  
g e n e r a l  s t r a t e g y  of p l ac ing  o b s e r v a t o r i e s  i n  remote l o c a t i o n s  t o  avoid l o c a l  
i n t e r f e r e n c e  and l i g h t  p o l l u t i o n  would be of  v e r y  l i t t l e  h e l p  i n  m i t i g a t i n g  
SPS e f f e c t s  on a s t ronomica l  obse rva t ions .  

F i n a l l y ,  i nc reased  sky b r i g h t n e s s  would a f f e c t  n o t  on ly  o p t i c a l  as t ron-  
omy, bu t  aeronomy ao w e l l .  Aeronomers s t i ~ d y  t h e  phys ics  and chemistry "1 the 
upper  atmosphere by o b s e r v i r ~ g  u a i u r a l  ly  occu r r ing  o p t i c a l  emissions surh as 

a i rg low.  This i s  d i f f i c u l t  t o  d i s t i n g u i s h  from o the r  i n c r e a s e s  i n  n igh t  sky 
b r i g h t n e s s .  I t  h a s  b e e n  c o n c l u d e d  t h a t  a  s u b s t a n t i a l  f r a c t i o n  o f  f a i n t  
a i r g l o w  s t u d i e s  a r e  i n c o m p a t i b l e  w i t h  t h e  c u r r e n t  SPS r e f e r e n c e  s y s t e m .  

A s  t he  SPS technology deve lops ,  t h e  c o m p a t i b i l i t y  with astronomy w i l l  
b e  a  major c o n s i d e r a t i o n .  Designs f o r  s o l a r  power s a t e l l i t e s  should be based 
on c a r e f u l  c o n s i d e r a t i o n  o f  r e f l e c t i v i t y  and i t s  p o t e n t i a l  f o r  change over  t h e  
l i f e t i m e  of t h e  system. Ba f f l i ng  systems might be  u s e f u l .  Reflected l i g h t  
from LEO s t r u c t u r e s  and i t s  e f f e c t s  on sky b r i g h t n e s s  a r e  now being analyzed 
f o r  v a r i o u s  me teo ro log ica l  cond i t i ons .  The e f f e c t  o f  o p t i c a l  and i n f r a r e d  
emiss ions  from ionospher ic  o r  atmospheric h e a t i n g  needs t o  be e s t ima ted .  

Although a  s u b s t a n t i a l  b a s i s  a l r e a d y  e x i s t s  f o r  q u a n t i t a t i v e  e v a l u a t i o n  
o f  SPS r a d i o  i n t e r f e r e n c e ,  u n c e r t a i n t i e s  remain concerning p r o p e r t i e s  of SPS 
and r a d i o  astronomy equipment and i n  s e v e r a l  ca se s  prec lude  q u a n t i t a t i v e  
e s t i m a t e s  of e f f e c t s .  &ong t h e  a r e a s  recommended f o r  fui ' ther  s tudy  are:  

Noise Radia t ion .  U n c e r t a i n t i e s  i n  t h e  n o i s e  l e v e l s  i n  t h e  
pro tec ted  bands make i t  c l e a r  t h a t  n o i s e  measurements f o r  
any planned system w i l l  be r equ i r ed  a t  an e a r l y  s t a g e .  

E f f e c t  on t h e  Nat iona l  Astronomy Labora to ry ' s  Very Large 
Array f a c i l i t y  i n  New Mexico and the  Arecibo Observatory 
i n  Pue r to  Rico. Current  engineer ing  d a t a  are not  adequate 
t o  determine t h e  l e v e l  of 4.9-GHz second-harmonic i n t e r -  
fe rence  t o  t h e s e  two unique f a c i l i t i e s .  

Rec'tenna S i t i n g  . Rectennas would Leak e lec t romagnet ic  
r a d i a t i o n .  I t s  e f f e c t  on e x i s t i n g  f a c i l i t i e s  n e e d s  
t o  be  q u a n t i f i e d .  

R e r a d i a t e d  Ene rgy .  Rec t enna  a r r a y s  would r e r a d i a t e  
e n e r g y  a t  v a r i o u s  f r e q u e n c i e s  i n  t h e  r a d i o  s p e c t r u m .  
Rectenna p r o p e r t i e s  a r e  not  ye t  s u f f i c i e n t l y  def ined  t o  
a l low a  meaningful assessment of  t h e  consequences of  t h i s  
r a d i a t i o n .  
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5.2.11 Mojave Rectenna S i t e  Analys i s  

Representa t ive  rec tenna  s i t e s  have been i d e n t i f i e d  by N A S A . ~ ~  One o f  
t h e s e  s i t e s ,  i n  t h e  Mojave Deser t  i n  southern  C a l i f o r n i a ,  was s e l e c t e d  fo r  
d e t a i l e d  s tudy.  The proposed rec tenna  would cover  roughly 100 km2. The 
e v a l u a t i o n  of SPS e lec t romagnet ic  c o m p a t i b i l i t y  f o r  t h i s  s i t e  provided d a t a  
f o r  one p o s s i b l e  s i t e ,  helped e s t a b l i s h  f u t u r e  s i t e  s e l e c t i o n  and e v a l u a t i o n  
c r i t e r i a ,  and a l l o w e d  a  l i m ' i t e d  e x e r c i s e  o f  t h e  EMC d a t a  r e t r i e v a l  and 
a n a l y s i s  procedures  t h a t  would be r equ i r ed  f o r  a l l  candida te  rec tenna  s i t e s .  
A model was developed t o  p r e d i c t  f i e l d  s t r e n g t h s  a t  and nea r  t h e  s u r f a c e  of 
t h e  e a r t h  f rom SPS microwave e m i s s i o n s .  Equipment and s y s t e m s  n e a r  t h e  
r ec t enna  s i t e  t h a t  would' be s u s c e p t i b l e  t o  SPS r a d i a t i o n  were ca t ego r i zed  by 
func t ion ,  coupl ing  modes, l o c a t i o n ,  and in t e r connec t ions .  Func t iona l  degrada- 
t i o n  due t o  SPS i n t e r f e r e n c e  was then computed t o  determine t o  what e x t e n t  
normal o r  necessary  o p e r a t i o n s  would be compromised. 

F i g u r e  14  shows an  SPS power beam p r o f i l e  f o r  t h e  assumed s p a c e  
an tenna .  Note t h a t  t h e  f i e l d  i n t e n s i t y  beyond 30 km from t h e  c e n t e r  of  t h e  
r ec t enna  s i t e  would be about 1 V/m a t  t h e  2.45-GHz frequency. This  would 
r e p r e s e n t  a  s i z a b l e  i n t e r f e r e n c e  input  t o  communication systems ope ra t i ng  
w i t h i n  100 km of  t he  r ec t enna  s i t e .  F i e ld  i n t e n s i t i e s  measured a t  communica- 
t i o n  systems an tennas  a r e  u s u a l l y  i n  t h e  microvol ts-per-meter  (uV/m) range.  
F o r  high-power t e l e v i s i o n  o r  AM a n d  FM b r o a d c a s t i n g  s t a t i o n s ,  t h e  f i e l d  
i n t e n s i t y  beyond a  k i lometer ,  bu t  w i th in  30-50 km, may normally be i n  t h e  
m i l l i v o l t s - p e r - m e t e r  range.  The l e v e l  o f  a  f i e l d  i n t e n s i t y  measured a t  a home 
TV antenna would most l i k e l y  be i n  t h e  microvol t -per-meter  range.  The amount 
o f  energy beyond the  rec tenna  s i t e ,  due t o  s ide- lobe s t r u c t u r e ,  can be put 
i n t o  pe r spec t ive  by comparison wi th  t h e s e  va lues .  

Added t o  t h e  e lec t romagnet ic  f i e l d  due t o  d i f f r a c t i o n  would be t h e  
power s c a t t e r e d  from t h e  main beam by atmospheric  e f f e c t s .  SPS energy could 
b e  d i spe r sed  through l o s s ,  beam s c a t t e r i n g ,  and mu l t i pa th  mechanisms. Atmos- 
phe r i c  s c a t t e r i n g  and mu l t i pa th  mechanisms inc lude  sandstorms,  r a i n ,  me l t i ng  
h a i l ,  atmospheric l a y e r s  (mu l t i pa th ) ,  atmospheric a e r o s o l s ,  and turbulence .  
I n  a d d i t i o n ,  energy would s c a t t e r  o f f  t he  t e r r a i n  and the  rec tenna  s u r f a c e .  

To show the EMC e f f e c t  of r a i n ,  even i n  a  semi-arid l o c a t i o n ,  s t a t i s -  
t i c s  were ga thered  from Bake r s f i e ld ,  C a l i f o r n i a ,  t h e  n e a r e s t  s i t e  t o  t he  s tudy  
r ec t enna  s i t e  where r eco rds  a r e  kept .  Bake r s f i e ld  r e c e i v e s  r a i n  a t  a  r a t e  of  
about  9 m / h r  on t h e  average of  about one hour per  yea r ,  and a t  t h e  extreme 
(one year  ou t  o f  200) r ece ives  17 m / h r  f o r  one hour dur ing  a  year .  For about 
f i v e  minutes  of an  average year ,  Bake r s f i e ld  r e c e i v e s  19 mm/hr o f  r a i n ,  and 
4 7  mm/hr a t  t h e  one-out-of-200-years extreme f o r  f i v e  minutes .  Sca t t e r ed  
power d e n s i t i e s  can be p red i c t ed  a s  a  func t ion  o f  r a i n  r a t e . l l  Resu l t s  a r e  
shown i n  Table 10,  based on Bake r s f i e ld  d a t a  f o r  average cond i t i ons ,  f o r  f i v e  
s i t e s  surrounding t h e  Mojave rec tenna  s i t e .  These s i t e s  have r e l a t i v e l y  l a r g e  
deployments of m i l i t a r y  systems. The v a l u e s ' l i s t e d  i n  t h e  t a b l e  could be o f  - .  . . 

cons ide rab l e  importance t o  systems ope ra t i ng  i n  such an environment.  

The amount o f  p o t e n t i a l  e l e c t r o m a g n e t i c  e n e r g y  from a l l  forms o f  
s c a t t e r ,  inc lud ing  t h a t  from t h e  r ec t enna  i t s e l f  ( n o t  c a l c u l a t e d  y e t ) ,  added 
t o  the power from t h e  s i d e  lobes ,  could be s i g n i f i c a n t  f o r  systems out  t o  100 
km from t h e  rec tenna  s i t e . .  To a s s e s s  t h e  impact on systems n e a r  t h e  Mojave 



Table 10. Scattered Power Densities - Average Rain Conditions 

Distance Power Density Field Intensity 
from 

Rec tenna 
( 10'7 m~lcrn2) .(mV/m> 

Site (km) 1 hrIyr 5 minlyr 1 hrIyr 5 min/yr 

China Lake Airstrip 6 4 5.3 2 1 45 88 
Downtown Barstow 51 8.3 33 56 111 
Edwards AFB Airstrip 4 3 1.2 4 6 21 13 1 
Restricted Area R2524 5 3 7.7 30 54 107 
George AFB Airstiip 6 1 5.8 23 . 4 7 9 3 

site, an area 145 km by 145 km with the proposed recteana s i ~ e  at thc center 
was chosen as a data sample area. All electromagnetic systems operating 
within this geographic boundary between 75 MHz and 5 GHz were tabulated. The 
active files showed 813 government and 685 civilian systems in operation. The 
equipment/system categories identified were: 

Military Development and Operational Test and Evaluation 

Instrumentation radars - conical scan and monopulse 
modes - 

Traffic monitor/control radars 
Radar transponders 
Radar signal and funct innal replicators 

. Wideband monitor receivers with recognitionldecision 
.software-scan instantaneous-frequency modes 

Television cameras for target position track 
EM system operational monitors - multiple wi'dcband 
receivers with processing software 

Range comreand/control cammuaications networks 
Range telemetry communications networks 

Utility network c~mmandlcontrol and telemetry , 

Pipeline network command/control and eelr .~ueI:ry 
Water resource telemetry 
Multiplexed carrier networks - two major service 

sys terns 

Transportat ion Support Systems 

Railroad mobile equipments - yards and enroute 
complex 

Air traffic control network 
Emergency services - mobile, base station, and relay 
equipment - medical and general emergency applica- 
t ions 

Railroad "car condition" monitors 



Publ ic  Serv ice  Communications 

S t a t e  of  C a l i f o r n i a  backbone network 
Law e n f o r c e m e n t  s y s t e m s  - s t a t e ,  c o u n t y ,  c i t y  - 

mobile,  r e l a y ,  and base s t a t i o n  equipment 
Fo re s t  s e r v i c e  u n i t s  
F i r e  and government emergency systems - county and 

c i t y  o p e r a t i o n s  
Common c a r r i e r  networks - t e lephone ,  d a t a ,  t e l e v i s i o n  

s e r v i c e s  - remote-area vo i ce  l i n k s  

Spec i a l i zed  Serv ices  

Space t r a c k i n g  and monitor ing f a c i l i t i e s  (Goldstone 
a r e a )  

Rai l road  hump r a d a r s  

The c h a r a c t e r  o f  f u n c t i o n a l  d e g r a d a t i o n  t h a t  would b e  i nduced  by 
t h e  SPS i n t o  major equipment, c a t e g o r i e s  deployed near  t he  Mojave s i t e  i s  
i n d i c a t e d  i n  Table 11. The systems l i s t e d  a r e  h i g h - p r i o r i t y  ope ra t i ons  t h a t  
encompass  r e l a t i v e l y  l a r g e  g e o g r a p h i c  a r e a s  a round  t h e  p e r i p h e r y  o f  t h e  
r ec t enna  s i t e .  The elements of  performance degrada t ion  c i t e d  r ep re sen t  an 
average over  a l l  ope ra t i ng  modes and geographic  ranges f o r  t h i s  p a r t i c u l a r '  
s i t e .  

The performance degrada t ion  ind i ca t ed  i n  Table 11 would compromise 
t h e  ope ra t i on  of t he  m i l i t a r y  ins t rumenta t ion  and systems employed i n  opera- 
t i o n a l  t e s t i n g  a t  t he  m i l i t a r y  s i t e s  l i s t e d  i n  Table  10 and the  command/ 
c o n t r o l  and o t h e r  communications f a c i l i t i e s  a s s o c i a t e d  wi th  t h e .  r e sou rce  
management o p e r a t i o n s  of u t i l i t i e s  and municipal /county governments. This  
a n a l y s i s  provided t h e  b a s i s  f o r  c u r r e n t  development of  mod i f i ca t i on  techniques  
f o r  e lec t romagnet ic  equipment and system n p ~ r a t i o n ~  t o  ensure an accep tab l e  
l e v e l  of  performance i f  i l l umina t ed  by an  SPS source .  

For t h e  Mojave r ec t enna  s i t e  analyzed and o t h e r  s i t e s  with a  s i m i l a r  
mix of  m i l i t a r y  and c i v i l  systems, mod i f i ca t i on  recommendations would empha- 
s i z e  t h e  c i v i l i a n  a r e a .  S u p p o r t  equ ipmen t  ( e  . g . ,  r a d a r  telemetry, TV) 
could be i i~udi f ied  f o r  .opera t ion  wi th in  a  range of 40-50 km from a rec tenna .  
M i l i t a r y  e lec t romagnet ic  systems could no t  be modified because of  t h e  unac- 
c e p t a b l e  ~ r o b a b i l i , t y  of  o p e r a t i o n a l  compromise; system performance o r  pro- 
cedures  i n  " t e s t  and eva lua t ion"  e x e r c i s e s  would have l i t t l e  o r  no r e l a t i o n  t o  
combat o p e r a t i o n s .  

The pre l iminary  assessment of t h e  e f f e c t  of  SPS microwave emissions 
on e l e c t r o n i c  systems demonstrates  t he  ope ra t i ona l  degrada t ion  t h a t  would 
occur  w i th in  approximately 100 km of t h e  rec tenna  s i t e .  The Mojave s i t e  
e v a l u a t i o n  shows a  wide range o f  performance degrada t ion ,  p a r t i c u l a r l y  i n  
m i l i t a r y  systems. The b a s i c  f u n c t i o n a l  and o p e r a t i o n a l  impacts of SPS would 
be  of  such magnitude t h a t  i n  many i n s t a n c e s  they  would r e p r e s e n t  unacceptable  
o r  impossible  compromises and b i a s e s  f o r  t h e  test and e v a l u a t i o n  e x e r c i s e s  
performed by the  involved m i l i t a r y  f a c i l i t i e s .  

The Mujave s i t e  would a l l o w  a reason"ab1e  r e c t e n n a  i s o l a t i o n  from 
a r e a s  of even modest popula t ion  d e n s i t y ,  b u t  i t  would p re sen t  s e r i o u s  i n t e r -  
f e r ence  impacts upon s u r f a c e  and a i r c r a f t  e l e c t r o n i c  systems. Near t h i s  s i t e ,  
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Table  11. Induced Func t iona l  Degradation Summary f o r  t h e  Mojave Area 

Func t ion C h a r a c t e r i s t i c  E f f e c t s  

In s t rumen ta t i on  r a d a r  Cooperative t a r g e t  a c q u i s i t i o n  range:  -(8-20%) 
( m i l i t a r y  t e s t  ranges)  Skin t a r g e t  a c q u i s i t i o n  range:  -(13-28%) 

Cooperat ive t a r g e t  t r a c k  e r r o r :  +(15-40%) 
Skin t a r g e t  t r a c k  e r r o r :  +(22-65%) 
Loss of t r a c k  loop  lock ( s k i n  mode) p r o b a b i l i t y  

h i nc rease  : +( 10-40%) 

Commandlcontrol and S igna l  a c q u i s i t i o n  th rcohold :  +(5-20%) 
t e l e m e t r y  communications Data e r r o r :  +(5-28%) 
( m i l i t a r y  t e s t  ranges) Sync l o s s  p r o b a b i l i t y :  +(3-25%) 

T a c t i c a l  s i g n a l  i d e n t i f  i- Fa l se  a larm p r o b a b i l i t y  o u t s i d e  miss ion  
c a t i o n  - a n a l y s i s  systems zone: +(3-25%) 

F a l s e  a larm p r o b a b i l i t y  w i t h i n  miss ion  
zone: +(18-60%) # 

Receiver n o i s e  t h r e sho ld :  +(5-40%) 
Signa l  p rocess ing  t ime:  +(45-115%) 
Software overload p r o b a b i l i t y  i nc rease :  

+ ( 2-26%) 

IR scanner  ( t a c t i c a l  system) Video n o i s e  t h r e sho ld :  +(2-26%) 
Target  detectionlidentification p r o b a b i l i t y :  

- I5-33%) 

U t i l i t y  and p i p e l i n e  S igna l  a c q u i s i t i o n  t h r e sho ld :  -(5-15%) 
command/contr~I/telerutlt:ry Data e r r o r :  +( 10-30%) 
communicae ions Link noi.se: +(5-20%) 

Image i n t e n s i f i e r s  Video n o i s e  l e v e l  : +( 10-45%) 
Standard t a r g e t  d e t e c  t i o n l i d e n t  i f i c a t  ion 

range : -( 5-30%) 
Mul t ip le  t a r g e t  s p a t i a l  r e s o l u t i o n :  -(2-60%) 

Nonfederal government Channel no i se :  +(5-15%) 
Communications Data e r r o r :  +(8-35%) 

m i l i t a r y  o p e r a t i o n s  would s u f f e r  mos t  o f  t h e  i n t e r f e r e n c e  p rob lems ;  t h e  
systems t h a t  would be degraded a r e  i n t e g r a l  components of  complex t e s t i n g  and 
e v a l u a t i o n  programs. These m i l i t a r y  programs r e q u i r e  t h e  degree of  i s o l a t i o n  
a f fo rded  by the  Mojave r eg ion .  

Based on t h e  probable  o p e r a t i o n a l  system deg rada t ion  near. t h e  MDjave 
s i t e  and t h e  i n a b i l i t y  t o  e s t a b l i s h  m i t i g a t i n g  s t r a t e g i e s  without  an unaccept- 
a b l e  p r o b a b i l i t y  of o p e r a t i o n a l  compromise, a  second s i t e  no r th  and e a s t  of  
t h e  o r i g i n a l  s i t e  was s t u d i e d .  . A cu r so ry  look a t  t h e  v i c t im  systems sur -  
rounding t h e  new s i t e  i n d i c a t e s  d i f f e r e n t  f u n c t i o n a l  c l a s s e s  t h a t  would lend 
themselves  t o  m i t i g a t i n g  s t r a t e g i e s .  Modi f ica t ions  t o  most of  t h e s e  could b e .  
accomplished t o  produce c o m p a t i b i l i t y  i n  t h e  SPS rec tenna  environment. 



The Mojave a r e a  lends  i t s e l f  wel l  t o  r e s i t i n g  because of  t h e  l a r g e  
expanse of open, f l a t  t e r r a i n .  The ,  development o.f new s i t e s  i n  most geo- 
g r a p h i c a l  a r e a s  would n o t  be  a s  s i m p l e ,  and m i g h t  b e  i m p o s s i b l e ,  d u e  t o  
popula t ion  d e n s i t y ,  t e r r a i n  f e a t u r e s ,  e lectromagnet ic-system d e n s i t y ,  e t c .  
Genera l ly  t h e  no r the rn  and e a s t e r n  reg ions  of  t h e  United S t a t e s  would inc lude  
major t r a n s p o r t a t i o n  and commercial communications f a c i l i t i e s .  Because of  t he  
popula t ion  and bus ines s  d e n s i t i e s ,  t h e  t o t a l  number o f  systems t h a t  would be  
a f f e c t e d  by t h e  SPS would be  l a r g e r .  

5.3 SUMMARY AND CONCLUSIONS 

Although t h e r e  a r e  ques t  i ons  t o  be r e so lved ,  coope ra t i ve  agreements t o  
be  made, and i n t e r f e r e n c e  m i t i g a t i o n  s t r a t e g i e s  t o  be  developed, none of t he  
e lec t romagnet ic  c o m p a t i b i l i t y  i s s u e s  a s se s sed  prec ludes  t h e  cont inued r e sea rch  
and assessment  o f  SPS technology. 

5.3.1 E f f e c t  .on E l e c t r o n i c  Equipment i n  ~ e n e r a . 1  

Conventional models of  . e l e c  tromagAe t i c  i n t e r f e r e n c e  and engineer ing  
p r a c t i c e s  can be used t o  determine t h e  e lec t romagnet ic  s u s c e p t i b i l i t y  of 
e l e c t r o n i c  equipment t o  t h e  microwave energy t h a t  would be produced by t h e  
s a t e l l i t e  power, system. Microwave t ransmiss ion  by a  power s a t e l l i t e  would 
r e p r e s e n t  a  source  of  p o t e n t i a l  i n t e r f e r e n c e  t o  many types  of  e l e c t r o n i c  and 
e l e c t r i c a l  equipment under a  wide , range o f  rec tenna  s i t i n g  s i t u a t i o n s .  The 
uniqueness  of SPS i n t e r f e r e n c e  r e l a t e s  more t o  t h e  scope of  t he  p o t e n t i a l  
problem ( t h e  number of  systems t h a t  might be a f f e c t e d )  than  t o  t h e  kinds of 
i n t e r f e r e n c e  t h a t  might r e s u l t  i n  t h e  absence o f  ame l io ra t i ve  measures.  The 
p r i n c i p a l  s t r a t e g i e s  f o r  avoiding o r  minimizing SPS i n t e r f e r e n c e  a r e  c a r e f u l  
engineer ing  des ign  of t h e  micpowave t r a n s m i t t i n g  and r ece iv ing  an tennas ,  
j ud i c ious  r ec t enna  s i t i n g ,  and convent iona l  methods such a s  s h i e l d i n g ,  f i l t e r -  
i ng ,  and s p e c i a l  de s ign  p r a c t i c e s .  With t he  except  ion of s e n s i t i v e  m i l i t a r y '  
and r e sea rch  systems, equipment more than 100 km from a r ec t enna  s i t e  would 
n o t  be expected t o  r e q u i r e  mod i f i ca t i on  o r  s p e c i a l  de s ign  t o  avoid deg rada t ion  
i n  performance. 

5.3.2 ' S a t e l l i t e s  

So la r  power s a t e l l i t e s  would have t h e  p o t e n t i a l  t o  i n t e r f e r e  with o t h e r  
s a t e l l i t e s  i n  s p a c e .  S a t e l l i t e s  i n  LEO t h a t  would p a s s  t h r o u g h  t h e  SPS 
microwave beam would r e q u i r e  s p e c i a l  des ign  mod i f i ca t i ons ,  s h i e l d i n g ,  and 
f i l t e r i n g .  Adjustments i n  ope ra t i ona l  procedures  t o  account f o r  passage near  
o r  through t h e  beam probably a l s o  would Le r equ i r ed .  , 

S a t e l l i t e s  i n  GEO, i f  s u f f i c i e n t l y  s epa ra t ed  from t h e  s o l a r  power 
s a t e l l i t e ,  would no t  be expected t o  be  a f f e c t e d .  This  would be t r u e  even f o r  
s a t e l l i t e s  i n  a  GEO p o s i t i o n  oppos i t e  ( s epa ra t ed  by 180")  t h e  power s a t e l l i t e ?  
The a l lowable  spacing between a  s o l a r  power s a t e l l i t e  and o t h e r  s a t e l l i t e s  i n  
.GEO would probably not be l e s s  than l o ,  but  t h i s  i s  based on approximate 
ana lyses  t h a t  w i l l  r e q u i r e  ref inement  a s  t h e  SPS technology develops.  



5.3 .3 '  M i l i t a r y  Systems 

M i l i t a r y  equipment used a t  major n a t i o n a l  defense i n s t a l l a t i o n s  f o r  
combat t r a i n i n g  and equipment eva lua t ion  usua l ly  i s  e s p e c i a l l y  s e n s i t i v e  
t o  extraneous e lec t romagnet ic  f i e l d s .  Mi t iga t ion  s t r a t e g i e s  a r e  s eve re ly  
l i m i t e d  by the  need, t o  s imu la t e  combat-like environments a t  t h e  i n s t a l l a t i o n s ,  
' inc lud ing  e lec t romagnet ic  emissions from - fo re ign  equipment. ~l though sen- 
s i t i v e  m i l i t a r y  systems could be modified and adapted t o  perform a t  a  pre- 
determined l e v e l ,  t he  low p r o b a b i l i t y  of e r r o r  o r  t h e  high s a f e t y  margins 
designed i n t o  t h e s e  systems could be compromised. It  i s  l i k e l y  t h a t  t he  only 
accep tab le  s t r a t e g y  f o r  m i t i g a t i n g  SPS i n t e r f e r e n c e  with m i l i t a r y  systems 
would be rec tenna  s i t i n g .  

5.3.4 Astronomy 

Astronomy,  b o t h  r a d i o  and  o p t i c a l ,  i n v o l v e s  s t u d y  o f  t h e  weakes t  
measurable  s i g n a l s  from t h e  sky. The SPS would produce l a r g e  a d d i t i o n s  t o  
e x i s t i n g  i n t e r f e r e n c e  i n  t h e  r a d i o ,  i n f r a r e d ,  and o p t i c a l  po r t ions  of the  
spectrum, h inder ing  as t ronomica l  observa t ions .  Mi t iga t ion  s t r a t e g i e s  t h a t  
r e q u i r e  mod i f i ca t ion  of t h e  astronomical  equipment ( e .g . ,  f i l t e r i n g )  would 
reduce  t h e  range of t h e  observa t ions .  Rectenna s i t i n g  and t e r r a i n  sh i e ld ing  
would not  be s u f f i c i e n t l y  e f f e c t i v e  because the  i n t e r f e r e n c e  source ,  t h e . s o l a r  
power s a t e l l i t e ,  would be high i n  t h e  sky. A's t he  SPS technology develops,  
t h e  c o m p a t i b i l i t y  with astronomy w i l l  be a  major c o n s i d e r a t i o n . .  The most 
l i k e l y  m i t i g a t i o n  s t r a t e g i e s  would involve the  des ign  of  t h e  SPS. 
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