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FOREWORD 

The S a t e l l i t e  Power System (SPS) i s  a concept f o r  o b t a i n i n g  basel.oad, 
i. e., cont inuous, e l e c t r i c  power f rom t h e  sun. I t  invo l ves  p l a c i n g  
l a r g e  ar rays  of photovol t a i c  c e l l  s i n  geos ta t ionary  e a r t h  o r b i t  , where 
they would rece ive  cont inuous i l l u m i n a t i o n  by the  sun, except f o r  
per iods  o f  as much as 40 minutes per  n i g h t  near t h e  equinoxes, when 
t h e  ar rays  would be i n  t h e  e a r t h ' s  shadow. The power would be t r a n s m i t t e d  
t o  t h e  ground us ing  microwave beams, accord ing t o  t h e  re fe rence system 
concept. 

The sca le  o f  t he  re fe rence system i s  very la rge ,  i n v o l v i n g  5-GW power 
u n i t s  i n  space (by comparison, a present  day nuc lea r  power r e a c t o r  
produces about 1 GW). One 5-GW power s a t e l l i t e  would have a s o l a r  
c o l l e c t o r  a r r a y  o f  area 5 x 10 km and a mass o f  37,000, - 50,000 m e t r i c  
tons i n  o r b i t ;  the  microwave r e c e i v i n g  antenna on t h e  ground would cover 
a 10 x 13 km e l l i p s e .  The re fe rence concept presumes t h a t  two s a t e l l i t e s  
would be b u i l t  each yea r  between 2000 and 2030 t o  p rov ide  some 25% of 
t o t a l  U. S. e l e c t r i c  power needs a t  t h a t  t ime. 

Environmental impact s tud ies  a re  d i v i d e d  i n t o  f i v e  major  tasks,  namely: 

I 1 - Hea l th  and eco log i ca l  e f f e c t s  o f  microwave r a d i a t i o n  

I 2 - Other e f f e c t s  on h e a l t h  and t h e  environment 

I 3 - E f f e c t s  on t h e  atmosphere 

4 - E f f e c t s  on communication systems t h a t  use t h e  
ionosphere 

5 - Elect romagnet ic  c o m p a t i b i l i t y  and r a d i o  frequency 
i n te r fe rence .  

The present  study i s  p a r t  o f  Task 111. The main e f f e c t s  considered 
r e s u l t  from space t r a n s p o r t a t i o n  operat ions -- i n  p a r t i c u l a r  t h e  i n j e c t i o n  
by r o c k e t  engines o f  water and hydrogen between 70 km a l t i t u d e  and geo- 
s t a t i o n a r y  e a r t h  o r b i t  (36,000 km r a d i u s )  -- and w i t h  t he  i n j e c t i o n  o f  
argon i o n  beams i n t o  t h e  plasmasphere a t  t h e  h ighe r  a l t i t u d e s .  The o b j e c t  
o f  t h e  present  s tudy i s  t o  i d e n t i f y  atmospheric research needs, i n c l u d i n g  
both theory  and experiment, f o r  t h e  eva lua t i on  o f  upper atmospheric 
environmental  e f f e c t s  due t o  SPS cons t ruc t i on  and deployment. A l i s t  of 
p a r t i c i p a n t s  i n  t h e  workshop i s  g iven  i n  Appendix A. . 

iii 
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ABSTRACT 

This report presents results of a workshop held in June, 
1979, to identify research needs for evaluating environmental 
impacts on the upper atmosphere (here defined as greater than 

' 70 km) due to Satellite Power System (SPS) transport, i.e., 
propulsion and reentry. The substantial injections of water 
and hydrogen therefrom may lead to global-scale regions of 
reduced ionization in the ionospheric F-Region that may have 
a serious impact on worldwide HF radio communications; and 
the resulting possibly significant increases in mesospheric 

-humidity and .probable cloudiness could affect climate and 
remote. sensing from satellites. The large injections of 
argon ions of kilovolt energy between low earth orbit and 
geostationary orbit may alter substantially the trapped 
radiation ?nvi'ron"ent of the magnetosphere and thus the 
hazard for personnel and electronic equipment. 

During the workshop it became clear that the highest 
priority for SPS environmental assessment goes to theoretical 
studies needed before acceptable atmospheric experiments can 
be designed. 

Problems to be addressed include : the extent, 
magnitude, and variability of the predicted depletion in F- 
region ionization together with descriptions of water and 
hydrogen injections into the atmosphere characteristic of SPS 
vehicles and flight profiles; the long-term variations in 
mesospheric humidity and cloudiness with and without SPS 
operations; and the description of condensation and evapo- 
ration processes of water exhausted from high-altitude 
rockets in order to predict mesospheric contrail formation 
and dissipation. Furthermore, in considering argon ion 
rocket transport to geosynchronous orbit, the stopping and 
lifetime of the argon ion beams and consequent changes in the 
radiation belts, especially as they affect spacecraft, should 
also be addressed. 
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SUMMARY 

In the context of reviewing the ,potential environmental impact of SPS 
construction and deployment on the upper atmosphere, the present study was 
designed to identify particular atmospheric experiments and theoretical 
studies which should be given high priority for support; it also served as a 
follow-up to the initial environmental impact workshops held at Argonne Na- 
tional 'Laboratory in August and September of 1978 (Brubaker, 1979; and Rote, 
1978)". .The present study deals only with effects above 70 km where worldwide 
rather than localized effects are anticipated. The study was conducted by a 
panel of 27 scientists and engineers who met in La Jolla, CA, on 25-27 June 
1979; the membership. is listed in Appendix A. The approach used was to 
identify the injectants in different altitude regions and to review the anti- 
cipated impact of each (see Table S.l) in order to identify critical research 
requirements (see Table S.2). While emphasis was originally placed on the 
design of atmospheric experiments, it quickly became apparent that 
considerable theoretical study effort is needed before one designs derli.c;\ted 
atmospheric experiments. 

The single most critical problem identified in the present study is the 
,impact on global HF** radio propagation of a band of permanently depleted 
ionization in the F-region as a result of launch operations. Some of the 
hydrogen and water emitted from the exhaust of the second stage of the HLLV 
rocket in the 70-120 km altitude region diffuses upward and leads to the 
replacement of atomic O+ ions with molecular ions H 0+ and OH'. Molecular a ions recombine with electrons much more rapidly than o atomic ions, and thus 
replacing atomic with molecular ions leads to a reduction in effective ioniza- 
tion. This effect is ,significant above 160-180 km only, as at+lower altitudes 
the main natural atmospheric ions are molecular, NO+ and o2 The physical 
extent of the region could cover a band at the latitude of launch (28.5O for 
Cape Canaveral) of north-south extent ,of several thousand kilometers, 
extending around the globe at the latitude of injection. The effective 
ionization may be reduced -by a factor of two at night and by 10-20% in the 
daytime . 

The critickl consequence of such a reduction in ionization is that it 
drastically reduces the available HF band that can be used for long-range 
radio communication at a time when this frequency band is already heavily 
overcommitted internationally (see Section 3.2.6 for a discussion, Section 5.2 
for research recommendations, and item F.3 of Appendix F for a brief account 
of this problem). 

Other problems associated with water and hydrogen releases involve the 
general enhancement in mesopheric humidity and cloudiness with, as opposed to 
without, SPS operations, including the possible production of long-lasting 
contrails. These changes may have some climatic impact and could impact 

*~eferences are listed in the bibliography, Appendix E. 
**See Appendix C for a definition of abbrevtations, acronyms, and 
specific technical terms used here. 



Table S . l  Propuls ion Lnjec tan ts  i n t o  the Upper Atmosphere 

I n j e c t a n t  Alt icudeKange Effect  Impact 

H20 and H from H L L V , ~ ~ ~  s tage  70-120 km 
2 

I )  Material d i f f u s i n g  upward produces a .  Dele te r ious  t o  global 
a  permanent "ionospheric hole" i n  HF communications 
P-region b. Ionospheric i r r e g u l a r i -  

t i e s  may a f f e c t  SatCom? 

2 )  E n h a n c a s a m b i e n c w a t e r v a p o r  and a .  Climatic e f f e c t s ?  . 
s lduds ;  p o s s i b i l i t y  of long-last ing b. Deleter ious t o  remote 
c o n t r a i l s  sensing? 

3) Increases d e n s i t y  of upper atmos- Increases s a t e l l i t e  drag? 
phere , 

NO due t o  reen t ry  heat ing 70-90 km 4 )  Together with H20 & H z  may enhance 
.airglow 

5)  Together with H 0 & H may a f f e c t  
VLF/E1.F propagag inn 

2 

H 0 C H from c i r c u l a r i z a t i o n  2 2 500 km(LE0) 6 )  Some loca l  dens i ty  enhancement ? 

dkorhi t  e t c  burns of  HLLV and a l s o  7) Local reg ions  of reduced ion iza t ion  . ? 
POTV 36,000 km ( C E O )  

A r  ions of krv  energy LEO t o  CEO 8) Very l a r g e  enhancement of ambirnr Ar Possible  hazard? 
can affe4:t r a d i a t i o n  h r l t s ,  i n  p a r t i -  
c u l a r  r a d i a t i o n  environment fo r  per- 
sonnel and e l e c t r o n i c s  
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T a b l e  S . 2  Kecommendations f o r  R e s e a r c h .  

I.. F-Region D e p l e t i o n .  

1 . 1  Upward t r a n s p o r t  and  p h o t o c h e m i s t r y  o f  H 0 and H ' r a t e  2  2  ' 
of  t r a n s p o r t  and c h e m i s t r y .  r e l a t i v e  s i g n i f i c a n c . e  o f  

+ 
1 . 2  L a b o r a t o r y  s t u d y  o f  d i s s o c i a t  i.ve . r ecombtna t  i o n  o f  H 0 2 

and OH' 

1 . 3  Spread  i n #  o  f' t r a c e r s  i n  t h e  mesophere  

1 . 4  O v e r a l l  e s t  i m a t e  o f  r e d u c t  i o n  i n  i o n i z a t i o n : d a y / n i g h t  
v a r i a t i o n ,  g e o m e t r i c  e x t e n t  o f  a f f e c t e d  r e g i o n ,  
a t m o s p h e r i k  v a r i a b i l i t y ' ;  v e r i F y  t ~ d e q u a c y  of  p red i c s t i on  
by c o m p a ~ i s o n  w i t h  o b s e r v a t i o n s  ( S k y l a b  ,. LAGOPEDO,: 
HEAO-C) 

1 . 5  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  

2 .  H20.H2,N0. 

2 . 1  Water  v a p o r  i n  t h e  mesosphe re - long  t e rm t r e n d s  

2 . 2  ~ i ' ~ h - a l  t i t u d e  c l o u d s  and c o n t r ; l i . l s  

2 . 3  F a t e  o f  i n , j e c t e d  H 0 and H 2  i n  d i f f e r e n t  a l t i t u d e  r a n g e s  
2  

2 .4  Envi ronmenta l  e f f e c t s  o f  H 0 and H i n j e c t i o n s  (ot-her 
t h a n  I.. a b o v e )  

2  2  

( 2 . 5  He te rogeneous  c h e m i s t r y  on i c e  c r y s t a l s )  

( 2 . 6  NO p r o d u c t  i o n  on r e e n t r y )  

( 2 . 7  E f f e c t s  o f  H 0 ,  H?, NO on  lower i o n o s p h e r e )  
2  

+ 
7 .  Ar I n j e c t i o n s .  

+ 
3.1 F a t e  o f  A r  

3 . 2  Ion  e n e r g i z a t i o n  and H Z E s  

3 . 3  A l t e r a t i o n  o f  t r a p p e d  r a d i a t i o n :  e f f e c t s  on  r a d i a t i o n  
env i ronmen t  of  s p a c e c r a f t  



remote sensing from satellites. Studies called for in this context include 
long-term measurements of water vapor concentrations and cloudiness in the 
mesosphere,. and the description of condensation. and evaporation of water vapor 
emitted in high-altitude rocket exhausts. 

The injection of water and hydrogen, as well as that of nitric oxide 
(NO) due to atmospheric heating from reentering spacecraft, may enhance the 
airglow and may also affect the long-range propagation of relatively low 
frequency radio waves (VLF and ELF) by changing the ion chemistry in the 
ionospheric D-region. 

Enhancing the, hydrogen concentration in the upper atmosphere wj.ll 
increase the drag on low-altitude orbiting satellites; the significance of 
this effect is not yet established. 

In going from a low-altitude parking orbit to geosynchronous orbit, the 
current SPS concept cails for the use of argon ion engines. The quantity of 
argon injected into the atmosphere above 500 km is very large indeed, relati-ve 
to the ambient atmospheric mass, and it is not yet established how rapidly the 
ion beams will be stopped or what the lifetime and energy loss and gain pro- 
cesses of the ions are.. The injection could lead to significant changes in 
the earth's radiation belts, possible changing the radiation environment of 
spacecraft in orbit. 

The structure of the report is the following. Section 1 reviews the 
injections of different materials in different, altitude ranges, amplifying 
Table S.l and attempting a quantitative estimate of the relative significance 
of the different injectants. It also reviews h o w  the study was conducted. 
Section 2 treats problems due to the very large propulsion injections in the 
70-120 km altitude region. Section 3 discusses the general problem of hydro- 
gen and water injections due to SPS in the ionosphere. Section 4 reviews 
effects on the magnetosphere in the passage from the parking orbit (LEO = Low 
Earth Orbit, at 500 km) to geosynchronous orbit (GEO at. 36,000-km altitude, or 
6.5 earth radii away). Section 5 presents the conclusions and recommendations 
of the study. Appendix A lists the membership of the present workshop, Appen- 
dix B gives a brief summary of the SPS transportation system, Appendix C 
defines abbreviations and acronyms used here, and other appendices furnish 
various technical details. 



1 INTRODUCTION 

1 . 1  THE CONTEXT OF THE PRESENT STUDY' 

The S a t e l l i t e  Power System (SPS) i m p l i e s  a v e r y  l a r g e  space  c o n s t r u c -  
t i o n  p r o j e c t ,  i n v o l v i n g  t h e  a n n u a l  c o n s t r u c t i o n  i n  o r b i t  o v e r  a  30-year p e r i o d  
of two a r r a y s  of s o l a r  c e l l s ,  each rough ly  5  x  10 krn i n  d imension and weighing 
35,000-50,000 m e t r i c  t o n s .  Each a r r a y  would p rov ide  5  GW of base load  e l e c t r i c  
power, which would be beamed t o  t h e  ground, u s i n g  2.45 GHz microwaves. Over a  
30-year c o n s t r u c t i o n  p e r i o d  t h i s  e f f o r t  would p rov ide  60 such s a t e l l i t e s ,  
s u p p l y i n g  some 20-25% of U.S. a n t i c i p a t e d  e l e c t r i c  power needs  by t h e  y e a r  
2030. The t o t a l  p r o p u l s i o n  e . f f l u e n t s  i n j e c t e d  i n t o  t h e  upper  a tmosphere  p e r  
y e a r  would i n c l u d e  140,000 m e t r i c  t o n s  of hydrogen,  800,000 of oxygen and 
25,000 of a rgon ,  and 6 x  1016 j o u l e s  of energy.  

I n  t h e  c o n t e x t  of  reviewing env i ronmenta l  impac t s  on t h e  upper  atmo- 
s p h e r e ,  t h e  p r e s e n t  s t u d y  is  des igned  t o  i d e n t i f y  r e s e a r c h  needs ,  i n  p a r t i c u -  , 

l a r  f o r  a tmospher ic  exper iments  a s  a  p a r t  of c u r r e n t l y  ongoing r e s e a r c h ,  and 
t o  f o l l o w  up on workshops h e l d  a t  Argonne N a t i o n a l  Labora to ry  i n  August and 
September,  1978 (Rote ,  1978, and Brubaker,  1979). E f f e c t s  of microwaves, 
e f f e c t s  due t o  l aunch  and c o n s t r u c t i o n  o p e r a t i o n s  on t h e  s u r f a c e ,  and e f f e c t s  
on communication sys tems a r e  no t  addressed  h e r e .  

It became a p p a r e n t  d u r i n g  t h e  workshop t h a t  under  t h e  c o n s t r a i n t s  o f  
p r e s e n t  u n d e r s t a n d i n g  and t h e  t ime requ i rements  f o r  t h e  c u r r e n t  SPS assessment  
program, c e r t a i n  c r i t i c a l  q u e s t i o n s  i n  phenomenology must be ana lyzed  i n  more 
d e t a i l ,  which w i l l  r e q u i r e  a  l o t  of t ime  and funds ,  b e f o r e  one can d e s i g n  and 
e x e c u t e  u s e f u l  a tmospher ic  exper iments .  Thus t h e  o r i e n t a t i o n  of t h e  s t u d y  
changed t o  emphasize t h e s e  a n a l y t i c a l  r equ i rements .  

1.2 THE SIGNIFICANCE OF DIFFERENT INJECTIONS 

The a tmospher ic  d i s t u r b a n c e s . c o n s i d e r e d  cover  a wide range of m a t e r i a l s  
and of a l t i t u d e s ;  s e e  Table 1* f o r  t h e  i n j e c t i o n  due t o  .each element of t h e  
sys tem and Appendix B f o r  more d e t a i l s  of t h e  s c e n a r i o ;  a l s o  RSR, 1978. The 
p r i n c i p a l  m a t e r i a l  i n j e c t a n t s  i n  t h e  upper  a tmosphere  a r e  H20 and H2 from 
chemica l  r o c k e t  e x h a u s t s ,  NO due t o  r e e n t r y  h e a t i n g  of a i r ,  and a r g o n - i o n s  i n  
t h e  keV energy range w i t h  t h e i r  n e u t r a l i z i n g  e l e c t r o n s  from e l e c t r i c a l  
p r o p u l s i o n .  M a t e r i a l  i n j e c t i o n s ,  but  not  n e c e s s a r i l y  t h e i r  a t m o s p h e r i c  
e f f e c t s ,  o c c u r  i n  t h r e e  g e n e r a l  a tmospher ic  domains t h a t  a r e  d e s c r i b e d  i n  
Table  2. Domain A, 70-120 km, cor responds  t o  t h e  main burn of t h e  Heavy L i f t  
Launch V e h i c l e  (HLLV) second s t a g e ,  and t o  r e e n t r y  h e a t i n g .  Domain R 
cor responds  t o  .Low E a r t h  O r b i t  (LEO), a p p r o x i m a t e l y  500 km, t h e  
c i r c u l a r i z a t i o n  and d e o r b i t  burns  of t h e  HLLV, w h i l e  Domain C co r responds  t o  
t r a n s p o r t  from LEO t o  G e o s t a t i o n a r y  E a r t h  O r b i t  (GEO), a t  approx imate ly  36,000 

*Tables a p p e a r  c o n s e c u t i v e l y  a t  t h e  end of t h i s  s e c t i o n .  



km from t h e  su r f ace  of the  e a r t h .  Figure 1 shows the  a l t i t u d e  d i s t r i b u t i o n  of 
i n j e c t a n t s  from HLLV, and Table 3  g ives  t h e  o v e r a l l  i n j ec t i . on  r a t e s  i n  each 
domain. 

To e s t ima te  t h e  importance of a  given i n j e c t a n t  i n  a  s p e c i f i c  domain 
r e q u i r e s  not j u s t  t he  i n j e c t i o n  r a t e  and the  ambient burden i n  t he  domain but 
a l s o  a  c h a r a c t e r i s t i c  res idence  time f o r  t h e  d i  Eferent  i n  j e c t a n t s  i n  t h e  
va r ious  domains. Some i n i t i a l  e s t ima te s  of res idence  t imes a r e  l i s t e d  i n  
Table 2. For water they a r e  t y p i c a l l y  c h a r a c t e r i s t i c  t imes f o r  t r a n s p o r t  out 
of t h e  domain (no te  t he  l a r g e  e f f e c t s  of condensat ion!) ,  while  f o r  NO where 
photochemical d e s t r u c t i o n  of odd n i t rogen  (N, NO,  ~ 0 ~ )  is  more r ap id  than 
t r a n s p o r t ,  t h i s  s e t s  t he  l i m i t .  I n  Domain C t he  energy e q u i l i b r a t i o n  time may 
be used, but here  i n  p a r t i c u l a r  t h e r e  a r e  l a r g e  u n c e r t a i n t i e s  because t h e  
phenomenology is not wel l  understood ( s ee  Sec t ions  4.3 and 4.4). Both t h e  
concepts  and t h e  numerical va lues  must be examined and modified a s  necessary  
( s e e  a l s o  Kellogg, 1964). 

Table  4  r ep re sen t s  an i n i t i a l  a t tempt  t o  desc r ibe  t h e  load ing  of t he  
atmospheric  i n j e c t i o n s  i n  each domain i n  terms of a  dimensionless  
"Pe r tu rba t ion  Factor"  o r  PF which is def ined  a s  

(expected concen t r a t i on  change) 
PF = 

(ambient concen t r a t i on )  

I n  o rde r  t o  e s t i m a t e  a  numerical va lue  f o r  t h e  PF, some e s t ima te  of t he  
expected concen t r a t i on  change r e s u l t i n g  from the  s p e c i f i e d  i n j e c t i o n  must be 
made.. To lowest o rde r ,  t h e  concen t r a t i on  change may be es t imated  by the  
express ion :  ( i n j e c t i o n  r a t e ) ,  x  ( r e s idence  t ime) ,  i n  which t h e  i n j e c t i o n  r a t e  
i s  given i n  u n i t s  of mass/uni t  volume/unit time. An equ iva l en t  express ion  f o r  
t h e  lowest-order PF is  e a s i l y  seen t o  be ( t o t a l  mass i n j e c t i o n  r a t e  i n t o  
domain) x ( r e s idence  t ime i n  doma in ) / ( t o t a l  ambient load ing  i n  domain); t h i s  
l a t t e r  exp re s s ion  is used throughout t he  remainder of t h i s  r epo r t .  

The concept of a  PF i s  u s e f u l  i n  t h e  l i m i t e d  contex t  of sugges t ing  the  
gene ra l  a r e a s  i n  which problems may be expected. (Thus t he  same methodology 
shows t h a t  a t  a l t i t u d e s  below 70 km o r  s o ,  only l o c a l  r a t h e r  than g loba l  
e f f e c t s  may be expected; s ee  Brubaker, 1979). Values of PF a s  l a r g e  a s  a  few 
percent  i n d i c a t e  t h a t  e f f e c t s  of a given i n j e c t i o n  should be looked f o r ,  while  
PF va lues  i n  excess  of u n i t y  r a i s e  a  warning f l a g .  The d e t a i l e d  numerical 
va lues  a r e  g e n e r a l l y  not s i g n i f i c a n t ,  p a r t l y  because t h e  numerical va lue  of 
t he  c h a r a c t e r i s t i c  o r  res idence  time is  g e n e r a l l y  not wel l  known and p a r t l y  
because d e t a i l s  of t h e  chemistry,  e t c . ,  l i m i t  t h e  a p p l i c a b i l i t y  of the  con- 
cep t .  (Thus we do not  l is t  s e p a r a t e  PF va lues  f o r  H20 and H2.) 

The fol lowing p o i n t s  should be noted i n  connect ion with Tables 1-4: 

( a )  The ambient load ings  of i n j e c t a n t s  a s  used here  a r e  presented i n  
Appendix D. 

( b )  The atmospheric i n j e c t i o n s  a r e  l a r g e  on an a b s o l u t e  s c a l e  because 
of t h e  o v e r a l l  s c a l e  of a  5-GW SPS u n i t  system, which corresponds t o  an 
o r b i t a l  mass of 35,000-50,000 me t r i c  tons.  Note t h a t  t he  o v e r a l l  e f f e c t  of 
i n j e c t a n t s  t ends  t o  be s i g n i f i c a n t  on a  g l o b a l ,  r a t h e r  than on a  r eg iona l  o r  
l o c a l  s c a l e  only above 75 km because of t h e  very l a r g e  mass of the  lower 
atmosphere. 
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F i g u r e  1. SPS Heavy L i f t  Launch V e h i c l e  T r a j e c t o r y  and Exhaust  P r o d u c t s  Data 

[ source :  RSR,  19781 



( c )  The HLLV is  approximately f i v e  times the  s i z e  of the  Space S h u t t l e ,  
o r  comparable t o  a  Boeing 747 a i r p l a n e .  The othe,r veh ic l e s  a r e  comparable o r  
even l a r g e r  i n  s ca l e .  Thus the ( e l e c t r i c a l l y  propel led)  Cargo O r b i t a l  Trans- 
f e r  Vehicle (COW) is roughly 1 km i n  l i n e a r  dimension and c a r r i e s  a  4000-ton 
payload from Low Earth Orbi t  (LEO) i n t o  Geostat ionary Earth Orbi t  (GEO). The 
Personnel O r b i t a l  Transfer  Vehicle ( P 0 W ) ' c a r r i e s  some 160 passengers p lus  
p r i o r i t y  cargo from LEO.to GEO; see  Appendix B f o r  d e t a i l s  of the  scenar io .  

(d)  The re ference  system design of RSR, 1978, a s  considered he re  has  
two opt ions ,  based on the u s e . o f  S i  and GaA2As s o l a r  (photovol ta ic )  c e l l s ,  
developed by Boeing and Rockwell, r e spec t ive ly .  The Boeing/Si technology i s  
more conserva t ive  and heavier  than the  Rockwell/GaARAs concept.  

( e )  The i n j e c t i o n  of H20 and H2 i n t o  the  upper ionosphere can be very 
s i g n i f i c a n t  because these .molecules  produce molecular ions  by charge t r a n s f e r ,  
o r  ion-molecule r eac t ions  with the  ambient atmospheric 0' i ons ,  and molecular 
i o  s r combine with e l e c t r o n s '  very much f a s t e r  than atomic ions ,  by a  f a c t o r  Z S 10 -10 . The reason f o r  thj-s phenomenon is  t h a t  d i s s o c i a t i v e  recombination i s  
very much f a s t e r  than r a d i a t i v e  recombination, o r  than three-body recombina- 
t i o n  a t  the  low de+nsities i n  quest ion.  Below 160 km the  predominant atmo- 
s p h e r i c  ions  a r e  0 and NO', which themselves recombine d i s s o c i a t i v e l y  with 2 
e l e c t r o n s ,  so t h a t  a t  t hese  lower a l t i t u d e s  the  change is  not so  obvio 39- However, the  t o t a l  e l e c t r o n  cug$ent3gf t he  g loba l  ionosphere is  of order  10 , 
and thus the  i n j e c t i o n  of 10 -10 H atoms, .as  H20 and H2 ( s ee  Table 31, 
could have very s i g n i f i c a n t  e f f e c t s  on the  ionosphere,  depending on the  r a t e  
of removal of t h e  i n j e c t e d  molecules and on how f a s t  the ionosphere responds 
t o  such pe r tu rba t ions  ( s ee  e.g., Mendillo, et a l . ,  1975a, b, 1979; and Zinn, 
e t  a l , ,  1978, 1979). 

( f )  It is  evident  t h a t  the  numer ica l 'va lues  of the  pe r tu rba t ipn  f a c t o r  
PF a s  quoted i n  Table 4 a r e  not neces sa r i l y  c o r r e c t ;  however, t he  r e l a t i v e  
magnitudes a r e  s i g n i f i c a n t .  The i n j e c t i o n  of water i n  Domain A i s  c e r t a i n l y  
important ,  and the  p o t e n t i a l  importance of condensation i n  removing water from 
the  ionsphere i s  evident .  The c h a r a c t e r i s t i c  time used i n  Domain C may not be 
app ropr i a t e ,  but the  i n j e c t i o n  of hydrogen-containing spec i e s  and of argon 
must be considered i n  t h i s  a l t i t u d e  region.  

(g)  From Table 4 we s e e  t h a t  even the  very l a rge  energy depos i t ion  due 
t o  t he  k i n e t i c  energy of argon ions  i n  t he  magnetosphere i s  not important on a  
g loba l  s c a l e  i n  t h a t  the  PI? is  very much l e s s  than one. However, l o c a l  
e f f e c t s  can be important i n  a  v a r i e t y  of a l t i t u d e  ranges. Some poss ib l e  
e f f e c t s  due t o  the  HLLV second s t age  a r e  examined b r i e f l y  i n  s e c t i o n  2.7. 
(Note t h a t  t he  ionosphe'ric e f f e c t s  of microwaves, inc luding  ionospher ic  
hea t ing ,  a r e  being considered elsewhere, under Task IV.) 

( h )  Reference should be made t o  t he  e a r l y  s tudy of Kellogg, 1964. 

1.3 APPROACH 

The approach adopted i n  t he  present  s tudy was the  following. 
Technical ly ,  we began by . i den t i fy ing  i n j e c t a n t s  i n  the d i f f e r e n t  domains and 
c h a r a c t e r i z i n g  t h e i r  s i -gnif icance ( see  Sect ion 1.2, e s p e c i a l l y  Tables 1, 3, 
and 4) .  Then we ou t l i ned  the  re levant  phenomenology t o  pinpoint  a r e a s  needing 



further study in order to reduce uncertainties in the environmental impact of 
the SPS transportation system to acceptable levels. The initial object was to 
identify atmospheric experiments in this context, but many current questions 
first need theoretical answers before one goes to the complication of 
atmospheric experiments. 

The organizational plan was the following, designed to produce results 
quickly and with optimum input from a wide range of experts. A strawman draft 
(Bauer, 1979) was prepared to set up the structure of the study and 'to define 
questions to be addressed. The document was circulated to the panel a month 
before the workshop, and during the workshop the various experts were asked to 
revise specific sections of the draft. Immediately afterwards, a review draft 
was prepared and sent to the participants and to the other people listed in 
Appendix A. The final report was based on the responses received, which 
.include a number of additional contributions. Table 5 lists the final task 
assignments as they were carried out,. and Table 6 outlines the overall 
schedule of the study. 
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TABLE 1 - SPS ItJJECTIOMS - Cont inued .  --- - 
S t r u c t u r a l  d e b r i s :  i f  1% of  t o t a l  mass b rough t  i n t o  GEO is l o s t  p e r  y e a r ,  e i t h e r  frcm LEO o r . f r n m  
GEO, t a k i n g  t h e  amount and p r o p o r t i o n s  from RSR,1978 , p .  5 9 ,  some 4 x 1 0 ~  k g L \ ~ e a r  t r i l l  r e s u l t  from r e e n t r y  bu rnup  
and  p re sumab ly  b e  d e p o s i t e d  i n  t h e  mesosphe re .  T h i s  i s  s m a l l  compared w i t h  t h e  n a t u r a l  
m e t e o r o i d  i n f a l l  o f  o r d e r  4 x 1 0 ~  k g l y e a r .  

Microwaves..  2% i n c r e a s e  i n  h e a t i n g  r a t e  i n  t h e  mesosphere  and 3% i n  t h e  s t r a t o s p h e r e ,  b o t h  
l o c a l l y  o v e r  t h e  r e c t e n n a  (Brubake r  6 R o t e ,  O c t .  1 9 7 8 ) .  Smal l  on a  g l o b a l  b a s i s .  I o n o s p h e r i c  
h e a t i n g  b e i n g  s t u d i e d  unde r  Task  I V .  

' see Appendix B f o r  more d e t a i l s  of t h e  s c e n a r i o .  
2 

Note  t h a t  t h e  f i g u r e s  i n  t h i s  s c e n a r i o  a r e . s l i g h t l y  d i f f e r e n t  from t h e  B o e i n g I S i  s c e n a r i o  used  i n  
T a b l e  4. The p r e s e n t  S i  ( h e a v y )  s c e n a r i o  of COTV + POTV f l i g h t s  c a l l s  f o r  a n n u a l  u s e  of  ,2400 m e t r i c  
t o n s  o f  hydrogen  ( v s  2100 f o r  Boe ing j  and 20,00U m e t r i c  t o n s  o f  a r g o n  ( v s  25,OCO). 

+ 
. . COTV = Car30 O r b i t a l  T . r ans fe r  V e h i c l e ;  keV A r  i o n  e n g i n e ,  I-J 

H -0. a t t i t u d e  c o n t r o l  s y s t e m .  LEO t o  CEO. 
2 2 

GEO = Geosynchronous O r b i t  (x 6 . 6  R from c e n t e r  of  e a r t h .  
e  

36,000 km.from s u r f a c e ' o f  e a r t h ) .  

H H L V  = Heavy L i f t  La t~nch  V e h i c l e  ( s u r f a c e  t o  LEO). 

POTV = P e r s o n n e l  O r b i t a l  ~ r a n s f e r  \'chicle (H2-U2 e n g i n e ;  
LEO t o  CEO). 



TABLE 2 

6 2  iffus us ion time from 95-70 km, assuming K = 2x10 cm /sec. 

Domain Altitude Range (km) 

A 70 - ,120 , 

B 450 - 500 

. -- . . . - 

'~stimates of J. Zinn, 'April 1979, from a diffusion caiculaeion: downward transport to 120 km. 

3~ery uncertain. Values up to 100 days are possible. Also, .values for H, Ar, and energy are not necessarily the same. 

'FO~ COTV it is assumed that the emissions of H20/H (for attitude control) are distributed in the same way as the main 
propulsion emissions of Ar and energy. 2 

5 ~ e e  Section 3.1.3 for POTV. - 

Transport Time (out of domain) 
Deorbit delays not included - 
see Section 3.1.3 

10 drys for H20 or H~'; 

3 days for NO (photo- 
, 

chemistry 

ice crystals: 5 minutes 2 

water vapor: 2 hours 
2 

H gas : 6 hours 2 2 

3 4 6 ~ e  may assume a number density of 10 -10 /cm3 in the plasmasphere, with a mean kinetic energy pei particle of 0.1-1 eV. 

500 - 1000 C- 1 

(H20/H2) 70% 

C- 2 1000 - plasmapause 0% 

(L=4 to 4.5) 1-10 days 3 

C- 3 plasmapause to CEO 30% 

7,~he outer magnetosphere is filled with a very diffuse plasma, with perhaps 1 proton/cm3 of energy 1-10 keV per 
particle and neutralizing electrons of mean kinetic energy 0.5-5 keV per particle. 

Injection 

HHLV second stage 

main burn-H O/H2; 2 
HHLV reentry-NO 

LE0:HLLV circu- 

larizat ion and 

de-orbit 

d - 
Physics of Domain 

Mesosphere and 

lower Thermo- 

Thermosphere/ 

+-region 

C O W  (~r' & 

H20/H )-lo% of 
2 

total burn 

COTV & POTV-70% 

of total burn 

COTV & POTV-20%~ 

Upper 

Thermosphere. 

- 

Plasmasphere 
6 

Oute'r Magneto- 

sphere 



TABLE 3  

ATMOSPHERIC INJECTION RATES FOR EACH DOMAIN 
1 

--- 

I Ambient Loading of M a t e r i a l  ( s e e  
' 

I n j e c t i o n  Rate Appendix C f o r  an  e x p l a n a t i o n  of 
Domain I n j e c t a n t  ( k g / ~ r  a tomslyr  how t h e  numbers a r e  o b t a i n e d )  

1 . 2 ~ 1 0  
8  

7 . 4 ~ 1 0  
3 4 34 

H(H20/H2) 3 . 3 ~ 1 0  (H-atoms, p r e s e n t  

A (75% a s  H20) (H-atoms) mainly a s  H 0  2  ..................................................................................... 
(70-120 km) 

NO 1x10 
8  

2x10 
3 3  ' 3 . 5 ~ 1 0  

3  3  

6  3  3  ' 30 . , 
B H ( H , ~ O / H ~ )  1 . 8 ~ 1 0  1 . 0 6 ~ 1 0  1 . 0 5 ~ 1 0  ( p r e s e n t  mainly a s  i 

(H-atoms) . a tomic  H) 

H ( H ~ o / H ~ )  . 2 . 1 ~ 1 0  
6  

1 . 3 ~ 1 0  
3  3  3  2  

1 . 6 ~ 1 0  H-atoms, 500-1000 km 

(H-atoms) 
3  2  

. 1 . 2 ~ 1 0  H-atoms, 1000 km t o  

plasmapause (L=4) 

C 
2  9  

3x10 H-atoms, L=4 t o  L=7 
_ _ - - - _ _ - _ _ _ _ - - _ _ _ _ - _ _ _ _ - _ - _ , - - _ _ _ _ _ _ - - _ _ _ _ - _ ^ _ - _ _ _ _ _ _ - - - - - _ - - _ - _ _ - - - - - - - - - - - - - - - - - - - - - -  

7  32 - 2 5 ' +  - 
(500- A r  (=Ar +e ) 2 . 5 ~ 1 0  3 . 7 ~ 1 0  4 . 4 ~ 1 0  

__-__-_--___--__-__-------A----------------------------------------------------------- 

35,000 
Energy 6 .  lx1016 j o u l e s l y e a r  3 ~ 1 . 0 ~ '  j o u l e  t o t a l  geomagnetic 

+ 
km 1 keV I A-r f i e l d  energy:  t h e  annua l  d i s s i p a -  

-4 -3 
t i o n  i n  substorms i s  (10 -10 ) 

t i m e s  t h i s .  ( s e e  Appendix D ,  1.tem 

- D.5) 

 he ~ o e i n g / S i  s c e n a r i o  i s  used h e r e ,  wi th  che annual  i n j e c t i o n  r a t e s  from RSR, 1978, p .  8-100. The 
Rockwell/Ga s c e n a r i o  c a l l s  f o r  s m a l l e r  mass and energy i n j e c t i o n  r a t e s  (about  213) .  '. 



TABLE 4 

PERTURBATION FACTOR, P F  O F  EQ. 1, FOR EACH DOMAIN 2 

oomain2 (Injectant Injection Rate ( m ~ l / ~ r )  3 Residence Time Ambient Loading - imol) P F ~  

A 

(70-120 
km) 

H ~ O / H ~  7 . 4 ~ 1 0 ~ ~  (H-atoms) 10 days 3 . 3 ~ 1 0 ~ ~  (H-atoms) .07 

NO 

B 
(450-600 
km 

3 3 
2x10 

1 x 1 0 ~ ~  (H-atoms) H ~ O / H ~  

4 days 

ice: 5 minutes 

, 

C 

LEO TO 

GEO 

'perturbation Factor. PF = (Injection Rate)x(Residence Time)/(hbient Loading). This is a dimensionless quantity which 
gives a measure of the significance of an injectant in a given domain. The numbers are only suggestive because the 
concept of "Residence Time" is not always well defined - see text below Eq. 1 in SBction 1.2. 
2 ~ e e  Table 2 for more deiails. 

3 ~ e e  Table 3 for more details. 

4 ~ e e  Appendix D for details. 

4.4~10 3 2 

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

4 .4xi~'5 

-------------------------,.----------- 

3x10~' joule 

1 H20/H2 

3 2 A=+ ' 3..7x10 

1 - 10 days 
Energy 6. 1x1016 joule/yr 

3 2 
3.5~10 

1x10 30 

.01-0.1 

>> 1 (.\. 

<< 1 

.05 

.01 

water: 2 hours .02 
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TABLE 5 

TASK ASSIGNMENTS FOR THE WORKSHOP 

2 .2 .2  NO P r o d u c t i o n  on Reen t ry  

2 .2 .3  Const ruc . t ion D e b r i s  

2 .3  Water Vapor i n  t h e  Mesosphere and 
Lower Thermosphere 

2 . 4  High-Al t i tude  Clouds 

2 .4 .2  Nacreous Clouds 

2.5 Condensat ion i n  Rocket Exhaus t s  

2 .6  S p r e a d i n g  of Exhaust  Clouds:  L o c a l ,  
R e g i o n a l ,  Zonal ,  Globa l  E f f e c t s  

2.7 Energy & Momentum T r a n s f e r  due t o  
Rocket Plumes 

2.8 Photochemical  E f f e c t s '  

2 .9  Atmospheric E l e c t r i c i t y :  C o n d u c t i v i t y  
i n  t h e  Lower Ionosphere  

2 .10.  L i s t i n g  of P o t e n t i a l l y  Impor tan t  
Phenomena 

2 .11  Atmospheric Exper iments :  

A .  Water Vapor i n  t h e  Mesosphere 

B. N o c t i l u c e n t  Clouds 

C .  NO P r o d u c t i o n  on Reentry  

D. Rocket O b s e r v a t i o n s  

E. Airglow 

F. Cloud D i s p e r s i o n  

Park*,  Whitten 

Whitten*,  P a r k ,  Vondrak 

E l l s a e s s e r * ,  
Sundararaman 

E l l s a e s s e r * ,  
Sundarararnan, Turco 

E l l s a e s s e r * ,  
Eundararaman, Turco 

Ellsaesser: : ,  
Sundararaman, Turco 

Flendil lo*,  P a r k ,  
Bernhardt  . Zinn 

Bernhardt* ,  Brubaker ,  
Forbes ,  Bauer 

Forbes*,  Brubaker , 
Sundararaman 

Turco* , P rasad  , Ga.rre t t 

Vondrak;k, Fedder ,  G a r r e t t  

Vondrak*, Ro te ,  A i k i n ,  
Whi t ten  

. * 
Sundarara~llarl , 

E l l s a e s s e r  , ,Turco 
Sundararaman , 

E l l s a e s s e r ,  Turco 

Whitten*,  Pa rk  

Mendi l lo*,  P o n g r a t z  

Zinn*, Turco,  P r a s a d  

Eernhard t* ,  Brubaker ,  
Forbes  
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TABLE 5 - TASK ASSIGNMENTS FOR THE WORKSHOP - Continued 

G. Mesospheric. NO Turco*, Prasad, Park 

H. Electric Conductivity 

I. Other Experiments 

Vondrak*, Fedder. 
Garrett 

,Aikin*, Whitten,' Forbes, 
Rote 

3.1 Phenomenol.ogy of Hydrogen in the Upper 
Atmosphere 

Zinn*, Aikin, Rote, 
McCormac 

3.1.2 Fate of H O/H injected in the 
2 2 Thermosphere 

Zinn*, Aikin, Rote 

3.1.3 Some Details of the Distribution of 
I Propulsion Effluents 

Park, Bauer (prepared - 
after the workshop)' 

3.1.4 5ffect of H20/H2 Injections on Geocoronally 

Scattered Lyman -a and Lyman -6  Radiation 

Prasad, Forbes 

3.2 Morphology of Perturbed Ionospheric 
Regions. 

Fedder*, Richmond, 
McCormac, Zinn 

3.3 Effects on Satellite Drag 

3.4 Other Phenomenology: 

3.4.1 Airglow 

Curtis;*, Forbes, Garrett 

Turco*, Forbes, Zinn, 
Prasad, 

3.4.2 Condensation and Re-evaporation 
in Rocket Exhausts 

Pongratz*, Mendillo, 
Prasad 

3.5 Listing of Potentially Important 
Phenomena 

Vondrak* , Rote, 
Mendillo, Zinn 

3.6 Atmospheric Experiments: 

A. Rocket Observations 'Pongratz*, ~endillo , 
Simmons, .Prasad 

B.. Lagopedo-Type .Releases Fedder*, Pongratz, 
Bernhardt , McCorniac 

C.' Ionospheric Irregularities Bernhardt*, Mendillo, 
Palmadesso, Richmond 

D. Other Experiments Aikin*, Whitten, Forbes, 
Rote 

4.2 Phenomenology of H O/H 
2, 2 

Zinn*, Aikin, Chiu, Rote 
McCnrmac, Carlson 
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TABLE 5 - TASK ASSIGNMENTS FOR THE WORKSHOP - Continued 

4.. 3 Injection of a kev Argon Plasma 

4.4 Some Possible Effects 

4.4.1 Enhancement of Trapped Radiation 

4.4.2 Dumping of the Radiation Belts 

4.4.3 Depletion vs. Enhancement of the 
Radiation Belts 

Palmadesso*, Chiu, 
Curtis, Garrett, Cladis 

Chiu*, carlsbn, Vondrak, 
Faln~adesso , Cladis 

Aikin*, Curtis, Fedder, 
Carlson 

Curtis 

4.4.4 Phenomenology associated with large Vondrak*, Garrett 
space structures 

4.5 Synthesis of Effects, and Possibly 
lmpor tant Phenomena 

Chiu*;Vondrak, Rote, 
Richmond 

4.6 Conceivable Atmospheric Experiments: 

A. Injection of Gases, Plasmas and Beams ~ongratz*, Fedder 

B. The Relevance of SCATHA to SPS Chiu*, Garrett, Carlson, 
Palmadesso, Pongratz, 

Cladis 
C. Firewheel and other relevant Chiu*,. Carlson, Garrett 

Experiments 

D. Starfish, and other past nuclear 
explosions 

Palmadesso*, Zinn, 
McCormac 

5. Recomrnenda t ions B,auer, Carlson; Vondrak 

Note: 1)~he person whose name comes first with an * was the chairman wi.th 
responsibility for coordinating the discussion. for making an 
oral presentation at the workshop, and for providing a revised 

' 

writeup of the relevant section at the end of the workshop. 

2)All the sections in Table 5 are found in t.he present report,,but there 
has been some rearrangement, and some new material has been added. 



, TABLE 6 

TIME SCHEDULE FOR STUDY 

A .  O v e r a l l  S c h e d u l e  

1 A p r i l  1979 - 
1 May 1979 - 

1 J u n e  1979  - 

25-27 J u n e  1979 - -  

30 J u l y  1979 - 
30 August  1979  - 

4 ' ~ e ~ t e m b e r  - 

1 4  September  - 

30 ~ o v e m b e r  1.979 - 
I 

B.  O u t l i n e  o f  Workshop 

Work began  

P a n e l  e s t a b l i s h e d  

S t r a w  man d r a f t  r e p o r t  t o  P a n e l  Me~uLers 

3-day Workshop 

R e v i s e d  Repor t  t o  P a n e l  Members 

Comments r e c e i v e d  from P a n e l  M e r b e r s  by t h i s  
d a t e  

F i n a l  r e p o r t  p r e p a r a t i o n  begun 

R e p o r t  t o  Rev iewer s  ( v e r y  q u i c k  t u r n a r o u n d  

n e e d e d )  

F , i n a l  l i epo r t  due  a t  A r ~ o n n e  N a t i o n a l  
L a b o r a t o r y  

112  day - G e n e r a l  I n t r o d u c t i o n  

1 day - Working g r o u p s  ( s e e  T a b l e  5 )  met s e p a r a t e l y  
t o  p r e p a r e  t h e i r  b r i e f i n g s  t o  t h e  p a n e l  
as a  w h o l e ,  and  t h e i r  r e v i s e d  w r i t e - u p s  

314 day - Working g r o u p  cha i rmen  r e p o r t e d  t o  t h e  g r o u p  
as a who le  ( s i n c e  t h e r e  were  some 30 
s e p a r a t e  p r e s e n t a t i o n s ,  t h i s  p a r t  o f  t h e  
program was v e r y  t i g h t  and  o v e r - r a n  i t s  , 

. . . . a l l o c a t e d  t i m e )  

1 1 4  day ' - Summary of c o n c l u s i o n s  and recommendat ions  



2 EFFECTS OF INJECTANTS IN THE 70-120-km ALTITIJDE RANGE 

The injectants are discrissed in Section 2.2. The ambient levels of 
water vapor and of noctilucent clouds are reviewed in Sections 2.3 and 2.4, 
respectively, since the predicted enhancement as described by PF = 0.07 (see 
Table 4) is so large that possible changes in both water vapor and clouds must 
be evaluated. We must know both the mean levels of these quantities and also 
their fl-uctuations, so as to be able to evaluate potential impacts. Conden- 
sation has been observed in rocket exhausts in this altitude range (see Renech 
and Dessens, 1974) as well as at high altitudes, which could give rise to a 
significant enhancement in mesospheric cloudiness, as discussed in Section 
2.5. 

The whole issue of condensation and re-evaporation in rocket exhausts 
is important from the standpoint of the absorption and, in particular, 
scattering of sunlight and earth shine, which affects the global climatology 
as well as optical remote sensing. Additionally, the issue is also critical 
Eor the .overall effect o.€ water injections, especially at the higher 
altitudes, near LEO; reference to Table 4 shows that water sediments out.of 
Domain B much more rapidly if deposited in the atmosphere as an aerosol than 
as a gas, giving rise to a very much smaller perturbation factor or PF. The 
problem of condensation and re-evaporation was addressed by two groups (see 
items 2.5 and 3.4.1 of Table 5 ) .  A discussion also was given by P. Bernhardt 
after the workshop. These three discussions are presented verbatim as Section 
2.5. 

Section 2.6 treats the spreading of rocket exhausts, on various scales, 
which could be very important both as Ear as the impact and the experimental 
simulation of an injection are concerned. Rocket exhausts deposit a large 
amount of energy in the atmosphere: Would this activity be expected to pro- 
duce any observable effects? This question is raised in Section 2.7. Photo- 
chemical effects, including enhancement or reduction in ionization, possible 
changes in ozone and other neutral species, and changes in airglow, are re- 
viewed in Section 2.8, and changes in atmospheric conductivity related to 
these changes in ionization are treated in Section 2.9. 

One very important effect of H2 injections from the HLLV second stage 
burn is the ionospheric depletion associated with the formation of ~ ~ 0 '  and + OH ions in the F-region as a consequence of the upward diffusion of hydrogen 
from the 70-120-km altitude region. This problem is discussed in Sections 3.1 
and, especially, 3.2. 

The topics discussed above relate to phenomenology. The overall signi- 
ficance of these po~sible~changes is reviewed in Section 2.10, and .in the 
light of the phenomenology and of the significanc'e of the effects a listing of 
atmospheric experiments that merit consideration is given in Section 2.11. 



2.2 INJECTANTS 

2.2.1 H,o/H, I n j e c t i o n s  - 
The amounts and a l t i t u d e  p r o f i l e s  of i n j e c t i o n s  a r e  shown i n  Fig. 1 

( s e e  a l s o  Appendix B ,  Table B.2) and a l s o  i n  Tables 1 ,  3,  and 4. To maximize 
t h e  t h r u s t  per  u n i t  p rope l l an t  from a rocket  engine ,  many rocke t  engines  
a r e  run f u e l  r i c h  so  t h a t  t he  e f f e k t i v e  molecular weight of t h e  exhaust i s  
r e l a t i v e l y  low. In  t he  p re sen t  c a s e ,  approximately 30% of t h e  hydrogen atoms 
i n  t h e  exhaust a r e  emit ted a s  H2 r a t h e r  than  a s  H20. 

2.2.2 NO Production on Reentrv (Park)  

Every ob j ec t  r een t e r ing  the  e a r t h ' s  atmosphere is  slowed down by f r i c -  
t i o n ,  and the  k i n e t i c  energy l o s t  by t he  r e e n t e r i n g  body goes t o  hea t  up a i r  
to r a t h e r  high temperatures .  The amount of a i r  heated  depend,^ upon t h e  pro- 
jec ted  . ' a rea  of t he  body, i t s  speed, the  r e e n t r y  t ime, and the  ambient a i r  
dens i t y .  Temperatures i n  excess  of 2000 K a r e  achieved,  and a t  t he se  temper- 
a t u r e s  some n i t r i c  oxide i s  produced, and " f r eezes  i n "  a s  t h e  a i r  cools .  For 
an  e n t r y  veh ic l e  of t he  s i z e ,  mass, and shape of t h e  HLLV, t h e  amount of 
n i t r i c  oxide expected t o  be produced i s  approximately 22% of t he  mass of t h e  
veh ic l e .  The NO produced w i l l  be d i s t r i b u t e d  between 55 and 100 km i n  a l t i -  
tude,  t he  peak being around 70 km (Rakich, Bai ley,  and Park, 1975; Park, 1979, 
t o  be publ ished) .  

2.2.3 Cons t ruc t ion  Debris. - (Whitten) 

During c o n s t r u c t i o n  of t he  SPS s a t e l l i t e s  i n  space,  t h e r e  w i l l  
c e r t a i n l y  be some waste m a t e r i a l  o r  l o s t  i tems. Even though a s e r i o u s  e f f o r t  
w i l l  he made t o  minimize any l o s s e s ,  y e t ,  presumably, some of t h i s  m a t e r i a l  
w i l l  r e e n t e r  t he  e a r t h ' s  atmosphere. Small p ieces  w i l l  burn up on r e e n t r y ,  
producing f i n e  (micron o r  submicron s i z e d )  p a r t i c l e s  analogous t o  m e t e o r i t i c  
dus t ,  a s  wel l  a s  a small  amount of NO due t o  r e e n t r y  hea t ing .  Large o b j e c t s ,  
such a s  Cosmos 954 o r  Skylab, may maintain t h e i r  i n t e g r i t y  during r een t ry ,  
producing NO and a p o s s i b l e  ground-level hazard. Other o b j e c t s ,  such a s  
l a r g e ,  l i g h t  s h e e t s  of m a t e r i a l  wi th  app rop r i a t e  aerodynamic c h a r a c t e r i s t i c s ,  
could be expected t o  reach t h e  e a r t h ' s  s u r f a c e  without a b l a t i o n ,  g iv ing  r i s e  

I 
t o  troublesome e f f e c t s .  

The s t r u c t u r a l  m a t e r i a l  f o r  t h e  s a t e l l i t e s  w i l l  be l a r g e l y  g r a p h i t e  
composite ( s ee  RSR, 1978, p. 58 f f ) ,  which w i l l  burn up on r een t ry ,  but t h e r e  
w i l l  be a c e r t a i n  amount of Al and Si/SiO t h a t  w i l l  presumably form small  
oxide p a r t i c l e s .  Regarding t h e  q u a n t i t y  o 1 m a t e r i a l  involved,  l a ck ing  o t h e r  
in format ion ,  i t  w i l l  be assumed he re  t h a t  1% of t h e  t o t a l  mass oE a 5-GW 
system is  l o s t  each year .  From RSR, 1978, p. 59, t h i s  l o s s  g ives  a mass 

5 i n j e c t i o n  r a t e  of (3-5) x 10 kg/yr ,  perhaps h a l f  metal  (Fe, Cu, e t c . )  and 
ha l f  s tony (S i02 ,  A1203). This q u a n t i t y  is  small  compared with t he  annual  

7 mass i n j e c t i o n  of m e t e o r i t i c  m a t e r i a l ,  which is of t he  order  of 4 x 10 kg/yr  
( s e e  Park and Menees, 1978, p. 4033); thus t he  e f f e c t  of such s t r u c t u r a l  
d e b r i s  is  probably n e g l i g i b l e  un less  some e x o t i c  m a t e r i a l  such a s  t e f l o n ,  



which is present in the debris but not in meteors, is deposited in the 
ablation region. The probable deposition of such materials and their possible 
effects are not known. 

A recent paper (Kessler and Cour-Palais, 1978) estimated the potential 
for the formation of a permanent belt of satellite debris around the earth. 
As visualized in their study, it is highly probable that debris fragments may 
strike a large satellite ,in the next decade) some evidence indicates that 
this may already have occurred). Such an impact would produce many more 
fragments in a variety of orbital inclinations. According to their calcula- 
tions, given the present launch rate and estimated population of existing 
satellites and debris, the near-earth orbital environment could be approach- 
ing a critical point around the year 2000 wherein such debris collisions 
would lead to a chain reaction type of process. The end result would be the 
creation of an artificial debris cloud around the earth. Not only would such 
a belt be a very real threat to an SPS and,other satellites, but an SPS could 
exacerbate the situation. Although the conclusions of Kessler and Cour-Palais 
are somewhat tentative, they must be taken seriously as a possible environmen- 
tal effect of global significance. 

2.3 WATER VAPOR IN THE MESOSPHERE AND LOWER THEKMOSPHERE (Ellsaesser) 

At present there are very few measurements of the water vapor concen- 
tration in the mesosphere, most of which are rocket measurements at high 
latitudes (Arnold and Krankowsky, 1977; Rogers et al., 1977; and data from the 
AFGL SPIRE flight [J. S. Garing, AFGL, private communication]), suggesting a 
water vapor mixing ratio of 5 ppmv. Radford et al. (1977) using groundbased 

' microwave radiometry, obtained a mixing ratio as high as 15 ppmv, but this 
seems much too high to understand on physical grounds. Figure 2 shows all 
presently available data. 

The longest and most generally accepted series of ~~0 observations 
above the tropopause are those of the MRF (British Meteorological Research 
Flights) and of Mastenbrook (1968, 1971, 1974). These indicate a decrease in 
mixing ratio for the first 1-3 km above the tropopause, both polar and tropi- 
cal, to values of 3-5 ppmv (parts per million by volume, i.e., molecular 
rather than mass mixing ratio) near 19-20 km. Above 20 km there is a fairly 
consistent tendency toward both higher mixing ratios and greatyr uncertainty 
in the data. Mastenbrook (1974), Harries (1976), and Penndorf (1978) have all 
interpreted these and other observations as showing a constant mixing ratio 
from the lower stratospliere up to 28-35 km, with the suggestion of an increase 
at higher levels. 

. . 
Below 20 km these two series of observations show seasonal cycles 

decreasing in amplitude with distance above tropopause, and a tendency for a 
biomodal distribution. Most soundings are of the "dry" type showing mixing 
ratio's k 3 ppmv, while perhaps 20% of the soundings are of the "wet" type 
showing mixing ratios above 10 ppmv. These series also support a long-term 
trend with almost a doubling between 1952 and 1973 and a decrease since then 
of at least twice the rate of the earlier increase. Beyond these variations, 
these data series show remarkably little variability. 
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Curren t  t h e o r y  s u g g e s t s  t h a t  t h e  o n l y  v a r i a t i o n  i n  H20 mixing r a t i o  t o  
be expec ted  above 20 km is  t h a t  due t o  o x i d a t i o n  of CH4, methane. S ince  CH4 
p robab ly  e n t e r s  t h e  s t r a t o s p h e r e  th rough  t h e  t r o p i c a l  t ropopause  a t  a mixing 
r a t i o  of approx imate ly  1.6 ppmv, it  cou ld  a t  most add 3.2 ppmv t o  t h e  H 0  2 mixing r a t i o  p a s s i n g  th rough  t h e  t r o p i c a l  t ropopause  "co ld  t r a p . "  A t  -80 C 
and 100 mb t h i s  i s  5.5 ppmv and would l e a d  t o  - 9 ppmv a s  a  maximum p o s s i b l e  
H20 mixing r a t i o  i n  t h e  upper  s t r a t o s p h e r e .  . 

However, a s  i n d i c a t e d  above,  c u r r e n t  d a t a  i n d i c a t e s  a  d e c r e a s e  i n  
mixing r a t i o  from t h e  t r o p i c a l  t ropopause  t o  a  v a l u e  n e a r  4.5 ppmv, n e a r  19-20 
km. This  d e c r e a s e  s u g g e s t s  a  s t r a t o s p h e r i c  s i n k  f o r ,  H20, but  i n  t h e  absence  
of a n  i d e n t i f i e d  s i n k  i t  must be regarded  as c u r r e n t l y  unexp la ined .  S i n c e  t h e  
methane c o n c e n t r a t i o n  a l s o  d e c r e a s e s  between t h e  t ropopause  and 20 km, i t  c a n  
no l o n g e r  add a s  much a s  3.2 ppmv of H20 by o x i d a t i o n  a t  h i g h e r  l e v e l s .  Thus 
one can a r r i v e  a t  a  v a l u e  of  - 8 ppmv a s  a  maximum p o s s i b l e  mixing r a t i o  f o r  
w a t e r  a t  any l e v e l  above 20 km. S i m i l a r l y ,  from t h e  minimum t e m p e r a t u r e s  
observed over  t h e  w i n t e r  p o l e s  a t  25-30 km and o v e r  t h e  summer p o l e s  a t  t h e  
mesopause, one can a r r i v e  a t  a  minimum p o s s i b l e  w a t e r  mixing r a t i o  f o r  t h e  
upper atmosphere.  Th'e numbers o b t a i n e d  from t h i s  e x e r c i s e  a r e  n e a r  3  ppmv. 
Any o b s e r v a t i o n s  of upper  a tmospher ic  w a t e r  vapor c o n c e n t r a t i o n s  o u t s i d e  t h e  
range of 3-8 ppmv must be regarded  a s  due t o  o b s e r v a t i o n a l  e r r o r  o r  t o  unknown 
H20 s o u r c e s ,  s i n k s ,  o r  r e d i s t r i b u t i o n  mechanisms. 

During t h e  l a s t  y e a r  (1978) ,  l i m i t e d  s a t e l l i t e  measurements of w a t e r  
vapor  have been made w i t h  a n  e a r t h  l imb s c a n n e r  on ~ i m b u s  V I  ( G i l l e  and 
R u s s e l l )  and w i t h  a  pressure-modula t e d  rad iomete r  (PMR) on Nimbus V I I  (Hough- 
t o n ) .  Both of t h e s e  measurements ( n e i t h e r  of which has  y e t  been r e p o r t e d  
f u l l y )  have been made i n  t h e  i n f r a r e d  a t  6.3 micron wavelength .  For t h e  
1980s,  t h e r e  a r e  p l a n s  t o  measure a tmospher ic  wa te r  vapor u s i n g  a  v a r i e t y  of 
i n s t r u m e n t s ,  and t h u s  i t  is  hoped t h a t  t e n  y e a r s  from now t h e  s i t u a t i o n  w i l l  
be much b e t t e r  t h a n  i t  is a t  p r e s e n t ,  when no t  even a n  adequa te  g l o b a l  mean 
v a l u e  e x i s t s  f o r  mesopher ic  wa te r  vapor ,  t o  say  no th ing  of v a r i a t i o n s  w i t h  
t ime  and l a t i t u d e .  

2.4 HIGH-ALTITUDE CLOUDS 

2.4.1 N o c t i l u c e n t  Clouds ( E l l s a e s s e r ,  Turco) 

These a r e  t h i n  c l o u d s  observed o c c a s i o n a l l y  a t  t h e  h i g h  l a t i t u d e  summer 
(co1.d) mesopause, where t h e  t empera tu re  d rops  s o  low (below 150 K) t h a t  con- 
d e n s a t i o n  can occur  even though wa te r  vapor  mixing r a t i o s  a r e  no g r e a t e r  t h a n  
s e v e r a l  ppmv. These mesopheric c l o u d s  have been t h e  s u b j e c t  of s c i e n t i f i c  
i n v e s t i g a t i o n  f o r  n e a r l y  a  c e n t u r y .  N o c t i l u c e n t  c l o u d s  (NLCs) have been 
observed from t h e  ground (Fogle  and Haurwitz ,  1966) ,  from s a t e l l i t e s  (Donahue 
e t  a l . ,  1972) ,  and have been sampled i n  s i t u  (Hemenway e t  a l . ,  1964). Cur ren t  
t h e o r i e s  f a v o r  a  c r y s t a l l i n e  i c e  compos i t ion  (Reid ,  1975) c o v e r i n g  a  
m e t e o r i t i c  d u s t  n u c l e u s ,  a l t h o u g h  h y d r a t e d  m e t a l l i c  i o n s  have a l s o  been sug- 
ges ted ,  a s  t h e  n u c l e a t i n g  a g e n t  (Goldberg and W i t t ,  1977). D'Angelo and 
Ungstrup (1976) r e c e n t l y  r e p o r t e d  a n  a n t i c o r r e l a t i o n  between NLCs and iono- 
s p h e r i c  e l e c t r i c  f i e l d s  (which l e a d  t o  ohmic h e a t i n g  of t h e  mesosphere) ,  
s u g g e s t i n g  t h a t  NLCs a r e  composed of a  c o n d e n s i b l e  s u b s t a n c e  such a s  H20. 
This  t h e o r y  t e n d s  t o  conf i rm t h e  i d e a  t h a t  t h e  c o n d i t i o n s  n e c e s s a r y  f o r  NLC 



formation are an extremely cold mesopause (Theon et al., 1967) and sufficient 
ambient water vapor and numerous condensation nuclei (Witt, 1969). If these 
conditions are met anywhere in the upper atmosphere, it is at the high 
latitude summer mesopause where they would be expected to be most likely. And 
it is here that NLCs were observed by satellite (Donahue et al., 1972). By 
contrast, NLCs are not seen at latitudes below 45' except for artiffcia1 NLCs 
correlated with SCOUT mis,sile launches from Pt. Mugu (Meinel et al., 1963) and 
with French sounding rockets (Benech and Dessens, 1974). A detailed discus- 
sion of NLC sightings and morphology can be found in Fogle and Haurwitz 
(1966). 

By depositing water vapor and exhaust particles near the mesopause and' 
thereby enhancing two of the three 'conditions believed necessary for NLC 
formation, rockets can apparently form artificial mesospheric clouds (Meinel 
et al, 1963; Benech and Dessens, 191'4) and might presumably increase the 
frequency or extent of natural NLCs. Rocket injections of water vapor may 
also lower the temperature at or near the mesopause. Chenurnoy and Charina 
(1977) studied variations in hydroxyl (OH) band emissions before, during, and 
after an NU: display. As a result they suggested that higher concentrations 
of H20 before formation lead to enhanced OH emission causing local cooling; 
after formation of the NLC, H20 vapor is condensed into cloud particles 
leading to reduced emission. 

Despite the observed production of artificial mesospheric clouds fol- 
lowing rocket launches, as cited above, two direct mesospheric releases each 
of. 2 kg H20 over Ft. Greeley, Alaska, on 5 and 8 August 1964, failed to pro- 
duce observable cloud (Fogle et al., 1965). However, since the water was 
released in bulk at heights that could not be clearly determined,. these fail- 
ures may not be significant. Liquid water would not have much time to evapo- 
rate and condense into particles of sufficient size to make a visible cloud. 
(See also the 'discussion of Section 2.5.3 concerning several additional high 
altitude water release experiments, and the discussion in item F.2 of Appendix 
F on the specific enthalpy of different water releases.). 

Novozhilov (1979) has suggested that the formation of NLCs is probably 
facilitated by the presence of a deep cyclonic vortex in the mesosphere, and 
Scott (1974) reports that NLC sighting occur earlier in summers following 
major sudden stratospheric warmings. . . 

2.4.2 Nacreous Clouds (Ellsaesser) 

Nacreous clouds form in the stratosphere (- 25 to 30 km) in the region 
of temperatures below -80°C that develop .within the polar winter vortices, 
particularly over Antarctica. As such they are indicative of (high) strato- 
spheric water vapor mixing ratios and (low) temperatures, and of year-to-year 
variations in atmospheric circulation. In view of the dearth of information 
of this type, they offer an additional source of information for interpreting 
or inferring conditions at high levels in the atmosphere. 

The catalog of sighting by Stanford and Davis (1974) shows periods of 
maximum frequency in the 1880s to 1890s and in the 1930s to 1940s. There was 
also a 30-year period from 1895 to 1926 during which almost no sighting were 
done. These data suggest long-period cycles of variation in stratospheric 



water vapor mixing ratios and/or temperatures that exceed anything we have 
seen since observations of stratospheric water vapor and temperature were 
begun. Stratospheric cycles of such long-periods must also have an impact on 
the mesosphere. 

2.5 CONDENSATION AND RE-EVAPORATION IN ROCKET EXHAUSTS 

2.5.1 Prefatory Comments (Bauer) 

The problem of condensation and re-evaporation of water vapor is 
significant for rocket exhausts in all altitude ranges considered here, and 
for a variety of applications. 'lbo subpanels, chaired respectively by M. 
Mendillo and M. Pongratz (see items 2.5 and 3.4 in Table 5) addressed the 
problem at the workshop, and P. Bernhardt wrote a discussion afterwards. 
These three contributions are all presented here. There is, of course, some 
redundancy, but it seems preferable to present the whole of the discussion in 
view of the importance of the problem. Mendillo reviews the problem as a 
whole, Pongratz makes specific suggestions for experiments, and Rernhardt 
summarizes the problem as it appeared after the workshop (he participated in 
both Mendillo's and Pongratz' subpanels). 

2.5.2 The Overall Problem - - (Mendillo) 

A. Introduction 

The exhaust gases from a rocket cool adiabatically on'expanding through 
the nozzle and into the low-density ambient environment. At high altitudes, 
temperatures below the saturated vapor temperature of H20 are reached and thus 
condensation and the formation of ice crystals are expected to occur. Ample 
evidence exists from laboratory experiment to show that under a wide variety 
of .conditions condensation occurs rapidly once supersaturation is reached. 
However, the condensation mechanism is not always well defined or 
understood. Thus Wegener (H. G. Wolfhard, private communication) demonstrated 
that the concept of homogeneous condensation did not explain the Apollo-8 
lunar injection effects, but Castleman (private communication, June 1979) 
points out that hydrated protons lead to [:he formation of clathrate structures 
involving some 20 H20 molecules that form nuclei for condensation. 

The mass fraction of the condensed phase is not well known. However, 
laboratory experiments indicate that under many conditions at least half the 
water condenses. Since condensation is enhanced by longer residence time in 
the rocket noz'zle, there is a tendency for more condensation to occur as the 
size of the rocket engine increases. 

Condensation in the exhaust of a hydrogen-oxygen rocket was observed in 
the hpollo-8 lunar orbit injection burn. Molander and .Wolfhard (1969) ana- 
lyzed the observations made by Smithsonian Astrophysical Observatory personnel 
at Mt. Haleakala of a "cloud as bright as the moon" photographed during the 



injection burn. The illumination was presumably caused by sunlight scattered 
from ice crystals in the exhaust cloud (see also Aviation Week, 6 January 
1969). 

It is not known how large the ice crystals formed in a liquid fuel (H2- 
02) rocket are, but they are probably smaller than those observed in 
aluminized solid propellant rocket, i.e., submicron. 

Note also that various components of rocket exhausts such as atomic and 
molecular ions, small ice crystals and various contaminants may induce the 
condensation of supercooled water vapor in the ambient atmosphere to form a 
contrail. Such phenomena are thought to be responsible for the "noctilucent 
cloudlike" formation observed in some past rocket launches (see Benech and 
Dessens, 1974). Note also the observations of Meinel et al., 1963 of several 
contrails (seven over six months) observed at an altitude of order 70 km from 
Arizona following launches of Scout solid propellant rockets from Vandenberg 
Air Force Base. 

B. Summary of Water-Dump Experiments 

Several water-dump experiments have been decribed that address the 
condensation issues raised by rocket exhausts. These are: 

(1) Wallops Island High Water Test. On 2 March 1962, a Nike-Ca jun 
rocket released 18 kg of water at an altitude of approximately 
100 km over Wallops Island, Virginia. The time of' the release 
was 05:47 E.S.T,, corresponding to dawn twilight. The main 
objective of the experiment was to provide background data for 
a proposed release of water from the second and third stage of 
a vehicle designed to test the Saturn booster' (the Saturn High 
Water Experiments described below). The ground-based optical 
diagnostics led to three main conclusions (Edwards, 1962): 

(a) Upon release of the water from the canister a small portion 
(2 kg) was perhaps vaporized and the remainder formed ice 
particles that continued to follow the ball*stic trajectory 
established by the Nike-Cajun rocket. 

(b) The ice crystals probably had a random size distribution 
with diameters from a few to several hundred microns. 

(c) The vaporized water, if present, was too faint to be seen 
or photographed, whereas the ice crystal cloud was visible 
by means of scattered sunlight and could be photographed 
<e.g., at t = 60 seconds after the release, the diameter of 
the cloud was aproximately 6 km). 

(2) Saturn High Water Experiments. The largest known "chemical 
release" experiments yet performed were the Saturn water' dumps 

. of April and November 1962. These experiments were a secondary 
objective of the Saturn test flight program (Debus et al., 
1964). On two occasions, over 86,000 kg of water, carried as 
ballast in the upper stages of the Saturn vehicle, were 



released by an explosive rupture of the storage tanks in the 
lower ionosphere. A large amount of material exists on thee 
experiments, almost all of it in the form of contractor 
reports, in-house memoranda, and partially reduced data 
(Lundquist, private communication, 1979). A preliminary 
examination of that information suggests that the major result 
of interest to the ionspheric hole question concerns the degree 
of condensation experienced by the released water. Debus et 
al. (1964) estimated that approximately 85% of the water formed 
a cloud of fine ice crystals. ~hoto~ri~hic records exist of 
the early development .of the resultant ice cloud. Similar 
records of various fuel dump scenarios carried out during 
several Apollo missions (Lundquist, 1970) document cases of 
substantial corlrlensation percentages at higher'altitudes.. 

As an ionospheric modification experiment, the Saturn High Water 
dumps were of little value. This shortcoming is due both to the altitudes of 
the releases and to the lack of appropriate ionospheric diagnostics. If the 
injections had occurred at F-region heights, the 15% of. water vapor produced 
would have caused a large-scale ionospheric hole comparable to the Skylab 
effect. At 105 km and 165 km, no ill effects were produced as predicted in 
the preliminary planning document (Debus et al., 1964). 

It is possible that a more detailed examination of the photographic 
record of the ice cloud could lead to a better understanding of the conden- 
sation problem or to such atmospheric questions as the formation of high 
altitude noctilucent clouds. These were in fact considered at the time and, 
as described by Debus' et al. (1964), "Noctilucea~: clouds were not observed, or 
if observed, went unrecognized." 

C. Current Status - 
Participants in the June, 1979, SPS workshop re-examined the question 

of condensation in rocket exhausts in the light of past experiments and new 
theoretical calculations. Evidence taken from the High Water experiments of 
1963 and the LAGOPED0,experiments of 1977 suggest that 80-100% of water de- 
posited in the upper atmosphere (via explosives or ruptured storage tanks) 
quickly condenses. The water vapor resulting from a rocket exhaust plume, 
which has a significantly higher specific enthalpy (see item F.2 in Appendix 
F), may experience a significantly lower fraction of condensation, but uncer- 
tainties in this area suggest that 50-100% may still be the range of possi- 
bilities. 

Since the condensation process occurs very close to or in the rocket 
nozzle (in a time much less than 1 second), the degree of condensation would 
not be expected to exhibit appreciable diurnal or altitude dependence. Thus 
little difference should occur between Domains A, B, and C with respect to 
condensation. 

While the molecules that escape condensation are available for imme- 
diate aeronomic processes, the frozen component must still be considered. 
Translational processes (diffusion, gravitational settling, suborbital and/or 
orbital motions, and atmospheric escape) will obviously transport the 



condensed water from the localized point(s) of injection; S'nce the size of 
9 the crystals is probably in the 0.1 pm range, with perhaps 10%-10 molecules, 

current estimates point to relatively rapid fall (speeds on the order of 
kilometers per second above several hundred kilometer altitude). In the lower 
atmosphere (Domain A) winds would be the main source of ice cloud transport. 

Theoretical studies of condensation usually assume that the ice cryst- 
als. can be replaced by equivalent spheres. This assumption may be too 
restrictive for the present application. For example, in trying to infer the 
degree of condensation from optical measurements, as was done in LAGOPEDO for 
instance, the conclusions may have a strong dependence on the shape as well as 
size of the ice crystals, especially if the longest dimension essentially 
determines the scattering properties. 

An important aspect of the water injection problem deals with the 
subsequent sublimation of the ice crystals. In Domain A, collisions with the 
neutral atmosphere are probably the main source of sublimation; at higher 
altitudes collisional heating is no longer effective. Tile role of sunlight fn 
the sublimation process is not fully understood at this time. Estimates of a 
half-life of ice crystals in the 2-10 minute range (see e.g., Molander and 
Wolfhard, 1969) may be too short (Zinn and Bernhardt, private communication;. 
also S h a m  and Buffalano, 1971, Table 1, who estimate from 20 minutes near 
640 km and over a day in cislunar space). 

Additional areas that need to be investigated are: 

(1) The role of multi-constituent exhaust clouds in which the individual 
species may influence each other's tendency to condense (e.g., the Space 
Shuttle OMS engines, used in its circularization burn, emit H 0, C02, H2, N2, 2 and other minor species). In addition, any particulates or Ionic species in 
the exhaust may enhance the condensation procss. 

(2) The possible chemical interaction between ice and a plasma need to 
be examined. 

(3) Past and current studies of comets should be examined in the con- 
text of the sublimation and plasma chemistry questions. 

Y (4) Any archived data on rocket exhaust condensation and subsequent 
sublimation should be reviewed. 

(5) The feeling that possible laboratory experiments (with the possible 
exception of Castleman's work on condensation on ions) are probably not di- 
rectly relevant to rocket exhaust effects suggests that only rocket observa- 
tions (via experiments of opportunity) should be planned. 

(6) The use of LIDAR to address the condensation/sublimation ques.tion 
needs to be 'examined,' as well as any nonvisual optical detection technique. 



2.5.3 Experimental Studies, Mainly in Domain B (Pongratz) 

Our current understanding of the phenomenology of the water in rocket 
exhausts indicates that a fraction ranging between 0.2 and 1.0 condenses and 
freezes into ice crystals. The characteristic ice crystal dimensions are 
generally considered to be in the range of 0.01-0.3 pm. Indeed, the size 
distribution may be dominated by large numbers of very small particles. 

While a reasonable consensus exists regarding condensation, the evap- 
oration picture changes "by the hour." Early calculations by Bernhardt indi- 
cated that in the absence of sunlight only a small amount of sublimation 
occurs. Sublimation in sunlight depends on whether or not the ice crystals 
can absorb sunlight. Rernhard (1976), Zinn et al., (1979), and Wolfhard 
(1969) have made calculations assuming that sunlight is absorbed, which give 
sublimation time constraints of about minutes. 

The LAGOPEDO UNO experiment probably represents the only quantitative 
unclassified data on sublimation. Two instruments measured the spectrum of 
the reflected sunlight, which can be used to determine a characteristic size 
for the ice crystals. Two other cameras recorded images of the ice cloud. 
One imaging camera used EKIR film (3 layers, 500-900 nm) and the other camera 
was electrostatically intensified and filtered at 455 nm. These imaging data 
can give.ice crystal inventories as a function of time. Preliminary data 
indicate that a large fraction of the H20 froze and gave a sublimation time 
constant of about 10 seconds. 

Experiments should be conducted, to verify codes used to predict the 
fraction of the water vapor that condenses, based upon its specific 
enthalpy. Experiments are preferred that closely match the temperature, 
pressure, and density values anticipated for SPS rockets; however, a verifi- 
cation of the condensation codes using initial values of temperature, 
pressure, and density is a necessary minimum first step. Because of the 
disparate ideas regarding sublimation, experimental input is vital. Because 
of the rapid expansion of the ice cloud in Domain B, optical techniques using 
scattered sunlight can probably detect sublimation if the relevant time con- 
stant does not, exceed 500 seconds; otherwise 'the cloud will become tenuous and 
the signal will fall below background before significant sublimation can be 
observed. 

Lest it be omitted elsewhere, the issue of heterogeneous chemistry 
involving small ice crystals with a relatively large surface area should be 
raised and that of ions and electrons attaching themselves to these crystals 
(see Castleman, 1979). Such reactions would produce significantly different 
neutral chemistry and airglow compared to the charge exchange and dissociative 
recombination reactions. 

Unfortunately, the upcoming Atlas-Centaur launch will not be useful for 
studying condensation and sublimation in Domain B because of the local time of 
the launch. The launch occurs several hours before sunrise and the ice cryst- 
als will disperse and fall long before sunlight can hit them. The Canadian 
National Research Council (Dr. Brian Whalen) and Los Alamos Scientific Labora- 
ory (Dr. Gordon Smith) are proposing a LAGOPEDO-type release called Project 



Waterhole  t h a t  shou ld  p r o v i d e  a n  o p p o r t u n i t y  f o r  o p t i c a l  i c e  c loud 
d i a g n o s t i c s .  This  exper iment  w i l l  be conducted i n  MarchIApril  1980 and may be 
u s e f u l  f o r  . the f u t u r e .  

The i d e a l  Domain B exper iment  would i n v o l v e  a  r o c k e t  exhaus t  s i m u l a t o r  
making r e l e a s e s  w i t h  v a r y i n g  speeds  above and below t h e  t e r m i n a t o r  f o r  t h e  i c e  
c r y s t a l s .  The r o c k e t  e x h a u s t  s i m u l a t o r  shou ld  produce H20 vapor w i t h  t h e  same 
s p e c i f i c  e n t h a l p y  a s  t h e  SPS r o c k e t s  used f o r  t h e  c i r c u l a r i z a t i o n ,  d e o r b i t ,  
and POTV burns )  s e e  I tem F.2 i n  Appendix F) . From a s i n g l e  sounding r o c k e t  
l a u n c h  d u r i n g  s u n r i s e ,  many of t h e  s u b l i m a t i o n  paramete rs  cou ld  be v a r i e d ,  
and t h e  i c e  c r y s t a l  s i z e  and i n v e n t o r y  determined.  Because of t h e  c r i t i c a l  
impact o f  t h e  s u b l i m a t i o n  q u e s t i o n  on  t h e  i s s u e  of i o n o s p h e r i c  d e p l e t i o n ,  we 
would recommend t h a t  such a n  exper iment  be conducted.  

2.5.4 The Current  S t a t u s  (Bernhard t  -- prepared  a f t e r  t h e  workshop) 

Rapid vapor expans ion  produces c o o l i n g  t h a t  may l e a d  t o  condensation. 
The amount of c o n d e n s a t i o n  w i l l  depend on ( 1 )  t h e  i n i t i a l  s p e c i f i c  e n t h a l p y  
( i . e . ,  c  Tip) of t h e  vapor ,  ( 2 )  t h e  expansion geometry ( such  a s  a  s p h e r i c a l  

P  v e r s u s  a  r o c k e t  plume r e l e a s e ) ,  and (3) t h e  c o n s t i t u e n t s  of t h e  exhaus t .  The 
amount of condensa t ion  a l s o  depends on whether condensa t ion  n u c l e i  are formed 
by t h e  vapor molecules  themselves  o r  by some f o r e i g n  p a r t i c l e s  such a s  smoke, 
d u s t ,  s a l t ,  i o n s ,  e t c .  With t h e s e  f a c t o r s  i n  mind, s e v e r a l  vapor r e l e a s e s  
which have produced ( o r  w i l l  produce) i o n o s p h e r i c  m o d i f i c a t i o n  a r e  cons idered .  

The f i r s t  r e l e a s e  i s  t h e  S a t u r n  VISkylab burn t h a t  produced t h e  iono- 
s p h e r i c  d e p l e t i o n s  measured by Plendil lo et  al .  (1975a,b.). There seem t o  be  
good t h e o r i e s  and measurements of t h e  condensa t ion  i n  t h e s e  r o c k e t s .  The 
S a t u r n  V i o n o s p h e r i c  h o l e  was produced by t h e  second-s tage burn.  The second- 
s t a g e  p r o p u l s i o n  systems c o n s i s t  of f i v e  5-2 L O ~ / L H ~  r o c k e t  eng ines .  This  
t y p e  of eng ine  (5-2) was t h e  same t h a t  i s  used by t h e  S a t u r n  I V B .  The 
t r a n s l u n a r  i n j e c t i o n  burn of t h e  S a t u r n  I V B  d u r i n g  t h e  Apollo 8 m i s s i o n  
produced a v i s i b l e  plume t h a t  was a t t r i b u t e d  t o  s c a t t e r i n g  of s u n l i g h t  o f f  of 
i c e  c l u s t e r s .  A n a l y s i s  of photographs  of t h e  plume i n d i c a t e  t h a t  5-10% of t h e  
exhaus t  condensed (Kung, 'Cia .nciolo ,  and Myer, 1975). The p a r t i c l e  r a d i u s  is  
e s t i m a t e d  t o  be 70-100 A. The v i s i b l e  c loud l a s t e d  f o r  more t h a n  two hours  
(Lundquis t ,  1970). A p u r e l y  t h e o r e t i c a l  c a l c u l a t i o n  of t h i s  e f f e c t  by Wu 
(1975) ,  u s i n g  n o n e q ~ i l ~ b r i u m  condensa t ion  t h e o r y ,  g i v e s  10.5% condensa t ion  

. w i t h  17 A . ( r a d i u s )  c l u s t e r s .  Using a  s imple  model d e s c r i b e d  i n  Bernhardt  
(1976) ,  wi th  m o d i f i c a t i o n s  f o r  r o c k e t  plumes, we c a l c u l a t e  12.2% condensa t ion  
w i t h  a  f i n a l  c l u s t e r  t empera tu re  of 200 K. Based on t h i s  r e s e a r c h ,  i t  seems 
t h a t  t h e  S a t u r n  V condensa t ion  shou ld  be t a k e n  a s  10%. C l u s t e r  s i z e  shou ld  be 
70-100 A and t h e  c l u s t e r  l i f e t i m e  i s  g r e a t e r  t h a n  2  hours .  

The second r e l e a s e  of i n t e r e s t  i s  LAGOPEDO. Much more w a t e r  vapor is 
expec ted  t o  condense because  of t h e  h i g h  i n i t i a l  d e n s i t y  of t e Lagopedo 
r e l e a s e .  For i n s t a n c e ,  t h e  Lagopedo vapor d e n s i t y  i s  526 kg/m' a t  1000 K 

3 t e m p e r a t u r e ,  whi le  i t s  S a t u r n  V d e n s i t y  is on ly  0.0146 kg/m a t  t h a t  temper- 
a t u r e .  Our c a l c u l a t i o n s  i n d i c a t e  t h a t  54% of t h i s  H20 vapor  w i l l  be 
n u c l e a t e d .  The h e a t  of v a p o r i z a t i o n  r e l e a s e d  f o r  H20 i c e  w i l l  p reven t  any of 
t h e  C02 from f r e e z i n g .  



The third release of interest is the OMS engine burn during the Skylab 
I1 mission. This engine produced exhaust at a temperature of 921 K with a 

3 density of 0.0028 kg/m . The low density of the exhaust indicates that the 
degree of condensat'ion will be even less than during the Apollo 8' (or the 
Skylab I) mission. Our calculations indicate that no more than 6% of the 
exhaust should condense. 

Our modeling of condensation assumes nonequilibrium, steady-state 
nucleation theory. As such, it tends to overestimate the amount of conden- 
sation. Time-dependent (nonsteady-state) homogeneous nucleation has been 
investigated by Draine and Salpeter (1975). We are attempting to use their 
theory for the rocket-plume and explosive-release condensation problem. 

Besides thebretical calculations and experiments in space, laboratory 
measurements of rocket exhaust condensation should he considered.' Measure- 
ments of condensation in a vacuum chamber, however, may be prohibitive. 
Chamber measurements have been made of the composition of a rocket plume by 
McCay, Powell, and Busby (1970). Condensation measurements were.not feasible 
because their chamber size was too small by. at least a factor of two. The 
condensation from the Saturn IVB was calculated to start at 41 to 55 meters 
from the nozzle (Wu, 1975). 

In summary, from the condensation calculations we conclude that nucle- 
ation is important for Lagopedo-type releases but may not be significant for 
rocket-plume releases. This is because of the low initial density of the 
vapor leaving the rocket nozzles. We are left inquiring: Does condensation 
seem to be necessary to explain the Skylab I ionospheric depletions (e.g., 
Zinn et al., 1979)? 

2.6 SPREADING OF ROCKET EXHAUST CLOUDS: LOCAL, REGIONAL, ~ONAL, AND 
GLOBAL EFFECTS (Bernhardt) 

Domain A lies generally below the "turbopause" (which normally lies at 
110 f 10 km) so that turbulent diffusion dominates over molecular diffusion. 
In this region the mean free path is one meter or less and the rocket exhaust 
relaxes to collisional equilibrium with the background atmosphere. The effec- 
tive atmospheric diffusion coefficient may be as much as a factor of ten 
greater than the molecular diffusivity at the lower altitudes. 

Mesospheric winds may contain shears as large as 120 m/sec per km in 
altitude, which elongate and so disperse the exhaust cloud. Table 7 sketches 
cloud dispersion in the mesosphere, which indicates that 1-10 days after 
release the cloud from a point injection has spread to regional dimensions 
(300-3000 km). Since HLLV launches average approximately one per day, one 
would expect to find a zonal band of 1000-3000 km width (south to north) 
spread around the globe near the latitude of launch (28ON). The various 
chemical and photochemical reactions have di'f f erent time constants, so that it 
is possible that rather different phenomena may be observed on a local scale, 
as in a point release or rocket plume, than on a regional, zonal, or global 
scale. 

The numerical values of cloud width shown in Table 7 are schematic 
only, being based on the very limited data .set shown in Fig. 3. At higher 



- ' TABLE 7 

SKETCH OF CLOUD DISPERSION I N  THE KESOSPHERE 

( L a g r a n g i a n  P i c , t u r e .  Numbers Schema t i c  Only) 

V a l u e s  f o r  a come f rom F i g u r e  3 h e r e ;  f o r  a see Baue r ,  1974. 
h v 



* TRAVEL TIME t 

( S o u r c e  : . 8 a u e r ,  1 9 7 4 )  

F i g u r e  3 .  H o r i z o n t a l  D i s p e r s i o n  a s  a  F u n c t i o n  o f  T r a v e l  T ime  -- 
D a t a  f o r  t h e  U p p e r  S t r a t o s p h e r e  a n d  M e s o s p h e r e  

N o t e :  1. D a t a  i n  t h i s  a l t i t u d e  r a n g e  o n l y  e x i s t s  f o r  times u p  t o  a f e w  
m i n u t e s .  

2. The  mean c u r v e  a n d  bo l lnds  f r o m  H a g e ,  1964,  w e r e  o b t a i n e d  f o r  
a l t i t u d e s  b e l o w  30 k m ;  t h e y  a r e  shown  o n  t h i s  f i g u r e  m e r e l y  t o  
i n d i c a t e  t h a t  t r a n s p o r t  is f a s t e r  a t  t h e s e  h i g h  a l t i t u d e s  ( s e k  

. B s u e r ,  1 9 7 4 ,  f o r  a  d i s c u s s i o n  of t h i s  p o i n t ) .  



a l t i t u d e s  (100 km and above) one would expec t  more r a p i d  s p r e a d i n g ,  and i n  any 
c a s e  eas t -west  d i s p e r s i o n  is  more r a p i d  t h a n  nor th-south  s p r e a d i n g  because of 
t h e  z o n a l  winds a s s o c i a t e d  wi th  t h e  r o t a t i o n  of t h e  e a r t h .  

2.7 ENERGY AND MOMENTUM TRANSFER DUE TO ROCKET EXHAUST PLUMES (Forbes )  

The HLLV second s t a g e  has  a  mass f low of 6500 k g / s e c ,  of which 6300 
k g / s e c  is  II20 and 200 k g / s e c  H2 ( s e e  Fig.  1 ) .  The h e a t  of combustion of H 
and O2 i s  approx imate ly  58 Kcnl/mole, and t h u s  t h e  t o t a l  r a t e  of thermaf 
energy  p r o d u c t i o n  i s  90 GW. A t  95 km a l t i t u d e  t h e  mean speed of t h e  HLLV i s  4  
km/sec and t h e  t e m p e r a t u r e  is 200 K, s o  t h a t  t h e  the rmal  energy i n  t h e  exhaust  
is e q u a l  t o  t h e  the rmal  energy of t h e  a i r  molecules  c o n t a i n e d  i n  a  c y l i n d e r  of 
r a d i u s  6 km, w h i c h . i s  approx imate ly  e q u a l  t o  one s c a l e  h e i g h t .  Thus f o r  a  
d i s t a n c e  of t h i s  o r d e r  around t h e  t r a j e c t o r y  one would expec t  t o  f i n d  n o t i c e -  
a b l e  d i s t u r b a n c e s ,  w i t h  t h e  p o s s i b l e  p r o d u c t i o n  of shocks  and g r a v i t y  waves 
t h a t  would tend t o  p ropaga te  upwards w i t h  i n c r e a s i n g  ampl i tude  a s  t h e  d e n s i t y  
f a l l s .  I n  f a c t ,  d u r i n g  t h e  a s c e n t  of Apollo 15, 16, and 17,  s i g n a l s  were 
d e t e c t e d  on a  microbarograph on t h e  ground from the plume i n  t h e  30-150 km 
a l t i t u d e  range ( s e e  H i l t o n  e t  a l .  (1972) ,  Henderson and H i l t o n  (1974a,b,  and 
Gardner and Rogers (1979) ,  who ana lyzed  t h e  Concorde "hyperboom." 

D i s s i p a t i o n  of energy i n  t h e  r o c k e t  plume i s  expec ted  t o  occur  v i a  both  
r a d i a t i v e  c o o l i n g  and t h e  e x c i t a t i o n  of a c o u s t i c  and /or  g r a v i t y  waves. Osc i l -  
l a t i o n s  w i t h  p e r i o d s  on t h e  o r d e r  of minutes  i n  t h e  bo t tomside 'F- reg ion  i o n i -  
z a t i o n  were observed 1000 km away from t h e  l aunches  of Apollo 14 and 15 
(Arend t ,  1971, 1972). Depending on t h e  v a l u e  of t h e  Brunt-Vaisala f requency 
N, which is  e q u a l  t o  about  1.9 x  sec-'  a t  110 km, t h e  o s c i l l a t i o n s  can be 
i n t e r p r e t e d  a s  a c o u s t i c  wave modes i f  t h e i r  f requency  f  > N/2n, o r  as g r a v i t y  
wave modes i f  f < N/2,rr. It is  p o s s i b l e  t h a t  t h e s e  waves could  a c t  t o  c a u s e  
Sporad ic  E i n  t h e  v i c i n i t y  of t h e  r o c k e t  launch. By s t u d y i n g  a r c h i v e d  d a t a  
and f u t u r e  launches  of p p p o r t u n i t y ,  t h e  g e n e r a t i o n  of wave d i s t u r b a n c e s  i n  t h e  
i o n o s p h e r e  and r e l a t e d  e f f e c t s  shou ld  be confirmed. The magnitude of t h e  HLLV 
e f f e c t  would of c o u r s e  be much g r e a t e r ,  so  some unders tand ing  of t h e  p h y s i c s  
invo lved  would be n e c e s s a r y  t o  e x t r a p o l a t e  t h e s e  r e s u l t s .  

2.8 PHOTOCHEMICAL EFFECTS (Turco)  

SPS r o c k e t  i n j e c t i o n  of l a r g e  q u a n t i t i e s  of H ~ O / H ~  and NO i n t o  Domain A 
( t h e  mesosphere and lower thermosphere) may cause  impor tan t  l o c a l  and g l o b a l  
s c a l e  e f f e c t s ,  such a s :  

( 1 )  Enhanced a i r g l o w ,  p a r t i c u l a r l y  from v i b r a t i o n a l l y  e x c i t e d  OH 
( i n f r a r e d  bands) produce by t h e  r e a c t i o n  of H wi th  0  a n d + s i n g l e t  oxygen 

1 3' atoms ( D a t  630 nm and 'S a t  557.7 nm) g e n e r a t e d  by OH and O2 recombinat ion 
w i t h  e l e c t r o n s .  The i n c r e a s e  i n  OH emiss ion  shou ld  roughly p a r a l l e l  t h e  
i n c r e a s e  i n  t o t a l  hydrogen i n  t h e  upper mesosphere (- 90 km). The i n t e n s i t y  
of s i n g l e t  oxygen emiss ion  w i l l  depend on t h e  f r a c t i o n  of i n j e c t e d  H ~ O / H ~  
molecu les  t h a t  r e a c t  w i t h  a tomic  i o n s  i n  t h e  thermosphere.  N i t r i c  ox ide  
chemiluminesence,  due t o  t h e  r e a c t i o n s ,  NO + 0 and NO2 + 0, may be prominent 
d u r i n g  rocke t  r e e n t r y .  



', , 1 
(2j ~eduction in ozone due to catalytic 'reaction cycles involving 

injected HOx and NOxo In the mesosphere, the major HOx catalytic cycles 
involve the reactions, 

- 

O + O  + 0  +02 (net) 
3 2 

H + 0 2 + M + H 0 2 + M  
HO + O  + OH + o2 
04 + 0 + H  +02 

Net:. 0 + 0  
+ O2 

Ozone chemical loss in the upper mesosphere is controlled largely by HO, 
reactions, and the ozone concentration will vary inversely with the HOx con- 
centration. Nevertheless, the total column abundance of ozone, which 'is 
dominated by the ozone layer between 10 and 30 km, would not be affected 
significantly by 'a mesospheric depletion. 

However, a change in mesospheric ozone might lead to a change in meso- ' 

pause temperature since ozone cools the mesospohere by infrared emission. The 
projected change in the average stratospheric water vapor content due to SPS 
rocket launch activity is only of the order of 1%; such a change would have 
negligible photochemical consequences. 

NO produced above 70 km .by reentering SPS rockets will have little 
effect on mesospheric ozone because the reactions of NO + O3 and NO2 + 0 are 
very slow at these heights. Moreover, the expected rate of SPS NO production 
is too small on a global s'cale to affect stratospheric NOx levels signifi- 
cantly. 

(3) Ionospheric alterations, including: 

(a) Additional hydration of ions, most importantly in the lower E- 
region where water vapor is not usually present in large quan- 
tities. 

(b) Electron concentration decreases in regions of enhanced ion 
hydration, because electrons can recombine up to ten times 
faster with clustered positiye ions than with ambient 
molecular ions i . ,  NO+, 02). 

(3) Electron concentration increases in the vicinity of reentering 
spacecraft, caused by solar Lyman-a photoionization of heat- 
generated NO. 

(d) Ionizing Lyman-$ flux reductions in the vicinity of the launch 
'plume, due to absorption by injected water vapor. 



(e) Scattered Lyman-a and Lyman-f3 enhancements due to augmentation 
of the hydrogen geocorona, leading to greater nighttime ioni- 

! zation in the D- and lower E-regions. 

(f) Atmospheric conductivity profile alterations resulting from 
changes in ion and elctron concentration and composition. 

(4) Thermal and dynamical perturbations near the mesopause following 
large H20/H2 injections. The major thermal effects are probably related to 
direct infrared radiation transfer in the water vapor bands (between 6.3 and 
2.7 pm), OH infrared emission in the Meinel bands (between about 0.6 and 3.0 
, and chemical energy release by hydrogen-catalyzed oxygen atom 
recombination. Note that the OH Meinel band emissions can represent up to 20% 
of the ambient cooling rate of the mesopause region. It is not possible to 
estimate the dynamical implications of small rocket-induced temperature 
changes because the dynamics of the mesosphere are only poorly understood at 
present. 

Although the effects outlined above will probably be small on a global 
scale, locally (i.e., within 5-lo0 latitude of the injection) the effects may 
be large enough to cause noticeable (and possibly detrimental), changes. 
Accordingly, it is important to consider both the short-term local, and long- 
term global, impacts of SPS rocket activities. 

1 2:9 IONOSPHERIC CONDUCTIVITY AND ATMOSPHERIC ELECTRICITY (Vondrak) 

1 

1 
The electrical conductivity of the ionosphere and middle atmosphere is 

directly proportional to the electron and ion concentration. The injection of 
H20 and H2 by the SPS transpoitation system will cause both 1ocnl.ized and 
widespread reduction in ionization density and in .conductivity. On the other 
hand, the NO produced during reentry is expected to increase the D-region 
electron density, resulting in a localized conductivity enhancement. 'A global 
increase in nightttime D- and E-region ionization might also result from 
Lyman-a and Lyman-B scattering from an enhanced hydrogen geocorona (see Sec- 
tion 3.1.4). Another possible source of conductivity change is an alteration 
of charged particle precipitation at high latitudes if the SPS transportation 
system alters the radiation belts or magnetospheric structure (see Sections 
4.3-4.5). Particle precipitation is the main source of the.high-latitude 
night time ionosphere and, if the particles are energetic, it may enhance the 
conductivity of the middle atmosphere. 

An alteration of the ionospheric conductivity will affect the pattern 
of the ionospheric currents and electric fields. In particular, the intensitv 
of the equatorial and low latitude electric field is influenced by the iono- 
spheric conductivity distribution at high latitudes. An alteration of the 
equatorial electric field may strongly affect the occurrence of equatorial 
Spread F. At higher latitudes the ionospheric electric currents are part of 
'the electric current circuit that includes the Birkeland currents coupling the 
ionosphere to the magnetosphere. Thus modifying the high-latitude conduc- 
tivity may alter the magnetospheric structure. 

The conductivity in the middle atmosphere is. important for communi- 
cation systems, particularly VLF. Also, changes in electrical conductivity in 



this region may perturb both the electric current and electric field patterns 
of the global atmospheric electricity circuit that is established mainly by 
thunderstorms. If these perturbations affect thunderstorm characteristics, 
they may alter tropospheric weather and climate. 

H.C. Carlson pointed out (after the meeting) that it is unlikely that 
changes in conductivity of the D- and E-regions of the ionosphere might have 
much global impact on the gldbal electric circuit, at least as long as the 
altered conductivity is confined to sub-auroral latitudes. The reason for 
this is that only 10% of the total columnar resistance and ionospheric poten- 
tial occurs above an altitude of 10 km (see, egg., Roble and Hays, 1979; 
Vonnegut, 1979). 

2.10 POTENTIALLY .IMPORTANT PHENOMENA (Vondrak) 

~ollowing the practice in PEA (1978), each item in Sections 2.10, 3.5, 
and 4.5 will be given a two-index rating (A,B), where ,A = probability of 
occurrence, and B ' =  importance of potential impact. Each index will be as- 
signed the value H (high), L (low), or U (unknown). 

The following issues appear to be most relevant to the terrestrial 
environment and to users of present operational systems: 

1. Formation of high-altitude clouds (NLC and nacreous clouds). This 
could result from a cooling of the-&>sopause due to the increased humidity in 
the mesosphere or due to the addition of nucleation centers from ablated 
reentry material. Such cloud formation may have the following user impact: 

(a) Atmospheric albedo change that may alter the tropospheric 
weather and climate (see e.g., Herman and Goldberg, ,1978, p. 
243f). (H, UIL) 

(b) Reduced effectiveness of satellite-borne system for 
surveillance and remote sensing. (H,U) ' 

2. Alteration of mesospheric temperature structure and dynamics. This 
is principally due to the increased water vapor concentration in the meso- 
sphere, which may alter the reflectivity of planetary waves of the 
mesopause. Changing the mode of planetary wave propagation has been suggested 
(Hines, 1974) as a fact,or that modulates the tropospheric weather and climate. 
(u,u) 

.3. Alteration of electric conductivity in the lower ionosphere and 
mesosphere. The global distribution of ionospheric conductivity affects the 
propagation of high-latitude electric Fields to low latitudes and the location 
and intensity of high-latitude currents (auroral electrojet). These high- 
latitude currents are important elements of the current system that includes 
the Ririeland (field-aligned) currents that couple the ionosphere to the 
magnetosphere. These electrojet currents also affect power transmission 
lines,' long communication (telephone) lines, and terrestrial magnetic 
surveys. The global distribution of total conductivity (mesospher.lc and 
ionospheric) is an element of, the global atmosphetelc electricity circuit. 



User effects may be: 

(a) Alteration of high-latitude electric fields and currents that 
interfere with communication systems by altering ionospheric 
morphology and in particular the formation of equatorial Spread 
F. (U,H) 

(b) Alteration of location and magnitude of auroral current systems 
that adversely affect power transmission networks and longline 
telephone systems. (U,H) 

(c) Alteration of global atmospheric electricity circuit modifies 
tropo,spheric weather and climate. (U/L,U) 

2.11 ATMOSPHERIC EXPERIMENTS 

2.11.1 Water Vapor in the Mesosphere (Sundararaman) t) 

We need to know the variability and trend profiles for water vapor. At 
present there is essentially no information above 70 km; what little is avail- 
able (see Figure 2) has errors of about f 50% between 30 and 70 km. 

Some satellite measurements (e.g., Nimbus VII) exist, -and more are 
planned, which raises the question of how good these measurements are. We 
clearly 'need a few good profiles in the short term. In the long term, satel- 
lite measurements will be available, and they must be verified against ground 
truth observations. 

Thus in the short term we make the following recommendations: 

1. Evaluate how good ground-based systems (e.g., microwave spectro- 
metry) are in obtaining profile information in the mesosphere, noting that at 
present the microwave measurements are about a factor of 2 or 3 greater than 
available rocket measurements., 

2. Develop new instruments or adapt existing ones (such as the NOAA 
Lyman-a instrument) for rocket platforms so that. a systematic program of . 
measurements can be undertaken to determine the water vapor content above 20 
km altitude, and also that a "ground truth" verification of forthcoming satel- 
lite measurements can be undertaken. (This is a midterm re'commendation, to be 
carried out over the next 2-5 years). 

2.11.2. Noctilucent. Clouds ('Sundararaman, Turco) 

In the context of natural noctilucent clouds, the following studies 
should be made : 

1. Examine archived pictures of NLCs to determine if possible' their 
spatial extent, latitudinal/longitudinal distribution, day-to-day and seasonal 
variabilities and the sea.sona1 duration of occurrences. 



2. Undertake model calculations to assess the importance of NLCs such 
as sensitivity studies on climate (see e.g., Herman & Goldberg, 1978, p. 243f, 
in particular the study of Hummel and Olivero (1976) referenced therein). 

3. Examine the feasibility of NLC observations by satellites during 
time of rocket launches, such as the recent Atlas-Centaur launch. 

If the results of item 2 above show that NLCs have some significance, 
it is reasonable to consider a broader program, including the following items. 

4 .  Studies of (natural NLCs to determine their origin, composition, 
microphysics and spatialltemporal characteristics. 

5. Investigate ambient mesospheric water vapor concentrations from the 
standpoint of global morphology and variability, and also the mesospheric 
circulation, both from the standpoint of correlating or predicting with nat- 
ural NLCs. 

In addition, several classes of experiments can be designed relative to 
the formation of long-lasting'contrails or artificial noctilucent clouds: 

6. Monitor rocket launches. of opportunity for high-altitude cloud 
formation, contrails, and related phenomena. 

7. Execute a mesospheric water release to generate an artificial 
noctilucent cloud for study. 

8. Investigate water vapor condensation in adiabatically expanding 
rocket plumes, to deduce eventual particle concentrations, size, and momentum. 

The experimental tools that might be utilized in these studies may be 
divided into the following categories: 

1. Cloud detection and characterization 

(a) Twilight 'photography/photometry from the ground.. 

(b) Limb scanning photometry from satellites in place. 

(c) High resolution spectral and polarization measurement of 
reflected light (from the ground or from rockets). 

(dl Rocket sampling of clouds using various collect?ion 
surfaces/filters to detect solid and volatile materials. 

(e) Electron microscopy/chemical analysis of NLC samples. 

(f) In situ optical sizing instruments and 'condensation nuclei' 
counters. 

2. Related atmospheric parameters 

(a) Air temperatures using rocket grenades (or infrared emissions). 



(b) Wind patterns via cloud motions, or movement of injected 
tracers. 

(c) Mass spectrometer ion composition measurements. 

3. Airglow observations 

(a) OH emission photometry in selected bands,-both wide and narrow 
view. 

(b) OH rotational spectroscopy. 

,(c) H20 .6.3 pn emission spectroscopy from rockets. 

All of the above instrum'ents and techniques have been used in earlier 
cloud/aerosol/aeronomy studies. What remains to be done is to address the 
following practical and technical problems: Which of experiments 1-8, if any, 
will yield new information relevant to an environmenta1,assessment of the 
proposed SPS rocket program? Are such experiments feasible, given the time 
and funds available? What instrument modifications or development will be 
needed? Will there be ample opportunity to make the required.observations? 

2.11.3 NO Production on Reentry (Whitten) (Priority: U,M) 

The quantity of nitric oxide produced by a reentering Space Shuttle has 
been calculated by Park (1976), but the computations have never been validated 
by observation. The following experiment is suggested for that purpose, using 
simple scaling to extend the results to HLLV reentry. 

We envisage two sets of airborne observations, one to measure the 
emission spectrum in the wake arising from the NO + 0 chemiluminescence in the 
0.6-1.1 pm spectral. region, and a second to measure the intensities in the 5.3 
pn (fundamental) and 2.7 m (first overtone) bands of NO. The 0.6-1.1 pm 
emissions will occur in the wake so that about 10 minutes are availahle for 
the measurement of .intensities. The second observation must be made above the 
tropopause so that atmospheric water vapor interference does not prevent 
observation of the NO bands (Traub and Seier, 1976). Furthermore, a rela- 
tively high resolution spectrograph must be employed. 

The computer model used to calculate the NO production during reentry 
can be modified to yield the predicted infrared band intensities as well as 
the intensities for the NO + 0 chemiluminescence reaction. These theoretical 
results would then be compared with measured intensities at corresponding 
points along the wake. 

2.11.4 ~ocket observations (~endillo) 

Given the enormous costs involved with rocket launches, every effort 
should be made to support investigators wishing. to monitor various effects 
associated with planned rocket programs, if these "experiments of opportunity" 
are likely to be of value for the SPS assessment. There are several types of 
such experiments of opportunity: 



1. Pre-Shuttle, large rocket launches. The HEAO-C launch of an Atlas- 
Centaur scheduled for late August/early September, 1979, is a particularly 
striking example of thermospheric (Domain B) injection. Questions of conden- 
sation and sublimation, airglow, and radio propagation effects near the F- 
region ionospheric hole could be investigated from this event. 

2. Note that most rocket launches terminate their main engine burns in 
Domain A and thus ample opportunities exist for work in that region addressing 
the problem of contrails (condensation and sublimation, noctilucent clouds) 
and Wregion electron density reductions. 

3. Atmospheric,experiments using small rockets. Various "routine" 
rocket-borne scientific payloads carried by sounding rockets could be used to 
study vehicle-induced ionospheric disturbances. . The small amounts of exhaust 
involved would limit effects to small-scale and localized phenomena in Domains 
A and B. 

4. Rocket-borne payloads designed to study ionospheric modification 
effects directly. Such a LAGOPEDO-type experiment is planned by Los Alamos 
Scientific Laboratory (LASL) for Ft. Churchill,. Canada, in March 1980. 

5. Early space Shuttle Mission engine burns. These experiments of 
opportunity offer insertion, circularization, and deorbit burns at low lati- 
tudes that are of direct relevance to possible HLLV-induced effects in Domain 
A and can be scaled to Domain B (note that most parking orbits are at 200-300 
km altitude rather than 500 km as for SPS, the latter choice being determined 
by the high drag of the large SPS arrays of solar panels). It would be parti- 
cularly valuable to request that mission-required or dedicated engine burns be 
made over atmospheric observatories. 

6. Spacelab-2 type ionospheric modification experiments. Seven OMS 
engine burns are planned over five ionospheric and radio astronomical observa- 
tories as part of the Spacelab-2 mission, which is currently scheduled for 
January 1982. These will address a full range of ionospheric disturbances 
capable of being created by rocket emission. 

7. AMPS (Atmospheric & Magnetospheric Plasmas in Space), CRM (Chemical 
Release Module) and "Getaway Special" cannisters can be used to carry out 
chemical releases from the Space.Shuttle for studies of specific atmospheric 
perturbations. 

2.11.5 Airglow (Zinn) 
/ 

Airglow emissions arising from chemical interactions of rocket exhaust 
products with the ionosphere may be substantial; however, they are 
unpredictable at the present time. Likely emissions are the red and green 
oxygen lines at 630, 636.4, and 557.7 nm. If the exhaust gases consist 
entirely of H 2 0  and H2, then the main reactions producing the 01 emissions are 



1 1 The O( D) atoms give rise to the 630 and 636.4 nm emissions; the 0( S) 
gives rise to the green 557.7 nm line. . However, reactions (2a,b) are 
improbable paths f o r  the reaction of H ~ O +  with el.ectrons. The most likely 
path is 

(Wadt, et al., 1977). The rates of (2a) and (2b) together are expected to be 
less than 10% as large as the rate of (2c). 

The. OH radicals produced in (2c) may be vibrationally excited, gibing 
rise to some OH band emission. However, most of the 7.5 eV of energy released 
in the reaction is expected to go. into translation of the H atoms, (Wadt et 
al., 1977). If this is the case, it should result in some local heating of 
the ionosphere and generation of gravity waves. 

1 An additional source of O( D) and o(~s) atoms is the reaction sequence 

However, reactions (4a,b) are expected to be improbable relative to 

3 The ground state O( P) atoms do not radiate. The energy released in the 
reaction is expected to go mainly into trans1 tion of the H atoms'.(Wadt et B al., 1977). The branching ratio for the O( D)-producing reaction (4a) is 
expected to be 10 to 15%, relative to (4a) + (4b) + (4c). 

Thus, something of the order of 10% of the energy released in the 
recombination reactions may go into 01 airglow.emissions. Another unknown 
fraction, between 0 and 50%, goei into OH emissions. The remainder goes into 
heating, gravity waves, and H atoms that escape to space. 

The above statements are based on theory alone. Branching ratios for 
the H20+ + e- and OH' + e- reactions have never been measured. It would be of 
great interest to obtain some experimental data, perhaps on-the September 1979 
HEAO-C launch. 

Airglow measurements were made in the 1977 Lagopedo experiments. The 
equipment included several narrow-band-filtered photometers, some filtered, 
image-intensified cameras, and an ntensified spect ograph. Quantitative i 1 measurements were made at 630 nm (0( D)), 557.7 nm (0 s)), 666 m (OH*(10-4, 
R-branch)), 623.4 nm (OH*(9-3)), 772 and 786 nm   OH*(^-4)), and 455.5 nm 
(continuum). Of these the only bands that showed enhancements attributable to 
airglow were 630, 557.7, and 666 nm. (Horak et al., 1978). 



The observed s t r o n g  630 and 557.7 nm emiss ions  i n  LAGOPEDO were 
produced mainly i n  a r e a c t i o n  sequence t n v o l v i n g  C02, namely 

There fore ,  t h e  d a t a  shed no l l g h t  on t h e  unknown branching r a t i o s  f o r  t h e  H 2 0  
+ 

+ e- and OH+ + e- r e a c t i o n s .  The OH* channe l s  a t  623.4, 772, and 786 nm 
recorded  on ly  background s i g n a l s  a t t r i b u t a b l e  t o  t h e  normal t w i l i g h t - s k y  
emiss ion.  The OH*(10-4, R-branch) channe l  a t  666 nm was chosen f o r  t h e  h g o -  
pedo exper iments  because t h e r e  i s  no normal t w i l i g h t  r a d i a t i o n  a t  t h a t  wave- 
l e n g t h ,  whereas emiss ion  from t h e  v' = 10 l e v e l  i s  e n e r g e t i c a l l y  p o s s i b l e  from + t h e  H20 + e- r e a c t i o n  (2c) .  The 666 nm channe l  recorded a weak, but nonethe- 
l e s s  d e f i n i t e  s i g n a l  i n  LAGOPEDO I, but  t h a t  s i g n a l  was due t o  s c a t t e r i n g  of 
s u n l i g h t  from i c e  p a r t i c l e s .  (LAGOPEDO I occur red  b e f o r e  l o c a l  s u n s e t ;  LAGO- 
PEDO I1 occur red  a f t e r  l o c a l  s u n s e t  on t h e  fo l lowing  n i g h t ) .  

It would be of g r e a t  i n t e r e s t  t o  o b t a i n  a i r g l o w  measurements d u r i n g  t h e  
schedu led  Atlas-Centaur (HEAO-C) l aunch ,  c o o r d i n a t e d  wi th  measurements of 
e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s ,  t o t a l  e l e c t r o n  c o n t e n t ,  i o n o s p h e r i c  winds, and 
TIDs. A minimum s e t  of wavelengths  s h o u l d  i n c l u d e  557.7, 630, and 666 nm. 
The s i g n a l s  a t  a l l  t h r e e  of t h o s e  wavelengths  can be expected t o  be weak. 
However, measurements of t h e i r  i n t e n s i t i e s  would shed l i g h t  on two m a t t e r s ,  
namely : 

1. t h e  branching r a t i o s  f o r  Reac t ions  ( 2 a , b , c )  and ( 4 a , b , c )  and 

.2 .  t h e  pe rcen tage  of wa te r  vapor t h a t  condenses out  of t h e  r o c k e t  
exhaus t  plume and f a l l s  o u t  of t h e  F l a y e r .  

The c a l c u l a t e d  p robab le  minimum a i r g l o w  i n t e n s i t y  a t  630 nm, a s  viewed 
from Cape Canaveral  30 minutes  a f t e r  l aunch ,  is 150 R a ~ l e i g ~ s .  This  v a l u e ,  
which is  w e l l  above night-sky background, i s  based on t h e  assumptions  t h a t  

1. h a l f  of t h e  rocket-exhaust  wa te r  vapor condenses ,  

2. t h e  pre-launch F2 peak e l e c t r o n  c o n c e n t r a t i o n  i s  lo5  and 

3. t h e  branching r a t i o s  f o r  ReacCions (2a )  and (4a)  a r e  5 and lo%, 
r e s p e c t i v e l y .  

The i n t e n s i t y  a t  666 nm could be i n  t h e  k i l o r a y l e i g h  range.  We base  
t h i s  s t a t e m e n t  on t h e  f a c t  t h a t  measure i n t e n s i t y  i n  LAGOPEDO I1 was 90 R 
above background. There a r e  s e v e r a l  r e a s o n s  f o r  supposing t h a t  t h e  OH produc- 
t i o n  r a t e  w i l l  be much l a r g e r  i n  t h e  Atlas Centaur even t .  We shou ld  
d e f i n i t e l y  measure t h e  666 emiss ion.  To conf i rm t h e  i d e n t i f i c a t i o n  of t h e  666 
nm a s  being due t o  OH(10-4), i t  would be d e s i r a b l e  t o  measure one o r  more 
r e l a t e d  bands,  such a s  t h e  (10-3) a t  552.7 nm, t h e  (11-5) a t  714 nm, o r  t h e  
(11-4) a t  591.3 nm.. The r e l a t i v e  i n t e n s i t i e s  a r e ,  t o  a l i m i t e d  e x t e n t ,  

. p r e d i c t a b l e  from t h e  behav ior  of t h e  normal OH a i rg low.  Thus, t h e  (11-4) band 
should be more i n t e n s e  than  t h e  (10-3) band and l e s s  i n t e n s e  t h a n  t h e  (11-5) 



band. The (11-5) band should be stronger than the (10-4) band, the one ob- 
served in LAGOPEDO 11. There is enough energy in the ~~0' + e- reaction to 
populate all possible vibrational levels of OH. If, as seems likely, the OH 
band intensitities are in the kilorayleigh range, then it may be worthwhile to 
attempt to record spectra. 

It is possible that some of the infrared OH airglow is formed by reac- 
tion between H and 0 and some from the. NaD emissions that are correlated 
with the OH emissions?' Simultaneous observations of the OH and NaD emissions 
could provide valuable diagnostics of mesospheric conditions (Takahashi et 
al., 1979, and other references cited therein). 

It seems quite possible that SPS rocket activities may give rise to 
noticeable airglow. Whether or not this is 'of environmental concern depends 
on its intensity, which is not predictable at the present time. It is impor- 
tant to field a set of airglow experiments for. the September, 1979, HEAO-C 
launch. 

2.11.6 Cloud Dispersion (Bernhardt) 

Only very limited data is available on the spreading of tracers in the 
mesosphere, and that is limited to relatively short times or small distances, 
see Fig. 3. In view of the potential importance of Ht diffusing upward from ' 

the mesosphere, this deficiency may be significant, and should be re-examined. 

2.11.7 Mesopheric NO (Turco) 

Ambient Nitric Oxide. NO concentrations have been measured in the 
mesosphere, mainly with rocket-borne instruments, and some of the recent 
values are shown in Fig. 4. Based on this data, there seems to be general 
agreement that an NO concentration minimum exists near 85 km at mid and low 
altitudes (although some data, e.g., Barth (1966) and Tisone (1973), do not 
show this minimum). Such a minimum can be understood in terms of the well- 
known photochemical reactions of NO: 

where the last reaction acts to conserve NO in competition with the second 
reaction. The natural sources of mesospheric NO 'include: upward transport 

1 from the middle stratosphere (30-40 km), where N20 reacts with O( D) to form 
NO; downward transport from the thermosphere (above 90 km), where solar EUV 
and X-ray radiation ionizes and dissociates air molecules (Strobel, 1971); and 
meridional transport of NO from high latitudes, where it is produced by auro- 
ral activity and solar particle precipitation (~auer, 1978). In addition, 
there is a worldwide source of mesospheric NO due to high velocity meteor 
ablation in the atmosphere (Park and Menees, 1978). For comparison, the 
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integrated global NO source strengths are roughly: 3 tglyr in the strato- 
sphere from N20 decomposition; 2 tglyr transported from the thermosphere to 
the mesosphere; 1-8 tg/yr between 70 and 90 km due to aurora; and 0.05 tglyr 
between 70 and 100 km from meteors. 

The global morphology and variability of thermospheric nitric oxide 
(above 100 km) have been defined in detail by extensive satellite observations 
(Rusch and Barth, 1975; Stewart and. Cravens, 1978; Cravens and Stewart, 
1978). Thermospheric morphology should be reflected, to some degree, in 
mesospheric NO concentrations. In the case of mesospheric nitric oxide at mid 
and low altitudes, Rusch .(1973) found typicaily less than 25% variability in 
NO concentrations at all altitudes between 65 and 105 km over a wide latitude 
range (from 40°N .to 40"s) for the months of his observations (December, March, 
and July). By contrast, nitric oxide below 105 km in the polar region is 
found to be significantly more abundant and highly variable (Rusch and ~arth, 
1975). 

Large local variations may occur in mesospheric nitric oxide even at 
mid-latitudes. For example, the winter anomaly in D-region radiowave absorp- 
tion at mid-latitudes is probably related to the transport of large quantities 
of NO from the auroral zone (Sechrist, 1977). Rusch (1973) reports one occa- 
sion of a sudden threefold increase in mesospheric NO between 10°N and 40°N 
observed by satellite., Basically, however, we expect SPS rocket-generated NO 
to be super-imposed on a background mid-latitude concentration profile similar 
to that in Fig. 4. 

Nitric Oxide Experiments. Nitric oxide generated in rocket reentry 
plumes can affect D- and E-region ionization and, as a result, high frequency 

- 

(HF) communication links and dynamo region conductances. Hence, it is impor- 
tant to evaluate the potential impact on the lower ionosphere of heavy SPS 
rocket activity. Nitric oxide produced by reentering spacecraft may be detec- 
ted in several ways: by enhanced resonant scattering of ultraviolet sunlight; 
by enhanced infrared emission at 5.3 pm; by induced chemiluminescence (NO + 0, 
NO + 0 ,  NO + 03); by changes caused in D-region electron concentrations and 2 
ion composition; or, least directly, by alterations in radiowave propagation 
characteristics. All of the above measurements are difficult enough to carry 
out in the ambient atmosphere, and would be more difficult in the wake of a 
rentering rocket. Major problems could involve the identification and 
tracking of the reentry plume and the deployment of instruments to favorable 
viewing sites. Nevertheless, several atmospheric experiments relevant to SPS 
activities could be proposed: 

1. Studies of ambient mesospheric NO to determine more carefully its 
sources, sink, and variability. 

2. Monitoring of space shuttle reentry tests beginning in 197911980 
for effects on the lower ionosphere. 

* 
tg = teragrams = 1012 grams 



3. Measurements of natural impulsive NO perturbations, such as 
aurorae, large solar flares, and , winter anomalies, to investigate the conse- 
quences and fate of NO injected into the mesosphere. 

4. Execution of a nitric oxide chemical release in the D- and E- 
regions. 

The experimental techniques that might be used to carry out these 
experiments include: 

1. Nitric oxide detection based on y-band resonant fluorescence of 
sunlight, from rockets or satellites (in place or planned). 

2. Observation of nitric oxide infrared and chemiluminescent emissions 
. using ground- or rocket-based photometry. 

3. Electron concentration measurements from rockets (using probes of 
radio propagation) or from the ground (using radar backscatter on partial 
reflection). 

I 4. Ion concentration measurements by mass spectrometry. 

5. Radiowave propagation changes at. HI? and VLF using ground-to-ground 
or ground-to-air communication links. 

There are serious technical problems associated with all of the suggested 
experiments. An example is the problem of tracking a rocket reentry plume, as 
already mentioned. With regard to the study of NO produced by auroral events, 
as a simulation of SPS rocket-reentry, one would need to reconcile several 
fundamental differences between mesospheric conditions at middle and high 
latitudes, such as the sunlight intensity, temperature, and background compo- 
sition and ionization levels. similarly, winter anomalies are, at best, only 
poorly understood (on a physical basis) at this time. 

To our knowledge, only one NO chemical release has been made in the 
upper atmosphere (18.5 pounds .of NO at 106 km over New Mexico; Pressman et 
al., 1956). On that occasion, the airglow emissions were observed from the 
ground for about 10 minutes. In some ways, an NO release is simpler than an 
H20 release: NO will not condense upon release as may H20, background meso- 
spheric NO concentrations are much lower than H20 concentrations, and NO may 
produce more distinct emissions by which to trace its dispersion. Neverthe- 
less, it is not clear that rocket reentry effects can be properly studied 
through NO releases. 

2.11.8 Conductivity Experiments (Vondrak) 

The most useful requirement for the evaluation of SPS effects on 
conductivity is improved modeling and theoretical understanding of the present 
global distribution of ionization in the middle atmosphere and lower 
ionosphere. Such modeling is needed in order to make a sensible evaluation of 
the significance of perturbations to the natural distribution of ionization. 
A three-dimensional specification of electron concentration can be used to 
compute the two-dimensional distribution of height-integrated conductivity. 
Although derived from and compared with experimental data, such a model is 



most effective when based on an understanding of the underlying physical 
processes. In addition, the variability and dynamics of the natural 
ionosphere need to be included in such a model or, at least, be better under- 
stood than at present. 

Active experiments that alter the ionospheric conductivity by the 
enhancement or depletion of ionization are possible, particularly in the F- 
region. However, they are generally localized and are effective over regions 
with horizontal scale-size smaller than 100 km. Because the more significant 
effects involve an alteration of conductivity over much larger or even global 
dimensions, it is not expected that small-scale active experiments would be 
useful for SPS assessment. In addition, charge polarization may occur in 
small-scale modifications making the results difficult to interpret or to 
extrapolate correctly to global scale. 

Natural perturbations of the normal global 'conductivity are probably 
the most useful experimental simulation of SPS effects. Examples of such 
perturbations include particle precipitation and the formation- of detached 
plasma regions during magnetic storms, auroral zone conductivity changes, and 
relativistic electron.precipitation (REP) events. Measuring and understanding 
the effects of these phenomena would provide data needed for model calibration 
and development for SPS assessment. 



3 EFFECTS OF HYDROGEN AND WATER INJECTIONS ON THE IONOSPHERE 

3.1 PHENOMENOLOGY OF HYDROGEN IN THE UPPER ATMOSPHERE 

3.1.1 The Overall Problem 

The atmosphere of the earth as whole loses hydrogen atoms by 
diffusion at a rate on the order of lo3' atomslyear (see Donahue, 1977). 
Presumably most of this hydrogen comes from water or methane transported from 
the ground into the stratosphere and then dissociated by chemical and 
photochemical reactions. The loss rate of hydrogen is not uniform -- for 
exospheric temperatures below 800 K, there may be little loss, and indeed 
there is a discrepancy by a factor of 4-5 ,between the water burden in the 
stratosphere and the. escape flux -- but the general flow of hydrogen does 
appear to be upward, out of the atmosphere. 

The SPS annual in33ction rate of hydrogen in the atmosphere above 75 km 
is of the order of 10 atomslyear (see Table 3), and if a significant 
fraction of it leaves the atmosphere, a non-negligible perturbation to the 
atmospheric loss of hydrogen may be produced. What is the fate of the 
injected hydrogen? and what effects may be anticipated from this enhanced loss 
rate? This problem is addressed in Section 3.1.2, following. 

Most of the hydrogen injected is deposited below 120 km (97% of the 
total, see Table 3). Of this hydrogen, three quarters comes out as water, 
that mixes with ambient mesospheric water, as reviewed in Section 2, but one 
quarter is emitted as H2, and much of this diffuses upward and can give 
rise to permanent ionospheric depletion. The depletion problem is reviewed in 
Section 3.2, where the possibility of a major ionospheric depletion arising 
from upward transport of H2 (and possibly also H20) from the HLLV second stage 
is discussed. 

The rest of the water, which is emitted at LEO, in the passage to, or 
at, GEO, is considered in detail in Section 3i1.3. After ejection, roughly 
half of it, or about 1.5% of the total, water emitted, falls under gravity to 
altitudes of 120-150 km, where it presumably mixes with the bulk of upper 
atmospheric water. Of the total amount of water emitted at GEO, about 0.9% is 
trapped in long-lasting orbits; about 0.7% may either escape or fall, 
depending on the rate that the ice crystals formed in expansion from the 
rocket nozzle evaporate (to permit the resulting molecules' to equilibrate by 
collisions with the ambient atmosphere); and about 0.1% will escape from the 
earth's atmosphere. 

Note that the specific problems of H ~ O / H ~  emission in the magnetosphere 
are discussed in Section 4.2. . b 

3.1.2 Fate of H,O/H, - - Injected in the Thermosphere (Zinn) 
The ultimate fate of the exhaust molecules is to form hydrogen atoms 

that escape from the atmosphere. SPS activities will increase this rate of 
escape, possibly by as much as a factor of 2. This in itself is not serious, 
since as far as' we know hydrogen atoms have always been escaping from the 



earth's atmosphere. It is a more serious matter that the increased hydrogen 
loss due to SPS activities would be at the expense of fossil hydrocarbon fuels 
rather than water alone. 

If the rate of escape of hydrogen atoms were not to increase, the 
concentration of hydrogen atoms in the upper atmosphere would tend to build 
up, possibly with a factor of 2 as an upper bound. A factor of 2 buildup 
would probably be serious as it could lead to changes in thermospheric wind 
patterns, changed in the stability of the radiation belts, changes in 
nighttime ionization by scattered Lyman-a and Lyman-B radiation from the 
expanded geocorona (see Section 3.1.4), along with the possibility of 
significant increases in satellite drag. Possible effects on F-region 
ionization are discussed in Section 3.2. 

3.1.3 Some Details of the Distribution of Pro~ulsion Effluents (Park) 

A. Mass Budget. In Table 8 some assumptions are made about the 
distribution of propulsion effluents. of different elements of the SPS 
transportatlon system. Here we present the logic underlying that partition. 
It is clear that the HLLV circularization and deorbit burns occur at or very 
close to LEO. Regarding' the POTV, which uses chemical propulsion to go from 
LEO to GEO and return, evidently much of the burn will occur at or close to . 

LEO, with the remainder (30%, see below) taking place at or very near GEO. In 
any case, the P O W  emissions near LEO should be combined with the HLLV 
circularization and deorbit burns to provide a source of H ~ O / H ~  at or near 
LEO. There is a certain ambiguity in the relative source strengths of HLLV 
and POTV, with the latter providing perhaps 80% or 30% of HLLV, depending on 
whether one uses the figures in Table 2 (from RSR, 1978, silicon reference 
system listed in the text) or in Table 4, which comes from the Boeing study 
(RSR, 1978, p. B-100). (While not critical, this should. be resolved.) We 
shall take a figure of 1.5 times the HLLV circularization and deorbit burns as 
the hypothesize$ injection near LEO, 31nd shall assume that 30% of POTV 
injections of 10 kg hydrogen, or 6 x 10 H-atoms are emitted near GEO. 

For the electric propulsion COTV, things are somewhat different, as 
chemical rockets are used only for attitude control. Thus we shall assume 
that the use of the chemical rockets is proportional to the main propulsion, 
so that the emission of H O/H2 as a function. of altitude or time is 
proportional to the correspon ink emission of argon. 

5 .  

d 
An additional problem that has been raised deals with ambient heating 

due to exothermal chemical reactions involving propulsion effluents. If we 
hypothesize a net exothermic' y of 3 eV per H-atom, then the total COTV and 
P O W  emission of 1.3 x 10j5 H-atoms per year corresponds to an energy 
dissipation rate of 6.3 x 1014 J/yr of 1% of the kinetic energy of the argon 
ions. 

B. Condensation of Water Vapor in Rocket Exhausts Expanding in 
Vacuum. The exhaust effluents from an H2-O2 rocket engine leave the exit 
plane of the rocket motor at about 4.0 kmlsec, while those of a CH4-O2 engine 
move at around 3.0 kmlsec. The effluents accelerate outside the rocket motor 
in the first ten meters or so to attain the "limiting velocity," which can be 
taken to be approximately 4.5 kmlsec for the H2-O2 system and about 3.5 kmlsec 



., . 

for the CH4-O2 system. Most exhaust effluent matter is confined in a cone of 
full-apex angle of roughly 10 degrees. The effluents continually cool as they 
expand. .Temperature falls roughly as inverse square-root of the distance from 
the engine exit, while density falls roughly as inverse-square. At a point 
where the cross section of the exhaust plume is about 3000 times that of the 
throat of the rocket engine, the local pressure and temperature are typically 
1 torr and 250 K, respectively, This condition is the saturation point 
condition for the H20 molecules. For the first stage engines of the POTV, the 
saturation point occurs at about 140 meters behind the exit plane of the 
rocket engines, at while? poi t the plume diameter is about 25 meters, number - 
density about 4 x 10 cm ', nbean-free-path about 0.004 cm, and collision 
frequency is of the order of 10 sec-l. For the second stage POTV engines, 
the same thermodynamic conditions occur at approximately 100 meters behind the 
engine where the plume diameter is about 18 meters. 

Beyond the saturation point, supersaturation conditions exist wherein 
condensation of H20 molecules is expected to occur. In all cases of interest, 
the condensation should lead directly to the solid state rather than the 
liquid state. Condensat ion could occur in both homogeneous and heterogeneous 
modes. Homogeneous condensation of water vapor is known to occur in the 
absence of high energy nucleation centers whenever the saturation ratio (the 
ratio of the local vapor pressure to the equilibrium vapor pressure) exceeds 6 

. (see Hill, 1966). Heterogeneous condensation occurs around the high energy 
nucleation centers, which in the case under consideration would consist of (1) 
atomic and molecular ions, (2) electronically or vibrationally excited atoms 
and molecules, and (3) metallic contaminants originating from the walls of 
rocket motors. When such nucleation centers are present, the heterogeneous 
nucleation can occur before the saturation ration reaches 6. As condensat.ion 
progresses, heat is generated, which may lead to a pressure overshoot (Hill, 
1966). Eventually, however, the heat released during condensation will be 
carried away by the effluent gas molecules that surround the particles that 

. are undergoing cooling. Even when H20 molecules are completely removed by 
condensation, there will be the "inert" molecules such as H2 (in the Hz-O2 . 
system) or C02 (in the CH4-O2 system) that could cool the particulates. There 
are two questions that need to be answered. They are: (1) What is the extent 
of condensation? i.e., What fraction of H20 molecules convert to the condensed 
phase? and (2) What are the average sizes'and size distributions of the, 
particulates formed? 

Regardless of the actual mechanism of nucleation, the extent of 
condensation ,can be estimated by use of the homogeneous condensation theory, 
which is well developed. One can use the theory because the extent of 
condensation is independent of the nucleation mechanism. In the thermodynamic 
environments of concern, the speed of cooling and density change are 
sufficiently slow to cause almost complete condensation. Within about 50 
meters behind the saturation point, most i e ,  at least 90%) of the H20 
.molecules should be in the condensed phase. 

The question of particle size is more difficult to answer. If 
nucleation is homogeneous, one can calculate the final sizes, using the 
existing homogeneous condensation theory. A cursory examination indicates 
that the final particle sizes should be at most about cm. If the 
nucleation process is heterogeneous, then it becomes virtually impossible to 
calculate the size distribution because the concentration and characteristics 



of t h e  high energy nuc l ea t i on  c e n t e r s  a r e  unknown. One knows, however, t h a t  
t h e  average number of H20 molecules i n  a  p a r t i c u l a t e  should be c l o s e  t o  t h e  
r e c i p r o c a l  of t h e  f r a c t i o n a l  concen t r a t i on  of t he  nuc l ea t i on  c e n t e r  popula t ion  
p re sen t  p r i o r  t o  nuc lea t ion .  S nce t he  f r a c t i o n  of nuc l ea t i on  c e n t e r  -t popula t ion  could be a s  h igh  a s  10 i n  t h e  non-equilibrium expansion process  
on hand, the average number of H20 molecules i n  an i c e  p a r t i c l e  could be a  
low a s  lo4. The diameter  of t he  p a r t i c l e s  could then be a s  smal l  a s  8  x  10 -9 
cm. The above reasoning l eads  one t o  e s  imate t t t h e  t y p i c a l  s i z e s  of t h e  !? i c e  c r y s t a l s  formed should be between lo-' and 10- em. 

Due t o  e l e c t r o s t a t i c  i n t e r a c t i o n  among the  i c e  c r y s t a l s ,  however, t h e  
p a r t i c u l a t e s  may coagula te  i n t o  l a r g e r  p a r t i c l e s .  Coagulation phenomenon is  
observed commonly i n  a  l abo ra to ry  experiment with s o l i d  suspensions,  but t h e r e  
i s  no theory t o  . d e s c r i b e  t he  phenomenon. Hence, t he  f i n a l  s i z e s  of t h e  i c e  
c r y s t a l s  deposi ted i n t o  t h e  ambient vacuum a r e  p re sen t ly  unknown. . 

C. O r b i t a l  Mechanics of E f f l u e n t s  from POTV ( see  Figure 5) .  A POTV 
mission requi red  f i v e  engine burns. They a r e  named here  f o r  convenience Burns 
1 through 5: Burn 1, t h e  a c c e l e r a t i o n  burn a t  LEO using t h e  f i r s t  s t a g e  
engines  t o  d e o r b i t  from t h e  LEO; Burn 2, t he  a c c e l e r a t i o n  burn a t  LEO us ing  
t h e  second s t a g e  engines  t o  c i r c u l a r i z e  a t  t h e  GEO; Burn 3, t h e  d e c e l e r a t i o n  
burn a t  the  GEO us ing  t h e  second s t a g e  engines  t o  deo rb i t  from t h e  GEO; Burn 
4,  t h e  d e c e l e r a t i o n  burn a t  t h e  LEO us ing  t h e  second s t a g e  engines  t o  
c i r c u l a r i z e  a t  t h e  LEO; and Burn 5, t he  d e c e l e r a t i o n  burn a t  t h e  LEO of t h e  
f i r s t  s t a g e  v e h i c l e  us ing  the  f i r s t  s t a g e  engines  f o r  c i r c u l a r i z a t i o n  a t  t h e  
LEO. I n  time sequence, t he  Burn 5  occurs  p r i o r  t o  Burn 3. The masses of t h e  
f u e l  burned, t h e  a b s o l u t e  v e l o c i t i e s  of e f f l u e n t s ,  and the  even tua l  f a t e s  of 
t h e  e f f l u e n t s  a r e  l i s t e d  i n  Table 8 ( see  a l s o  Fig. 5 ) .  I n  t h e  t a b l e ,  t h e  
nega t ive  s i g n  denotes  t h e  d i r e c t i o n  oppos i t e  t o  t he  e a r t h ' s  r o t a t i o n .  The 
f i n i t e  range i n  t h e  v e l o c i t i e s  given a r e  due t o  t he  f a c t  t h a t  t h e  v e h i c l e s  
change v e l o c i t y  during burns. The f a t e s  of t he  e f f l u e n t s  a r e  judged simply by 
comparing the  a b s o l u t e  v e l o c i t i e s  with t he  escape v e l o c i t i e s ,  which a r e  10.76 
km/sec a t  t he  LEO and 4.34 km/sec a t  t h e  GEO. 

As i nd i ca t ed  i n  t h e  t a b l e ,  t h e  e f f l u e n t s  of Bum 2  a r e  t rapped i n  an  
earthbound o r b i t .  The c e n t e r  of g r a v i t y  of t he  e f f l u e n t  mass has  a  per igee  of 
14,400 km above sea  l e v e l ,  an apogee of 35,800 km above sea  l e v e l  (GEO), and a  
pe r iod  of 18 hours. But t he  e f f l u e n t s  a r e  spread over a  wide range: some 
p a r t i c l e s  have a  per igee  a s  high a s  30,000 km while o t h e r s  have one of on ly  
3000 km. 

The e f f l u e n t s  from Burns 4  and 5  w i l l  escape provided t h e  e f f l u e n t s  a r e  
i n  t he  condensed phase. I f  they a r e  i n  a  gaseous s t a t e ,  molecular c o l l i s i o n s  
w i l l  slow them down and prevent  escape. I n  t h e  case  of t h e i r  being slowed 
down, t h e i r  f a t e  w i l l  be d i c t a t e d  by the  v e l o c i t y  of t he  ambient molecules.  
One cannot assume t h a t  t h e  ambient molecules a r e  a t  rest: t h e  c o n s t r u c t i o n  of 
t he  SPS w i l l  i n j e c t  a  l a r g e  momentum i n  t he  d i r e c t i o n  of t he  e a r t h ' s  r o t a t i o n , ,  
s o  i t  i s  l i k e l y  t h a t  t h e  ambient mass w i l l  be moving i n  t h e  same d i r e c t i o n .  
I n  t he  imaginary donut-shaped r i n g  around the  e a r t h ,  1000-km wide and 100-km 
t h i c k  a t  around 500-km a l t i t u d e  wherein a  l a r g e  amount of rocke t  e f f l u e n t s  
w i l l  be depos i ted ,  t h e  t o t a l  mass of t he  ambient atmosphere is  only of t h e  
o r d e r  of 10,000 tons .  The amount of mat te r  t h e  space a c t i v i t y  w i l l  i n j e c t  i n  
a  year f a r  exceeds t h i s  value.  However, t h e  average v e l o c i t y  of t he  ma t t e r  
( i nc lud ing  HLLV) i n j e c t e d  i n t o  t he  LEO i s  s l i g h t l y  under t he  c i r c u l a r  o r b i t a l  



TABLE 8 

POTV EFFLUENTS 

velocity of ,7.6 kmlsec. One expects, therefore, that the ambient atmosphere 
will be moving at a velocity slightly smaller than 7.6 kmlsec., which means 
that the effluents from Burns 4 and 5 "ill eventually fall' if they'are in the 
gaseous state. 

For the same' reason, if the effluents from Burn 1 are in the gaseous 
state, they will be accelerated by the ambient gas molecules. Their speed of 
falling will be considerably slower than otherwise. 

IDENTIFICATION 

BURN 1 ' 

BURN 2 

BURN 3 

BURN 4 

BURN 5 
2- 

3.1.4 Effect of H?O/H, Injections on Geocoronally Scattered Lyman-a and 
Lyman-$ ~adiation (Prasad and Forbes) 

The massive injection of hydrogen atoms due to propulsion effluents in 
the upper thermosphere might increase the amount of hydrogen escaping from the 
earth's atmosphere, because it may enhance the slow diffusion of hydrogen- 
containing compounds, up from the lower atmosphere. This effect may cause an 
increase in the amount of Lyman-a and Lyman-$ radiation that is geocoronally 
scattered into the nighttime ionosphere. The ionization of NO below 100 km 
and of O2 above 100 km by geocoronally scattered Lyman-a and Lyman-$ 
radiation, respectively, are important mechanisms for maintaining the 
nighttime D- and E-region ionization. Changing the lower ionosphiire at night 
will change the ionospheric conductivity and perturb VLF communication links. 

FUEL (TON) 

246 

80 . 

5 6 

5 8 

20 . 

3.2. MORPHOLOGY OF PER.TURBED IONOSPHERIC REGIONS (Fedder) . 

3.2.1 Ionospheric Depletion due to a Single Burn 
. . 

At altitu es above about 160-180 km most ambient atmospheric ions are $ atomic, , and recombine very slowly with free electrons. However, in 
the presence additional H20 or H2 molecules, the positive ion changes by 
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BURN 2 
AM = 80 
v .  = - 2 . 1  

-1 

GEO 
V = 3.070 km/s 

S -\ 
LEO 
(500 km) 
V ' =  7.609 km/s 

C 

A M  = Mass o f  F u e l  Used, M e t r i c  Tons 
Vs = ABS VEL of E f f l u e n t ,  km/s 

(Escape VEL: LEO = 10 .76  km/s 
GEO = 4 . 3 4  km/s) 

F i g u r e  5 .  POTV E f f l u e n t  Depos i t ion  



charge transfer or ion-molecule reaction to H20' or OH', wh ch ecombine very i 3- rapidly with free electrons. by dissociative recombination; 10 -10 times faster 
than do atomic 0+ ions. In this way an "ionospheric hole" is created and has 
been observed previously, in particular after the launch of Skylab-I (Mendillo 
et al., 1975a, b). 

Preliminary calculations for a single HLLV second stage burn indicate a 
40-50% electron density depletion in the F-region at night, with negligible 
depletion by day, and a 3-4 day recovery time. These effects are limited to 
altitudes above which the air ions are atomic, roughly 160-180 km; at lower 
altitudes the waterlhydrogen injections will have a far smaller and more 
subtle effect (see Zinn et al.,. 1978, 1979; Mendillo et al., 1979). 

Zinn et al. (1979) have made a fairly detailed comparison with the 
Skylab observations, and find reasonable agreement with the Sagamore Hill-ATS3 
observations for appropriate values of the various parameters, in particular 
ionospheric winds, since their calculations indicate that the ionized hole 
disappears because it is blown out of the line of sight rather than because of 
re-ionization. 

Clearly these single injection calculations do not tell us 'all that we 
need to know about the multiple launches associated with SPS construction, and 
this problem is discussed next. 

3.2.2 Ionospheric Depletion due to the Multiple Launches during SPS 
Construction 

As a result df the frequent (almost daily) launches associated with SPS , 

construction operations one would expect to find a large region of constantly 
depleted ionization located near the launch site, which presumably would be 
Kennedy Space Center (Lat. 28.5ON, Long. 80.5OW). The largest effect will be 
due to the low altitude (70-120 km) burn of the HLLV second stage, and in 
particular due to H2 rather than to H20 emissions. At the altitudes of 
injection the H2 is not photodissociated rapidly, but is oxidized slowly to 
water. However, it mostly diffuses upward into regions where there are large 
concentrations of 0-atoms and a higher temperature, so that the oxidation to 
H20 becomes rapid. In this way the HLLV gives rise to a relatively large 
concentration of H20 in the atmosphere above 120-150 km where there is 
normally very little water. (By contrast, the injection of H20 due to the 
HLLV second stage is probably not .as important: it is not photodissociated 
but goes into a region in which there are 'significant quantities of water 
already, and it tends to freeze out and fall down. It cannot diffuse upward 
as rapidly as H2 can, and thus is unlikely to affect the ionospheric F-region 
to the same extent.) 

The effective de-ionization chemistry is somewhat complex; see Zinn et 
al. (1979) for an overall discussion, and Section 3.2.3 for details of the + dissociative recombination of H20 and OH'. 

Overall, one may expect a kegion of reduced ionization at altitudes 
above 160-180 kh (at lower altitudes most ions in the normal ionosphere are + molecular NO' and O2 , which recombine quite fast with electrons, so that the 
addition of H20 is unlikely to produce a very large effect), and up to several 



hundred km above the F2-peak. The horizontal extent of the region of reduced 
ionization is hard to estimate. North-south dispersion will spread the cloud 
for a distance of perhaps 1000-3000 km about the latitude of injection (cf 
Section 2.6, in particular Table 7 and Figure 3). As a result of zonal (east- 
west,) winds, it is likely that the depleted region extends completely,around 
the globe at the latitude of injection, but some non-zonal behavior may occur. 

The magnitude of the reduction in ionization may range from 40% to a 
factor of 2 in electron density at night, and significantly less in the 
daytime; perhaps as low as 10-20%. Note that these estimates are not based on 
detailed.calculations or observation, and must be verified. Section 3.2.4 
outlines how one would .undertake the difficult task of verifying this 
prediction. . . 

+ 3.2.3 Dissociative recombination of H,O+ and OH (Bernhardt - prepared after 
the Workshop) 

If we believe that condensation of water .vapor in rocket exhaust is on 
the order of 10% or less, then water plays an important role in F-layer + modification. The charge exchange reaction with 0 is 

H20 + 0++ H ~ o + +  0 , rate: 2.3 x cm 3 Isec . 
The charge exchange reaction rate is known within f 10% (Howard, Dundle and 
Kaufman, 1970). 

The dissociative recombination process for the ~~0' ik less well 
+ known. The (H20 + e-) dissociative recombination (D-R) rate is estimated to 

- 

3 
' be 3 x cm Isec, based o~ D-R rates of similar ions (Biondi, 1973). The 
dissociative channels for H20 are: (See Wadt, Hay and Cartwright, 1977.) 

The ,last two channels ( and 7) involve W 2 H  formation. They a i e 4 + 5 $ from predissociation of the OH( C ) that is produced by channel ( 4 ) .  OH( C ) 
may also be lost by radiative transition to the ground electronic state. 
Three channels for OH(~C+) loss are:' 



The.radia.tive and predissociation lifetime depends on the vibrational. state of 
the excited hydroxyl. v' = 0, 1 and 2 indicate the first three vibrational 
states of the OH. The lifetimes given below are from Smith (1970): 

v' Radiative Lifetime (nsec) Predissociation Lifetime (nsec) 

The wavelength of emission from OH(~C+) also depends' on the vibrational 
state. The table below gives the most probable transition for radiation from 
the first four vibrational levels (Crosley and Lengel, 1975): 

OH(~Z+)V' + OH(~I$)V Wavelength ( A )  

These wavelengths can be observed d ring laboratory or space Y 
. experiments involving H20+ recombination. The O( D) and the associated 6300 A 

emission, produced by H 0' dissociative recombination, may come by way of F channel (3) or channel ( . Care should be taken not to confuse the two. 

A similar set of reactions results from the H2 component in rocket 
exhaust . 

3 rate: 2.0 x 10" cm /set 2 . 3 ~ ~  

(Fehsenfeld, Schmeltekopf and 
.Ferguson, 1967) 

followed by 



. . 

Again the excited atomic oxygen will fluoresce. H20+ is ~roduced in the 
molecular hydrogen atmosphere by the reaction . . 

OH+ + H2 + H20+ + H (Fehsenfeld, Schmeltekopf and 
Ferguson, 1967) 

Consequently, the H20+ ion is formed from both H2 and H20 releases into the 
ionosphere. 

3.2.4 'verification of the Extent of the Depleted F-Region of Section 3.2.2 

Because of the large scale of F-region depletion envisioned, simulation 
experiments involving.actua1 releases of combustion products are not feasible, 
but instead we must' rely on physically-based, numerical computations to 
predict the morphology. Two-dimensional and small-scale, three-dimensional 
calculations can close a large part of the gap. Such calculations can be made 
quite accurate and can be verified by comparison with small-scale release 
experiments. 

However, in the final analysis we must rely on large-scale numerical 
simulation of the large-scale morphology. The model must include a good 
representation of the neutral atmosphere, including winds, tides, and possibly 
also waves. It must include self-consistent- electric fields, plasmaspheric 
depletion, and plasma photochemistry and dynamics, including the effects of 
temperature variation. 

This type of model development is a major problem involving a 
relatively long lead-time (3-5 years) on account of the requirements for 
verification, which include: 

1. "bench-marking" against smaller 2-D and 3-D calculations; 

2. testing the model against ambient diurnal and seasonal ionospheric 
variations; and 

. I 

3. inter-comparison of different models. 

3.2.5 Possible Experimental Verification: Some Relevant Natural Phenomena . . 
(Carlson -- prepared after the workshop) 

In assessing the impact of SPS injections on the thermosphere/ionosphere, 
one should consider the normal morphology of. the region, both as a frame of 
reference and as a potential source of answers to some of the questions 
raised. Two examples are given: 



1. A regular natural perturbation feature of the nighttime ionosphere 
at lower altitudes and mid-latitude leads to a factor of three to ten decrease 
in F-region electron concentration over a time scale of about one hour, 
corresponding' to a displacement of about 1500 km in longitude. In the case of 
this natural event, the perturbation is due to an interruption or sometimes 
reversal of the component of neutral wind upward along the direction of the 
geomagnetic field lines. The interruption of this transport term, which 
initially maintains the ionospheric plasma in a region of very low. 
recombination rate, allows the plasma to descend in altitude by one to two 
neutral scale heights so that it recombines rapidly.. In the case of SPS 
operations it is a perturbation of the plasma recombination rate at a given 
altitude, rather than a transport . perturbation. bringing the plasma to .an 
altitude of much higher recombination coefficient (see Hanson & Carlson, !977, 
p. 94). 

2. What is the impact of a major ionospheric F-region depletion on the 
ion concentration in the conjugate hemisphere? 'Under ,typical nighttime 
solstice conditions, the trans-equatorial, F-region, interhemispheric winds 
tend to push the ionospheric plasma upward along geomagnetic field lines to 
regions of low recombination in the summer hemisphere, and downward to regions 
of rapid recombination in the winter hemisphere. This leads to strong 
asymmetries of plasma'concentration for a given F-region and topside altitude 
at conjugate ends of the field lines. At latitudes within about 20" of the 
magnetic equator this pressure asymmetry is believed to cause strong ion 
temperature, Ti, asymmetries (cold T near and above say- 1000 km altitude on i the summer side and hot Ti in the conjugate region). The argument is in terms 
of interhemispheric plasma transport upward along the field lines on the 
summer high plasma pressure end, involving cooling by non-adiabatic expansion 
conductive heating while the plasma is at high altitudes, and compressional 
heating. while the plasma is descending along the winter end of the field 
line. An absence of observation of this effect at greater latitudes, and the 
interpretation of such a cutoff, would directly relate to the parallel 
conjugate plasma pressure asymmetry problem for the SPS case (Hanson & 
Carlson, 1977, p. 93). 

3.2.6 Effects of the Reduced Ionization of HF Propagation (~auer) 

The potential effect of reduced ionization in the F-region on global 
skywave HF communication is very significant. A reduction in F-region 
electron density by a factor of two reduces the maximum usable frequency (MUF) 
by o factor , so that in the relevant geographic region the available 
frequency band is reduced from 3-30 MHz to (say) 3-21 MHz. However, for long- 
range communication the upper portion of the band,. say 15-30 MHz, is optimal, 
so that a reduction of MUF from 30 to 21 MHz reduces the available band from 
15 to 6 MHz. This is a very serious effect because: 

1. the HF band is very heavily used, internationally; 

2. lesser developed countries (LDCs) in particular depend heavily on 
this cheap and'simple communication medium; 

3. a reduction in F-region ionization near latitude 30°N or even 
closer to the equator would be particularly significant for many 
LDCs, that are located at these low latitudes; 



4.. frequency allocations are subject to international negotiation, and 
the USA is under considerable pressure to reduce its use of this 
frequency band, thus the suggestion that SPS would reduce the 
available band might well be received rather unfavorably; and 

5. the medium for negotiations is the CCIR, and negotiations for the 
current revision of frequency allocations are at present under way 
in Switzerland. 

Three additional comments may be made: 

(1) Skywave HF Communication is inherently a variable medium because 
of normal ionospheric variations. However, while a 40% variation in M U F  on a 
day-by-day basis over a given path is possible, and is accepted as being due 
to natural ionospheric changes, yet a permanent reduction in the total band by 
40% would probably not be considered generally acceptable, although it is 
unlikely that a single event such as the launch of Skylab-I or of HEAO-C would 
lead to international repercussions. 

(2) The various higher altitude burns of circularization, de-orbit, 
POTV, etc., involve small, highly localized, high-altitude depletions in 
ionization, that generally will not affect HF skywave propagation in a 
surface-to-surface mode. Thus it seems quite unlikely that their effects 
would be significant in the present context. 

(3) Effects on the mesosphere ("Domain A"), i.e., on the ionospheric 
D- and E-regions, may be significant for LF, VLF, ELF (i.e., less than 100 
kHz), which' have some military and navigation (LORAN) uses, but these effects 
are unlikely to be important for HF signals that transit these low-lying 
ionized regions without significant attenuation. For the AM Broadcast band 
(MF) skywave propagation is not an important mode, so that the additional 
attenuation is unlikely to be critical. 

3.2.7 Ionospheric Irregularities Associated with the Depleted Regions 

At the edges of depleted regions there presumably will be a variety of 
irregularities, such as bubbles of depleted ionization, which will give rise 
to Spread F types of ionospheric irregularities and also to traveling 
ionospheric disturbances (TIDs). The overall scale, morphology and hence 
impact of this major perturbation is being calculated. It is important but 
difficult to be sure that nothing has been omitted, and yet an adequate 
atmospheric simulation is hard to achieve because of the different types of 
phenomena that may be anticipated on different scales for the depleted 
region. 

The morphology of the depleted ionospheric regions will be a strong 
function of the source characteristics of the H 0 and H2 resulting from 
combustion. These sources are twofold, namely, t t e upward diffusion of H2 
molecules from the HLLV second stage main burn, and the injection of 
combustion product's at F-region altitudes due to HLLV circularization and 
deorbit and due to P O W  main engine burns. 



In conclusion, we make a few remarks about ionospheric 
irregularities. We now know of two dlstinct types of plash instabilities 
that, 3ctually lead to irregularity growth in the ionosphere. They are 
the ExB Gradient Drift instability, which is responsible for striations in 
barium clouds, and the ~ravitational Rayleigh-Taylor instability, which is 
responsible for the growth of Equatorial Spread F. ' Roth of these 
instabilities have been well studied and are reasonably well understood and 
both may be associated with -the ionospheric morphology produced by SPS 
operations. However, it cannot now be asserted whether that morphology will 
lead to growth or damping of irregularities. The Current Convective 
instability has recently 'been proposed as also occurring in the natural 
ionosphere. It, could also be associated with SPS ionospheric morphology but 
has not yet been well studied. In summary, there are a number of plasma 
i'nstabilities that might cause irregularities, but the morphology associated 
with the SPS scenario is insufficiently well known to state with some 
confidence which, if any, might actually apply. 

3.3 EFFECTS ON SATELLITE DRAG (Curtis) 

The drag force on a satellite is given by 

-k 
whe~e v is the satellite velocity, S is its projected surface area normal- 
to v, CD is the drag coefficient (dimensionless number of order one) and p is 
the mean atmospheric mass density 

Here nT is the total number density of the thermosphere and mi and ni are the 
mass and number density of the i-th constituent. 

I 

The change in effective satellite altitude, 'z., is related to the 
density through the relation (Cook, et al., 1960; King-Hele, 1962; Cook.and 
King-Hele, 1963) 

Thus one obtains' a given change in altitude_ Az for a circular orbit of 
period T which lies within a density enhancement Ap for a time AT: 

." I . 

The enhanced change in z is then 



For a given source strength, with a fraction AC of the circumference 
C of the orbit lying within the region of enhanced density, we have A p '  a 
(AC)-~, AT a AC, and hence S(AZ); (AC)-~. Thus, the more extended the 
density enhancement the less is the drag enhancement, given that the satellite 
passes through the region of enhancement. Of course, the smaller AC is, the 
easier can the enhanced region be avoided. 

Determination of the significance of drag effects is thus 'equivalent to 
determining the change in mean density. 

- 
Possible mechanisms for enhancement in p are: 

1 .  Deposition of 0 and O2 from the HLLV. 

2. Heating of the thermosphere by direct HLLV exhaust heating, or from 
the exothermicity of the dissociative recombination reactions of + the ionized HLLV exhaust, such as H20 + e-. 

3. Heating of the polar regions caused by argon deposition in the - 
plasmasphere. The deposition moves the plasmapause outward and 
thus moves the precipitation to higher latitudes. If the 
precipitation remains constant, the resulting concentration of 
precipitation towards the pole could increase the heating of polar 
regions. The increase in polar heating would increase Ap and hence 
the drag, which may adversely affect the orbital lifetime of polar 
orhi-ting satellites. 

In summary, what needs to be done is: 

1. to determine the steady state magnitude of A;, given the SPS 
transportation requirements; and 

2. to determine the horizontal spatial extent of the region of 
enhanced density, in which Ap # 0. 

3.4 AIRGLOW (Turco) 

The release of H20 and H2 in the mesosphere and thermosphere will lead 
to changes in the hydrogen and oxygen balances of these regions. As a result, 
alterations in airglow emissions are anticipated. The most obvious candidate 
for change is the OH infrared band system (- 0;6-3.0 pm). other' emissions 

1 1 that might be affected include the 0( D).and O( S) red (630 nm) and g een f (557.7 nm) lines, andlt* singlet molecular oxygen atmospheric band of 02( A ) 
g at 1.27 pm and of 0 ( C )at 0.76 pm. The atomic oxygen singlets are expected 

2 
to be influenced by i8n chemistry (e.g., OH' + e- + H + 0*), while the 
molecular oxygen singlets may be affected by changes in odd-oxygen chemistry 
(e.g., 0 + OH, 0 + 0 + M, and 0 + hv reactions). Finally, enhanced W and IR + 23 radiation from NO, NO and N( D) may occur in reentry plumes in which air is 
heated to several thousand degrees Kelvin and N and NO are produced in large 
amounts (see Park and Menees, 1978). 



A. OH. The near-infrared band emissions of OH have been studied 
extensively since their discovery by Meinel in 1950. They are a prominent 
feature, of both the nightglow and the dayglow. The OH airglow is found 
everywhere over the globe, and its morphology has been described by Jones 
(1973), among others. The principal mesospheric excitation mechanism i's the 
,reaction (Meinel, 1950) 

where vibrational states up to v = 9 are populated. Through detailed 
calculations, it is found that following the H + O3 reaction, the number of , 

photon emitted in the vibrational sequences Av. = 1, 2, 3, 4 are roughly 2, 3, 
0.04, 0.005, respectively. Although there is some controversy over the degree 
of rotational equilibrium of the nightglow OH emission, Krassovsky et al. 
(1977) have presented evidence showing that the rotational temperatures of 
different vibrational bands are roughly equal when viewed simultaneously to 
within an experimental precision of 10-20 K, and correspond to ambient 
temperatures within this same precision. Thus, high resolution OH emission 
spectra may be utilized to determine (crudely) air temperatures in the upper 
mesosphere, but (with current instrumentation) only at night when background 
light levels are low. 

When water is released in the thermosphere, charge exchange with 0 
+ 

+ produces H20 , which, upon recombination with electrons, generates hydroxyl 
radicals. The degree of vibrational and electronic excitation of the OH 
formed in this way is unknown, but should be determined. In this regard, M. 
Pongratz (private communication) notes that very little OH vibrational 
emission in the ( 9 , 4 )  and (5,l) bands was observed following the LAGOPEDO F- 
region water release. This implies little excitation of the v = 9 and v = 5 
OH vibrational levels. 

The concentration of hydrogen atoms in the atmosphere is directly 
related to the total amount of hydrogen in all forms residing there. Above 80 
km, injected water vapor will be decomposed by sunlight and ion-molecule 
reactions; the resultant hydrogen is partitioned between H and H2, with some 
of the H-atoms being continuously recycled betwen H and OH. Thus, the spatial 
and temporal changes in airglow intensity caused by the passage of a rocket 
will depend on the amount of water vapor released, on its rate of dispersal 
and removal as against decomposition, and its photochemical partitioning into 
B, 011, and H2. (In addition, it must be noted that in typical H2-O2 rocket 
motors, perhaps 25% of the hydrogen is emitted at H2 rather than as H20.) 

The major impact of enhanced OH emission rates may be their influence 
on the mesopause temperature and, consequently, their possible connection with 
noctilucent cloud formation (Chenurnoy and Charina, 1977). Interestingly, 
Moreels and Herse (1977) have observed wave-like structures in OH emision 
patters that match some noctilucent cloud patterns. 

B. Singlet oxygen. The o(~D) 630 nm red line and the o(~s) 557.7 nm 
green line are well-studied emissions whose morphology is fairly well 
istablished. The lines can be excited photochemically (02 + hv, 0 + 0 + 0) 
and through ion neutralization reactions, and normally originate about 90 km. 



The emissions often color auroral displays, and they are a prominent feature 
of some high-altitude nuclear explosions. More to the present issue, enhanced 
1 O( D) emissions have been observed during a large F-region explosive release 

that emitted large quantities of H20 and C02 (Pongratz e$ al., 1978). 
However, it is thought that much of this emission comes from CO recombination 2 rather than OH' recombination (Pongratz , private communicat~on) , but J.M. 
Forbqs (private communication) suggests that the predominant source 
is O2 recombination since the reaction 

co, + o+ + 0; + co 

is the dominant path for removal of C02 molecules in the F-region. Thus, it 
1 1 is not yet clear what changes in the intensity of O( D) and 0( S) emissions. 

are to be expected as a result of SPS rocket activity. 

1 1 The molecular oxygen singlets, 02( A) and 02( Z), are responsible for 
some of the strongest 'atmospheric emissions in the near IR, which are easily 
monitored. With regard to SPS rocket activity, these emissions could be. 
affected by changes in the photochemical reaction cycle of oxygen constituents 
caused by water vapor. 

C. NO emissions. The long wavelength atmospheric emissions due to NO 
reactions are discussed by Ogawa (1976). In the wake of a reentering 
spacecraft, one should observe the strong NO + 0 chemiluminescence in the 
visible and near IR regions. After some dispersion, NO and NO+ IR emissions at 
5.3 and 2.8 m, respectively, might be detectable from rockets or satellites, 
as might resonant scatt ring of solar W by the NO y-bands. In addition, the 5 weak .emission from N( D) at 520 nm, mainly from above 120 km, might be 
affected by large water vapor releases. 

D. NaD emission. Emissions at 589 nm are well correlated with OH 
emissions (Takahashi et al., 1979, and other references cited therein). 
Hence, changes in OH emission (see subsection A) should lead to changes in NaD 
emissions. 

3.5 POTENTIALLY IMPORTANT PHENOMENA (Vondrak) 
. . 

The following issues are most relevant to the terrestrial environment 
and to users of operational systems: 

1. Ionospheric Depletions. These include large but localized 
depletions associated with HLLV circularization burns, more widespread but 
smaller effects of insertion burns and POTV burns, and other depletion such as 
draining of,plasmaspheric flux tubes and depletions in the conjugate region by 
.interhemispheric transport. The major user impact affects communication in 
the following two ways. 

(a) HF skywave communication may be degraded by altering the 
ionospheric morphology (H, H). (See in particular Section 
3.2.6;) 



(b) Transionospheric communication may be adversely affected by the 
formation of irregularities at the large density gradients 
associated with the edges of ionospheric holes. (U/H, H). 
(See Section 3.2.7.) 

2. Increase in Airglow, Reflectivity (due to Ice Crystals), and IR 
Emissivity of the thermosphere reduce the effectiveness of satellite-borne' 
systems for surveillance and remote sensing. (H, U) 

3. An increased thermospheric density (by heating or increase in H- 
atom density) alters the satellite drag. (H, U/L) 

3.6 ATMOSPHERIC EXPERIMENTS 

3.6.1. Rocket Experiments (Pongratz) 

The questions at issue are: What can be learned from planned rocket 
launches, such as Atlas-Centaur? and, Can any dedicated launches or 
experiments be justified? 

Among outstanding questions vis-a-vis B-Domain depletions are the H20 + 
dissociative recombination branching ratios, ice crystal sublimation and 
chemistry, and the generation of ionospheric irregularities. 

Many experimenters' (L. Duncan, LASL; M. Mendillo, B.U. ; among others) 
plan to measure electron density and neutral winds with the Arecibo radar, 
airglow, and amateur (HAM) radio signals during the upcoming HEAO-C/Atlas- 
Centaur launch. A prime result of these observations is likely to be code 
verification. The TEM experiments (McIntyre, 1978) could be used to study ice 
crystal sublimation. The Space Shuttle and deorbit burns beginning in 1980 
should shed light on whether or not ionospheric irregularities are produced 
following depletion; sounding rocket launches from India may be able to 
diagnose the phenomenology resulting from these burns. 

Dedicated launches may involve diagnostic sounding rockets following 
larger target of opportunity rocket launches, non-operational Space Shuttle 
burns, and dedicated depletion experiments. The most likely significant 
impacts of depletions would be the generation of irregularities and that the 
models of depletion should be tested against these sources. Planned depletion 
experiments conducted from Kwajalein seem to provide a feasible method to test 
the models. Kwajalein has three key features regarding the issue of 
irregularities resulting from ionization depletion: 

1. incoherent scatter radar: to diagnose plasma irregularities. 

2. sounding rocket launch capabilitites: according to Anderson and 
Bernhardt, (1978), small sounding rockets may be capable of 
carrying payloads that could produce depletion in ionization and in 
turn cause irregularities; and 

3. correct magnetic field geometry for the gravitational Rayleigh- 
Taylor instability. 



Dedicated experiments could involve the monitoring of airglow from high 
altitude satellites'. Such monitoring could detect the depletions resulting 
from target-of-opportunity launches,' and perhaps determine the branching + ratios from the H20 + e- dis.sociative recombination reaction.. 

3.6.2 LAGOPEDO- Type Releases (Fedder) 

This type of release is important for the following reasons: 

1. The data provides a checkpoint for theoretical and morphological 
code work. 

2. The data can provide one bound on the chemistry calculations and 
thus a check on their prediction. 

3.  The data may demonstrate the growth or damping of irregularities 
and therefore of scintillation phenomena. 

4 .  The data can provide some estimate of ice-vapor fractionation. 
However, because of the difference in specific enthalpies, this 

. estimate is not directly applicable to the question of condensation 
in rocket exhausts. 

Undoubtedly new experiments are necessary and valuable, but complete, 
analysis of the LAGOPEDO data is of primary importance, should have the 
highest priority, and should be completed at an early date. 

Three types of studies are proposed: 

1. Active experiments in the thermosphere. 

2. Laboratory studies. 

3. Theoretical studies. 

The object of these studies is to reduce uncertainties in chemistry, 
transport, and/or temperature change. 

The chemistry of the ionosphere has been studied for many years. Ion- 
molecule reaction rates are readily available from laboratory measurements, as 
are many electron-ion recombination rates, but not the ones of greatest 
interest here: 



for which we need the branching raki,os and states of excitation of the 
products as well as the, rate constants. 

Regarding transport processes in the thermosphere, diffusion 
coefficients are well knbwn, but the. data base on. neutral winds is not very 
adequate. 

Thermal changes due to .ionopsheric depletion have been estimated by 
Bernhardt (1976). The electron temperature can increase by factors of 2-4, 
and this will change the chemical reaction rates in the ionospheric plasma to 
second order. To first order the plasma transport will be affected by plasma 
temperature increases. Questions related to the actual situation.of a hot, 
tenuous plasma imbedded in a cold, dense plasma should be considered. 

Irregularity formation. due to plasma instabilities .should be 
considered. At middle or high latitudes a gradient drift instability can be 
driven by a neutral wind perpendicular to the geomagnetic field lines. , At 
equatorial latitudes, a gravitationally driven instability can produce Spread 
F irregularities, and Traveling Ionospheric Disturbances (TIDs), which 'are 
gravity waves propagating upward from disturbances in the lower atmoshere, can 
also give rise to equatorial Spread F. 

11 A significant question to ask is the following: 

What effects produced by injections of exhaust are not seen in 
nature? 

8 ANSWER: New species and energy injected in to the F-region and , 

the subsequent strong, localized depletion and, possibly, 
irregularities. 

We need experiments to study phenomena that do not occur naturally. 

3.6.4 Other Experiments (Aikin) 

conjugate point release experiments should receive a high priority; the 
Space Shuttle chemical release facility would be useful to accomplish such 
experiments. 

. . 
Chemical reactions can be studied in the space environment by use of 

the Shuttle release and diagnostic facility. 

Laboratory Experiments 

1. Stu y o f  the electron-ion dissociative recombination coefficient for 4. H20 . Determine the rate, identification, and energy of the 
products. 



2. Surface neutral chemistry on ice crystals.* 

3. Attachment of electrons to ice crystals.* 

4 .  Cross section of 0-H collision for excitation of fine structure 
transitions in atomic oxygen because collisional excitation of 
these transitions in 0-H collisions might cool at.omic hydrogen 
below the ambient thermospheric temperature, and thereby reduce its 
escape (Fahr and Nass, 1979). 

*First of all do a simple model calculation to see whether the 
effects could be significant . 



4 MAGNETOSPHERIC EFFECTS 

4.1 INTRODUCTION 

As one goes' to outer regions of the earth's atmosphere where plasma 
effects become important, the character of the problem changes. In this very 
low density regime the relative injections of both mass and energy are large, 
and on account of the infrequency of collisions and of the predominance of 
long-range interactions associated with the geomagnetic field, the possible 
distance scale of phenomena becomes very large, and so do the unknowns and 
major uncertainties. 

Chemical rockets produce large injections of hydrogen atoms both from 
the personnel vehicle, POTV, which is chemically propelled and makes some 12- 
17 flights per year between LEO and GEO, each with a duration of a few hours, 
and also from the cargo vehicle, COTV. The C O W  uses electrical propulsion as 
its primary mode, and thus one round trip from LEO to GEO takes 160-180 days 
because of the very low thrust of its argon ion engines. Nevertheless, while 
it uses chemical (H~-02) engines only for attitude control and other auxiliary 
power, yet the total number of hydrogen versus argon atoms emitted is 
comparable (see Table 3). 

The main propulsion for COTV is provided by a series of 1-5 keV Ar ion 
engines, which also put out a neutralizing beam of electrons. The energy 
distribution of the argon ions is approximately thermal, so that the ion beam 
is less efficient at exciting plasma instabilities than is a monoenergetic ion 
beam. The quantities of injectants per flight and per year are listed in 
Tables 1 and 3, respectively. The reason why so many hydrogen atoms are 
emitted is that each argon ion provides perhaps 5000 times as much energy and 
400 times as much thrust (i.e., momeiitum) as does a hydrogen atom. 

The phono enology of H ~ O / H ~  injections is sketched in Section 4.2, 
while that of A 3  ibn injections is outlined in Section 4.3. Some possible 
effects are mentioned in Section 4.4. The need for a synthesis of H and ~ r +  
injections, and some possibly ,important phenomena, are discussed in Section 
4.5, and some possibly relevant a.tmospheric experiments are reviewed in 
Section 4.6. 

4.2 PHONOMENOLOGY OF H ~ O / H ~  INJECTION IN THE PLASMASPHERE AND MAGNETOSPHERE 
( Zinn) 

The fate of H20 and H2 molecules injected in the F-region and the 
changes 'that they produce in electron .and ion concentrations have been 
discussed in great detail (see Mendillo (1978, 1979), Zinn et ale (1978, 
1979), and Section 3 of this report). For injections at higher. alti.tudes, the 
same phenomena will occur, provided that the molecules are not injected with 
velocity vectors such that they become trapped in stable orbits or escape from 
the earth. That is, if they can fall, they will fall to 270 km, or so, where 
they produce the now familiar F-layer effects. 

. . 

There are several situations among the proposed SPS rocket scenarios 
where the exhaust molecules can escape or become trapped. Some of those 



situations, for the POTV, are discussed in Section 3.1.3. Another situation 
is the deorbit burn of the HLLV, where most of the molecules are ejected with 
velocities sufficient for escape. 

If the molecules escape, we believe they can be forgotten, since they 
do not represent, a significant H or 0 loss compared to that which occurs 
normally in nature. On the other hand, if they are trapped in orbits, they 
can react with H+ or 0+. ions, provided that they do not photodissociate 
first. At LEO altitudes the 0' + H20 charge exchange reaction is considerably 
faster than the H20 photodestruction. Therefore, trapped exhaust molecules in 
LEO or in orbits passing through the 300-600-km altitude range will lead to 
destruction of ions, with consequent depletion of the F-layer and 
protonosphere. Such depletions will be very widespread spatially, but 
probably small in terms of percentages of ions removed because the absolute 
numbers of exhaust molecules injected in trapped orbits are comparatively 
small. 

4.3 INJECTION OF keV PLASMA (Palmadesso) 

4.3.1 Potential Consequences 

A. Alter radiation belt populations. Chiu et al. (1979) have argued 
that in the worst case (complete capture of the argon beam in the near 
magnetosphere, and long lifetime for the trapped argon) the hydrogen ion 
cyclotron instability that normally leads to scattering and precipitation of 
energetic electrons will be suppressed, thus allowing the electrons to 
increase in number until their population approaches an asymptotic upper 
limit. In this worst case scenario, the energetic electron density is 
increased by a factor of the order of 2. (See discussion by Davidson in 
Appendix F, item F.5.) 

B. Production of energetic argon ions via convection (HZE problem). 
By a process which is only partially understood at present, some oxygen and 
other ions injected into the magnetosphere are accelerated to very high 
energies. Adiabatic earthward convection energizes particles, but in order to 
be accelerated to extremely high energies the particles must mo,ve away from 
the earth without much energy loss and repeat this process several times. 
Other mechanisms that are thought to accelerate ions are interactions with ion 
cyclotron waves, electric fields along the magnetic field lines, and 
magnetospheric circulation forward to the magnetopause, to the magnetotail, 
and again forward to the inner magnetosphere. Presumably the number of 
partzcles accelerated to a given energy decreases rapidly as the energy 
increases. Thus the number of high Z argon ions that might be energized in 
this way is not now known. 

C. Gross change in plasmasphere composition and temperature. If the 
argon ion and energy injections in the magnetosphere are long-lasting, the 
temperature, density, and chemical composition of large portions of the inner 
magnetosphere may be altered substantially by the stopping of the ~ r +  exhaust 
beam in these regions. . The practical consequences of this, if any, are not 
known at present. Generally, however, an increase in plasma density 
stabilizes the radiation belts. 



D. Enhanced generation of geomagnetic storms. This is a somewhat more 
speculative possibility, based on the assumption that the ion beam will not be 
contained in the inner magnetosphere but will instead penetrate great 
distances. If the beam is directed into the earth's magnetotail, it may alter 
the local resistivity in the merging region and thus change the merging rate. 

4.3.2 Phenomenology Issues to be Resolved 

A. Beam stopping distance. There is a certain question about how 
rapidly the ion beam is stopped in the magnetosphere. Chiu et al. (1979), 
using the observations of Haerendel and Lust (1970) on a barium cloud in the 
magnetosphere, suggest that the ions are stopped even in the very tenuous 
outer magnetosphere; Curtis and Grebowski (1979) have questioned this. In 
view of our limited understanding of ion motions in the magnetosphere, this 
issue calls for further work. 

. B. Argon lifetime in the magnetosphere. . This is a critical 
question. The loading of argon in the magnetosphere will be determined by 
balancing injection rates with the loss rates associated with diffusion and 
pitch angle scattering processes. If the loss rates are high, the argon 
loading will be relatively small (short argon lifetime). In the opposite 
case, argon accumulates for a long time and the loading is large. The 
lifetime of Ar' in the magnetosphere is a parameter that must be determined or 

' estimated in order to make quantitative assessments of the possible 
consequences of argon injection. 

C. Energy lifetime in the magnetosphere. This is similar to B 
above. The argon energy may be shared with ambient ions, and we must estimate 
an energy lifetime in order to assess the magnetospheric energy loading. 

D. Relativistic Electron Precipitation (REP), events. The proton 
cyclotron instability discussed in Item A of Section 4.3.1 above may not be 
the only mechanism for precipitating energetic electrons; indeed, some REP 
events cannot be explained on this basis. . If another process does exist and 
can be identified, the likelihood of occurrence of the proton cyclotron 
instability and/or the severity of its effect may be reduced. 

4.4 SOME POSSIBLE EFFECTS 

4.4.1 Enhancement of Trapped Radiation (Chiu) 

Modification of the plasmaspheric composition, f ram+ a natural H' 
plasmasphere to one consisting mainly of the heavier 0' and Ar ions, may lead 
to the suppression of ion cyclotron wave generation. This activity in turn 
means a possible enhancement of trapped relativistic electron dosage level to 
about 2-3 times the present level, although it must be noted that pitch angle 
scattering by ion cyclotron waves is not the only mechanism by which 
relativistic electrons are precipitated into the atmosphere. 

Argon ions may possibly be recycled and energized by radial diffusion, 
ion cyclotron turbulence, electronic fields, and magnetospheric circulation to 



high energies (hundreds of MeV), thus enhancing the population .of HZE 
particles. 

The dosage level of HZE particles is very important for the question of 
radiation dosage for space workers and for the degradation of surfaces by 
sputtering, while the dosage level of relativistic electrons is significant 
for the rate of degradation of spacecraft instrumentation as well as for 
health problems of space workers. 

Suggestions for experimentation and for the utilization of targets of 
opportunity in this area are integrated into Sections 4.6.2 and 4.6.3. 

, . 

4.4.2 Dumping of the Radiation Belts (Aikin, Cladis) 

A. Inner Belt Protons. Inner radiation belt protons may be 
precipitated into the' stratosphere and .mesosphere as a result of plasma 
turbulence caused by ions from the ion thruster engine. . Proton 
interaction.with the'atmosphere creates ionization at altitudes between 30 and 
100 km, leading to a possible disruption of VLF communications and a 
modification of the ozone distribution. The magnitude of the effect is 
limited by the rate of repopulation of the inner belt protons. Since the 
mechanism for repopulation is the decay of albedo neutrons resulting from 
cosmic radiation, a long time, perhaps as much as 100 years, is required for 
repopulation. It is expected that following the initial dumping of the belt, 
subsequent precipitation will be limited by the low belt population. . The 
amount of ozone' destroyed initially' needs to be calculated, but is less than 
that of the August 1972 Solar Proton   vent. . , 

The high energy, inner-belt proton fluxes are very stable, and it is 
very unlikely that their distribution would be appreciably altered by the + presence of the ~ r +  beam or by an enhanced trapped Ar population. In fact, 
the enhanced plasma density would make the proton distribution more.:.stable. 
If it is assumed, however, that the distribution were destabilized by some 
unknown mechanism, such that the protons were precipitated at :the "strong" 
pitch-angle diffusion rate, the .flux of precipitating protons of energ 
gre ter t an 50 MeV (penetrating to 30 km) would be less than about 3 x '10 -9 -P Y 
cm sec . This flux 'is about the highest that can be expected; and, at this 
rate, the proton reservoir would be depleted in about an hour. During the 
solar proton events of 3-11 August 1972, the flux of protons of gnerq 29-190 - 
MeV incident on the atmosphere at high latitudes exceeded 2 x 10 cm sec , 
and it remained high for several days. Hence, it appears that the. effects of 
the precipitation of the trapped energetic protons will be small in comparison 
to the effects produced by large solar proton events. 

B. Outer Belt Electrons. The precipitation of electrons from the 
outer radiation belt will cause atmospheric ionization at geomagnetic 
latitudes outside the equatorial zone. The magnitude and frequency of 
occurrence of the effect needs to be determined. ~om&unications will be 
affected and some ozone will be destroyed. In fact, this is a relativistic 
electron precipitation (=REP) event, and it can be shown - see Bauer (1978), 
Figure 2-1 and Appendix E -- that .the effect of an REP on ozone is small 
compared to that of a solar.proton event or to galactic cosmic rays. 



I , . 
Questions : 

1. What is the frequency bf occurrence and magnitude of electron 
precipitation as a function of geomagnetic latitude? 

2. What is the influence on the D-region? 

3. What is the influence of ionization caused by electrons and 
accompanying bremsstrahlung on atmospheric ozone? 

4.4.3 Depletion versus Enhancement of the Radiation Belts (Curtis) 

The question of whether the radiation belt fluxes are depleted or 
enhanced depends strongly on the deposition mechanism for the Ar+ beam in the 
plasmasphere. Three mechanisms of beam stopping have been suggested, namely, 
.stopping of the ion cloud, loss of the beam sheath, and plasma instabilities. 

If the beam is stopped by an ion-cloudlike mechanism (Chiu, et al. 
1979) the deposited A$+ will have energies much lower than the beam energy. 
Thus the deposited Ar will be essentially cold, i.e., it will have energies 
of the order of plasma energies in the plasmasphere. The cold Ar+ can 
suppress the ion cyclotron instability and hence enhance the flux of radiation 
belt electrons. 

If, however, the ion beam sheath loss mechanism of Curtis and Grebowsky 
(1979) is the dominant effect, the Ar+ deposited in the magnetosphere has 
energies of the order of the beam energy, and hence the deposited Ar+ is hot 
and anisotropic. The hot Ar+ will give rise to plasma wave turbulence and 
hence pitch angle scattering of both the hot Ar+ and radiation belt protons 
will occur. In this case the radiation belt protons could perhaps be depleted 
if the resonance relations have the appropriate numerical values. 

+ Plasma instabilities could give rise to either hot or cold Ar , . 
depending on whether pitch angle scattering or energy degradation is the 
dominant result of the plasma instability. 

Although the hot Ar+ cools off during its residence in the plasmasphere 
via electron Coulomb scattering and, driving plasma instability turbulence, it + + is not clear that the hot Ar has sufficient time to become cold Ar before it 
is removed from the plasmasphere via precipitation and charge exhange. 

. . 
Thus, it may well be the case that the initial beam dissipation 

mechanisms outlined here will strongly determine the character of the 
modifications to the radiation belt. 

Since the greatest radiation belt fluxes +occur near the magnetic 
equator, plasmasphere heating ,which can increase 0 in the plasmasphere and 
hence suppress ion cyclotron turbulence will be limited to the lower levels of 
the plasmasphere, and most likely would not be as important as cold Ar+ in ion 
cyclotron suppression. 



- . 4i4.4 Phenomenology Associated with. large Space Structures (Vondrak) 

In addition to the transportation system used between LEO and GEO and 
any possible effects due to microwaves (which are not considered here), 
another potential source of magnetospheric modification is provided by the SPS' 
satellite structure itself. The satellite interacts with the magnetosphere in 
the. following ways : 

I 

1.. The. structure will be a sink that absorbs particles striking it. 
This flux tube blockage is analogous to the sweeping of the Jovian radiation 
belts by the Galilean satellites. ' (See also '~esler and Cour-Palais, 1978). 

2. The satellite will charge, probably to a negative potential, and 
the ambient ion.population will be accelerated to it. 

3. The structure wll be a localized source of IR and reflected visible 
light. This has been reviewed in a workshop held recently, whose report 
(Stokes, 1979) has not yet been published. See also Item .F.4 of Appendix F. 

' 4. The satellite will emit photoelectrons. These relatively cool 
electrons may interact with the ambient plasma. 

5. The structure will be a source of contaminant gases that may form a 
ring of neutral gases at GEOo Neutral gases are also emitted at GEO by ACS 
thrusters. The interaction of such neutral gas molecules with the ambient 
plasma at GEO is not well understood. 

6. Meteoritic impact and energetic particle sputtering of spacecraft . 
sufaces may be a substantial source of particulate material at GEOo 

4.4.5 A Ring of Neutral Gases Associated with the Satellite (Garrett). 

Vondrak (1977, 1979) has suggested that the possibility exists for the 
formation of a permanent ring of neutral gas around the earth. In Garrett and . 
Forbes (1979), the likelihood of the formation of such a ring forming in 
geosynchronous orbit has been considered. The problem readily reduces to that 
of determining the ionization rate of the neutral cloud formed in the 
immediate vicinity of the emitter (the SPS satellite in this case). Over the 
long-term SPS mission, the major continuing contaminant would be neutral gas 
from the control thrusters. For . Ar thrusters, given the current 
conf iguratdon, Garrett and Forbes find that. the neutral cloud created would 
have a characteristic ionization time of 15 days. The ~ r +  cloud created would 
have a maximum density of only 0.01 under normal conditions at the edge 
of a cloud 40 km in radius. Hence, the impact of the ions would be 
insignificant. The long ionizat on period, however, would allow a neutral 
ring with density of about 2 cm-I to form. The impact of this cloud is not 
clear. Likewise, the H2 and H20 emitted.by the POTV may also contribute to 
such a ring. As existing analytic techniques are capable of estimating the 
distribution of such a cloud, it is recommended that this analysis be carried 
out. 



4.5 SITJTHESIS UY MAGNETOSPHERIC EFFECTS AND POSSIBLY IMPORTANT PHENOMENA 
(Chiu) 

The two major elements of propellant release effects leading to 
environmental modification in the magnetosphere are: 

(a) deposition of COTV Ax-+ beam energy in the magnetosphere giving 
rise to composition and density modifications of the magnetosphere; and 

(b) deposition of H20 and H2 nentrals from P O W  and COTV at high 
concentrations in the equatorial regions representing an artif.icia1 charge- 
exchange medium that may reduce the trapped radiation belt particles. 

The resulting modification of the magnetosphere also alters the 
magnetospheric response to geomagnetic storms. These major elements are 
mutually interacting, and thus it is necessary to take a synergistic approach 
to the problem of magnetospheric modifications due to SPS. 

The key questions to be addressed in such a synthesis are the 
following : 

1. What is the time scale for ~ r +  energy deposition in the presence of 
H20/H2 neutral diffusion ,and chemistry? 

2. Wha't are the charge exchange, ionization, and dissociation time 
scales of H20/H2? and How do they compare with the time scale for falling in 
the earth's gravitational field, taking particular account of the condensation 
and evaporation of H20 (see Section 2.5)? 

3. How are the magnetospheric-ionospheric-thermospheric coupling 
processes changed in this modified scenario? 

The answers (or partial answers) to this sequence of questions may help 
formulate a synergistic approach to address the total effects of modifications 
to the radiation. belts and of changes to the communication environment and to 
estimate increases in satellite drag due to thermospheric heating. 

A partial list of ,important phenomena can be made: 

1. Plasma depletions (as distinguished from holes in the ionospheric 
F-region due to charge exchange of ambient ions with H20/H2 neutrals).' (U,*H) 

2. Modification in Geomagnetic Activity. Changes .in magnetospheric 
convection patterns and in the radial position of the plasmapause will change 
the location and intensity of geomagnetic activity, and could give rise to 
powerline surges and changes in the satellite drag environment. (U, H) 

3. Radiation belt modifications, including short-term reductions due 
to charge exchange, intermediate-term enhancement of relativistic electrons 
due to changes in the composition of the plasmasphere, and long-t'erm recycling 
and energization of some argon ions into HZE particles. . (U, H) 

\ 

4. Can stratospheric ozone be reduced by the enhanced precipitation of 
high energy particles? (Probably not, see Section 4.4.2.) (U/L, H) 



5. The physical size of SPS and its characteristics create a number of 
problems such as flux tube blockage, IR sources, photoelectrons, and 
spacecraft charging that give rise to local rather than global consequences. 
(H, U) 

6. . Enhancement of airglow, especially the nitrogen (N2, N*+) airglow 
due to enhanced precipitation of energetic ~ r +  ions into the atmosphere. 
(Note that this enhancement appears to be much larger than the effects 
discussed in Sections 2 and 3 above.) (H, U) 

1 4.6 CONCEIVABLE ATMOSPHERIC EXPERIMENTS 

4.6.1 High-Altitude Injection of Gases, Plasmas, and Electron/Ion Beams 
(Pongratz) 

+ Here we examine experiments that could explore the phenomenology of the 
Ar engine burns. Two target-of-opportunity experiments may be relevant: 

1. A Japanese Space ~huttle/~pacelab ion beam experiment (~r. 
Obayashi), to be conducted in 1984-85. 

2. GREYHOUND, which is proposed by N. J. Stevens of NASA-Lewis as a 
test of ion engines (see also Section 4.6.3, Item 3). 

The ideal experiment would involve a full-scale Ar+ engine and should 
be conducted on long- and short-field lines. Long-term studies of possible 
ion acceleration should be possible. The energy and pitch angle distributions 
of energetic ions should be measured as a function of distance (parallel and 
perpendicular to the magnetic field lines) from the engine burn. 
Electrostatic and possibly electromagnetic waves generated by the ion engine 
pulses should be monitored. Wave frequencies between the lower hybrid 
resonance and ion cyclotron frequencies, and below, would be. the relevant 
ambient plasma parameters, which should be monitored before, during, and after 
the ion engine pulses. Most likely a motherldaughter satellite configuration 
would be required. The planning and construction of this experiment could 
take more than six years and several hundred million dollars. 

Long-term ion energization studies may require optical techniques, and 
here the use of ~ a +  ions would provide a tracer of mass close to that of argon 
but which could be traced optically. However, we know of no technology for 
producing large quantities of ~ a +  in space. 

~ 4.6.2 Relevance of SCATHA (P78-2) to SPS (Chiu) 

~ SCATHA (Spacecraft Charging At High Altitudes) is an integrated 
satellite to study spacecraft-environmental interactions at geosynchronous 
orbit, sponsored jointly by the USAF and NASA. It has relevance for SPS 
assessment in the following areas : 



(a) Spacecraft charging by energetic plasma and photoelectric effects 
is expected to be an important problem for the design and development of SPS 

2 which has 50 km of surface area. 

(b) Potentials established on the spacecraft can accelerate and 
decelerate plasma components to tens of keV, as demonstrated by .SCATHA 
experiments. This would impact the geosynchronous plasma environment. 

(c) The plasma environment has direct impact on klystron operations by 
forming electron sheaths in resonant cavities ("multipacting"). This has been 
demonstrated by SCATHA and other satellites. 

(d) SCATHA, ISEE, ATS, and GEOS are elements in the coordinated IMS 
(International Magnetospheric Study)project to define the physics of the 
geosynchronous plasma. The basis physical understanding gained would'be very 
important in resolving the question of the long-term recycling and 
energization of argon ions in the magnetosphere. 

(e) Effects of contaminant from satellite operations such as water, 
outgassing, and neutrals are studied by the ML-12 experiment on SCATHA. 

As a result of considering the relevance of SCATHA to the SPS 
assessment, we recommend that: 

1. Coordination should be maintained with SCATHA experiments. 

2. Consideration should be given to SCATHA-like instrumentation in 
conjunction with possible FIREWHEEL-like diagnostic configuration and a high- 
powered ion engine operation experiment similar to GREYHOUND. (More details * 

of these experiments are given in Section 4.6.3) 

3. Consideration of results from joint SCATI$A/GEOS I1 ~ e +  beam 
propagation studies should be included in planning any Ar experiments. 

4.6.3 CAMEO, FIREWHEEL and Other Experiments (Chiu) 

1. CAMEO. This involved a release of barium from a satellite at L - 
7-9 at approximately 1000-km altitude. The results indicate that 

(a) ions are accelerated by natural electric field which may influence + the formation of HZE particles from Ar , and 

(b) plasma irregularities were observed at very high altitudes 
(- 1 RE). 

Such releases at high altitudes a't the equator would be most relevant for 
SPS. Other targets of opportunity in this area are a NASAIMax Planck 
Institute barium release at 6.6 RE and the BUARO barium jet release by LASL 
(Koons & Pongratz, 1979, Simons et al. 1979). 

2. FIREWHEEL. This experiment consists of. barium and lithium releases 
in the night-side magnetosphere at 7 and 95 RE by the Max Planck Institute 
group in March 1980. The unique feature of this experiment, which constitutes 



a target of opportunity for SPS assessment, is that a mother satellite 
releasing Ba and Li will also release instrumented daughter satellites as 
diagnostic tools. Studies on momentum exchange of 'the injected plasma with 
the ambient plasma and tracing the redistribution and acceleration of the 
injected plasma in the magnetosphere, among others, will throw some light on 
the fate of Ar+ in the magnetosphere. Less certain longer term targets of 
opportunity may be the NASA OPEN (Origin of Plasmas in the Earth's 
Neighborhood, see NASA, 1979) program. 

3. GREYHOUND and other ion beamlion engine operations in space.' 
GREYHOUND is a proposed test of ion engine space transportation in the 1985 
time frame. In the same time frame, a ~apanese/U~ experiment on Spacelab I 
will also test plasma beams, but the power will probably not .be high enough 
for resolution of the ~ r +  ion beam problem. 

, . 

We suggest that an experiment, perhaps a slight modification of the 
GREYHOUND operation, with diagnostic configuration of the FIREWHEEL type 
(mother-daughter satellites) and instrumentation of the SCATHA-type on th 
mother satellite, would be needed to study the short-term fate of the Ar t 
beam. The question of how to observe ~ r +  ions optically must also be + addressed. Calcium (Ca ) has the potential of being easily observable, and of 
having a mass very close to that of argon. GREYHOUND seems to be a target of 
opportunity in the 1985 time frame. 

I 4,6.4 Starfish and Other Past Nuclear Explosions (Palmadesso) 

The question asked is: Should Starfish and other past nuclear 
explosions be considered as part of the experimental data base for SPS 
assessment? 

The conclusion is generally negative.for the following reasons: 

1. Nuclear phenomenology is substantially different from SPS 
phenomenology. 

2. The nuclear data base.is incomplete. With some exceptions, data 
taking was confined to. low altitudes and short times after the burst. . Late 
time and high altitude physical effects, which offer the greatest promise of 
similarity to the SPS phenomenology, were not well diagnosed. 

3. Examples of physical effects apparently similar to SPS phenomena, 
which on closer examination are not worth pursuing, are the following: 

(a) Starfish produced enhancements in the number of very energetic 
radiation belt electrons that persisted for several years'. These are thought 
to be due to fission beta particles rather than to any reduction in 
precipitation as discussed in Section 4.4.1. 



(b) Jetting of plasma across magnetic field lines was observed visually 
after Starfish. The' phenomena could not be diagnosed quantitatively at that 
time; the distance traveled by the jetted material and the temperature, 
density, etc., of the material are not known. 

Thus, we recommend' that a low priority should be assigned to the study 
of nuclear tests for SPS evaluation purposes. 



5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 INTRODUCTION 

During the workshop it quickly became apparent that many of the 
technical problems associated with the environmental effects of SPS propulsion 
effluents in the upper atmosphere are very broad and poorly defined. Hence, 
before one plans to do any dedicated field experiments, 'which are inevitably 
costly in both time and money, it is appropriate first to undertake a variety 
of preliminary theoretical and laboratory studies and, where possible, also to 
use targets of opportunity for initial studies. 

One problem, the effect on HF skywave propagation due to permanent F- 
region depletion associated with HLLV launches, surfaced right after the 
workshop at a briefing given at the Naval Ocean Systems Center (see Appendix 
F, item F.3). This problem is of such clear importance that it is discussed 
next, in Section 5.2. Other problems involving H20/H2 and NO injections, are + discussed in Section 5.3 and those involving Ar . injections, in Section 5.4. 
During the workshop we were unable to agree on a unique order of priorities 
for the various items, so they simply are presented in a logical sequence, 
with'appropriate comments on their importance to SPS. 

It should be noted that the present considerations are' not limited to 
SPS propulsion, but would apply to any very large space transportation project 
using H2/02 chemical propulsion and ion propulsion as appropriate. 

5.2 PERMANENT DEPLETION OF F-REGION IONIZATION 

As a result of hydrogen emission from the HLLV second stage rocket and 
the upward diffusion of the hydrogen, and to some extent also of the water 
vapor emitted, it is anticipated that there will be a belt of reduced 
ionization at the latitude of launch. The extent of this region would be 
several thousand kilometers in the north-south direction, extending around the 
globe at constant latitude, and beginning at 160-180 km altitude and going to 
the F2-region peak and above. The mean reduction in ionization may be as much 
as 50% at night; in the daytime it will be much less, perhaps 10-20%. 

The critical consequence of such a reduction in ionization is that it 
drastically reduces. the available HF frequency band that can be used for long- 
range slcywave communication at a time when this band is already heavily 
overcommitted internationally (see Section 3.2.6 and item F.3 in Appendix 
F). Thus it is clearly of the highest priority to verify the predictions, 
including atmospheric variability and the overall uncertainty bounds. ,The 
specific items that require study are the following: 

I I 

1. Upward transport of H2 and H20 injected in the 70-120 km altitude 
range into the F-region and the associated photochemistry. This 'includes the 
dissociation and ionization/deionization, and a resolution of the ,relative 
importance of H20 and H2. 

I 



2. Experimental (laboratory) study of the dissociative recombination 
of H20' and OH', including the state of excitation of the products (see 
Section 3.2.3). 

3. Experimental (field) study of the dispersion of tracers in the 
mesosphere at relatively long times after release (see Section 2.6, especially 
Fig. 3). 

4. An overall 3-D/2-D model calculation of the steady-state F-region 
depletion to quantify the estimates quoted here (which are not based on' any 
very detailed calculations) and also to identify any further critical 
unknowns. This is not a simple task (see Section 3.2.4 for 'an indication of 
the work called for). 

5. To verify the adequacy of the model predictions, it is appropriate 
to analyze previous results (e.g., the Skylab-I and LAGOPEDO observations), to 
study and observe targets of opportunity such as the Atlas-Centaur launch of 
HEAO-C in September 1979, and. to study any relevant natural phenomena (see the 
discussion of Section 3.2.5). 

5.3 PROBLEMS INVOLVING H20, H2, AND NO (MAINLY, BUT NOT ENTIRELY, IN THE 
MESOSPHERE AND THERMOSPHERE) 

1. Water vapor concentration in the mesosphere. This is very poorly 
known at present, but various ongoing and planned satellite measurements 
should produce a great improvement over the next 10 years or so. If the SPS 
project goes into detailed engineering development, it will be vital for 
project management to initiate a long-term water vapor monitoring program over 
at least a 20-25 year period, so that it can later be established whether SPS 
rocket activity does indeed enhance the level of water vapor in the mesosphere 
as anticipated. On a short-term basis two ac.tion items are: ' (See Section 
2.11.1). 

1.1 The development of ground-based microwave techniques. 

1.2 The intercomparison of different potentially useful techniques for 
water vapor measurement. 

2. High altitude clouds and contrails. While the expected climatic . 
effects of both high altitude artificial clouds and rocket contrails are 
small, they are not clearly negligible. Moreover, therc are possible effects 
on remote sensors. Thus, as in the case of water vapor, a long-term data base 
on noctilucent and nacreous clouds must be developed once SPS engineering 
development is under way. However, there is another class of problems 
relating to the physical mechanisms for condensation and evaporation of water 
for both natural clouds (which may be enhanced by SPS) as well as for any 
long-lived contrails. These problems are important at the present stage of 
analysis because the ultimate impact of water injections by rockets depends on 
its rate of removal from the upper atmosphere, which is much faster for 
aerosols than for vapor. 

3. Fate of injected H,O/H~ Theoretical studies are needed to 
understand all aspects of the -water/hydrogen budget of both low-altitude 



(mesosphere) and high-altitude rocket injections'. Problems needing particular 
emphasis are the details of injection mechanics (see Section 3.1.3, which was 
prepared by C. Park after the workshop), condensation and evaporation 
processes (see Section 2.5), estimates of dynamical transport in the 
mesosphere and thermosphere (see Section 2.6 and 3)., and, of course, any 
problems related to F-region depletion (see Section 5.2 above). One output of 
these studies will be the design of experiments to increase our understanding 
in critical areas. 

4. Environmental effects of H,O/H, injections. In addition to the F- - 
region depletion, there are other potlential problems that should be examined 
to see whether detailed investigation beyond what has been done thus far is 
necessary. Specific problems that have to be resolved and documented are: 

4.1 Effects of hydrogen injections on the magnetosphere. 

4.2 Changes in airglow. 

4.3 Effects on satellite drag. 

Items 1-4 have the highest priority in this group, although the long- 
term monitoring aspects of items 1 and 2 will only become time-urgent once SPS 
goes into advanced engineering development. Some other problems, of somewhat 
lesser priority, are the following: 

5. Heterogeneous chemistry on ice crystals. This is a very difficult 
and obscure subject. As part of item 3 above, a calculation should be done to 
see whether the effects would be significant; if so, an experimental program 
should be considered. 

6. NO production on reentry, and its fate. Experimental verification 
is needed of theoretical predictions of NO generation by .reentry vehicles, 
which have been based mainly on small-scale shock tube and comparable 
observations. This can r.eadily be achieved from observations of Space Shuttle 
reentry. Also, the fate of NO produced or injected in the mesosphere is not 
well understood. 

7. Effects of water, hydrogen, and NO injections on the lower 
inosphere. It should be established to what extent the SPS injections will 
affect VLF/ELF propasation; if the effects are significant, they should be 
considered as part of the communications aspect of the SPS Environmental 
Assessment. 

5.4 PROBLEMS INVOLVING ARGON ION INJECTIONS IN THE PLASMASPHERE AND 
MAGNETOSPHERE (Carlson and Vondrak) 

The principal issues are: 

+ 1.' Fate of Ar . The problems of beam stopping and the lifetime of the 
ions .need to be resolved. (See Section 4.3.) 

2. Ion energization and HZE particles. (HZE = high atomic number of 
high energy). The overall question of ion energization and the production of 



HZE p a r t i c l e s  i n  t he  magnetosphere is  not understo,od, but a  hazard t o  people 
and e l e c t r o n i c s  would a r i s e  i f  a  s u f f i c i e n t l y  l a r g e  i n t e n s i t y  of HZE p a r t i c l e s  
were t o  be produced. This po in t  needs t o  be c l a r i f i e d .  

3. I f  t h e  f a t e  of ~ r +  is  understood, inc lud ing  the  e r ie rg iza t ion  
a s p e c t s ,  one can p r e d i c t  t he  alteration of the trapped radiation, inc lud ing  
the  plasmasphere and r i ng  cu r r en t .  The a l t e r a t i o n s  may lead  t o  va r ious  
e f f e c t s  on t h e  atmosphere,  of which probably t he  most important  is t h e  
i nc reased  r a d i a t i o n  hazard t o  spacec ra f t .  Other e f f e c t s  t h a t  need 
i n v e s t i g a t i o n  a r e  pos s ib l e  communication i n t e r f e r e n c e ,  power . l ine  t r a n s i e n t s ,  
and changes i n  a i rg low and i n  s t r a t o s p h e r i c  ozone. 

I n  t h e  short ,  term, t he se  a c t i o n  i tems a r e  ' l a rge ly  paper s t u d i e s ,  but 
they may inc lude  the  observa t ion  of t a r g e t s  of oppor tun i ty .  
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B. 1 

APPENDIX B 

SCENARIO FOR SPS CONSTRUCTION (SEE RSR, 1978) 

The SPS cons t ruc t ion  r a t e  i s  assumed t o  be two 5-GW systems per  yea r ,  
proceeding over  a 30-year time period. (Each s a t e l l i t e  is designed t o  have a 
30-year ope ra t ing  l i f e . )  One 5-GW system c o n s i s t s  of an a r r a y  of pho tovo l t a i c  
c e l l s  i n  geksynchronous o r b i t ,  inc luding  the  microwave t ransmiss ion  l i n k  ( a t  
2.45 GHz, i.e., X = 12.2 cm) t o  send t h e  received power down t o  a r e c t i f y i n g  
antenna ( rec tenna)  on the  ground. A s a t e l l i t e  has a s i z e  of order  5 km x 10 
km, using e i t h e r  S i  c e l l s  (more r e l i a b l e )  o r  GaAlAs ( l i g h t e r  i n  weight).  I n  
geos t a t iona ry  o r b i t  t h e  a r r a y  r ece ives  continuous power input  from t h e  sun 
except f o r  per iods  of up t o  40 minutes during s e v e r a l  n i g h t s  a t  t h e  sp r ing  and 
f a l l  equinox when t h e  a r r a y  is i n  t h e  e a r t h ' s  shadow. Thus t h e  scheme 
provides baseload,  i.e., cont inuous,  e l e c t r i c  power from the  sun, and i t  i s  
claimed t h a t  t he  e f f e c t i v e  power per  u n i t  a r ea  is  t e n  times a s  l a r g e  as f o r  an 
equiva len t  a r r a y  on the  ground (AIAA, 1979). The rectenna f o r  a 5-GW system 
has  an  a r e a  of 10 x 13 9 at  l a t i t u d e  35'; t he  power dens i ty  of micro aves  i s  
designed t o  be 23 mwlcm a t  t he  c e n t e r  of t h e  rectenna and 1 mw/cmT a t  t h e  
edge. 

Cons t ruc t ion  w i l l  be c a r r i e d  out i n  geos t a t iona ry  o r b i t  (GEO) us ing  a 
crew of approximately 550 (see  Fig. B.1). The p r i n c i p a l  s t r u c t u r a l  m a t e r i a l  
w i l l  be g r a p h i t e  composite. People and f r e i g h t  w i l l  be t r anspor t ed  f i r s t  t o  
Low Ear th  Orbi t  (LEO, 500 km, nominal), using a "Hohmann t r a n s f e r  e l l i p t i c a l  
t r a j e c t o r y . "  That is,  r a t h e r  than  burn t h e  main engine a l l  t h e  way from 
ground t o  low e a r t h  o r b i t ,  t he  second s t a g e  main b u m  goes up t o  120 km, and 
then  t h e  v e h i c l e  ga ins  speed while  l o s i n g  a l i t t l e  a l t i t u d e  ( see  Fi'g. 1 ) .  Now 
the  HLLV moves i n  a n  e l l i p t i c a l  pa th  up t o  LEO, and t h e r e  a s h o r t  
c i r c u l a r i z a t i o n  burn puts  i t  i n t o  a c i r c u l a r  o r b i t .  This procedure i s  more 
e f f i c i e n t  from t h e  s tandpoin t  of payload i n t o  o r b i t  per  u n i t  mass of 
p rope l l an t  than  is  a d i r e c t  i n j e c t i o n  such as was used on Skylab I t h a t  
produced i ts  l a r g e  " ionospheric  hole." Five hundred km is  r a t h e r  high f o r  a 

, parking o r b i t ;  presumably it is used because t h e  elements f o r  t h e  cons t ruc t ion  
of t h e  s o l a r  power s a t e l l i t e  a r e  so  l a r g e  t h a t  t he  drag a t  a lower a l t i t u d e ,  
s ay  200 km, would be s i g n i f i c a n t .  

Once the  HLLV depos i t s  i t s  payload i n  LEO t h e r e  is another  r e l a t i v e l y  
s h o r t  deo rb i t  b u m  a s '  t he  v e h i c l e  s t a r t s  on i t s  descent  and r e e n t r y  i n t o  t h e  
atmosphere, and goes down t o  the  s u r f a c e  f o r  another  round t r i p .  

The SPS concept involves  us ing  two types of veh ic l e s  f o r  t r a n s p o r t a t i o n  
from the  ground t o  LEO, and another  two f o r  t r a n s p o r t a t i o n  from LEO t o  GEO. 
The' va r ious  space veh ic l e s  a r e  descr ibed  b r i e f l y  i n  Table B . 1 .  For 
t r a n s p o r t a t i o n  from the  'ground t o  LEO both v e h i c l e s  u s e  H2-O2 second s t a g e  
engines,  and the  l a r g e r  of t he  two veh ic l e s ,  t h e  HLLV, has a very much g r e a t e r  
impact on the  atmosphere so  t h a t  no e x p l i c i t  r e f e rence  is made t o  t h e  sma l l e r  
veh ic l e ,  the  PLV. 

For t r a n s p o r t a t i o n  from LEO' t o  GEO most of the  weight is c a r r i e d  by the  
e l e c t r i c a l l y  powered COTV, which uses  argon i o n  engines a s  p r i n c i p a l  
propulsion,  wi th  s o l a r  energy c o l l e c t e d  i n  t h e  panels  of s o l a r  c e l l s  being 
t r anspor t ed  i n t o  GEO a s  power source f o r  t he  ion  rockets .  However, no te  t h a t  
t h e  COTV uses  H2-O2 engines f o r  a t t i t u d e  c o n t r o l  and a u x i l i a r y  power. From 
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SPACE TRANSPORTATION VEHICLES FOR SPS PROJECT 
I 

1. Heavy L i f t  Launch Vehicle  (PLLV). 

* Surface t o  LEO wi th  400 ton payload, approximately 5 t imes a s  l a r g e  
a s  Space S h u t t l e .  

* F i r s t  s t a g e :  LO2-hydrocarbon. Burns out  a t  75 km, not considered 
he re .  

* Second s tage :  LO2-LH2, main burn 76-120.km, c i r c u l a r i z a t i o n  and 
d e o r b i t  burns near  LEO -- s e e  F ig .  1. 

2. Personnel Launch Vehicle  (PLV) . 
* Surface t o  LEO wi th  passenger payload, a modified Space S h u t t l e  . .  

o r b i t e r .  

* Not considered h e r e ,  a s  i t  .only provides a small  a d d i t i o n  t o  HLLV 
e f f e c t s .  

3. ( E l e c t r i c )  Cargo Orbi t  Transfer  Vehicle  (COTV). 

* LEO t o  GEO us ing  Argon Ion engines wi th  supplemental chemical 
(LO2-LH ) propulsion.  

2 

* Very l a rge :  uses  a r r a y s  of s o l a r  c e l l s  i n  t r a n s i t  t o  provide power. 

* Ion engines have very low t h r u s t ,  t h u s  t r a v e 1 , t i m e  from LEO-GEO is , 

130-160 days, 30 days back down. 

* Adequate f o r  cargo,  bu t  no t  f o r  t a k i n g  .people through t h e  r a d i a t i o n  
b e l t s  because of long t r a v e l  t ime. 

4. Personnel  Orbi t  T rans fe r  Vehicle  (POW): 

* LEO t o  GEO, two s t a g e  v e h i c l e  w i th  LO -LH2 chemical rocke t s ,  f o r  2 t r a n s p o r t i n g  people and p r i o r  t y  cargo r a p i d l y  ( seve ra l  
hours)  through the  r a d i a t i o n  b e l t s .  

Note: * a l l  v e h i c l e s  a r e  f u l l y  r eusab le .  

* s e e  Fig.  B . l  f o r  t h e  numbers of f l i g h t s  per  year  o f  
each veh ic l e ,  f o r  t h e  S i  and Ga op t ions .  

* source: RSR, 1978, p. 47 f f .  , .  



t h e  na ture  of ion engines, which have very low t h r u s t  but very high s p e c i f i c  
impulse, o r  t h r u s t  per un i t  mass of propel lant ,  t h i s  is a very slow vehic le ,  
which takes  130-160 days t o  go from LEO t o  GEO, and perhaps 30 days f o r  the  
r e t u r n  t r i p .  Thus the  COW cannot be used f o r  t ranspor t ing  people because the  
r a d i a t i o n  dose during t h i s  v e r y . s l o w  passage through the  e a r t h ' s  r ad ia t ion  
b e l t s  would . jus t  be too grea t .  Accordingly, there  is a POW f o r  people .and 
p r i o r i t y  cargo, ,which uses H2-O2 chemical rockets  and takes only severa l  hours 
f o r  ' the '  t r i p .  

The s c a l e  of the  operat ion '  ,is very large:  !Figure B.1 gives the  
cons t ruct ion  scenar io  f o r  both the  more conservative (Si )  and the  more 
advanced (Ga) options,  which a r e  described i n  more d e t a i l  i n  RSR, 1978. The 
two options have been developed, respect ive ly ,  by Boeing using. Si s o l a r  c e l l s  
and g r e a t e r  t o t a l  mass (50,000 metric  tons per u n i t )  and more conservative 
technology ( I  = 7000 sec f o r  the  ion  engines, etc .) ,  while the  more advanced 

s P technology developed by Rockwell uses GaAlAs photocol ta ic  c e l l s ,  l i g h t e r  
weight (37,000 metric  tons per u n i t )  and even higher impulse ion engines ( I  
= 13,000 sec) .  The i n j e c t i o n  model used here,  i n  Table 3, comes, from tag 
Boeing scenario (see  RSR, 1978, p. B-100). 

Table B.2 supplements the  da ta  of Fig. 1 i n  presenting the  emission of 
the  main burn of the  HLLV. 



TABLE B. 2 

EMISSION OF T I E  MAIN BURN OF THE HLLY SECOND STAGE 

H E A V Y  L I F T  L A U N C H  V E H I C L E  

STEP TIME ISECI ALTI?UDE IKM) DELTA2 IKM) VELOCITY IM/SEC) ROCKET MASS IKGI KE I J )  PE I J I  DELTAE ( J )  

STEP 

MASS EMISSIOMS IKGI 

HZ0 H2 

6.214800 05 0.0 
5.891800 05 0.0 
6.053300 05 0.0 
6.037000 05 2.694400 02 
6.467000 05 2.884900 02 
2.199400 05 7.977000 03 
2.531000 05 9.179500 03 
2.531000 05 9.179500 03 
2.531000 05 9.179500 03 
2.531000 05 9.179500 03 
2.531000 05 9.179500 03 
2.531000 05 9.179500 03 
2.531000 05 9.179500 03 
2.170600 05 7.872700 03 

HOLE EMISSIONS IMOLESI 

STEP C02 H20 J CO H2 e 



TABLE B.2 - Continued 

ALTITUDE RANGE (Kt!) 

0.0 TO 5.0000 00 

5.0000 00 TO 1.0000 01 

1.0000 01 TO 1.5000 01 

1.5000 01 TO 2.0000 01 

2.0000 01 TO 2.5000 01 

2.5000 01 TO 3.0000 01 

3.0000 01 TO 3.5000 01 

3.5000 01 TO 4.0000 01 

4.0000 01 TO 4.5000 01 

4.5000 01 TO 5.0000 01 

5.0000 01 TO 5.5000 01 

5.5000 01 TO 6.0000 01 

6.0000 01 TO 6.5000 01 

6.5000 01 TO 7.0000 01 

7.0000 01 TO 7.5000 01 

7.5000 01 TO 8.0000 01 

8.0000 01 TO 8.5000 01 

8.5000 01 TO 9.0000 01 

9.0000 01 TO 9.5000 01 

9.5000 01 TO 1.0000 02 

1.0000 02 TO 1.0500 02 

1.0500 02 TO 1.1000 02 

1.1000 02 TO 1.1500,02 

1.1500 02 TO 1.2000 02 

1.2000 02 TO !.2500 02 

AND NUHBER INJECTION RATES (KG. 
HZ0 H2 

MOLECULES I 
CO 



ACS 

ATS 

Barium 
Release 

Birkeland 
Currents 

CAMEO 

c0Ti 

Domain A 
B 
C 

FIREWHEEL 

GEO 

GEOS 

GREYHOUND 

HEAO-C 

Attitude Control System 

Satellite, referenced in Section 4.6.2, not explained 

Atomic'barium has a metastable state which is "pumped" by sun- 
light so that its effective ionization potential is very low 
( Q  5 eV). Thus a barium release enhances the ionization. In 
this sense it is the opposite of a water or hydrogen release 
which reduces the ambient ionization. 

These are strong and variable currents observed in the auroral 
zone. They run along the geomagnetic field lines and connect the 
cold ionospheric plasma with the hot p1,asma in the magnetosphere. 
These currents increase during magnetic storms when auroral 
activity increases. 

Satellite experiment, see Sect3on 4.6.3, Item 1 

Cargo 0,rbital Transfer Vehicle, see Appendix B 

70-120 km 1 
450-500 km, 1 See Table 2 
500-35,000 km 1 

Environmental Assessment 

Satellite experiment, see Section 4.6.3, Item 3 

Geostationary Earth Orbit (36,000 km approximately) 

Satellite, referenced in Section 4.6.2, not explained 

satellite experiment, see Section 4.6.1, Item 2 

9 Gigawatt (10 watt) 

~hird High-Energy Astrophysical Obsc>rva tory, sa tel l ite launched 
in September 1979 

High Frequency (3-30 PHz) , refers to radiowaves which are reflected 
from the i.onospheric- F-region and :ire thus useful for long-rang.€? 
telecommunications. The techno1 ogy is simple and inexpensive and 
the freq~~ency band is very heavily used, both do~nestically and inter- 

nationally. 



APPENDIX C - Continued 

Highwater R e l e a s e  of w a t e r  b a l l a s t  a t  100-200 km d u r i n g  two i n i t i a l  
S a t u r n  f l i g h t s .  See Debus e t  a l ,  1964 

HT..LV Heavy L i f t  Launch V e h i c l e ,  s e e  Appendix B 

HZE ( P a r t i c l e s ) ,  High Atomic Number (Z)  and Energy p a r t i c l e s  i n  
m a p e t o s p h e r e ,  p r e s e n t  major r a d i a t i o n  hazard  t o  peop le  and 
e l e c t r o n i c s  

IMS I n t e r n a t i o n a  1 Magnetospheric Study 

ISEE S a t e 1 l i t e ; r e f e r e n c e d  i n  S e c t i o n  4 .6 .2 ,  n o t  e x p l a i n e d  

Ionosphere  Region i n  upper a tmosphere  i n  which i o n i z a t i o n  i s  i m p o r t a n t .  One 
d i s t i n g u i s h e s  between t h e  D-region ( ~ 9 0  km), t h e  E-region (90- 
150 km), and t h e  F-region ('150 km; maximum i n  i o n i z a t i o n  n e a r  
300 km), which have s u c c e s s i v e l y  h i g h e r  e l e c t r o n  d e n s i t i e s  and 
t h u s  s c a t t e r  s u c c e s s i v e l y  h i g h  f requency e l e c t r o m a g n e t i c  waves. 

-9 
k  eV k i l o - e l e c t r o n  v o l t  (1.6 x 10 e r g )  

LAGOPEDO Water i n j e c t i o n  i n  F-region,  through burn o f  approx imate ly  
100 kg h i g h  e x p l o s i v e  which p u t s  HO,  C02 and N e t c . ,  i n  t h e  

2' . atmosphere ,  and . t h u s  r e d u c e s  i o n i z a t i o n  l o c a l l y .  L a ~ ~ n c h e d  by 
r o c k e t .  

LEO Low E a r t h  O r b i t  (500 km nominal)  

L-values  Geomagnetic c o o r d i n a t e ,  d i s t a n c e  from c e n t e r  of e a r t h  a s  a  
f r a c t i o n  o f  e a r t h  r a d i u s  

3 MT M e t r i c  Ton (10 k g ) .  Term used i n  RSR, 1978 and PEA, 1978 

MT-HE l legaton o f  High Explos ive  (4.18 x  1015 jolul& 

~ e s o s ~ h e r e  . Region i n  t h e  a tmosphere  from t h e  t e m p e r a t u r e  maximum n e a r  
50 km, t h e  " s t r a t o p a u s e "  t o  t h e  t e m p e r a t u r e  minimum n e a r  
85 km, t h e  "mesopause". I n c l u d e s  much of  t h e  i o n o s p h e r i c  
D-region. The t e m p e r a t u r e  maximum a t  t h e  s t r a t o p a u s e  is due 
t o  t h e  a b s o r p t i o n  of s o l a r  W by ozone.  

Nacreous 
Clouds  See S e c t i o n  2.4.2 

NLC N o c t i l u c e n t  Cloudy see S e c t i o n  2 .4 .1  

OMS O r b i t a l  Maneuvering System (on Space S h u t t l e )  

OPEN See S e c t i o n  4 .6 .3 ,  I t em 2 

PEA P r e l i m i n a r y  Environmental  Assessment,  r e f e r e n c e  PEA, 1978. 
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P  F  P e r t u r b a t i o n  F a c t o r ,  s e e  Equa t ion  ( 1 )  ,, Se,c t ion 1 . 2  

PLV P e r s o n n e l  Launch V e h i c l e ,  s,ee Appendix B 

POTV 

REP 

1 ' RSR 

SCATHA 

SPE 

SP S  

Spread F  

P e r s o n n e l  O r b i t a l  T r a n s f e r  V e h i c l e ,  s e e  Appendix B 

R e l a t i v i s t i c  E l e c t r o n  P r e c i p i t a t i o n  (from R a d i a t i o n  B e l t s )  

Refe rence  System Repor t ,  r e f e r e n c e ,  RSR, 1978 

S a t e l l i t e ,  s e e  S e c t i o n  4 . 6 . 2  

S o l a r  P r o t o n  Event 

S a t e l l i t , e  Power System 

I o n o s p h e r i c  I r r e g u l a r i t y  i n  F-region,  due t o  plasma t u r b u l e n c e ,  
e t c .  So c a l l e d  because  of i t s . s i g n a 1  on an ionosonde.  . A  r e g i o n  
of enhanced o r  d e p l e t e d  F-region i o n i z a t i o n  t e n d s  t o  g i v e  r i s e  
t o  t h i s  e f f e c t .  

TI D  raveli in^ I o n o s p h e r i c  D i s t u r b a n c e  

T5ennosphere pegion of  t h e  upper atmosphere from t h e  mesopause (85 km) on outward,  
perhaps  t o  500-1000 km. So c a l l e d  because  t h e  t empera tu re  i n c r e a s e s  
main ly  because  s o l a r  r a d i a t i o n  (UV and X-rays) i s  absorbed by t h e  
'a tmosphere .  I n c l u d e s  much of  t h e  ionosphere .  The terms mesosphere 
and thermosphere  a r e  used t o  emphasize t h e  t empera tu re  s t r u c t u r e  and 
t h e  n e u t r a l  compos i t ion ,  and t h e  term i o n o s p h e r e . s t r e s s e s  t h e  changing 
e l e c t r o n  d e n s i t y  wi th  i t s  impact on charged p a r t i c l e s  and on e l e c t r o -  
magnet ic  wave p ropaga t ion  

I WATERHOLE See Sect  ion  2 .5 .3 ,  ana logous  t o  LAGOPEDO 

I-D, 2-D, 
3-L) Used i n  t h e  c o n t e x t  o f  computer model ing o f  t h e  s t r u c t u r e  and 

dynamics of  t h e  atmosphere.  " 1-D" , a  one'-dimensional model 
c o n s i d e r s  o n l y  t h e  v a r i a t i o n  of  pa ramete r s  ( d e n s i t y ,  t e m p e r a t u r e ,  
compos i t ion ,  e tc . . )  w i t h  h e i g h t ,  whi le  a "2-D" model a l s o  shows 
v a r . i a t i o n . w i t h  l a t i t u d e  but  s t i l . 1  i n v o l v e s  a v e r a g i n g  o v e r  l o n g t i t u d e  
("zonal average") .  A " 3-D" ( t h r e e - d i m e n s i o n a l )  model p r e s e n t s  a  
p roper  r e p r e s e n t a t i o n  f o r  a l l  geomet r i c /geograph ic  f a c t o r s .  Con- 
cep tua  11 y,  both  I -D and 2-D models shou ld  i n v o l v e  an a v e r a g i n g  over  
day-night  c o n d i t i o n s ,  a l t h o u g h  o f t e n  1-D and 2-D day-t ime and n i g h t -  
t ime c a l c u l a t i o n s  a r e  made t o  i l l u s t r a t e  d i u r n a l l y  v a r y i n g  e f f e c t s .  
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APPENDIX D 

AMBIENT ATMOSPHERIC LOADINGS FOR DIFFERENT SPECIES 

For orientation, the ambient atmospheric loadings of relevant species 
in the appropriate domains are listed here. Some of the numbers are written 
with three digits to minimize internal roundoff errors: this does not imply 
significance. In integration over height z, the symbol (A) means that '70 km 6 
z 6 120 km, i.e., the integration goes over Domain A, (B) means that 450 km 6 
z 6 500 km (Domain B), and 500 km 6 z 6 1000 km (Domain C-1). The surface 

14 m2 area of the earth is written as Ae = 5.11 x 10 . 
D.l WATER IN DOMAIN A. 

(a) From the recent compilation of A. Aikin shown in Fig. D.l, we have 

(D. la) 

(b) If one uses the suggestion of a mixing ration of 5 ppmv (see, 
e.g., Section 2.3) and the number density data from USSA, 1976, pp. 91-92, one 
finds 

(D. lb) 

The agreement between these two. estimates must be considered satisfactory in 
view of the poor knowledge we have of water in the mesophere: Note that 98% 
of all this water vapor lies below 90 km altitude. 

For comparison, from Fig. D.l we find 

(D. lc) 

(D. ld) 

so that, using Aikin's results, in Domain A approximately 83% of all hydrogen 
atoms are found as H20, 15% as H2 and 2% as H. 

D.2 NITRIC OXIDE IN DOMAIN A 

From Fig. D.l we find 



Figure D . 1 .  Atmospheric Species Concentrations 

(Source : A. C .  Aikin, NASAIGSFC, 1978) 



By contrast, using measurements by Meira and nsone (see, Sec ist, 1977, Fig. 
6.3, p. 105) gives total burdens of 1.43 x 10 and 8.99 x respectively. 

D. 3 DOMAIN B 

From USSA, 1976, pp. 96', 213-214, we find 

D. 4 DOMAIN C 

Here this is divided into three different regions, namely the upper 
thermosphere, C-1, 500-1000 km where there are data from USSA, 1976, the 
plasmasphere, which is treated essentially as ionized atomic hydrogen 
corotating with the earth, and the outer magnetosphere, which consists of a ' 

very dilute plasma, mainly of ionized hydrogen. 

C. 1 Upper Thermosphere 

From USAA, 1976, pp. 214-215, we have 

(D. 10) 

(D.11) 

(D. 12) 



~' 

C-2 Plasmasphere 

The domain is torus, of major radius approximatley 3 Re ( R  = radius. of 
I earth, = 6380 km) and minor radius 2 Re. From Cladis et al. (19$3), p. 2-15, 

28 3 we find that if hax = 4, the volume is 3 x 10 cm , which if hax = 4.5, the 
28 3 4 -3 volume is 4.5 x 10 cm . The number density of particles is lo3-10 cm , so 

that on a mean basis we have 

32 
(c-2) "tot dz = 1.2 x 10 (H-atoms, mainly). (D. 13) 

C-3 Outer Magnetosphere 

This may be treated as a sphere of r ius 6.6 R the radius of a 
geosynchronous grbit. Its volume is 3.1 x 0" cm3, so t%;t if there is one 

29 particle per cm , the region contains 3 x 10 particles. 

D. 5 ENERGY IN DOMAIN C 

2 .At altitudes above 150 km, the geomagnetic field energy B /8n - 
erg/cm3 is larger than the thermal energy density ankT (a = 1.5 for monatomic 
and 2.5 for diatomic gases). Thus in the magentosphere whose volume is 3 x 
lo2? cm3 the total geomagnetic field energy is 3 x 1020 joules. 

Annual energy dissipation due to dynamical processes is much smaller 
than this. Thus, Surch 1977 p. 51,. quotes magnetic to substorm power 
dissipation levels as 10'~-10~~ watts, with a mean duration of perhaps 20 
minutes, occurring several times per day on the average. This rate of power 
dissipation qccurrinft 1/10 of he time corresponds to an energy dissipation 
per year of 3 x 10 -3 x .  10'' joules, which is very much larger than the 
energy in the exhaust of the COTV argon ion engines. 

Y.T. Chiu (private' communication) points out that this energy estimate 
applies to the total dynamo, most of .which i used in d 'ving the tail current f l /  system, so that an estimate of 10% or 3 x loP6 - 3 x 10 J/yr is suggested as 
appropriate for the field energy in the ring current. See also Akasofu 
(1977), especially pp. 54, 274, 348, 356, 561, and Table. D.l Eor 
representative values of the total energy flux in "geospace," the near-earth 
interplanetary. medium of which the ionosphere and magnetosphere are important 
parts. 



- TABLE D .  1 

REPRESENTATIVE VALUES OF THE GLOBAL ENERGY FLOW I N  GEOSPACZ - --- 

ENTRY --- 
S o l a r  wind energy i n c i d e n t  on t h e  m a g n e t o s p h e i r  . ; lo2' - 1021  e r g / ~ *  

S o l a r  wind energy f low i n t o  t h e  magnetosphere 1018 - 1 0  
19  . . .  

STORAGE 

Energy s t o r e d  i n  t h e  m a g n e t o t a i l .  . . . . . . .  3 x  - 3  x  e r g  
. . 

2  3 . . . . . . . . .  Energy s t o r e d  i n  t h e  r ' ing k u r r e n t  2  n - 10  

TRANSPORT AND LOSS - 
A u r o r a l  p a r t i c l e  p r e c i p i t a t i o n . .  . . .  2  x 1017 - 1018 e r g l s  

' ~ o u l e  h e a t i n g  by i o n o s p h e r i c  c u r r e n t s  2  x 1017 - 1 0  
1 8  . . . . . . .  

Ring c u r r e n t  i n j e c t i q n .  1018 - 1 0  
19  . . . . . . . . . . . . . . .  

A u r o r a l  l u m i n o s i t y .  1016 - 1 0  
17 . . . . . . . . . . . . . . . .  
16  

A u r o r a l  k i l o m e t r i c  r a d i a t i o n .  . . . .  1014 - 1 0  

T o t a l  e n e r g y  f low-magnetospher ic  subs to rm . 2 . 3  . 1018 e r g l s  

- i n t e n s e  geomagnet ic  s to rm 2. 1 0  
19  

. . . , .  

* e r g l s  = 1013 W = 3 . 1 6 ~ 1 0 ~ ~  j o u l e l y e a r  

~ o t e : l ) C o T V  energy  i n p u t  of 6.1x1016 j o u l e l y e a r  ( s e e  Tab le  3)  i s  e q u i v a l e n t  t o  
16  

2  x 1 0  e r g / s e c .  

2 ) t h e  v a r i a b i l i t y  w i t h  t ime and l o c a t i o n  i s  much l a r g e r  than  t h e  ranges  
i n d i c a t e d .  

(Source:  NASA, 1979,  Table  1 )  
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APPENDIX F 

SUPPLEMENTARY MATERIAL 
I 

This appendix consists .of various.items that were contributed at the 
workshop which do not fit exactly into the. report but which should be drawn to 
the attention of the reader. Each item is accompanied by an editorial comment 
explaining why.the item is included here rather than in the text. 

. .. 
F.l Abstracts of selected current papers 

F.2 Bauer "Specific Enthalpy for Different Water Releases" 

F.3 Bauer "Memo to Rote, SPS Ionospheric Impact" 

Cladis & McCormac "Emission of IR Radiation from the SPS" 

. . . . .  > 

F.5 Davidson *'The Effects of ~r' on the Magnetosph&-el* 



F.1 A b s t r a c t s  of S e l e c t e d  Cur ren t  Papers  

DISCHARGES OF WATER VAPOR FROM SPACE . 
LAUNCH VEHICLE EXHAUSTS 

J e f f r e y  M. Forbes* 

Dept . of Astronomy, ~ o s t o n ,  . U n i v e r s i t y ,  Boston, MA 02215 

( P r e l i m i n a r y  Drafc )  

Prepared f o r :  

"Space Systems and The i r  I n t e r a c t i o n s  w i t h  t h e  E a r t h ' s  

Space ~ n v i r o n m e n t  " 

(H.B. G a r r e t t  and C.B. P ike ,  E d i t o r s )  

J u n e ,  1979 

i n  Revised form 

J u l y ,  1979 

"Permanent A f f i l i a t i o n :  Space Data Ana lys i s  Labora to ry ,  Boston Col lege ,  
Chestnut  H i l l ,  MA 02167 



F. 3 

ABSTRACT 

A simple time-dependent analytic formalism is developed and utilized to 
predict the influences of transport, photodissociation, and frequency of' 
injection on the global redistribution of water deposited in the earth's upper 
atmosphere by repeated launches of large rockets. As an example, possible 
future Satellite Power System (SPS) activities are simulated by injections of, 
7.0 x 1031 molecules of H20 between 70 and 120 km by second stages of heav 
lift launch vehicles (HLLVs), with launch frequencies ranging between 8 day -3; 
and 2 week-'. Generally, measurahle environmental effects are found to occur ' 

when the mesospheric water vapor mixing ratio3 (x) exceeds 100 ppmv, which can 
occur over areas of the order of 20,000 km for the SPS scenarios adopted 
here. Possible environmental effects quantitatively evaluated for x>100 ppmv 
include: (a) a 50% reduction in D-region ionization due to screening of La 
radiation by water (and a smaller contribution, by thermospheric hydrogen 
produced by photolysis of the injected H 0 below 120 km); (b) an additional 1 50% reduction of D-region ionization resu ting from conversion of ambient NO+ 
and 02+ ions to heavy water cluster ions that possess more rapid recombination 
rates; and (c) at least a doubling of OH concentrations below 100 km. 
Radiative cooling produced by the injected H20 is found to have a negligible 
effect on the general circulation of the mesosp ere and lower thermosphere, 9 and at mid-latitudes mixing ratios of order 10 ppmv would be required to 
reach the f rost-point temperatures necessary for the maintenance of clouds at 
the mesopause. Qualitatively, atomic hydrogen released by photolysis of H20 
is expected to increase the loss rate of ozone between 75 and 95 km, to 
significantly increase OH concentrations and accompanying airglow emissions, 
and also act to increase nighttime E-region ionization by geocornonally 
scattering La and L radiations after diffusing into the upper thermosphere. 
These effects of hykrogen released by H20 photolysis may indeed encompass the 
most important upper atmosphere environmental impacts to be researched. 
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SPACE SYSTEMS AND THEIR INTERACTIONS WITH 
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F.2 Bauer "Specific Enthalpy for Different Water Releases" 

This is an elementary thermodynamic analysis to compare the specific 
enthalpy and effective temperature for Highwater (Lundquist, 1962), LAGOPEDO, 
and various HLLV and POTV burns of hydrogen-oxygen engines. The conclusion is 
that these water injections correspond to a very wide range of effective 
enthalpies or temperatures. 

Highwater. One may assume that the material was injected as liquid 
water .at approximately 15OC, at apogee of the carrier rocket so that no 
kinetic energy was contributed due to the motion of the rocket. Relative to 
ice at 0 K the enthalpy of injected material was 0.12 Kcal/gm (see JANAF 
Thennochemical Tables,. Report NSRDS-NBS 37, 2nd Ed., 197 1, discussion on H20). 

LAGOPEDO. The water is produced by combustion of high explosives near 
the apogee of a sounding rocket. The combustion temperature may be taken as 
2500 K so that the enthalpy (relative to ice at 0 K) is 2.13 Kcal/gm. 

H,-0, Rocket Engine Burns. We assume .that the exhaust is 70% H20, 30% 
Hz, so Ehaf the effective molecular weight is 13.2. The limiting exhaust 
velocity in vacuum is taken to be 4.5 km/sec (see Section 3.1.3,B) 
corresponding to an. enthalpy of 31.9 Kcal/mol relative to ice at 0 K, or 'to a 
combustion temperature of 2950 K. However, because of the motion of the 
vehicle the enthalpy .of the actual burns is quite different. Thus for the 
HLLV second stage burn shown in Fig. 1, in intervals 11 to 13 the vehicle 
speed ranges from 4.4 to' 6.9 km/sec, so that the actual enthalpy of exhaust 
gas ranges from 0 up to 9.1 Kcal/mol, or the temperature may be as high as 
1050 K. For the HLLV circularization. and deorbit burns the effective ve1oci.t~ 
of 7.6 km/sec (circular orbit velocity) less 4.5 km/sec, giving a net velocity 
of 3.1 km/sec, an enthalpy of 15.2 Kcal/mol, corresponding to 1600 K. For the 
POTV burns (see Table 8) the absolute exhaust velocity ranges from 2.15 to 
13.3 kmlsec, enthalpies lie in the range 7.3 to 280 Kcal/mol, corresponding to- 
temperatures from 850 K to above 10,000 K. 



P.3 Bauer "Memo t o  Rote, SPS Lonospheric L q a c t "  
lkfs o u t l i n e  a p r i o r i t y  impact. 

l NSTITUTE P.O. BOX iur LA xru WORNLA 02038 FWONE ~ 1 1 4 )  -3581 

Ernes t  Bauer, 8109 Pbnway Rd. ,Bethesda,MD 

I Uemorandum f o r  Dr. Don Rote, Argonne National  l a b o r a t o r y  I 
Subjec t  SPS Ionospheric  Impact I 
Date 1 2  Ju ly  1979 

Following our  workshop on "Upper Atmospheric Research i n L  Support 
of the* SPS Environmental Aseessment" at  la J o l l a ,  ' CA I br le fed  a U.S.Navy 
Coramunl c a t i o n s  group at Naval Ocean Systems Center,  San Mego (J.H. Rlch te r ,  
D.Sai lors ,  V.Ploler, bssrs. Argo and Pbrguson) on t h e  p r o j e c t  and on our 
s tudy  on 3 July. 

One p r e d i c t i o n  which concerned these  Navy communications e x p e r t s  
very much came from a morphology sukgroup cha i red  by J . N d d e r  of  NRL, and 
c a l l s  f o r  a =ion i n  which t h e  i o n i z a t i o n  is depleted by roughly a f a c t o r  
of two, extending g l o b a l l y  a t  t h e  l a t i t u d e  o f  i n j e c t i o n ,  s e v e r a l  thousand 
k i lometers  i n  width and extending upward f r o m  approximately 160 km. 

'he  i o n i z a t i o n  is deple ted  because %0 and H molecules f r o m  the  
r o c k e t  exhaust  (HLCV second s t a g e ,  c i r c u l a r l c a t i o n  an% d e o r b l t  burns, POW 
and COW) r e a c t  wi th  the  ambient atomic (0') i o n s  t o  f o r n  molecular ions ,  
OH' and H~o', which recombine very much f a s t e r  with e l e c t r o n s  than do t h e  
atomic ions ,  t h u s  n d u c i n g  t h e  e f f e c t i v e  ionization. 

The e f f e c t  of  t h i s  on g l o b a l  HF long-haul ( sky  wave) communications 
i s  extremely s e r i o u s  as t h e  band (3-30 UHZ) is extremely crowded, and indeed 
a t  a n  I n t e r n a t i o n a l  Conference o f  CCIR next  y e a r  t h e  USA expec ts  t o  l o s e  some 
frequency a l l o c a t i o n s  to developing n a t i o n s  which depend on (cheap and s imple)  
HF Com rather than use higher  frequency eatellite communications. 

Dr. S a i l o r s  (714-225-7400) explained t h a t  reducing t h e  e l e c t r o n  
d e n s i t y  by a f a c t o r  2 n d u c e s  t h e  maximum usable frequency (which i s  r e f l e c t e d  
from t h e  ionosphere)  by 0 ,  t h u s  reducing t h e  band l i m i t  of 30 HHz to 
21 Miz. For long-range comnunications t h e  upper p o r t i o n  of  t h e  band, say 
15-30 MHz is opt imal .  This  would be c u t  to t h e  range 15-21 KHz, o r  to 6 KHz 
from 15 We, which i s  indeed a d r a s t i c  reduc t ion  i n  a crovded band. (The 
numbers are a l l  i l l u s t r a t i v e  only) .  

I d i scussed  the  m t t e r  l a t e r  with Dr. C a b r l e l  Frenkel a t  I D A  (ano ther  
C C I R  p a r t i c i p a n t )  and he confirmed Dr. S a i l o r s '  s t a tements  , t h e  pressure on 
t h e  band, and t h e  pxvblems of  the I n t e r n a t i o n a l  negot ia t ions .  

Ihis problem is one o f  which Dr.  Charles Ru.sh should t a k e  cognlsance, 
a s  he i s  i n  t h e  C C I R  community. I g o t  t h e  impression that this e f f e c t  is s o  
s e r i o u s  t h a t  it l i g h t  prove t o  be a "program stopper" f o r  SPS because of  t h e  
i n t e r n a t i o n a l  implicat ions.  

Let me stress t h a t  t h e  es t imate  o f  t h e  dep le ted  ionospheric  region 
i s  n o t  based on d e t a i l e d  c a l c u l a t i o n s  tut j u s t  on educated guesses .  Computing 
t h e  morphology of  t h e  d i s t u r b e d  ionospheric  *ion p r e s e n t s  a s i g n i f i c a n t  
and high p r l o r i t y  a s p e c t  of  t h e  SPS Upper Atmospheric E n v i m ~ s e n t a l  
Assessment. E x p l i c i t l y  the " f a c t o r  2" r e p m a a n t s  j u s t  a n  i n i t i a l  es t imate  
which must be improved upon. 

/'- 
-st Bauer. 

A NONPRfflT RESEARW INSTI'WTE FOR SCImCE AND fECHNOLOOV 



F.4 C l a d i s  & McCormac "Emission of I R  R a d i a t i o n  from t h e  SPS." 

A workshop w a s  h e l d  a t  B a t t e l l e  P a c i f i c  Northwest Labora to ry  on 23-24 
May 1979 on t h e  e f f e c t  of SPS on o p t i c a l ,  I R  and r a d i o  astronomy (Dr. R.A. 
S tokes ,  Chairman). The c o n c l u s i o n  was t h a t  I R  r a d i a t i o n  from SPS, whi le  l a r g e  
i n  a b s o l u t e  power, i s  unimportant  from a n  o v e r a l l  s t a n d p o i n t .  This n o t e  
shou ld  be c o n s i d e r e d  i n  t h e  c o n t e x t  of t h e  workshop, t h e  r e p o r t  of which is  i n  
p r e p a r a t i o n  (S tokes ,  1979). 

EMISSION OF INFRARED RADIATION FROM THE SOLAR POWER SATELLITE 

John B. C l a d i s  and B i l l y  McCormac 

Lockheed Pa lo  Al to  Research Labora to ry  

An e s t i m a t e  is  made of t h e  black-body tempera tu re  and rad2ance of t h e  
SPS i n  t h e  i n f r a r e d .  This e s t i m a t e  i n d i c a t e s  t h a t  t h e  SPS w i l l  appear  a s  a  
b r i g h t  IR star ,  but t h a t  t h e  e f f e c t  of t h e  I R  r a d i a t i o n  on t h e  e a r t h ' s  
atmosphere w i l l  be n e g l i g i b l e .  

The black-body tempera tu re  is  g iven  approx imate ly  by t h e  e q u a t i o n ,  

where 

Sp = S o l a r  R a d i a t i o n  Power I n t e n s i t y  (- 1400 w/m2) 

A = Area of s o l a r - c e l l s  

ra ' =  Albedo of E a r t h  ( =  .38) 

Re = Radius oT E a r t h  

E = E m i s s i v i t y  of SPS i n  I R  

2  114 6 - Stephen-Boltrman c o n s t a n t  (5.67 x ~ / m  /.OK) 
. 

and 

T  = R a d i a t i o n  t empera tu re  of SPS . ' 
Here it is  assumed t h a t  t h e  s u r f a c e  A a b s o r b s  100% of t h e  s o l a r  energy and  
t h a t  10% is  r a d i a t e d  t o  e a r t h  by microwaves. Taking E = 0.95, t h e  s o l u t i o n  of 
(1)  g i v e s  T  = 329 K. 

2  The r a d i a n c e ,  p, a t  t h i s  t empera tu re  i s  5  x  wa t t s l cm /2n r a d  a t  
t h e  peak of t h e  black-body r a d i a t i o n  ( A  = 9  p).  A t  t h e  s u r f a c e  of t h e  e a r t h  
t h e  I R  i n t e n s i t y ,  I, i s  



10 2 
where H is  h e  a l t i t u d s  of t h e  SPS. P s u m i n g  A = 50 x 10 cm , we o b t a i n  I = 

16 2 1.02 x 10- w a t t s /  cm o r  1.02 x 10- erg/cm I s e c .  

The r a d i a n c e  of t h e  sun ,  assumed t o  be black-b dy r a d i a t o r  w i t h  a 
t empera tu re  of 6000 K, a t  X = 9 p, 

9 i s  about  1 watt /cm /2n rad.  F o r . t h i s  
s o u r c e ,  t h e  i n t e n s i t y  a t  t h e  e a r t h ' s  s u r f a c e  i s  

where 60 i s  t h e  a n g l e  subtended by t h e  sun i n  degrees .  Taking 60 = .5 deg., 
2 

Eq. ( 3 )  giYes I- = 2.99 x lo-' watts/cm2 o r  299 erga/cm / sec .  This  i s  a 
f a c t o r  of 3 x Po5 l a r g e r  t h a n  t h a t  from t h e  SPS. Hence, t h e  a tmospher ic  
e f f e c t  of t h e  I R  r a d i a t i o n  from t h e  SPS is  smal l  i n  comparison t o  t h e  e x i s t i n g  
e f f e c t  due t o  t h e  s o l a r  r a d i a t i o n .  However, t h e  SPS w i l l  appear  as a b r i g h t  
IR s t a r ,  and a s  such i t  may pose a t roublesome background f o r  I R  astronomy. 
The background problem would, of c o u r s e ,  be compounded i f  30 such s a t e l l i t e s  . 

were p r e s e n t  i n  t h e  n i g h t  sky. 

The s c a t t e r i n g  of v i s i b l e  s o l a r  r a d i a t i o n  by t h e  SPS w i l l  a l s o  p r e s e n t  
a d e l e t e r i o u s  background f o r  ground astronomy as d i s c u s s e d  i n  t h e  accompanying 
m a t e r i a l  by G. T. Davidson. 

F.5 Davidson "The E f f e c t s  of ~ r +  on t h e  Magnetosphere." 

D r .  Davidson was unab le  t o .  a t t e n d  t h e  workshop but submi t t ed  t h i s  n o t e  
which supplements  t h e  c o n c l u s i o n s  of S e c t i o n s  4.3 and 4.4. 

G. T. Davidson 
Lockheed P a l o  Al to  Research Labora to ry  

The major  a n t i c i p a t e d  ' knvironmental  e f f e c t s  of ~ r +  i o n s  have mainly  t o  
do e i t h e r  wi th  d i s t u r b a n c e  of t h e  ionosphere  o r  wi th  d i s t u r b a n c e  of t h e  
t r a p p e d  r a d i a t i o n  b e l t s .  These have been addressed  by .a' r e c e n t  s e r i e s  of 
r e p o r t s ,  p r i m a r i l y  by t h e  Aerospace Corpora t ion  group. This no te  is  t o  p o i n t  
o u t  where t h e  impor tan t  unreso lved  problems may l ie .  



A large portion of the ~ r +  ions are precipitated in the ionosphere 
where they may stimulate airglow emission. The resulting emissions may be 
comparable with the airglow due to natural processes (Ref. 1). This is not 
usually considered serious, .but it has recently been pointed out that even 
minor increases in the sky illumination at mid and low latitudes can interfere 
severely with the conduct of ground-based astronomy (Ref. 2). The natural 
airglow is the dominant source of interference with observation of .faint 
celestial objects. (The contribution due to all the stars in the sky 1s not 
well known, but appears to be slightly less.) The airglow due to ~ r +  
precipitation must' be carefully evaluated, which entails estimation (~oorly 
known) of the cross sections for excitation by direct impact. 

The ~ r +  ions that remain in the plasmasphere would profoundly affect 
wave and particle processes there. The lifetimes of low energy ~ r +  ions are 
measured in days (Ref. 1); the effects would .be expected to persi'st through 
the entire' period of SPS construction activity. There is no doubt that the 
high energy electron content of the trapped radiatfon belts is strongly 
influenced by the cold plasma density (Ref. 3). The precise mechanism for 
removal of relativistic electrons is not, however, fully understood. The most ' 

popular candidate is an interaction with electromagnetic ion cyclotron waves 
near the plasmapause (Ref. 4). There are difficulties with that mechanism -- 
it has not been thoroughly tested and confirmed. The difficulties have mostly . 
to do with how waves generated by trapped ions can resonate with trapped 
electrons (Ref. 5); the cold plash approximation breaks down and only very 
energetic electrons can be affected by the waves. It appears that other 
processes must be involved in both dayside relativistic precipitation events 
and quiet time diffusion. After major geomagnetic storms there seem to be 
processes that remove 1-3 MeV electrons, both inside the plasmasphere and far 
outside, with lifetimes of the order of 10 days (Ref. 6). 

Assuming removal of relativistic electron by interactions with. ion 
cyclotron waves probably gives the largest possible enhancement of 
relativistic electron fluxes. A need remains for more research on 
loss mechanisms for energetic electrons. 
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