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DEFINITION OF EXPERIMENTAL STUDIES FOR DETERMINING GASEOUS 
AND PARTICULATE CLOUD ENVIRONMENT OF MANNED 

SPACECRAFT AND APPLICATIONS TO COMETARY PHYS ICs 

by 
J .  Pressman, J .  Myers, P. L i l i e n f e l d  

GCA Corporat ion,  GCA Technology Div i s ion ,  Bedford, Massachusetts 

SUMMARY 

A s tudy  is  made d i r e c t e d  toward t h e  "Def in i t i on  of Experimental S tud ie s  
f o r  Determining Gaseous and P a r t i c u l a t e  Cloud Environment of Manned Space- 
c r a f t  and Applicat ions t o  Cometary Physics." It begins with a survey of 
t he  na tu re  and behavior of e f f l u e n t s  from s p a c e c r a f t  and poss ib l e  app l i ca -  
t i o n s  t o  cometary problems. A k i n e t i c  model is  developed of some of t h e  
a spec t s  of e f fused  gas surrounding a s p a c e c r a f t .  An experiment f o r  come- 
t a r y  physics i s  suggested i n  which s a t e l l i t e  r e l e a s e s  of ammonia, hydrazine,  
and rodine ozanide a r e  designed. Two s i n g l e  s a t e l l i t e  experiments are sug- 
gested f o r  measuring t h e  p o l l u t a n t s  around t h e  s p a c e c r a f t .  The f i r s t  is a 
p a r t i c l e  measurement experiment which has t h e  c a p a b i l i t y  of measuring t h e  
p a r t i c l e  concen t r a t ion  and s i z e  as a func t ion  of d i s t a n c e  from t h e  space- 
c r a f t .  The second experiment u t i l i z e s  a monopole mass spectrometer t o  
measure i n  p a r t i c u l a r  t h e  heavy molecular weight component of t h e  e f fused  
molecules. F i n a l l y  the  gene ra l  s t r u c t u r e  and a s e r i e s  of experiments a r e  
designed f o r  a s u b - s a t e l l i t e  program t o  measure t h e  p o l l u t i o n  around a 
s p a c e c r a f t  . 

SECTION I 

INTRODUCTION 

A. Desc r ip t ion  of Program 

This document i s  t h e  F i n a l  Report of NASw-1745, "Defini t ion of Experi- 
mental S tud ie s  f o r  Determining Gaseous and P a r t i c u l a t e  Cloud Environment 
of Manned Spacec ra f t  and Applicat ions t o  Cometary Physics." It had f o r  i t s  
goals  : 

(1) A survey of t h e  na tu re  and behavior of e f f l u e n t s  from space- 
c r a f t  and a p p l i c a t i o n s  t o  cometary problems. 

(2)  Development of a mathematical model of some aspect  of t h e  con- 
taminated manned space v e h i c l e  e x t e r n a l  environment. 
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( 3 )  C o r r e l a t i o n  of d a t a  on s p a c e c r a f t  p o l l u t i o n  coma f o r  t h e  des ign  
of a s a t e l l i t e  experiment t o  e l u c i d a t e  s p e c i f i c  problems a s s o c i a t e d  
wi th  cometary physics.  

( 4 )  D e f i n i t i o n  and e v a l u a t i o n  of an experimental  program t o  e l u c i d a t e  
some of t h e  problems a s s o c i a t e d  with t h e  gaseous and p a r t i c u l a t e  
environment surrounding a manned s p a c e c r a f t .  

B. Out l ine of Document 

I n  Sec t ion  I1 a survey i s  given of some of b a s i c  a s p e c t s  of t h e  
environment surrounding manned s p a c e c r a f t .  I n  Sec t ion  111 a prel iminary 
a n a l y s i s  i s  given of t he  problem of t h e  s c a t t e r i n g  back t o  t h e  s a t e l l i t e  
su r face  of gas e f fused  from i t s  su r face .  The design of t h e  proposed s a t e l l i t e  
experiments on cometary physics i s  given i n  Sec t ion  I V  and t h e  contamination 
around a manned s a t e l l i t e  a r e  descr ibed i n  Sec t ion  V.  The cometary physics 
experiment d e a l s  w i th  t h e  s tudy of cometary NH2 and CN emissions by s a t e l l i t e  
r e l e a s e  of the chemicals NH3 o r  NH4 (ammonia o r  hydrazine) and I C N  ( iod ine  
cyanide) r e s p e c t i v e l y .  

I n  t h e  o p t i c a l  contamination experiments one experiment is  devoted t o  
the measurement of p a r t i c u l a t e  m a t t e r  and t h e  o the r  t o  t h e  gaseous component. 
The p a r t i c l e  measurement experiment c o n s t i t u t e s  an i n - s i t u  measurement of 
the p a r t i c l e  concen t r a t ion  and c h a r a c t e r i s t i c  s i z e  a t  va r ious  d i s t a n c e s  from 
the s p a c e c r a f t  ( r a t h e r  t han  t h e  i n t e g r a t e d  p a r t i c l e  amount) making use of 
s u n l i g h t  modulated by a space s h i p  r e f l e c t o r  and measured a t  two angles .  
The contaminant gas component has  f o r  i t s  purpose the  measurement of t h e  
l a r g e r  molecules, (dimers,  polymers, e t c . ) .  It makes use of a special-purpose 
monopole m a s s  spectrometer designed t o  measure t h e  heavy molecular weight 
c omponen t . 

F i n a l l y  i n  Sec t ion  V I  a s c i e n t i f i c  program is  o u t l i n e d  us ing  a sub- 
s a t e l l i t e  f o r  measuring t h e  p o l l u t i o n  coma around a s p a c e c r a f t .  A s e r i e s  
of s u i t a b l e  experiments a r e  analyzed and t h e  s t r u c t u r e  of an e f f e c t i v e  
program is presented.  
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11. SURVEY OF SPACECRAFT OPTICAL POLLUTION 

A.  In t roduc t ion  

Desc r ip t ion  of program.- This  s e c t i o n  r e p r e s e n t s  t h e  survey phase of 
a program e n t i t l e d  "Def in i t i on  of Experimental S tud ie s  f o r  Determining 
Contaminant Gaseous and P a r t i c u l a t e  Cloud Environment of Manned Space- 
c r a f t  and Applicat ions t o  Cometary Physics." The material i n  t h i s  sec-  
t i o n  i s  consequently p repa ra to ry  t o  the  d e f i n i t i o n  of such experiments.  
The s u b j e c t  program is  of importance i n  e v a l u a t i n g  t h e  p o s s i b l e  degra- 
d a t i o n  of  t h e  performance of a manned s p a c e c r a f t  and i t s  accessory 
apparatus  by t h e  materials (gas ,  l i q u i d ,  s o l i d )  it releases i n t o  space.  
Such a program i s  a l s o  designed t o  inc rease  our knowledge of var ious 
problems of cometary physics ,  s i n c e  the  manned s p a c e c r a f t  can s e r v e  as 
an experimental  platform f o r  r e l e a s i n g  s e l e c t e d  chemicals i n  a programmed 
and d e l i b e r a t e  f a sh ion  t o  e l u c i d a t e  s p e c i f i c  problems of cometary physics 
and chemistry.  

The p resen t  experimental  d e f i n i t i o n  program has two bas i c  purposes. 
One involves  t h e  p o l l u t i o n  and degradat ion of a manned o r b i t i n g  labora-  
t o r y  o p e r a t i o n  while  t h e  o t h e r  i s  t h e  s c i e n t i f i c  examination of s e l e c -  
t e d  cometary physico-chemical problems. 

P o l l u t i o n  and degradat ion of o r b i t i n g  l zbora to ry  ope ra t ions :  The 
o p e r a t i o n  of a manned o r b i t i n g  l abora to ry  o r  space v e h i c l e  n e c e s s a r i l y  
gives  r i s e  t o  space llwastell o r  e f f l u e n t s .  Some of t h i s  waste i s  due 
t o  i n t e r n a l  ope ra t ions  of t h e  s p a c e c r a f t  s i n c e  t h e r e  are no p e r f e c t  
c losed  eco log ica l ' sys t ems .  These wastes  i n  gaseous, l i q u i d ,  o r  s o l i d  
form must be vented. 
rocke t s  f u r t h e r  c o n s t i t u t e s  a l o c a l  contamination. The behavior of t h e s e  
vented materials i n  t h e  s p a c e c r a f t  e x t e r n a l  environment must be c a r e -  
f u l l y  evaluated t o  assess any degradat ion of t h e  thermal,  mechanical, 
e l e c t r i c a l ,  o r  o p t i c a l  p r o p e r t i e s  of the  s p a c e c r a f t  o r  a s s o c i a t e d  equip-,  
ment such as t e l e scopes .  Because of t h e  long o p e r a t i o n a l  l i f e t i m e  of 
proposed manned systems, s m a l l  cumulative e f f e c t s  may be exceedingly 
important.  I n  p a r t i c u l a r ,  t h e  degradat ion of t h e  o p t i c a l  environment 
o r  "seeing" q u a l i t y  may c o n s t i t u t e  a seve re  problem. 

Also extended o r  i n t e r m i t t e n t  ope ra t ion  of c o n t r o l  

S c i e n t i f i c  s tudy  of cometary physics:  While t h e  t echno log ica l  
s t u d i e s  i n s o f a r  as they  y i e l d  information on t h e  behavior of material 
i n  a near  vacuum environment, e.g. o p t i c a l ,  thermal p r o p e r t i e s ,  e l e c -  
t r i c a l  charge,  e t c .  may i n a d v e r t e n t l y  give information on cometary 
physics ,  it is  considered t h a t  t h e  manned s a t e l l i t e  a f f o r d s  unique op- 
p o r t u n i t i e s  f o r  experiments s p e c i f i c a l l y  d i r e c t e d  toward cometary prob- 
l e m s .  For example, t h e  t e c h n o l o g i c a l l y  o r i e n t e d  type of experiment may 
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no t  r e a l i s t i c a l l y  include materials such as those  g e n e r a l l y  considered 
t o  be cometary i n  n a t u r e ,  e.g., t h e  Whipple hydrocarbonaceous i c e  such 
as CH4, C2H2, HCN, e t c . ,  and a s e p a r a t e  s p e c i f i c  cometary type of 
experiment would be r equ i r ed .  

Summary of survey.- This survey covers t h e  prel iminary phase of t h e  
s u b j e c t  program. I ts  purpose i s  t o  organize the  a v a i l a b l e  mater ia l ,  
eva lua te  i n  a gene ra l  f a sh ion ,  and suggest and i d e n t i f y  some of  t h e  
p o s s i b i l i t i e s  of t h e  experimental  des ign  program. There is presented 
i n  t h e  fol lowing pages: 

A survey of t h e  evidence of o p t i c a l  p o l l u t i o n  

A survey of t h e  na tu re  and q u a n t i t y  of e f f l u e n t s  t o  be expec- 
t e d  from t h e  s p a c e c r a f t  l i f e - s u p p o r t ,  a t t i t u d e  and c o n t r o l ,  
and o t h e r  systems, and t h e i r , p o s s i b l e  e f f e c t  on s p a c e c r a f t  
o p e r a t i o n  i n  o rde r  t o  provide t h e  framework f o r  t h e  des ign  of 
meaningful experiments 

A s h o r t  o r i e n t i n g  survey of t h e  bas i c  common phys ica l  fo rces  
and e f f e c t s  ope ra t ing  on gaseous, l i q u i d ,  and s o l i d  contaminants 
emit ted from t h e  s p a c e c r a f t ,  i n  order  t o  provide order-of-  
magnitude numbers pe rmi t t i ng  a s i m p l i f i c a t i o n  of t h e  problems 
of experimental  d e f i n i t i o n  

F i r s t  o r d e r  mathematical models of  t h e  d i s t r i b u t i o n  of p a r t i c u -  
l a t e  and gaseous material  around a s p a c e c r a f t  and c a l c u l a t i o n  
of r e p r e s e n t a t i v e  examples 

An o u t l i n e  of p o s s i b l e  experiments t o  s tudy s p a c e c r a f t  con- 
taminat ion problems 

An a n a l y s i s  of t h e  c l a s s  of experiments dea l ing  with l i g h t  
s c a t t e r i n g  from p a r t i c u l a t e  matter 

A survey of poss ib l e  a p p l i c a t i o n s  t o  t h e  physico-chemistry of 
comets. 

Prel iminary comments.- Of t h e  contamination e f f e c t s  on t h e  space- 
c r a f t  due t o  i t s  own e j e c t e d  material, i t  can be s a i d  t h a t  t h e r e  are 
two major problem a r e a s  which seem a t  t h e  present  time s i g n i f i c a n t ,  as 
judged by t h e  amount of material which it  is est imated may be e j e c t e d .  

The f i r s t  problem area is  t h a t  of  a s p a c e c r a f t  corona o r  cometary 
d i s t r i b u t i o n  of p a r t i c u l a t e  ma t t e r .  Such ma t t e r  can r e s i d e  i n  s u f -  
f i c i e n t  q u a n t i t y  t o  render d i f f i c u l t  t h e  obse rva t ion  of f a i n t  bodies 
such as t h e  zod iaca l  l i g h t  o r  t h e  s tars  of l e s s e r  i n t e n s i t y .  Con- 
sequen t ly ,  astronomical o r  nav iga t iona l  e f f o r t s  may be hindered.  
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The second major a r e a  which may c o n s t i t u t e  a rea l  problem i s  t h a t  
involving t h e  d e p o s i t i o n  of evaporated gas on s u r f a c e s  ( p a r t i c u l a r l y  
o p t i c a l ) .  For example ,  under c e r t a i n  cond i t ions ,  t h e  presence of a 
few monolayers can change t h e  o p t i c a l  p r o p e r t i e s  of a s u r f a c e  by a 
s i g n i f i c a n t  amount. 

Consequently, it is  important t o  e v a l u a t e  t h e  c o n t r i b u t i o n  t o  t h e  
degradat ion of performance of a spaceship of not only t h e  p a r t i c u l a t e  
but a l s o  t h e  gaseous component of t h e  e j e c t e d  d e b r i s .  

B. Evidence f o r  Contaminant Atmosphere Surrounding 
Manned Spacec ra f t  

John Glenn's s i g h t i n g  of a "snowflakes"-like cloud of p a r t i c l e s  
accompanying Mercury 6 w a s  t h e  f i r s t  r e p o r t ,  (1962), suggest ing an atmo- 
sphere surrounding a s p a c e c r a f t .  Carpenter  i n  Mercury 7 saw s i m i l a r  
p a r t i c l e s  and the  Russians aboard Voskhod 7 a l s o  r epor t ed  luminescent 
p a r t i c l e s .  Such p a r t i c l e s  w e r e  probably d e b r i s  having o r i g i n s  i n  t h e  
support  systems of t h e  d i f f e r e n t  veh ic l e s .  This c o n s t i t u t e s  t h e  most 
d i r e c t  l i n e  of evidence f o r  an atmosphere surrounding manned s p a c e c r a f t .  
Addi t ional  d i r e c t  evidence i s  o f f e r e d  by t h e  f a c t  t h a t  o p t i c a l  samples  
flown on Gemini 1 2  by t h e  Mart in  Company had s u b s t a n t i a l  amounts of 
m a t e r i a l  deposi ted on them by va r ious  s t a g i n g  events  and by engine 
exhaust.  Furthermore, a n a l y s i s  of t h e  Hemenway micro-meteoroid d e t e c t o r  
on Gemini 10 and 1 2  ind ica t ed  t h e  presence of d i f f u s e  atmospheres above 
t h e s e  c r a f t s  (Ref. 1). 

A more i n d i r e c t  l i n e  of evidence was t h e  i n a b i l i t y  of t h e  a s t r o -  
nauts  t o  s e e  stars as expected i n  t h e  daytime (Ref. 2 ) .  There a r e  two 
main l i n e s  of i n t e r p r e t a t i o n  of t h e s e  f a c t s .  One l i n e  of argument i s  
t h a t  t h e  l e v e l  of radiance o f  t h e  accompanying atmosphere (mostly 
p a r t i c l e s )  w a s  t oo  h igh  f o r  t h e  obse rva t ions  t o  be made (Ref. 3 ) .  The 
o t h e r  a l t e r n a t i v e s  a r e  a s s o c i a t e d  w i t h  t h e  s p a c e c r a f t  windows ' d i r t i -  
ness  or  i nhe ren t  s c a t t e r i n g  c h a r a c t e r i s t i c s ,  t h e  l e v e l  of i l l u m i n a t i o n  
i n  t h e  cab in  and t h e  physiology of  t h e  eye i t s e l f  (Ref. 4 ) .  This 
l imi t ed  see ing  a b i l i t y  of t h e  a s t r o n a u t s  i s  evidenced by t h e  f a c t  t h a t  
Cooper on Mercury 9 could s e e  4 t h  magnitude s tars  i n  t h e  daytime, Con- 
r ad  and Cooper (Gemini 5) could on ly  s e e  1st o r  2nd magnitude and 
S c h i r r a  (Gemini 6) could only see 4 t h  magnitude s tars .  Moreover optimum 
observat ions occurred when windows were no t  i l l umina ted  by ea r th - sh ine  
o r  sunshine.  

Another p i ece  of evidence w a s  furnished by Ney and Huch on t h e  b a s i s  
of t h e i r  zod iaca l  l i g h t  experiment on Gemini 5; they est imated t h a t  
t h e  background b r i g h t n e s s  of t h e  s p a c e c r a f t  atmosphere w a s  t h a t  of 
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t h e  sun (Ref. 1). On t h e  o t h e r  hand, Evans and Dunkelman i n t e r p r e t  
s t a r - s i g h t i n g  problems as due t o  the o t h e r  f a c t o r s  of background l e v e l  
of l i g h t  i n  t h e  cockpi t  s c a t t e r i n g  of l i g h t  by windows and physiology 
of t h e  eye. 

F i n a l l y ,  t h e o r e t i c a l  c a l c u l a t i o n s  made by Ney (Ref. 2 ) ,  Newkirk 
(Ref. 3 )  and Kovar (Ref. 1) have shown t h a t  f o r  t h e  amounts of material 
r e l e a s e d  i n t o  t h e  immediate atmosphere surrounding t h e  spaceship,  s u f -  
f i c i e n t  r ad iance  is  produced t o  cause the see ing  problem. 

The evidence t o  d a t e  seems t o  support  t o  a reasonable  e x t e n t  t h a t  
"seeing" problems a r e  c r e a t e d  by an atmosphere around a spaceship which 
a r e  compounded by t h e  o t h e r  f a c t o r s  (mentioned above) a s s o c i a t e d  w i t h  
windows, i n t e r n a l  cabin i l l u m i n a t i o n ,  and dark adap ta t ion .  The f i n a l  
r e s o l u t i o n  of t h i s  problem depends upon a d d i t i o n a l  t h e o r e t i c a l  work, 
and most important,  experiments i n  s i t u  measuring the  e x t e r n a l  environ- 
ment of t h e  s a t e l l i t e  and i t s  o p t i c a l  p r o p e r t i e s .  

C .  Some Sources of Spacecraf t  Contamination 

There i s  given i n  t h i s  s e c t i o n  information on some of the  sources  
of contamination of s p a c e c r a f t ,  mostly adapted from Newkirk (Ref. 3 )  
and Kovar (Ref. 1). It w i l l  be a func t ion  of t h e  ongoing program t o  
assess c a r e f u l l y  i n  g r e a t e r  d e t a i l ,  f o r  s p e c i f i c  i n s t ances ,  t h e  na tu re  
and e x t e n t  of t h e  contamination. The e f f l u x  may be continuous o r  i n t e r -  
m i t t e n t  i n  na tu re .  The continuous component may ar ise  from outgassing 
through s m a l l  p o r o s i t i e s  o r  d i f f u s i o n  through t h e  w a l l s  of t h e  cabin.  
Such gas as p r o p e l l a n t s  (N204, hydrazine,  e t c . ) ,  hydrogen from b a t t e r i e s  
and oxygen and water vapor from the  l i f e  support  systems may be included. 
A l a r g e  percentage of t h e s e  gases  may c r y s t a l l i z e  i n t o  p a r t i c l e s .  
I n t e r m i t t e n t  even t s  such as u r i n e  dumping and f i r i n g  of t h r u s t e r s  f o r  
v e r n i e r  c o n t r o l  may a l s o  occur.  

Mass e f f l u x  estimates.- 

Gas l eaks  from cabin: Gas leaks i n  the  cab in  of Apollo are expec- 
t e d  t o  be a t  a r a t e  

dm 
d t  - 100 g /h r  = 2.8 x g/sec - -  

according t o  Newkirk. Of t h i s  m a t e r i a l  a l a r g e  f r a c t i o n  is  cabin gas ,  
an unknown p o r t i o n  i s  p a r t i c u l a t e  d e b r i s ,  and up t o  1 percent  by mass 
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i s  water  vapor. Assuming t h a t  t h e  pracess  of escaping through porosi-  
t i e s  of t h e  s p a c e c r a f t  cools  t h e  gas s u f f i c i e n t l y  so  t h a t  all t h e  water 
vapor c r y s t a l l i z e s ,  t h e r e  then  r e s u l t s  a continuous e j e c t i o n  of  

3 x g/sec 
dm 
- c v  

d t  

of p a r t i c u l a t e  i c e .  However, an a n a l y s i s  of t h e  h e a t  balance of such 
escape suggests  t h a t  only a n e g l i g i b l e  f r a c t i o n  c r y s t a l l i z e s .  

Kovar quotes similar leakage rates from t h e  Apollo v e h i c l e  of o rde r  
3 x 
sec  o r  almost 20 lbs/day.  

gms/sec and from t h e  Astronomical Telescope Mount as 0.1 gms/ 

For Gemini both Newkirk and Kwqg reggpt  FgtbgP le&q of 0:1 gmslsec. 

Fuel c e l l s  and l i q u t d  human wasFe:  t h e  & o l l o  conf igu ra t ion ,  
water produced by f u e l  c e l l s  and l i q u i g  n wastes are s t o r e d  i n  a 
tank of a c a p a c i t y  of ap  magely 1 . 7  x g wi th  t h e  expec ta t ion  
t h a t  t h e  r e s e r v o i r  nyst be dumped onge evgry 2 hours. It is  assumed 
t h a t  t h i s  m t e r ia l  is expe l l eg  by the  cab in  e s s u r e  a t  a v e l o c i t y  
uo - 7 x 10 cm/sec and t h a t  i n i t i a l  eyaporat ion coq l s  the water s u f -  
f i c i e n t l y  s o  t h a t  most of i t  forms snow or drop lecs  of i c e .  P r o j e c t  
Highwater i n  which tons of water w e r e  r e l e a s e d  i n  t h e  upper atmosphere 
showed t h a t  a s u b s t a n t i a l  f r a c t i o n  w a s  converted i n t o  i c e  c r y s t a l s .  

2 

O r i e n t a t i o n  je ts :  The p e r i o d i c  Qperqt ion of o r i e n t a t i o n  je t s  w i l l  
expel  material  a t  a r a t h e r  high v e l o c i t y .  Alth the e j e c t a  from d r y  
n i t r o g e n  je ts  can be expected t o  sublime immedi y J  hypergol ic  r eac -  
t i o n  engines produce l a r g e  q u a n t i t i e s  ~f w a t e F  which, presumably, r a p i d l y  
c r y s t a l l i z e .  A s  an example, w e  e t h a t  t h e  Apollo system when employed 
f o r  as t ronomical  obse rva t ion  w i l l  d i s p e r s e  

of material i n  b r i e f  b u r s t s  eve ry  20 rninugBs. 

Outgassing of  m r i a l  from su r face ;  
m a t e r i a l  from t h e  e x t e r i o r  s p a c e c r a f t  s k i n  i s  extremely d i f f i c u l t  t o  
eva lua te .  Even pro e r l y  qrepared p a i n t s  appear t o  evaporate  molecules 
a t  a ra te  of - 10-1 1 g/cm /sec which would lead t o  

dm - -  
d t  g/sec 
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6 2  f o r  a sa te l l i t e  wi th  an area of  10 cm . Another source of  contamination 
occurs  i n  manned s p a c e c r a f t s  which are always equipped w i t h  a b l a t i o n  
s h i e l d s  of porous ceramic material whose outgassing p r o p e r t i e s  a r e  ULI- 

known. 

Kovar estimates t h a t  even though t h e  ATM experiment i s  p ro tec t ed  a t  
launch t h e r e  are 120 meters square of  s i l i c o n e  on t h e  c l u s t e r  t h a t  w i l l  
evaporate  0.03 gms/sec o r  about 1O2O molecules/second a t  a temperature 
of 120°F. This could w e l l  c o a t  o p t i c a l  s u r f a c e s  and produce a kind of 
s i l i c o n e  fog. See S e c t i o n  I V  f o r  a more extended d i scuss ion  of s u r f a c e  
outgassing . 

Value of i n i t i a l  v e l o c i t y  of  e f fused  material c u d . -  The value of 
t h e  i n i t i a l  v e l o c i t y  of t h e  e f fused  material - both molecules and 
p a r t i c l e s  - is extremely important i n  determining t h e  d i s t r i b u t i o n  of  
material around t h e  s p a c e c r a f t  o r  t he  d e p o s i t i o n  ra te  onto in t e rven ing  
su r faces .  A t  p re sen t  only e s t i m a t e s  are a v a i l a b l e  of what t h e  v e l o c i t i e s  
may be. Such estimates may be o f f  as much as a n  o rde r  of magnitude 
p a r t i c u l a r l y  f o r  p a r t i c l e s .  Below t h e r e  i s  presented such estimates on 
t h e  b a s i s  of phys i ca l  reasoning. The experimental  measurement of p a r t -  
i c l e  and molecular v e l o c i t y  would be va luab le  i n  judging t h e  accuracy 
of t h e  fol lowing estimates which b a s i c a l l y  fol low Newkirk (Ref. 3 ) .  

( a )  Material f l aked  o f f  s p a c e c r a f t  

u i s  of t h e  o rde r  of a few cm/sec. 

(b) Cabin l eaks  and waste dumping e x e r c i s e s  

0 

1 
2 The d r i v i n g  p res su re  h e r e  i s  cab in  p re s su re  a t  Po = - atmo- 

sphere and where 

3 For H 0 consequently s i n c e  p - 1 gm/cm 2 

2 u N 7 x 10 cm/sec 
0 

( c )  P a r t i c l e s  generated by escape of cab in  gas through w a l l s  

-3 3 4 Here p - 10 gm/cm and u - 3 x 10 cm/sec. 
0 

(d) Material from o r i e n t a t i o n  t h r u s t  rocke t s  

For t h e  Apollo o r i e n t a t i o n  t h r u s t e r  t he  t h r u s t  i s  100 l b s  
w i t h  mass flows of 0.2 l b  i n  0.15 second pu l ses .  Consequently 



(7) 
4 u - 7 x 10 cm/sec 

0 

(3) Evaporated molecules from s p a c e c r a f t  

Molecules of mass m evaporat ing a t  an equ i l ib r ium temperature T 
have mean v e l o c i t i e s  given by t h e  s tandard k i n e t i c  equat ion 

2 3kT u = -  
0 m 

5 

4 

For m = 1 (Hydrogen) uo = 3 x 10 cm/sec 

m = 100 u = 3 x 10 cm/sec 
0 

D.  Physical  Forces and Phenomena Associated 
With Debris 

One of t h e  key f a c t o r s  i n  determining t h e  d i s t r i b u t i o n  of matter 
around t h e  spaceckaft  i s  the degree t o  which va r ious  d e c e l e r a t i n g  f o r c e s  
ope ra t e  on such matter and push them ou t  of t h e  v i c i n i t y  of t h e  space- 
c r a f t .  Various models f o r  t h e  d i s t r i b u t i o n  of matter w i l l  be discussed 
la te r  i n  t h i s  document (Sect ion I1 E ) .  It w i l l  be t h e  func t ion  of t h i s  
s e c t i o n  t o  eva lua te  t h e  order-of-magnitude of t h e  d e c e l e r a t i n g  f o r c e s  
f o r  va r ious  s p a c e c r a f t  s i t u a t i o n s .  This w i l l  y i e l d  t h e  r e q u i s i t e  values  
f o r  t he  a n a l y s i s  a l lowing the  d i s t r i b u t i o n s  t o  be c a l c u l a t e d .  

Aerodynamic drag.-  The s p a c e c r a f t  is assumed t o  have the  v e l o c i t y  v 
through a r e s i s t i n g  medium and t h e  p a r t i c l e s  i n  t h e  p re sen t  c a s e  are 
e j e c t e d  wi th  v e l o c i t y  uo paral le l  t o  v. 
( f o r  sa te l l i t es )  i n  gene ra l  i s  much g r e a t e r  t han  u 

Since t h e  o r b i t a l  v e l o c i t y  v 

0 

o r  

4 3 .  2 2  - 3 Tcr PU = pav xr  ( 9 )  

A t  160 km, u = 4.2 lo'' f o r  u n i t  r a d i u s .  
P 

Th i s  fo rce ,  as w i l l  be seen l a t e r ,  i s  t h e  major f o r c e  a f f e c t i n g  
low a l t i t u d e  sa te l l i t es .  The d e c e l e r a t i o n  is  s t r o n g e r  t h e  sma l l e r  t h e  
p a r t i c l e .  
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Radiat ion pressure. -  F i r s t ,  t h e  simple f i r s t  o rde r  equa t ion  i s  given 
below. It i s  t h e n  followed by a more extended d i scuss ion  of some of t h e  
complexi t ies  of r a d i a t i o n  p res su re .  The d e c e l e r a t i o n  is  considered,  i n  
t h e  geometr ical  o p t i c s  approximation, t o  be due to  r a d i a t i o n  p res su re  
as given by: 

2 Fo PR = n r  - 
C 

where F = f l u x  of  s u n l i g h t  on t h e  p a r t i c l e  and c = v e l o c i t y  of l i g h t .  
Then 0 

,-I 

and 

nrLF 
4 3  0 - x r  pzI = 3 C 

3 Fo u = -  - 
4 pcr 

f o r  a par t ic le  of r a d i u s  r and d e n s i t y  p. Again h e r e  t h e  a c c e l e r a t i o n  
i n c r e a s e s  as t h e  s i z e  of t h e  p a r t i c l e  decreases .  

Ac tua l ly  t h e  c a l c u l a t i o n  due t o  r a d i a t i o n  p res su re  i s  q u i t e  d i f f i c u l t  
t o  make i n  t h e  gene ra l  ca se  (where t h e  p a r t i c l e  mgy be of t h e  approximate 
s i z e  o r  smaller than  t h e  wavelength) s i n c e  t h e  e f f e c t i v e  c r o s s  s e c t i o n  
and t h e  v e c t o r  d i r e c t i o n  of t h e  a c c e l e r a t i o n  depend i n  a complex f a s h i o n  
on t h e  s u r f a c e  s l o p e ,  o r i e n t a t i o n ,  and index of r e f r a c t i o n  of t h e  dus t  
p a r t i c l e s  and on t h e  p o l a r i z a t i o n  and frequency d i s t r i b u t i o n  of t h e  i n c i -  
dent  r a d i a t i o n .  

A s  an example of t h e  d e t a i l e d  examination and c a l c u l a t i o n s  t h a t  are 
necessary it  is  pointed ou t  t h a t  t h r e e  wavelength regions occur f o r  
A(X) t h e  e f f e c t i v e  c r o s s  s e c t i o n :  . 

< 0.5 us ing  series expansions and accept ing on ly  the  l ead ing  2 xr For - 
t e r m  according t o  Shapiro (Ref. 5) x -  
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f o r  absorbing spheres.  For a non-absorbing sphere t h e  leading t e r m  is 

where E i s  t h e  d i e l e c t r i c  cons t an t  and 

20x K = -  
C 

and (r is t h e  conduc t iv i ty .  

I f  as a numerical i l l u s t r a t i o n  small i r o n  spheres  f o r  which X >> 2nr 
a r e  used and A(X) is i n t e g r a t e d  over t h e  s o l a r  i l l u m i n a t i o n  blackbody 
curve 

03 

K Io dX 
2 2 x  

(2  + E) + K 
2 nr 

us ing  

E = -0.26 and K = 3.48 

( f o r  i r o n  a t  room temperature and mean wavelength X = 0 . 4 ~ )  
then 

2 u = -  ' a 2  cm/sec 
SP 2 

RS 

where 

u = a c c e l e r a t i o n  due t o  s o l a r  p re s su re  

R 

SP 

= d i s t a n c e  of p a r t i c l e  t o  sun i n  s o l a r  r a d i i  
S 

This va lue ,  c a l c u l a t e d  by Shapiro (Ref. 5) may be contraqted wi th  t h e  
g r a v i t a t i o n a l  a c c e l e r a t i o n  due t o  t h e  sun 

2 u = -  -'a' cm/sec 
g 2 

RS 



For t h i s  ca se  t h e  s o l a r  r a d i a t i o n  p res su re  exceeds t h e  s o l a r  g r a v i t a -  
t i o n a l  p re s su re .  Figure 1 shows some c a l c u l a t i o n s  made by Shapiro 
(Ref. 5) of t h e  r a t i o  of s u n l i g h t  a c c e l e r a t i o n  t o  s o l a r  g r a v i t a t i o n a l  
a c c e l e r a t i o n .  It can be seen i n  t h e  r eg ion  below lp t h a t  t h i s  r a t i o  
i s  a complex func t ion  of material and p a r t i c l e  r a d i u s .  Table 1 shows 
some s imi l a r  c a l c u l a t i o n s  made by Singer  (Ref. 6 ) .  Such r a t i o s  are 
independent of s o l a r  d i s t a n c e  s i n c e  t h e  Rs2 f a c t o r  cance l s  o u t .  

So f a r  no d i s c u s s i o n  has  been given of t h e  Poynting-Robertson (PR) 
V drag.  This  c o n s t i t u t e s  a - o r  c o r r e c t i o n  t o  t h e  p re s su re  of sun- 

l i g h t  and has  a nega t ive  cgmponent i n  t h e  d i r e c t i o n  of motion. 
e f f e c t  has  been thoroughly t r e a t e d  by Robertson (Ref. 7) and Wyatt and 
Whipple (Ref. 8) i n  i n t e r p l a n e t a r y  space and by Shapiro (Ref. 9) near 
t h e  e a r t h .  I n  general  t h e  PR e f f e c t  is not  important f o r  t h e  problem a t  
hand which is  t h e  r e l a t i v e l y  nea r  environment of a s a t e l l i t e  o r  space- 
c r a f t .  For experiments which may be a f f e c t e d  by t h e  presence of  p a r t i c l e s  
over a long t i m e  s c a l e  due r ega rd  must be given t o  t h i s  e f f e c t .  

This 

S o l a r  wind.- The a c c e l e r a t i o n  due t o  c o l l i s i o n s  w i t h  s o l a r  wind 
p a r t i c l e s  may be c a l c u l a t e d  i n  a f a sh ion  similar t o  t h a t  f o r  aerodynamic 
drag. The a p p r o p r i a t e  v e l o c i t y  v 5 x lo7 cm/sec and a d e n s i t y  of - gms/cm3 may be used t o  g ive  

2 1.9  x cm/sec u =  
P r  

and is inconsequent ia l  near  t h e  e a r t h .  The p o s s i b i l i t y  a l s o  exists t h a t  
t h e  s o l a r  wind may no t  be d i r e c t e d  r a d i a l l y  as supposed i n  some s o l a r  
corona models. A t a n g e n t i a l  component would then  exis t  and g ive  a t an -  
g e n t i a l  a c c e l e r a t i o n .  

Charge drag and Lorenz f o r c e . -  Charge d rag  has  been mentioned as a 
p o s s i b l e  f o r c e  a c t i n g  on dus t  p a r t i c l e s  by Singer  (Ref. lo ) ,  S p i t z e r  
(Ref. ll), and Shapiro ( R e f .  12) .  The p a r t i c l e  becomes charged through 
n e t  bombardment by photons, e l e c t r o n s ,  and protons,  and then  i n t e r a c t s  
w i t h  charged p a r t i c l e s  through t h e  coulomb f o r c e .  According t o  Shapiro 
(Ref. 5) 

n 

2 NiVL (i) cm/sec 2 a - 1 0  - 
V r i  cd 

where 
-3  = number d e n s i t y  of charged p a r t i c l e s  (5 cm ) 

Ni 
V = e l e c t r o s t a t i c  

v = average speed r i  

12 

p o t e n t i a l  i n  v o l t s  

of s o l a r  corpuscular  r a d i a t i o n  (300 km/sec) 



Figure 1. Rat io  of sun l igh t -p res su re  a c c e l e r a t i o n  t o  s o l a r  
g r a v i t a t i o n a l  a t t r a c t i o n  as a func t ion  of p a r t i c l e  
r a d i u s  f o r  var ious m a t e r i a l s .  Taken from Ref. 5. 
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TABLE 1 

P a r t i c l e  
rad ius  

(PI 

RATIO OF SOLAR-RADIATION PRESSURE TO SOLAR GRAVITATIONAL 
FORCE (INDEPEPrTDENT OF DISTANCE TO SUN) 

P a r t i c l e  Material 

D i e l e c t r i c  (dens i ty  3.3) 

m = 1.5 

I ron  (den- 
s i t y  7.8) Large r e f r a c ?  

t i v e  index m 

100 0.002 0.0015 0.0005 

10 0.02 0.014 (0.004) * 
1 0.25 0.13 (0.08)* 

0.3 1.0 0.8 0.5 

0.1 1.8 1.8 0.39 

0.005 2.0 1.4 0.085 

small w 1.1 small s m a l l  

* 
Uncertain because of unknown d i f f r a c t i o n  e f f e c t s  i n  t h i s  c r i t i c a l  
s i z e  range. (Taken from Ref; 6 ) .  
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I f  cgs u n i t s  are used t h e r e  is obtained: 

2 -I3 v2 A cm/sec a ~ 5 x 1 0  M cd 

The p o t e n t i a l  t h a t  d u s t  p a r t i c l e s  reach i n  i n t e r p l a n e t a r y  space is  s t i l l  
c o n t r o v e r s i a l  but  P r o j e c t  Westford has  ind ica t ed  t h a t  V < 0.2 v o l t .  
S e t t i n g  V = 0.1 

2 cm/sec 4 a -  
cd r P  

Consequently acd is  inconsequent ia l  when compared t o  r a d i a t i o n  pressure 
i n  i n t e r p l a n e t a r y  space or  a 
may most l i k e l y  e x h i b i t  t h i s  . It shauld be s a i d  t h a t  some 
c a l c u l a t i o n s  i n d i c a t e  values  of V = 7 v a l t s  p o s i t i v e  i n  i n t e r p l a n e t a r y  
space ( i n  the  ionosphere V is negat ive)  but charge drag s t i l l  seems in-  
consequent ia l  f o r  our purpose and whi le  i t  may be of importance i n  sec-  
u l a r  c a l c u l a t i o n s  and cosmological e f f e c t s  it does not seem consequent ia l  
f o r  t he  c l o s e  environment of a s p a c e c r a f t .  

i c  drag c l o s e  t o  ea r th .  D i e l e c t r i c s  

There a r e  a d d i t i o n a l  e l e c t r i c a l  and magnetic e f f e c t s  which a l s o  t u r n  
out t o  be unimportant as regards the  s h o r t  time cons ide ra t ion  of t h i s  
document. The Lorenz a c c e l e r a t i o n  due t o  motion of a charged p a r t i c l e  
i n  a magnetic medium is given by 

where q is  the  charge pn d u s t  p a r t i c l e ,  E a H a r e  l o c a l  e l e c t r i c  
and magnetic f i e l d s  and v is the  p a r t i c l e  v e l o c i t y .  There i s  a l s o  a 
"convection force" (Ref. E) due t o  the  f a c t  t h a t  t he  s o l a r  wind c a r r i e s  
t he  magnetic f i e l d  along wi th  it at  a h igh  speed vsw. 
a c c e l e r a t i o n  is given by: 

The corresponding 

An a n a l y s i s  of t h e s e  e f f e c t s  have been made by Shapiro (Ref. 5 ) ,  
Singer (Ref. 13), and Borman (Ref. 14). In  general  such e f f e c t s  only 
a r e  important f o r  s e c u l a r  and cosmological purposes. Consequently t h e  
r a m i f i c a t i o n  and d e t a i l s  of t h e s e  processes  w i l l  not  be d e a l t  wi th  here .  
Again t h e  poin t  i s  made t h a t  t h e  d e c e l e r a t i o n s  of p a r t i c l e s  by these  
processes i s  s o  s m a l l  t h a t  c a l c u l a t i o n s  of t he  surrounding environment 
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of  a spaceship o r  depos i t i on  r a t e s  i s  not  a f f e c t e d  by them except over 
r e l a t i v e l y  long t imes and d i s t a n c e s .  I n  Sec t ion  I V  are given r e s u l t s  
of c a l c u l a t i o n s  by var ious  t h e o r i s t s  of t h e  r e l a t i v e  value of t hese  
ope ra t ive  fo rces .  

Grav i t a t iona l  e f f e c t s . -  I n  t h i s  s e c t i o n  an eva lua t ion  is  made of 
t h e  g r a v i t a t i o n a l  e f f e c t  due t o  t h e  spaceship  mass and a comparison is  
made wi th  t h e  g r a v i t a t i o n a l  a t t r a c t i o n  of t h e  sun and e a r t h ,  r e spec t ive ly .  

The a c c e l e r a t i o n  due t o  t h e  sun 's  g r a v i t y  i s  given by: 

-2 2 a = 0.6 r cm/sec 
sg a.u 

where r = d i s t a n c e  from sun t o  o b j e c t  i n  as t ronomical  u n i t s  (a.u.) 
a.u 

The a c c e l e r a t i o n  due t o  t h e  e a r t h ' s  g r a v i t y  is given by: 

-2 2 a = 980 re cm/sec 
eg 

where r = d i s t a n c e  from e a r t h ' s  c e n t e r  t o  o b j e c t  i n  u n i t s  of  e a r t h ' s  
r ad ius .  e 

For a spaceship t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  it exerts i s  given 
by : 

4 Since  G = 6.67 x 10"' m3/kg s e c 2 ,  a spaceship of 10 me t r i c  t ons  (10 
has  a g r a v i t a t i o n a l  a c c e l e r a t i o n  of :  

kg) 

o r  

= 6.7 x 10 -7  cm/sec 2 a t  10 meters a 
gss 

6.7 x lo-' cm/sec2 a t  100 meters 

6.7 x lo-'' cm/sec2 a t  1 ki lometer  
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Using f o r  t h e  escape v e l o c i t y  

e R 

4 where M = 10 KG and R = 10 meters 

(33)  
-2 v = 3.6 x 10 cms/sec e 

Consequently t h e  g r a v i t a t i o n a l  fo rce  i s  considered too  s m a l l  t o  a f f e c t  
t he  immediate behavior of p a r t i c l e s  o r  molecular except f o r  t h e  cases  of 
r e a l l y  massive spaceships  o r  almost motionless  p a r t i c l e s .  For a 10,000 
ton  s h i p  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  a t  10 meters i s  

(34) 
7 2 a(10 kg, 10 meters) = 6.7 x cm/sec 

and the  escape v e l o c i t y  i s  v 
must be c a r e f u l l y  evaluated Znd i n  p a r t i c u l a r  f o r  f lashed-off  p a r t i c l e s .  

= 1.14 cm/sec,. For such a case t h i s  e f f e c t  

E f f e c t  of s a t e l l i t e  charge.-  The phenomenon t h a t  i s  d i scussed  i n  
t h i s  s e c t i o n  i s  due t o  t h e  f o r c e  exe r t ed  by t h e  charge on a s a t e l l i t e  o r  
spaceship on charged p a r t i c l e s .  F i r s t  t h e r e  i s  analyzed t h e  charge t o  
be expected on t h e  v e h i c l e  and then  t h e  e f f e c t  of t h i s  charge w i l l  be 
c a l c u l a t e d .  

Charge on s a t e l l i t e  o r  spaceship: The p o t e n t i a l  on a spaceship h a s  
been t h e  s u b j e c t  of considerable  d i scuss ion ,  c a l c u l a t i o n ,  and measure- 
ment over  t h e  las t  decade. It i s  no t  t h e  purpose he re  t o  do o t h e r  t han  
a b s t r a c t  ou t  t h e  b e s t  a v a i l a b l e  judgments on t h i s  problem. 

I n  i n t e r p l a n e t a r y  space: The latest  c a l c u l a t i o n s  by Rhee (Ref. 15) 
based on t h e  equ i l ib r ium between p h o t o e l e c t r i c  and secondary e l e c t i o n s  
leaving t h e  space o b j e c t  and plasma e l e c t r o n s  and ions a c c r e t i n g  t o  t h e  
o b j e c t  showed t h a t  t h e  p o t e n t i a l  ( p o s i t i v e  r e l a t i v e  to space)  can be no 
g r e a t e r  t han  7 v o l t s .  This equ i l ib r ium p o t e n t i a l  is independent of 
p a r t i c l e  r a d i u s  provided t h e  p a r t i c l e  r a d i u s  is 11 i n  comparison with 
the  Debye r a d i u s ,  D ,  where 

L 
D =( = 6.90 (k)' 

4mi  
(35) 

I n  Table 2 is given t h e  Debye r a d i u s  and o t h e r  p r o p e r t i e s  of a spaceship 
i n  d i f f e r e n t  regions of  space as c a l c u l a t e d  by Alpe r t  (Ref. 16) .  

1 7  
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I n  t h e  absence of photoelectrons t h e  plasma w i l l  charge t h e  p a r t i c l e  
t o  a s m a l l  negat ive p o t e n t i a l  of t h e  o rde r  of -2 t o  -3  v o l t s .  

I n  t h e  ionospheric region: The s i t u a t i o n  i n  t h e  ionosphere i s  more 
complicated. I n  Table 2 is given some of t h e  c h a r a c t e r i s t i c s  f o r  some 
subd iv i s ions  of t h e  ionosphere and i n t e r p l a n e t a r y  space.  The na tu re  of 
t h e  charged p a r t i c l e  and n e u t r a l  p a r t i c l e  d i s t r i b u t i o n  about a spaceship 
depends upon t h e  body parameters i nd ica t ed  i n  t h i s  Table. I n  g e n e r a l ,  
t he  experimental  values  are confused and less than  the  t h e o r e t i c a l  c a l -  
c u l a t i o n s  would i n d i c a t e .  I n  Figure 2 are given some a c t u a l  measurements 
of a s p a c e c r a f t  p o t e n t i a l  which f l u c t u a t e  w i t h  t i m e .  This  can be due 
t o  t h e  varying charge f l u x  i n  f r o n t  of  and behind a s a t e l l i t e .  
p a r t i c u l a r  t he  p o t e n t i a l  of a d i e l e c t r i c  w i th  an inhomogeneous s u r f a c e  
can vary from po in t  t o  po in t  and i n  t i m e  a long a n  o r b i t  from pe r igee  t o  
apogee. It is  no t  t h e  func t ion  of th i s  survey t o  perform an exhaust ive 
s tudy of t h i s  major problem. The e s s e n t i a l  p o i n t  i s  t h a t  i n  t h e  iono- 
sphe r i c  r e g i o n  i n  gene ra l  t h e  p o t e n t i a l  of s a t e l l i t e s  is  a few v o l t s  
negat ive.  

I n  

S a t e l l i t e  charge e f f e c t s  on p a r t i c u l a t e  and molecular d e b r i s :  A 
l i t e r a t u r e  sea rch  has  r evea led  no c a l c u l a t i o n s  of  t h i s  e f f e c t .  F i r s t  
l e t  u s  cons ide r  t h a t  a p a r t i c l e  which i s  emit ted should i n  gene ra l  t a k e  
a p o r t i o n  of t h e  s u r f a c e  charge w i t h  it. Consequently it should be 
r e p e l l e d  i n  all cases .  Secondly, f o r  material o b j e c t s  i n  gene ra l ,  no 
c l e a r  i n d i c a t i o n  has  been found t h a t  t h e  equ i l ib r ium p o t e n t i a l  depends 
so  s t r o n g l y  on s i z e  t h a t  i ts  s i g n  (negat ive o r  p o t e n t i a l )  should be d i f -  
f e r e n t  f o r  changes i n  s c a l e .  Consequently when t h e  emit ted p a r t i c l e  
assumes i t s  equ i l ib r ium p o t e n t i a l  it should s t i l l  be r e p e l l e d .  Perhaps 
t h e  only case i n  which t h e r e  might be a n  a t t r a c t i o n  of  some s i g n i f i c a n c e  
would be i n  t h e  c a s e  of ions c r e a t e d  by pho to ion iza t ion  of n e u t r a l  atoms 
e f fused  from t h e  s u r f a c e ,  o r  secondary ions c r e a t e d  by s p u t t e r i n g .  Photo- 
i o n i z a t i o n  of atoms i n  gene ra l  is such a-slaw process that it does not 
seem an e f f e c t i v e  one (as s t a t e d  i n  t h i s  s e c t i o n )  s i n c e  by t h e  t i m e  t h e  
i o n i z a t i o n  occurs  ( b a r i u m w i t h  an i o n i z a t i o n  t i m e  of 10 seconds i s  
anomalous) t h e  moleculs i s  voz away o r  t y p i c a l l y  10 cms away. Secondary 
ion  s p u t t e r i n g  a t  t h e  r e l a t i v e l y  low sa t e l l i t e  ene rg ie s  (10 eV)  i s  i m -  
probable for high y i e l d .  

9 

Hence t h e  e f f e c t  o f  t h e  s a t e l l i t e  p a t e n t i a l  i s  t o  remove t h e  d e b r i s  
faster than  i f  the s a t e l l i t e  were n e u t r a l .  Some estimates are made f o r  
t h i s  e f f e c t  on s p h e r i c a l  p a r t i c l e s  assuming 7 v o l t s  p o t e n t i a l  on both 
t h e  p a r t i c l e s  and spaceship.  The p o t e n t i a l  0 i s  given by 

a -  -9, 
a 

P 
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4 

300 

1 

400 500 

Altitude of the satellite, 

Figure 2.  Var ia t ion  of t h e  body p o t e n t i a l  on a s t a b i l i z e d  
s a t e l l i t e  along an o r b i t ,  between t h e  per igee  and 
apogee. Taken from Ref. 16. 
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where 6 i s  i n  s t a t v o l t s ,  Q i n  e . s . u  and a i n  c,ms. Since one s t a t v o l t =  
300 v o l t s ,  t h e  charge Q = 3 . 3  x lo3': 
2 x 10 e l e c t r o n s  

P i n  e . s .u .  o r  s i n c e  1 e . s .u .  = 
9 P 

(37) 
6 q = 6.6 x 10 a e l e c t r o n s  

P 

f o r  1 v o l t  p o t e n t i a l .  
r ad ius  a with a 7 v o l t  p o s i t i v e  p o t e n t i a l  i s  

The t o t a l  e l e c t r i c a l  charge,  QT, a p a r t i c l e  of 

P 

( 3 8 )  
7 Q, = 4.6 x 10 a e l e c t r o n s  

P 

If t h i s  p a r t i c l e  i s  r e p e l l e d  by a s a t e l l i t e  of l i k e  p o t e n t i a l  (7  v o l t s )  
then i t s  p o t e n t i a l  energy V is  P 

8 V = 3 x 10 a e l e c t r o n  v o l t s  
P P 

-4 
= 4 . 8  x 10 a e r g s  

P 

1 
2 P  P P  

Equating t h i s  t o  k i n e t i c  energy (- m v2 where m + a 3 ,  t hen  vc ,  t h e  
equ iva len t  v e l o c i t y ,  i s  obtained as 

v =  3 x cm/sec 
C a 

P 
( 3 9 )  

Consequently such r epu l s ion  can be meaningful f o r  small p a r t i c l e s  of 
1 t o  lop where t h e  e l e c t r i c a l l y  caused v e l o c i t y  then  i s  102-1 cm sec.  
However, t h e  foregoing c a l c u l a t i o n  assumes t h e  equ i l ib r ium p o t e n t i a l  is  
r a p i d l y  assumed by t h e  p a r t i c l e .  I f  t h e  only charge t h a t  t h e  p a r t i c l e  
has  i s  t h a t  c a r r i e d  away from t h e  s a t e l l i t e  s u r f a c e ,  t h i s  charge is  
down by a f a c t o r  2 from t h e  equ i l ib r ium charge of t h e  p a r t i c l e .  For 
a lp p a r t i c l e  rs 
ca r ry -o f f  charge i s  lesser than  t h e  equ i l ib r ium charge by a f a c t o r  of 

What i s  r equ i r ed  he re  i s  a c a r e f u l  s tudy  of t h e  t r a n s i e n t  charge up r a t e  
of p a r t i c l e s  e f fused  from a spaceship.  

evaporated from a lo2 c m  s a t e l l i t e  t h e  p a r t i c l e ' s  

and t h e r e f o r e  f o r  t h i s  case t h e  charge i n t e r a c t i o n  i s  i n s i g n i f i c a n t .  

Degree of i o n i z a t i o n  of space s t a t i o n  e f f l u e n t s . -  A parameter t h a t  
must be a s ses sed  i n  t h e  des ign  of space s t a t i o n  chemical release expe r i -  
ments i s  the  degree of i n i t i a l  i o n i z a t i o n  of t h e  e f f l u e n t  and subsequent 
r a t e  of i o n i z a t i o n  s i n c e  both t h e  space s t a t i o n  e l e c t r i c  p o t e n t i a l  and 
the  magnetic f i e l d  e x e r t  some degree of c o n t r o l  on charged p a r t i c l e s  (see 
below). 
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Natural  degree of i o n i z a t i o n :  The va r ious  type of e f f l u e n t s  must 
be a s ses sed  f o r  t h e i r  i n i t i a l  (pre-atmospheric) i o n i z a t i o n .  For re la-  
t i v e l y  coo l  e f f l u e n t s  t h i s  i o n i z a t i o n  i s  inconsequent ia l .  For heated 
e f f l u e n t s ,  e.g. ,  t he  exhaust from a l t i t u d e  and c o n t r o l  r o c k e t s  (not  
subl imat ion type)  t h e  i o n i z a t i o n  may be high.  This is w e l l  known s i n c e  
many rocke t  exhausts absorb i n  t h e  r a d i o  frequency region.  I n  a d d i t i o n  
inany of t h e  s m a l l  p a r t i c l e s  which are c r e a t e d  i n  metal ized rocke t  f u e l s  
o r  simply condensation products such as carbon p a r t i c l e s  o r  water drops 
of hydrocarbon f u e l s  may be ionized through f i e l d  d i f f u s i o n  of e l e c t r o n s  
i n  t h e  exhaust.  

Add i t iona l ly ,  r e l e a s e s  may be d e l i b e r a t e l y  engineered with enhanced 
i o n i z a t i o n ,  e.g., cesium o r  barium compounds f o r  b a s i c  contamination and 
cometary s t u d i e s .  

Photoionizat ion:  The determinat ion of r a t e s  of pho to ion iza t ion  i s  
important i n  t h e  des ign  of s u i t a b l e  experiments because of t h e  d i f f e r e n t  
behavior of n e u t r a l  and ionized spec ie s .  Data on pho to ion iza t ion  c r o s s  
s e c t i o n s  are a v a i l a b l e  i n  the  l i t e r a t u r e  w i t h  many such determinat ions 
having been made a t  GCA i t s e l f .  Table 3 gives some of t h e  information 
on some of t h e  a l k a l i  elements as an example. In  gene ra l  pho to ion iza t ion  
is not  i m  o r t a n t  f o r  the p o l l u t i o n  problem because of t h e  r e l a t i v e l y  slow 
r a t e ,  -lof seconds. By t h i s  t i m e  molecular spec ie s  w i l l  be of t h e  o r d e r  
of 10,000 kms away as ind ica t ed  e a r l i e r .  

Charge t r a n s f e r  processes:  This process  ope ra t e s  v i a  c o l l i s i o n s  
t o  change a n e u t r a l  component t o  an ionized component and otherwise.  I n  
gene ra l  this process is not  important because of t h e  s m a l l  c o l l i s i o n  
frequencies  i n  t h e  r eg ions  of i n t e r e s t .  

Surface adsorpt ion.-  Perhaps t h e  major p o s s i b i l i t y  of degrading t h e  
space s t a t i o n  performance is  t h a t  of s u r f a c e  adso rp t ion  - e i t h e r  phys i ca l  
adso rp t ion  o r  chemisorption. The des ign  of space s t a t i o n  experiments t o  
examine p o s s i b l e  degradat ion must emphasize t h i s  p o s s i b i l i t y .  Appropriate 
design must be aware of what t h e  s t i c k i n g  p r o b a b i l i t y  of t h e  e f f l u e n t  i s  
f o r  t he  p a r t i c u l a r  gas and s u b s t r a t e .  The s t i c k i n g  p r o b a b i l i t y  depends 
on t h e  temperature of t h e  d e p o s i t  s u b s t r a t e  during depos i t i on ,  the d e p o s i t  
temperature during adso rp t ion ,  t h e  d e p o s i t  t h i ckness ,  s t r u c t u r e ,  age, and 
f o r  t h e  case  of continuous d e p o s i t i o n  during adsorpt ion,  t h e  ra te  of 
deposi t ion.  The e f f e c t  of  being i n  t h e  sun o r  shade i s  important.  Tem- 
p e r a t u r e s  i n  t h e  shade may cause cryodeposi ts  t h a t  normally may n o t  be 
considered important.  

I n  Figures  3 and 4 are given t h e  r e f l e c t a n c e  of water and C 0 2  cryo- 
d e p o s i t s  as a func t ion  of t h e  th i ckness  of d e p o s i t .  These spec ie s  a r e  
of importance s i n c e  H 2 0  and C 0 2  are a major component of many f u e l  
exhausts.  The f i g u r e s  r e v e a l  t h e  s t r o n g  decrease i n  r e f l e c t i v i t y  f o r  
the i n i t i a l  depos i t i on  of a r e l a t i v e l y  t h i n  l aye r .  
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TABLE 3 

Metal Probability of Photo- 
ionization per Atom 

per Second 
~~ 

Lithium 1.38 x 

Sodium. 4.0 x 

Potassium 1.85 

Rub id ium 1.06 

Cesium 6.5 

Calcium 2.5 

Magnesium 3.6 x 
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For s p e c i f i c  s i t u a t i o n s  t h e  rate of s u r f a c e  adso rp t ion  may be c a l -  
c u l a t e d  us ing  t h e o r e t i c a l  eva lua t ions  of f l u x  r a t i o  and l a b o r a t o r y  
determinat ion of s t i c k i n g  c o e f f i c i e n t .  Such e s t ima tes  may provide t h e  
b a s i s  of reasonable  spaceship des ign  experiments. 

The fol lowing paragraphs g ive  a r e p r e s e n t a t i v e  c a l c u l a t i o n  of one 
poss ib l e  type of s u r f a c e  contamination. 

Comparison of f o r c e s  and n a t u r e  of o r b i t s  ( long t i m e  h i s t o r y  of 
p a r t i c l e ) . -  The preceding s e c t i o n s  have sketched t h e  n a t u r e  of some 
of t he  f o r c e s  and processes which w i l l  be ope ra t ive .  In  t h i s  s e c t i o n ,  
a comparison w i l l  be presented of t he  r e l a t i v e  magnitude of t h e s e  
fo rces .  This eva lua t ion  of f o r c e s  w i l l  be c a r r i e d  out i n  g r e a t e r  depth 
f o r  t h e  proposed s p e c i f i c  experiments. I n  t h e  fol lowing s e c t i o n ,  i n i t i a l  
eva lua t ions  of t h e  d i s t r i b u t i o n s  which w i l l  be followed by t h e  space 
e f f l u e n t s  are given as dominated by t h e  major fo rces  ind ica t ed  i n  t h i s  
s e c t  ion.  

Evaluat ion of f o r c e s  and implicat ions:  Table 4 from Newkirk sum- 
marizes e s t ima tes  of t h e  a c c e l e r a t i o n  of  a p a r t i c l e  of u n i t  r a d i u s  and 
d e n s i t y  f o r  s a t e l l i t e s  i n  s e v e r a l  r e p r e s e n t a t i v e  o r b i t s .  Columns 3 ,  4 
and 5 give t h e  average h e i g h t  above t h e  s u r f a c e  of the Ea r th ,  average 
a i r  d e n s i t y ,  and v e l o c i t y  while  column 6 g ives  t h e  a c c e l e r a t i o n .  C l e a r l y ,  
f o r  low o r b i t s  aerodynamic d rag  is  dominant while  f o r  t h e  synchronous 
and i n t e r p l a n e t a r y  o r b i t s ,  s o l a r  r a d i a t i o n  p res su re  is t h e  more important.  
To o b t a i n  t h e  a c c e l e r a t i o n  of s p e c i f i c  p a r t i c l e s  one must be s u r e  t o  
d i v i d e  t h e  p r i n t e d  values  by p r .  

Table 5 taken from Singer  (Ref. 13) compares t h e  fo rces  on p a r t i c l e s  
f o r  va r ious  i n t e r p l a n e t a r y  cond i t ions .  It can be seen t h a t  r a d i a t i o n  
p res su re  i s  t h e  dominant f o r c e  and c o n t r o l s  t h e  s h o r t  range t r a j e c t o r i e s  

S i n g e r ' s  n o t a t i o n ) .  
p a r t i c l e s  - s e c u l a r  o r  cosmological - t h e  i n t e r p l a y  of s e v e r a l  f o r c e s  
must be analyzed t o  determine how t h e  o r b i t s  a r e  per turbed ( see  Shapiro 
(Ref. 5 ) ,  Biermann (Ref. 1 4 ) ,  Singer  (Ref. 13), e t c . )  

( t o  o b t a i n  t h e  a c c e l e r a t i o n  d i v i d e , t h e  numbers i n  Table 5 by 4 3  xs 6 i n  
For cons ide ra t ions  of longer range h i s t o 5 y  of  t h e  

E. Mathematical Model of Concentrat ion 
of E f f l u e n t s  

Basic t o  t h e  des ign  of any chemical r e l e a s e  experiment is t h e  
knowledge of what t he  concen t r a t ions  of t h e  chemical spec ie s  are i n  
space.  
evaluated mafhematically a t  t h e  GCA Corporat ion,  GCA Technology Divi-  
s i o n .  These involve instantaneous release, po in t  source r e l e a s e s ,  

A l a r g e  v a r i e t y  of n o - c o l l i s i o n  and c o l l i s i o n  models have been 
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TABLE 4 

COMPARISON OF VARIOUS MECHANISMS FOR ACCELERATING DEBRIS  
PARTICLES OF UNIT RADIUS AND DENSITY AWAY FROM A SPACECRAFT 

3 -2 R e p r e s e n t a t  ive  
s ate1 1 i t e  h(km) p , (g / cm ) v ( c m / s e c )  p ( c m  sec ) 

(1) (2) (3)  ( 4 )  ( 5  1 ( u n i t  r a d  i u s  ) 
M e c h a n i s m  

C l o s e -  i n  
G e m i n i  160 7.5~10 5 4.2~10~' 

C l o s e - i n  32 0 4 ~ 1 O - l ~  7.4~10 5 1.7x10-' A p o l l o  

A e  rod y n a m  i c 
d r a g  

S o l a r  radia- Synchronous 4x10 - 3x10 lo 3.4~10-~ 4 

t i o n  p r e s -  
s u r e  

C i s  - lunar 

S o l a r  w i n d  C i s - l u n a r  -9x10 5x10 7 2x10-8 4 

Taken f r o m  R e f .  3. 

27 



r
-
l
 

m
 

I E da, 

4
 

II .
n
 

u a, m
 

\
 

E 
24 
0

 
m

 
m

 
II 3
 

.n
 

ffl 
ffl 
1
 

(d
 

bo 

-7 53 II 

a
 .n
 

ffl 
u
 

4
 
0
 

> 
m

 
m

 
II 

3
 0
 

.
n

 

2 4
 

If k
 

.n
 

m
 E \ bo m

 
0

 

II 

iG 3
. 

4
 

II m
 

.
n

 

u
 

I 
N

 

d
n

 

3
 

-4 I 0
 

4
 

-4 -4
 

I 0
 

4
 

r5 
-4 
I $1 X

 
m

 
m

 

3
 

-4 I 0
 

r
l 

X
 

m
 

4
 

3 I 0
 

4
 

X
 

m
 

4
 

I 0
 

4
 

X 
b

 

co I 

9
 2 

4
 

-I I 0
 

I-! 

N
 

I-! 
I 0

 
I-! 

b
 

4
 

I 0
 

4
 

X
 

m
 

m
 

CY 4
 

I 0
 

4
 

X
 

m
 

4
 

at, 
I 0
 

I-! 
X 
ln

 
4
 

\D
 I 0
 

I-! 
X 
b

 

co I 

N
 2 

N
 

4
 

I 0
 

I4
 

m
 

4
 

I 0
 

4
 

cn 
r
l 
I 0
 

4
 

X
 

m
 

m
 

2 0
 

4
 

X 
m

 
4

 

0
 

4
 

I 0
 

4
 

X 
m

 
4

 

cn I 0
 

4
 

X 
I- 

co I 

0
 

4
 

m
 

r
i
 

I 13 

* 4 I 0
 

4
 

r
i
 

CW I
 13 X 
m

 
m

 

4
 

I 2 X 
m

 

N
 

4
 

I 2 X 
m

 
r
i
 

N
 

4
 

I 13 X
 
h
 

at, 
I 

r
l
 

n
 

V
 

a, 
m

 

W
 
h

 

4
 

a, 
k

 

h
 

L
I 

*
d
 

V
 

4
 

a, 
?

 

a, 
4

 
u 
-4

 
u
 k
 

(d
 
a
 

II 3
 

a 

28 



i i n e  r e l e a s e s ,  with c y l i n d r i c a l  and s p h e r i c a l  symmetry, moving source 
r e l e a s e s  f r e e  molecular flows i n  r e f l e c t i n g  s u r f a c e s ,  e t c .  There i s  
a l s o  a v a i l a b l e  i n  t h e  open l i t e r a t u r e  e v a l u a t i o n  of  t h e  i n i t i a l  c o l l i -  
s i o n  phase with shock formation (Ref. 17) .  

D i f fus ion  of n e u t r a l  molecules.- A l a r g e  v a r i e t y  of models has  been 
developed f o r  c o l l i s i o n - f r e e  d i s t r i b u t i o n .  Only a few w i l l  be given 
below. These models f o r  pulsed release o r  continuous release are given 
d i r e c t l y  below and can be u t i l i z e d  f o r  making o rde r  of magnitude e s t i -  
mates where cond i t ions  warrant  t h e i r  use.  

Pulsed r e l e a s e :  There i s  given below t h e  formula f o r  t h e  d e n s i t y  
of molecules r e l e a s e d  a t  t = 0 with a Gaussian v e l o c i t y  d i s t r i b u t i o n  
and no drag. The coordinate  system i s  based on t h e  s a t e l l i t e ,  w i t h  r 
t h e  r a d i a l  d i s t a n c e :  

where p ( r , t )  = t h e  d e n s i t y  a t  d i s t a n c e  r and t i m e  t ,  N = t o t a l  number of 
molecules and 

@ = - = - -  m 3. 
2kT 2 

C 

where v = average molecular v e l o c i t y .  
C 

This formula demonstrates t h e  r a p i d i t y  w i t h  which the  concen t r a t ion  1 goes down; a t  t h e  c e n t e r  po in t  as - ; and r a d i a l l y  as an exponent ia l .  
t 3 

The above and a l l i e d  formula can be used i n  t h e  appropr i a t e  des ign  of 
t he  d e s i r e d  experiments i n  the r e g i o n  nea r  the contamination source 
before  s i g n i f i c a n t  i n t e r a c t i o n  with t h e  environment. 

Continuous r e l e a s e  from point :  This model can be used f o r  those 
cases  i n  which t h e  spaceship i s  e f f u s i n g  molecules a t  a continuous rate 
with no drag. The coord ina te  system is  based on t h e  s a t e l l i t e  i n  t h e  
f o l  lowing formula : 
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A l l  symbols are as be fo re  but  h e r e  qo i s  t h e  t o t a l  e f f l u x  pe r  u n i t  t i m e .  
For t i m e  t such that t > > J g r  t h e  a sympl i t i c  d e n s i t y  is  given by 

and t h e  corresponding f l u x  by 

40 
F ( r ,  w) = - 2 

4rrr 
( 4 3 )  

The formulae given h e r e  are a l r e a d y  adapted t o  cont inuously moving 
coordinate  system (centered on t h e  sa te l l i t e ) ,  s i n c e  a l l  t h e  molecules 
a l r eady  par take of t h e  sa te l l i t e  motion. Adaptations exis t  f o r  cases  i n  
which t h e r e  e x i s t  i n t e rven ing  s u r f a c e s  which e i t h e r  d i f f u s e l y  o r  spec- 
u l a r l y  e r f l e c t  t h e  molecules and f o r  c a s e s  of  d i f f e r e n t  symmetry ( cy l in -  
d r i c a l ) .  

Prandtl-Meyer turn-back j e t  flow i n t o  low p res su re  region.-  

General d i scuss ion :  A t  a l t i t u d e s  where t h e  ambient p re s su re  is 
approaching t h e  near vacuum of o u t e r  space,  gases i s s u e  from t h r u s t i n g  
nozzles  i n  a h i g h l y  underexpanded s t a t e .  A s  t hese  gases complete t h e i r  
expansion t o  ambient p re s su re  upon l eav ing  t h e  nozzle ,  a l a r g e  bi l lowing 
j e t  plume is  formed. I n t e r f e r e n c e  of t h i s  plume with t h e  v e h i c l e ,  o t h e r  
plumes o r  ad jacen t  o b j e c t s  may c r e a t e  problems i n  t h e  proper func t ion ing  
of t h e  v e h i c l e  and i n  t h e  performance of its mission. 

The r a d i a l  d i r e c t i o n  of flow exhaust a t  t h e  ex i t  of a nozzle  can, 
and o f t e n  does,  exceed 90° r e l a t i v e ~ t o  t h e  nozz le - th rus t  axis. The 
angle  of impingement of exhaust gases on ad jacen t  s u r f a c e s  consequently 
depends upon t h e  r e l a t i v e  l o c a t i o n  of t h e  s u r f a c e s  and t h e  p re s su re  of 
t h e  environment as w e l l  as upon t h e  o r i e n t a t i o n  of t h e  j e t  axis.  Such 
r e v e r s a l  of d i r e c t i o n  is important i n  t h e  des ign  of e f f e c t i v e  b a f f l e s .  

The material vented may come from a t t i t u d e  and c o n t r o l  j e t s ,  back- 
pack maneuvering u n i t  of a s t r o n a u t  o r  material vented from t h e  cabin.  
The e s s e n t i a l  po in t  i s  t h a t  t h e r e  must be considered i n  each of t h e s e  
in s t ances  t h e  extremely l a r g e  ang le  of divergence of t h e  flow i n  which 
the  m a t e r i a l  r e l e a s e d  can be turned back through l a r g e  angles .  There 
is now summarized t h e  b a s i c  a s p e c t s  of t h e  theo ry  and c a l c u l a t i o n s .  

Theory: Regardless of t h e  type of nozzle used, e i t h e r  c o n i c a l  o r  
contoured, t h e  s t r u c t u r e  of  t h e  exhaust plume produced by ope ra t ing  
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Figure 5. Variation of initial turning angle 
with pressure ratio. 
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nozzles  i n  a h igh ly  underexpanded cond i t ion  is b a s i c a l l y  s i m i l a r .  More 
important f e a t u r e s  of a t y p i c a l  exhaust plume c o n s i s t  of t h e  l ead ing  
c h a r a c t e r i s t i c  l i n e ,  i n t e r n a l  shock, j e t  boundary and normal shock ( a l s o  
r e f e r r e d  t o  as Riemann wave o r  Mach d i s k ) .  

The leading  c h a r a c t e r i s t i c  o r  Mach l i n e ,  as determined from the  
nozz le -ex i t  Mach number, is a s t r a i g h t  l i n e  f o r  t h e  contoured nozzle  and 
forms t h e  f a m i l i a r  Mach cone. A l l  flow condi t ions  along t h i s  Mach l i n e  
and w i t h i n  the  Mach cone a r e  one-dimensional. For the  con ica l  nozz le  
the  l ead ing  c h a r a c t e r i s t i c  l i n e  is curved and t h e  flow w i t h i n  t h e  curved 
cone i s  r a d i a l  and axisymmetric. The i n t e r n a l  r eg ion  (Mach cone o r  
r a d i a l  flow zone) c o n s i s t s  of a zone of zero e x t e r n a l  in f luence  i n  which 
flow p r o p e r t i e s  a r e  determined s t r i c t l y  from nozzle-design c r i t e r i a .  
For a given nozzle  des ign ,  t he  flow c h a r a c t e r i s t i c s  of t h e  r eg ion  e x t e r n a l  
of t h i s  l i n e  and bordered by t h e  j e t  boundary a r e  c o n t r o l l e d  by t h e  r a t i o  
of s t a g n a t i o n  p res su re  t o  ambient pressure .  

The flow d i r e c t i o n  a f t e r  t h e  expansion i s  determined by adding t h e  
s lope  of t he  nozzle  w a l l  a t  t he  e x i t  t o  the  amount of Prandtl-Meyer 
turn .  An i n d i c a t i o n  of t h e  magnitude of t h e  i n i t i a l  t u rn ing  angle  and 
i t s  v a r i a t i o n  wi th  p re s su re  r a t i o  is shown i n  Figure 5 f o r  two d i f f e r e n t  
nozzles .  For t h e  Mach 1.0 nozz le ,  and a p e r f e c t  gas (7 = 1.4) ,  t h e  ex- 
pansion is a l l  e x t e r n a l ;  t h e r e f o r e ,  a maximum tu rn ing  angle  of 130.45' 
may be approached. On the  o t h e r  hand, t he  Mach 5.0 nozz le ,  which i s  
t y p i c a l  of a h i g h - a l t i t u d e  nozz le ,  has  p a r t  of i t s  expansion occurr ing  
i n t e r n a l l y ;  t h e r e f o r e ,  t h e  maximum poss ib l e  tu rn ing  angle  is on ly  about 
69'. 
e x i t ,  t he  v a r i a t i o n  of i n i t i a l  t u rn ing  angle  wi th  p re s su re  r a t i o  would 
be a similar curve but  loca ted  15' lower a t  any s e l e c t e d  p res su re  r a t i o .  

I f  t he  Mach 5.0 nozzle  w e r e  contoured f o r  paral le l  flow at  t h e  

For r ea l -gas  flows, t he  i n i t i a l  t u rn ing  angle  may be much h igher  
than those  ind ica t ed  i n  Figure 5. As an example, values  of i n i t i a l  
t u rn ing  angles  wi th  a l l  e x t e r n a l  expansion reach maximum values  as h igh  
as 251 f o r  7 = 1.15, and 208' f o r  7 = 1.20, i n  comparison wi th  130.45' 
f o r  y = 1.4.  Even wi th  some of t h e  expansion processes  occurr ing  i n t e r n a l l y ,  
t hese  numbers se rve  t o  i l l u s t r a t e  t h a t  i n i t i a l  t u rn ing  angles  approaching 
and even exceeding 90° should not  be unexpected. 

Consequently, i n  t he  des ign  of s u i t a b l e  MOL contamination and come- 
t a r y  physics  experiments,  t h e  e f f e c t  of Prandtl-Meyer flow must be eva l -  
ua ted  t o  give r e a l i s t i c  concent ra t ions  of t h e  contaminant. 

Mathematical models of  s p a c e c r a f t  p a r t i c l e  t r a j e c t o r y  behavior . -  

Newkirk approximation: Except f o r  t h e  Zorentz  f o r c e ,  all the 
mechanisms - aerodynamic drag ,  r a d i a t i o n  p res su re ,  charge drag ,  and 
s o l a r  wind pressure  - h a v e  the  mathematical c h a r a c t e r i s t i c s  of motion 

32 



through a r e s i s t i n g  medium. Thus, t h e  a c c e l e r a t i o n  of p a r t i c l e s  away 
from the  s p a c e c r a f t  can be made i n  r a t h e r  gene ra l  terms. I n  t h e  satel-  
l i t e  r e fe rence  frame, an e j e c t e d  s p h e r i c a l  p a r t i c l e  of r a d i u s  r is con- 
s ide red  t o  have v e l o c i t y  components u d i r e c t e d  a g a i n s t  t h e  d rag  d i r e c t i o n  
and w perpendicular  t o  t h e  drag d i r e c t i o n  (Figure 6 ) .  

Continuous e j e c t i o n  - parametr ic  d e s c r i p t i o n :  I n  t h e  f i r s t  approxi- 
mation t h e  equat ions of motion are a f t e r  Newkirk whose work is  b a s i c a l l y  
summarized below: 

mu = - xft P (44) 
2 

& - " O  (45)  

where P i s  t h e  p re s su re  exe r t ed  by t h e  r e s i s t i n g  medium. For d e b r i s  
expel led i n i t i a l l y  r a d i a l l y ,  i n t e g r a t i o n  of  t h e  equations of motion leads 
t o  a comet-like cloud of material t r a i l i n g  o f f  i n  t h e  -u d i r e c t i o n .  
P a r t i c l e s  e j e c t e d  wi th  i n i t i a l  v e l o c i t y  components uo and w 
s ide red  t o  r e s i d e  i n  t h e  neighborhood of t h e  s p a c e c r a f t  a c g a r a c t e r i s t i c  
time z and w i t h i n  a c h a r a c t e r i s t i c  r a d i u s  % from t h e  c e n t e r  of t he  space- 
c r a f t  of "radius" Rs where 

are con- 

U 
0 5 = -  

U 

A f t e r  t h i s  i n t e r v a l ,  2 ,  p a r t i c l e s  have receded d i s t a n c e s  
2 

i n  t h e  u d i r e c t i o n  and 

U 
0 

+ Rs R = -  
2; U 

2 2u 

W t i  

0 
+ Rs R = -  

i n  t h e  w d i r e c t i o n .  The c h a r a c t e r i s t i c  r a d i u s  i s  thus taken as 

2 
U 
0 % = ; + R s  

(47) 

(49 )  

Note t h a t  z is  j u s t  t h e  t i m e  r equ i r ed  f o r  t h e  d rag  fo rce  t o  s t o p  a 
p a r t i c l e  ( r e l a t i v e  t o  t h e  s p a c e c r a f t )  which w a s  i n i t i a l l y  e j e c t e d  " i n t o  
t h e  wind." The c r i t e r i o n  f o r  r e s idence  i s ,  thus ,  t h a t  t h e  c e n t e r  of 
m a s s  of t h e  d e b r i s  e j e c t e d  a t  a p a r t i c u l a r  t i m e  have t h e  same v e l o c i t y  
as t h e  s p a c e c r a f t  r a t h e r  than t h e  d e b r i s  being w i t h i n  some a r b i t r a r y  
d i s t ance .  
assumed t o  remain r e l a t i v e l y  una l t e red .  

Within % s p h e r i c a l  symmetry of d e b r i s  about t h e  s a t e l l i t e  is 
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Table 4 may be used t o  c a l c u l a t e  t he  Hesidence t i m e s ,  T ,  f o r  some 
r e p r e s e n t a t i v e  p a r t i c l e s .  For po = 7 x 10 cm/sec and r = loop,  (see 
below) T - 1 7  s e c  f o r  t h e  Gemini s a t e l l i t e ,  while  f o r  t h e  Apollo i n  i t s  
h ighe r  o r b i t ,  z - 400 sec.  For t h e  same circumstances,  % - lo4  cm and 

i n  a synchronous o r b i t  would, according t o  gh i s  model, accompany t h e  
s p a c e c r a f t  f o r  z - 2 x lo5 s e c  w i t h  % - 10 
i n  the  presence of aerodynamic d rag ,  much of t h e  cloud of  expe l l ed  d e b r i s  
w i l l  accompany a s a t e l l i t e  f o r  cons ide rab le  i n t e r v a l s  even though it w i l l  
tend t o  expand w i t h  a v e l o c i t y  c l o s e  t o  t h e  i n i t i a l  e j e c t i o n  speed. 
Molecules are, of course,  swept away almost immediately. I n  i n t e r p l a n e -  
t a r y  space where r a d i a t i o n  p res su re  i s  t h e  primary a c c e l e r a t o r ,  t h e  d e b r i s  
o r b i t s  w i t h  t h e  s a t e l l i t e  f o r  days o r  even weeks and t h e  cloud may ex- 
tend over hundreds of k i lome te r s .  

3 x 10 5 cm, r e s p e c t i v e l y ,  A similar  p a r t i c l e  e j e c t e d  from an Apollo 

cm. It is  seen t h a t  even 

Ca lcu la t ions  of m a s s  per u n i t  column: The mass p e r  u n i t  column 
of p a r t i c l e s  of r ad ius  r may be c a l c u l a t e d  on t h e  b a s i s  of a cons t an t  
r a d i a l  v e l o c i t y  u t o  be 

0 

where s ( r )  is t h e  l i m i t  of t h e  cloud f o r  p a r t i c l e s  of r a d i u s  r .  
R ( r )  is a l i n e a r  func t ion  of t h e  p a r t i c l e  diameter given by 

When 

m 

S 
% ( r )  = C r  + R 

then 

For a p u l s e  release the  column d e n s i t y  is 

Am M =  
4rru 2t2 

0 

= o  

where T is  given i n  Equation ( 4 6 ) .  
f i r s t  approximation t o  the  behavior 

Cr 

4iruoRS 

given by 

2 

t <  7 

(53) 
t >  T 

The above model can be used as a 
of  p a r t i c u l a t e  matter i n  t h e  environs 
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of a spaceship.  It is  d e f i c i e n t  i n  t h a t  it does not  r e a l l y  allow f o r  
t h e  e f f e c t  of d e c e l e r a t i o n  except i n  t h e  c a l c u l a t i o n  of t h e  gross  para- 
meter z ( r e s idence  t i m e )  and %, a c h a r a c t e r i s t i c  r ad ius .  
models which al low f o r  asymmetry of d i s t r i b u t i o n  should be developed. 

More advanced 

Instantaneous p a r t i c l e  r e l e a s e  wi th  square l a w  drag.- I n  t h i s  model 
monodisperse p a r t i c l e s  are assumed t o  be r e l eased  i s o t r o p i c a l l y  w i t h  a 
Gaussian v e l o c i t y  d i s t r i b u t i o n  and sub jec t ed  t o  a square l a w  drag given 
below while  being c a r r i e d  a t  a s a t e l l i t e  speed of w: 

The uniform s i z e  of t h e  p a r t i c l e s  permits t h e  use of a constant  
value f o r  e ,  t h e  drag c o e f f i c i e n t  

The r e s u l t i n g  equat ion is  given by 

N m3' 12 

- exp c r ( exp  c r  - 1) 2 

(55) 
2 exp (-pv ) 

where p i s  as be fo re ,  6 = ang le  of a p r t i c l e  v e l o c i t y  r e l a t i v e  t o  sa te l -  
l i t e  v e l o c i t y  v e c t o r  

) 2  2 2 - w cos 6 + w s i n  8 v =  c t  ' 

(GCA I n t e r n a l  Report) ( Maxwellian D i f f u s i o n  wi th  aerodynamic Drag, Decem- 
ber  1964).  

The coord ina te  r , e  are measured i n  t h e  above formula from t h e  po in t  of 
r e l e a s e  which is f ixed .  The mai rz  advantage Qf t h i s  approach i s  t h a t  i t  
allows f o r  an  i n i t i a l  d i s t r i b u t i o n  of v e l o c i t i e s  (Gaussian) r a t h e r  than 
a f i x e d  v e l o c i t y  f o r  a l l  p a r t i c l e s  as i n  the  Newkirk expos i t i on .  

Summary.- The preceding mathematical a n a l y s i s  p re sen t s  a v a r i e t y  of 
r e l a t i v e l y  s i m p l e  models f o r  e v a l u a t i n g  t h e  contamination of p a r t i c l e s  
and gases  e f f l u x i n g  from a spaceship.  They r ep resen t  t he  f i r s t  o rde r  
approximation. More c a r e f u l  a n a l y s i s  improving some of t h e  approximations 
used t o  give simple a n a l y t i c a l  formulas would be d e s i r a b l e .  
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F. Some Representat ive Ca lcu la t ions  on Op t i ca l  
S e l f - P o l l u t i o n  of Spacec ra f t  

Radiance of accompanying p a r t i c u l a t e  cloud.-  Tables 6 and 7 sum- 
marize t h e  c a l c u l a t i o n s  made by Newkirk f o r  t h r e e  r e p r e s e n t a t i v e  sa te l -  
l i t e s  - Gemini, Apollo,  and an Apollo on a synchronous mission. Col- 
umns 4 and 5 c o n t a i n  t h e  est imated contamination rates f o r  continuous and 
explosive d i s p e r s a l  of d e b r i s  while  column 6 g ives  t h e  expuls ion v e l -  
o c i t i e s .  Columns 7 through 11 give e s t i m a t e s  of t h e  r e s idence  t i m e  T 

a g a i n s t  drag f o r c e s ,  t h e  c h a r a c t e r i s t i c  e x t e n t  (Rfl - Rs) of t h e  d e b r i s  
cloud about t h e  s a t e l l i t e ,  t h e  column d e n s i t y  Ms,  t h e  c a l c u l a t e d  radiance 
f o r  a s c a t t e r i n g  angle  of @ = 2 . 
6 x LO-''. It is  t o  be emphasized t h a t  t hese  c a l c u a t i o n s  are 
made on t h e  assumption t h a t  a l l  t h e  water and water  vapor e j e c t e d  by a 
s p a c e c r a f t  forms p a r t i c u l a t e  d e b r i s .  A less-than-100 percent  e f f i c i e n c y  
of conversion would r e q u i r e  a corresponding decrease i n  t h e  column m a s s  
concentrat ions and t h e  r ad iances .  

0 Here t h e r e  has  been taken corona/Bo- 

Inspec t ion  o f  Tables 6 and 7 shows t h a t  t h e  continuous l o s s  of 
m a t e r i a l  from t h e  Gemini s p a c e c r a f t  might be expected t o  produce a n  
i n t o l e r a b l e  contamination of t h e  o p t i c a l  environment wh i l e  t h a t  expe l l ed  
from t h e  c l o s e  i n  Apollo would be j u s t  t o l e r a b l e .  For t h e  l a t t e r  sa te l -  
l i t e ,  drag f o r c e s  remove t h e  d e b r i s  e j e c t e d  as waste and from t h e  o r i e n -  
t a t i o n  j e t s  i n  less than  a few minutes. However, i n  synchronous o r  C i s -  
l una r  o r b i t  t h e  dumping of wa te r  wastes  may prevent obse rva t ion  of f a i n t  
astronomical sources  f o r  two hours o r  more. 

Ca lcu la t ions  of s u r f a c e  contamination rates.- An orde r  of  magnitude 
c a l c u l a t i o n  is made f o r  one s p e c i f i c  case f o r  t h e  ra te  of c o a t i n g  of 
su r faces  a t  some d i s t a n c e  from t h e  spaceship.  The case s e l e c t e d  i s  
the  Astronomical Telescope Mount (ATM) i n  which as pointed ou t  p rev ious ly  
t h e r e  are evaporated some lo2* s i l i c o n  molecules/sec.  
molecular c r o s s - s e c t i o n a l  area of approximately A = 3 x 10- 
of magnitude c a l c u l a t i o n  use  i s  made of t h e  s t e a d y  s t a t e  f l u x  equat ion.  

Assumi?? :m2 order 
gY 

40 2 F = - p a r t i c l e s / c m  sec  2 
4nr 

The area covered, Ac,  i s  

A c = F % t  

(57) 

where i s  t h e  molecular area 
(58) 
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i s  tm 
3 s i n g  t h e  cons t an t s  given abo e t h e  time t o  form a monolayer, 
obtained by s e t t i n g  A = 1 cm and f! 

C 

tm- 4 x 10 -' r2 (r  is i n  cms) ( 5 9 )  

For r = 1 meter, 10 meters, and 100 meters t h e  t i m e  t o  form a monolayer 
assuming 100 percent  adso rp t ion  is  zm = 0.4,  40,  and 4000 seconds. 
rates would seem t o  imply t h e  e x i s t e n c e  of a r e a l  problem. 

Such 

G. Morphological Analysis of Experiments t o  Study Space- 
c r a f t  Contamination Problems and Cometary 

Problems 

It is p a t e n t l y  impossible (nor i s  it r e l e v a n t  i n  t h i s  p repa ra to ry  
document) t o  d i s c u s s  t h e  l a r g e  v a r i e t y  of p o s s i b l e  experiments i n  d e t a i l .  
Consequently, t h i s  s e c t i o n  is  used t o  d i s p l a y  t h e  morphology i n  o u t l i n e  
form (with some comments) of types of experiments which might be performed. 
Out  of t hese ,  a s p e c i f i c  c l a s s  of experiment i s  s e l e c t e d  f o r  d i s c u s s i o n  
i n  Sec t ion  H as a p a r t i c u l a r  example. 

Spacecraf t  based obse rva t ion  techniques.-  

Light  s c a t t e r i n g  from gases  and p a r t i c l e s  r e l e a s e d  from s p a c e c r a f t :  

(1) Mode: Rayleigh, M i e ,  Raman, f luo rescence ,  u se  o f  f i l t e r s ,  
modulated l i g h t  , e t c .  

(2 )  Light  source: S o l a r ,  on-board wh i t e  lamp, on-board resonance 
lamp, on-board laser, e t c .  

(3)  Detec t ing  system: Some poss ib l e  arrangements a r e :  abso rp t ion  
spectroscopy us ing  scanning d i s p e r s i v e  instrumentat ion and e l e c t r o n i c  
photodetect ion,  abso rp t ion  spectroscopy us ing  f i l t e r s  with matched t r a n s -  
mission c h a r a c t e r i s t i c s ,  non-dispers ive us ing  a f i l c e r  c e l l  of gas being 
d e t e c t e d ,  and in t e r f e romete r  techniques.  

( 4 )  Overa l l  experimental  cons ide ra t ions :  Location of contaminant 
source,  d e t e c t o r ,  l i g h t  source ( i f  u sed ) ,  ambient background, e t c .  

(5) Ind iv idua l  experiment c a p a b i l i t i e s  and l i m i t a t i o n s :  S e n s i t i v i t y ,  
accuracy, s igna l - to -no i se  r a t i o ,  r e s o l u t i o n ,  i nve r s ion  techniques,  e t c .  

(6)  Other experimental  cons ide ra t ions :  Weight, complexity, depend- 
a b i l i t y ,  c o s t ,  e t c .  
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Observations of e x t e r n a l  o p t i c a l  s u r f a c e s  (probably s p e c i a l  t e s t  
s u r f a c e s )  : 

(L) Opt ica l  examination from i n s i d e  cab in  

(2)  Determination of s i g n a l ,  output  from simulated dev ice ,  e t c .  

( 3 )  Man b r ing ing  t e s t  s u r f a c e  i n s i d e  spaceship f o r  contamination 
check 

( 4 )  TV obse rva t ion  

This a spec t  of degradat ion of o p t i c a l  s u r f q c e s  i s  considered an 
important one. 

Tes t ing  of S p e c i f i c  P ieces  of E l e c t r o n i c  Equipment: 

(1) Degradation of performawe 

(2 )  Short  c i r c u i t s  

The h i s t o r y  of previous s p a c e c r a f t  i n  gene ra l  has  n o t  shown many 
e l e c t r o n i c  f a i l u r e s  o r  s h o r t  c i r c u i t s  so  t h i s  a spec t  i s  minimized. How- 
ever ,  t h i s  p o s s i b i l i t y  must be examined as a contingency f o r  long-l ived 
MOL ' s . 

Thermal P r o p e r t i e s  of T e s t  Equipment: 

(1) I n - s i t u  measurement 

(2)  Ca r r i ed  in-board s p a c e c r a f t  

Corpuscular s c a t t e r i n g  (7 r a y s ,  e l e c t r o n s ,  e t c . )  o r  r a d i o a c t i v e  
techniques f o r  measuring contaminants on tes t  s u r f a c e s :  

Probes placed i n  wake of s p a c e c r a f t  or  booms o r  sister s p a c e c r a f t :  The 
use of probes o r  booms deserve f u r t h e r  c o n s i d e r a t i o n  a t  p re sen t  because 
of t h e  comp1exit.y of t h e  o p e r a t i o n  and a l s o  because they  would d i s t u r b  
t h e  v a r i a b l e  being measured t o  some extent.  

Ground-based obse rva t ion  technique.-  

Twil ight  obse rva t ions  : 

(1) Photometric 
( 2 )  Camera 
(3)  Spectrometer 
( 4 )  Laser Probes 
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Night observat ions - same s t r u c t u r e  as t w i l i g h t :  Ground-based meas- 
urements may prove d i f f i c u l t  because of t he  complexi t ies  involved i n  
making measurements of l o c a l  s a t e l l i t e  contamination surrounding a moving 
s a t e l l i t e  a t  long d i s t ances .  It seems more p r a c t i c a l  f o r  experiments which 
involve measurements of a r e l a t i v e l y  l a r g e  r e l e a s e  s o  t h a t  a s i g n i f i c a n t  
p o r t i o n  of t h e  sky would be covered r a t h e r  than an extremely l o c a l  con- 
taminat ion around t h e  space s t a t i o n .  Perhaps i n  some s i t u a t i o n s  a high-  
f l y i n g  a i r c r a f t  could be used t o  fol low the s a t e l l i t e .  For a synchronous 
s a t e l l i t e ,  t h e  observat ions complexity of a moving t a r g e t  i s  diminished 
although t h e  range i s  g r e a t l y  increased.  

Rocket-based obse rva t ion  technique.-  

Rocket timed t o  probe r e l e a s e d  chemical c louds:  

(1) Opt i ca l  sampling (resonance lamp, Rayleigh s c a t t e r i n g )  
( 2 )  P a r t i c u l a t e  samples (similar t o  micrometeorite samples) 
( 3 )  Radioact ive measurements (ma te r i a l  r e l e a s e d  is r a d i o a c t i v e )  
( 4 )  Mass spectrometer 
(5) Miscellaneous 

Again compared t o  an on-board observer ,  t h i s  seems l i k e  a c o s t l y  
and complex manner of ob ta in ing  a t ime-l imited amount of d a t a .  

Observation by a d d i t i o n a l  s a t e l l i t e s . -  This technique a t  t h e  p re sen t  
t i m e  deserves  s e r i o u s  c o n s i d e r a t i o n  as parf of t h e  r e sea rch  and develop- 
ment involved i n  t h e  p r o g r a m i n g  of s u b - s a t e l l i t e s  f o r  space use.  Con- 
sequent ly  a more d e t a i l e d  d i scuss ion  i s  r e l e g a t e d  t o  Sec t ion  V. 

H. A Se lec t ed  Spacec ra f t  Contamination Experimental 
Area - Optical.  Measurement of P a r t i c u l a t e  

Matter  Surrounding t h e  Spacec ra f t  

In  Sec t ion  I has been b r i e f l y  o u t l i n e d  c l a s s e s  of experiments t h a t  
may be performed t o  s tudy t h e  problems of contamination. I n  t h i s  sec-  
t i o n ,  an important experimental  area w i l l  be descr ibed i n  some d e t a i l .  
A more d e t a i l e d  e v a l u a t i o n  of t h i s  area should be performed f o r  expe r i -  
mental d e f i n i t i o n .  The area s e l e c t e d  is  t h a t  of Op t i ca l  Measurements of 

proposed o p t i c a l  experiment i s  descr ibed i n  g r e a t e r  d e t a i l  i n  S e c t i o n  I V .  

Questions concerning t h e  o r d e r  of magnitude of the r ad iance  of t h e  
p a r t i c u l a t e  cloud and t h e r e f o r e ,  t he  p a r t i c l e s  accompanying the  space- 
c r a f t ,  can be answered by simple experiments which need y i e l d  only rough 
q u a n t i t a t i v e  measures and have a l r e a d y  been suggested (Refs. 1, 2 ,  3) i n  
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some form o r  o the r .  During e x t r a - v e h i c u l a r - a c t i v i t y ,  t h e  a s t r o n a u t  can 
move f a r  enough away from t h e  f u l l y  p re s su r i zed  s p a c e c r a f t  t o  use it  as 
an o c c u l t i n g  d i s k  t o  cover t h e  Sun. Simple photographs, capable  of 
coa r se  c a l i b r a t i o n ,  would then show t h e  s p a c e c r a f t  cloud as a halo.  
A l t e r n a t e l y ,  t h e  a s t r o n a u t  can make photographs of t h e  sky a t  v a r i o u s  
angles  from t h e  Sun whi l e  he and t h e  camera were sh ie lded  from d i r e c t  
s u n l i g h t  by t h e  s p a c e c r a f t .  The d a t a  obtained from a simple photometer 
mounted i n  t h e  w a l l  of t he  s p a c e c r a f t  would be even more d e f i n i t i v e .  A l l  
of t he  preceding experiments would have t o  be equipped w i t h  s p e c i a l  hoods 
t o  prevent  l i g h t  from t h e  Ea r th  o r  Sun from s t r i k i n g  t h e  ob jec t ive .  An 
e x t e r n a l l y  occu l t ed  coronagraph (Refs. 18, 14) mounted o u t s i d e  t h e  
veh ic l e  would al low a most accu ra t e  e v a l u a t i o n  of t h e  o p t i c a l  environ- 
ment but  could no t  be cortsidered a simple experifient, 

The mathematical t heo ry  o u t l i n e d  i n  S e c t i o n  IIE is adequate w i t h  
some development t o  provide a t  l eas t  f i r s t  o rde r  c a l c u l a t i o n s  of  s c a t -  
t e r ed  l i g h t .  

As i nd ica t ed  i n  S e c t i o n  I I F  and shown i n  Tables 6 and 7 and i n  Fig- 
u re  7 ,  t h e  p a r t i c u l a t e  cloud r ad iance  i s  s u s c e p t i b l e  t o  experimental  
determinat ion according t o  t h e  c a l c u l a t i o n  of Newkirk (Ref. 3) and also 
those of Ney (Ref. 2) .  

It does n o t  seem j u d i c i o u s  t o  provide i n  t h i s  prel iminary document 
excessive d e t a i l s  of t h e  development of t h e  b a s i c  p a r t i c u l a t e  s c a t t e r i n g  
equations.  There is merely c i t e d  t h e  b a s i c  equat ion below from which 
t h e  above-cited d a t a  have been c a l c u l a t e d  by Newkirk (Ref. 3 ) .  

- 
A mean angular  s c a t t e r i n g  f u n c t i o n  f allows use  of t h e  t o t a l  mass 

f l u x  &g f o r  
d t  

where 

= r ad iance  s c a t t e r e d  a t  angle  4, compared t o  mean r ad iance  (k)' of t h e  s o l a r  d i s k  

C = cons tan t  depending on i n i t i a l  v e l o c i t y  and drag of 
p a r t i c l e  of u n i t  r a d i u s  (Equation 52) 

The o t h e r  symbols have been de f ined  previously.  

I n  a f u t u r e  r e sea rch  program, t h e  c a l c u l a t i o n s  of  r ad iance  from 
p a r t i c l e  s c a t t e r i n g  should be extended as necessary t o  assist i n  t h e  
d e f i n i t i o n  of s u i t a b l e  experiments of t h e  p a r t i c u l a t e  type.  
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Figure 7 Comparison of t h e  d i s t r i b u t i o n  of radiance f o r  t h e  permanent cloud of 
d e b r i s  about t h e  Gemini and Apollo s p a c e c r a f t  w i t h  t h a t  of t h e  s o l a r  
corona and zod iaca l  l i g h t .  Tzken from Ref. 3 .  
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A fundamental d i f f i c u l t y  wi th  ph i s  type of experiment i s  t h a t  t h e r e  
One of them is dm/dt which i s  are r e a l l y  two unknowns i n  Equakion (60). 

only est imated f o r  a c t u a l  v e h i c l e s  wh i l e  t h e  o t h e r  h a s  t o  do wi th  
t h e  judgments as t o  t h e  f o r c e s  ope ra t ing  on and t o t a l  dynamics of t h e  
e f f l u e n t s .  One of t h e s e  u n c e r t a i n t i e s  can be r e l i e v e d  by 8 program of 
c o n t r o l l e d  chemical releases. I n  th i s  type of program t h e  e f f l u e n t  
r a t e  dm/dt, i n i t i a l  v e l o c i t y  u 

0’ . 
func t ion  can be unequ 
determinat ion of t h e  
experiments seem d e s i  

and. t he  p r e c i s e  na tu re  of t h e  s c a t t e r i n g  

I. S p e c i f i c  Applicat ions t o  Physicochemistry of Comets 
I .  

I n t roduc t ion .  
ments aimed a t  e l u c i d a  
a l s o  i n c i d e n t a l l y  v i d e  answers t o  some 
of the problems of of t h e  problems of 
cometary physics it is  y designed f o r  be- 
cause of t h e i r  ind 
c a l  na tu re  of come below i n  a gene ra l  
f a sh ion .  Some of t h e  r e a t e d  more s p e c i f i c a l l y  
i n  Sec t ion  I V  A .  

a r t  t o  t h e  s p e c i a l  chemi- 

Chemical n a t u r e  of c 
i c l e s  of t h e  coma and t a i  ng most probably 
of i c e s  of such va r ious  c 
form of s o l i d  h y d r a t e s ,  w 
( m e t a l s  such as N a ,  Fe, 
i n  t h e  head and t a i l  are 
cu le s  (atoms and n e u t r a l  
NH, C2, C 3 ,  NH2; ionized 
r a d i c a l s  and ions r e s u l t  
s t a b l e  parent  molecules ( 
occur r ing  near  t h e  s u r f  ac 
been imbedded i n  t h e  f r o z  
e m i t  t h e i r  c h a r a c t e r i s t i c  
t h e  electromagnet ic  r a d i a  
and e v e n t u a l l y  d i s s o c i a t e  o r  becope , fading o u t  o i n t e r p l a n e -  
t a r y  space.  

Some remaining cometary problems: Desp i t e  cons ide rab le  work on 
d t h e  release 

of d i s s o c  ia- 
comets, t h e r e  i s  not  known wi th  ce rFa in ty  t h e  
mechanism of t h e  pa ren t  molecules,  t h e  exac t  m 
t i o n  and i o n i z a t i o n ,  o r  t h e  abundances of t h e  m s o t h e r  t han  those  . *  
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whose resonance t r a n s i t i o n s  happen t o  be i n  t h e  observable region.  
Ideas are s t i l l  very vague on t h e  formation and behavior of t h e  t a i l s .  
While the  Whipple i c y  conglomerate model of t h e  nucleus appears sa t is-  
f a c t o r y ,  t h e r e  i s  much more t o  l e a r n  about t h e  n u c l e i  and about come- 
t a r y  o u t b u r s t s .  The n a t u r e  of t he  s o l a r  wind r e a c t i o n  w i t h  t h e  come- 
t a r y  atmosphere, t h e  c o n t r o l l i n g  e f f e c t  of magnetic f i e l d s ,  t h e  com- 
p o s i t i o n ,  r a d i u s  and conf igu ra t ion  of the s o l i d  p a r t i c l e s  c o n s t i t u t e  
some of t h e  important quest ions y e t  t o  be answered. 

Some cons ide ra t ions  on t h e  design of special-purpose experiments 
€or  e l u c i d a t i n g  physics and chemistry of comets.- It i s  t h e  func t ion  of 
t h i s  survey s e c t i o n  t o  desc r ibe  some of t h e  s p e c i f i c  problems of come- 
t a r y  physics and chemistry which are a c c e s s i b l e  t o  experimentat ion 
from a manned space s t a t i o n .  It w i l l  not be t h e  func t ion  of t he  survey 
t o  a c t u a l l y  perform a t  t h i s  t i m e  t h e  assessment and s e l e c t i o n  func t ion  
which occurs i n  Sec t ion  IV A. Rather,  a t  t h i s  t ime, a d i s c u s s i o n  w i l l  
be given of some of t h e . p o s s i b i l i t i e s .  Somewhat a r b i t r a r i l y  a d i v i s i o n  
w i l l  be made i n t o  a r e a s  of cometary spectroscopy and cometary phys ica l  
mechanisms. 

Spaceship i n v e s t i g a t i o n s  of problems i n  cometary spectroscopy: 
There should be examined as pointed ou t  by Swings (Ref. 20) releases 
of  gases  t h a t  a r e  expected t o  be s t a b l e  parent  molecules i n  comets, such 
as NH3, H 2 0 ,  C 0 2 ,  COY CH4 (methane), C H 
HCN (hydrogen cyanide) ,  (NH2)2 (hydrazine) ,  C3H4 (methyl a c e t y l e n e ) ,  
H 0 (hydrogen peroxide) .  The i r  pho tod i s soc ia t ion  i n  t h e  f i e l d  of s o l a r  
r a d i a t i o n  should give r ise  t o  t h e  cometary r a d i c a l s  CN, C2, C 3 :  CH, 
NH2, NH, OH. may produce NH2 and NH; (CN)2 may g ive  r i s e  t o  
CN;  C3H4 t o  C3, C and CH; H20  and H 0 t o  OH; (NH2) t o  NH and NH, e t c .  
The c r e a t i o n  of CO and C 0 2 +  by pho to ion iza t ion  woul.2 probagly be too 
slow f o r  observat ion.  Recently Myers (Ref. 21)  has  measured t h e  resonance 
f luorescence of t h e  CN r a d i c a l  c r e a t e d  from t h e  ICN molecule. This mole- 
c u l e  may be of use i n  the  s a t e l l i t e  r e l e a s e s  as descr ibed l a t e r .  

( ace ty l ene ) ,  C2N2 (dicyanogen), 
2 2  

2 2  

The NH 3 
2+ 2 . 2  

The pho to lys i s  by t h e  s o l a r  u l t r a v i o l e t  r a d i a t i o n  may t h e o r e t i c a l l y  
be p red ic t ed  on the  b a s i s  of e l a b o r a t e  l a b o r a t o r y  work. A t  t h e  moment, 
t h e  necessary c a l c u l a t i o n s  are extremely d i f f i c u l t  because t h e  e f f e c t i v e  
c ros s  s e c t i o n s  a r e  p r a c t i c a l l y  unknown, except ( p a r t l y )  f o r  NH3, CH4, 
and H 0. Ac tua l ly ,  t h e  cometary pho to lys i s  may poss ib ly  be s t u d i e d  more 
r e l i a g l y  and wi th  g r e a t e r  accuracy from s a t e l l i t e  experiments t han  from 
l a b o r a t o r y  work, because s u i t a b l e  lamps which d u p l i c a t e  t h e  complex 
i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  u l t r a v i o l e t  are non-exis tent .  

There a r e  descr ibed below s e v e r a l  experiments and c l a s s e s  of expe r i -  
ments which should be c a r e f u l l y  examined i n  t h e  follow-on t o  t h i s  survey. 
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NH spec t roscop ic  experiment: The design of t h e s e  experiments must -2 be c a r r i e d  out  i n  s p e c i f i c  terms. One experiment a l r e a d y  suggested 
(Ref. 22) f o r  a rocke t  r e l e a s e  program is t h a t  of t he  photochemical be- 
hav io r  of an NH3 cloud r e l eased  a t  t w i l i g h t .  
be adapted t o  a c i r c u m - s a t e l l i t e  cloud i n  a s teady s t a t e  c r e a t e d  by t h e  
continuous r e l e a s e  of NH g iv ing  NH2. The most c h a r a c t e r i s t i c  e m i s -  
s i o n s  of NH r a d i c a l s  a r e  given i n  Tables 8 and 9 (Ref. 20) .  The spec- 
trum taken $,om the  s p a c e c r a f t  could be an exceedingly long exposure by 
a spectrometer s i t u a t e d  c l o s e  t o  t h e  f l u o r e s c e n t  gas ;  t h e r e  a r e  very 
d e f i n i t e  advantages t o  t h e  s a t e l l i t e  type of experimentat ion became of 
c loseness  and length of exposure. This experiment i s  analyzed i n  Sec- 
t i o n  I V  A .  

Such an experiment could 

3 

I n f r a r e d  cometary spectroscopy measurements: The i n f r a r e d  c o n s t i t u t e s  
a f r u i t f u l  region.  The near i n f r a r e d  r eg ion  i n  p a r t i c u l a r  i s  c h a r a c t e r -  
ized by t h e  v i b r a t i o n - r o t a t i o n  t r a n s i t i o n s  of molecules. There may be 
examined t h e  fundamental (1-0) t r a n s i t i o n s  of t h e  molecules observed i n  
the  I R  r eg ion  ( f o r  example, t h e  band of CO' a t  4 . 6 4 ~ ) ;  o t h e r  diatomic 
molecules (such as C O ) ;  c e r t a i n  probable parent  molecules (such as NH 
C 0 2 ,  H 2 0 ,  e t c . ) ;  and intermediate  r a d i c a l s  (such as CH2 o r  CH3). A l l 3 '  
of t h e s e  t r a n s i t i o n s  w i l l  occur with r e l a t i v e l y  unknown e x c i t a t i o n  mech- 
anisms. I f  t he  v i b r a t i o n - r o t a t i o n  bands a r e  e x c i t e d  by f luorescence 
on ly ,  t hey  w i l l  be extremely weak, s i n c e  t h e  s o l a r  energy f o r  X > 2 . 5 ~  
r e p r e s e n t s  a few percent  of t h e  t o t a l  s o l a r  energy, and s i n c e  t h e  t r a n s i -  
t i o n  p r o b a b i l i t i e s  of t h e  v i b r a t i o n - r o t a t i o n  bands a r e  low compared t o  
the  usua l  e l e c t r o n i c  emissions of l o w  e ergy. For example, a f t e r  t h e  
abso rp t ion  of t h e  (0-1) band of t he  'Z-'Z e l e c t r o n i c  system of CN, t h e  
CN r a d i c a l s  w i l l  be l e f t  on t h e  v = 1 l e v e l  of t h e  ground e l e c t r o n i c  
s t a t e ,  from which they w i l l  e m i t  t h e  fundamental (1-0) v i b r a t i o n  band i f  
they are not  de-exci ted by another  e l e c t r o n i c  abso rp t ion .  Moreover, t he  
v i b r a t i o n  bands may a l s o  be e x c i t e d  by o t h e r  mechanisms tha t  r e l e a s e  
s m a l l  amounts of energy. 

The p r e c i s e  i n t e r p l a y  of t h e  s o l a r  r a d i a t i o n  i n  t h e  i n f r a r e d  r eg ion  
and the  complex mechanisms of e x c i t a t i o n  and d e - e x c i t a t i o n  may perhaps 
most a p p r o p r i a t e l y  be examined i n  an  MOL experiment. 

U l t r a v i o l e t  cometary spectroscopy measurements: Since t h e  amount 
of s o l a r  r a d i a t i o n  o f  wavelength s h o r t e r  t han  h3000 r ep resen t s  only 1 
percent  of t he  t o t a l  amount of s o l a r  e lectromagnet ic  energy, t h e  u l t r a -  
v i o l e t  cometary spectrum w i l l  be very weak compared wi th  t h e  v i s i b l e  
s p e c t r a l  range. 

It appears impossible t o  fo re see  i n  d e t a i l  t he  i n t e n s i t y  and spec- 
t r a l  d i s t r i b u t i o n  of t h e  s c a t t e r e d  u l t r a v i o l e t  s o l a r  spectrum. A s  f o r  
the u l t r a v i o l e t  cometary emissions themselves, it i s  reasonable  t o  assume 
t h a t  they are e x c i t e d  by t h e  same f luorescence mechanism as t h e  come- 
t a r y  bands of t h e  o rd ina ry  region.  The u l t r a v i o l e t  r eg ion  o f f e r s  a 
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TABLE 8 

RELATIVE INTENSITIES OF THE NH2-EMISSION BANDS I N  1957111 

Approximate A S t ronges t  f ea tu re s  E s t i m a t  ed 
of  Q-branch i n  1957111 i n t e n s i t y  

i n  1957111 "2' 

5 
6 
7 
8 
9 

10 

7350 
6967 
662 1 
6299 
5977 
5 703 

7350 
69 67 
6618.4 
6299.5 
5977.2 
5 703 

TABLE 9 

RELATIVE INTENSITIES OF THE STRONGEST NH2-EMISSIONS I N  19578 

St ronges t  f e a t u r e  Estimated i n t e n s i t y  

J .L.G.  J .L .G .  
and C.A. A.W. and C.A. A.W. "2' 

6619.11 { ~ ~ : ~ ~ - 1 9 . 1 0  
6640.73 

8 6300.44 00.47 10 
9 76.68 6 

Taken from Ref. 20. 
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H2 p o s s i b i l i t y  of examining such cometary molecules and atoms as H 2 0 ,  
02, NHf, CN+, N ,  0 and C ,  whose resonance t r a n s i t i o n s  are s h o r t  of 
X 3000gy aga in  under t h e  f u l l  complexity of t h e  s o l a r  spectrum wi th  a l l  
o f  the i r r e g u l a r i t i e s  of i n t e n s i t y  t h a t  are d i f f i c u l t  t o  s imula t e  i n  t h e  
l abora to ry .  In  a spaceship continuous r e l e a s e  t h e r e  can be a long ob- 
s e r v a t i o n  period wi th  t h e  observing instrument be c l o s e  t o  t h e  s o l a r  
radiat ion-chemical  i n t e r a c t i o n  zone. 

Other types of spec t roscop ic  experiments: It is impossible t o  
(without being encyclopedic) d i s c u s s  a t  l eng th  i n  t h i s  document any more 
of  t he  p o t e n t i a l l y  extremely l a r g e  number of cometary spec t roscop ic  
experiments. Rather a t  t h i s  t i m e  s e v e r a l  d i f f e r e n t  experiments w i l l  
merely be c i t e d .  These include such p o s s i b i l i t i e s  as: 

+ ( a )  high r e s o l u t i o n  s p e c t r a ,  e .g . ,  of CO b s i n  order  t o  determine 
t h e  e f f e c t  of Fraunhofer l i n e s  on t h e  i a t e n s i t y  anomalies more 
completely,  

(b) b e t t e r  i n t e r p r e t a t i o n  of t h e  Cg emission which d i f f e r s  f o r  
cometary and l abora to ry  spectrum. For example, s e v e r a l  labora-  
t o r y  emission bands (hh4093.8, 4029.1, 4008.7 - 4002.6; 3030.4) 
a r e  absent  i n  t h e  comet, 

( c )  s ea rch  f o r  unknown emission mechanisms such as X4838-30g prob- 
a b l y  due t o  HCC. 

An important f e a t u r e  of a l l  of t h e s e  experiments i s  $he t i m e  s c a l e  
of t h e  phenomena. The molecules s e l e c t e d ,  t h e  phenomenon t o  be s t u d i e d  
must have a t i m e  cons t an t  s u i t a b l e  f o r  t h e  experiment t o  be performed. 
For s t u d i e s  of  r a d i c a l s  c l o s e  t o  t h e  spaceship t h e  molecule 's  d i s s o c i a -  
t i o n  spectrum should p r e f e r a b l y  l i e  i n  he 2000 t o  30008 r eg ion  s imilar  
t o  I C N  w i th  a 1 pe rcen t  f r a c t i o n  o r  10" photons/sec cm2 of t h e  s o l a r  
spectrum. With c r o s s  s e c t i o n s  of t h e  order  of 
t i o n  t i m e  would then be of t he  o rde r  of lo2 s e c  o r  w i th  a mean molecular 
v e l o c i t y  uo- 10 
of t h e  s a t e l l i t e .  These k i n e t i c  cons ide ra t ions  should be made f o r  t h e  
f i n a l  de t e rmina t ion  of s u i t a b l e  experiments. 

cm2 t h e  d i s s o c i a -  

4 c m  s e c  the  d e s i r e d  f luorescence would occur w i t h i n  10 kms 

Spaceship i n v e s t i g a t i o n  of problems i n  cometary phys ica l  mechanisms : 
In t h i s  s e c t i o n  of  t h e  program t h e r e  i s  t o  be eva lua ted  c l a s s e s  of 
experiments and i n d i v i d u a l  experiments which w i l l  i nc rease  our under- 
s t and ing  of some of t h e  phys ica l  mechanisms ope ra t ing  i n  comets. Again, 
only a l i m i t e d  d i s c u s s i o n  w i l l  be g iven  h e r e  t o  e s t a b l i s h  t h e  reasonable  
p o s s i b i l i t y  of some of t h e  problems of i n t e r e s t  and analyzed i n  g r e a t e r  
d e t a i l  i n  S e c t i o n  I V  A .  

(I) I n v e s t i g a t i o n  of a '"hipple  NucLeus": The value of s a t e l l i t e  
i n v e s t i g a t i o n s  of a ' "n ipp le  nucleus" has been s t r e s s e d  on va r ious  
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e.\ccasions. The phys ica l  p r o p e r t i e s  of " ices"  of va r ious  chemical com- 
p o s i t i o n s  have been s tud ied  experimental ly  f o r  many yea r s ;  however, many 
important and simple experiments planned wi th  t h e  cometary phenomena 
i n  mind are s t i l l  lacking.  A good s t a r t  has been made a t  d i f f e r e n t  
i n s t i t u t i o n s ,  e s p e c i a l l y  t h e  Smithsonian Astrophysical  Observatory and 
Goddard Space F l i g h t  Center .  The subl imat ion of p e l l e t s  of pure and 
mixed i c e s  of d i f f e r e n t  d e n s i t i e s  and s t r u c t u r e s  could be s t u d i e d  t o -  
ge the r  with t h e  follow-on formation of a "cometary" atmosphere wi th  
m u l t i p l e  processes  which include c r e a t i o n  of r a d i c a l s  by photodissocia-  
t i o n ,  pho to ion iza t ion ,  chemical r e a c t i o n s  between r a d i c a l s ,  e x c i t a t i o n  
of f luorescence,  changes i n  t h e  physical  s t r u c t u r e ,  e t c .  

An a l t e r n a t i v e  i s  t o  o r b i t  a completely s e p a r a t e  s m a l l  a r t i f i c i a l  
comet, a suggest ion which has  been d i scussed  by va r ious  au tho r s ,  e s p e c i a l l y  
Donn (Ref. 2 3 ) ,  Swings (Ref. 24) and Opik (Ref. 2 5 ) .  This  may be of 
considerable  value i n  s tudying t h e  subl imat ion,  m a s s  l o s s  rates and 
formation of r a d i c a l s  of an equ iva len t  o r b i t i n g  Whipple nucleus.  See 
Sec t ion  I V  A f o r  a f u r t h e r  a n a l y s i s .  

( 2 )  I n t e r a c t i o n  of comet and t h e  s o l a r  wind: It would be t h e  purpose 
of t h i s  c l a s s  of experiment t o  c l a r i f y  t h e  r e l a t i o n s h i p  of t he  s o l a r  
wind o r  b a s i c a l l y  s o l a r  system corpuscular  r a d i a t i o n  t o  t h e  phenomenology 
of cometary processes .  

The r e l a t i o n s  between t h e  cometary atmospheres and t h e  s o l a r  cor-  
puscular  r a d i a t i o n  is  puzzling. Cometary bands are e x c i t e d  g e n e r a l l y  i n  
a pure f luo rescence  process;  c o l l i s i o n s  p l ay  no r o l e  i n  t h e  emission. 
The t i m e  i n t e r v a l s  between two r a d i a t i v e  abso rp t ion  processes  are of 
t h e  o r d e r  of 10 t o  100 sec  f o r  CN, C , o r  CO+, at  rA = 1 whereas t h e  
i n t e r v a l s  between two c o l l i s ' o n s  w i t  i s o l a r  p a r t i c l e s  i n  normal condi- 
t i o n s  are of t h e  o r d e r  of 10 t o  lo7 sec .  
ments involving a long t i m e  s c a l e  sol'ar corpuscular  r a d i a t i o n  may p lay  
a r o l e  i n  the  i o n i z a t i o n  of t h e  cometary molecules by charge t r a n s f e r ,  
a r o l e  t h a t  i s  g r e a t e r  than,  o r  of t he  same o rde r  as, photoionizat ion.  
This could be exceedingly important.  Oa t h e  o t h e r  hand, wh i l e  t h e r e  seems 
t o  be f a i r l y  good evidence i n  favor  of an in f luence  of t h e  s o l a r  e l e c t r o n s  
on the i o n i c  f e a t u r e s  of cometary t a i l s ,  t h e  in f luence  of s o l a r  p a r t i c l e s  
on t h e  b r igh tness  of a cometary head has  not been e s t a b l i s h e d  r e l i a b l y ,  
except poss ib ly  i n  a very few cases .  See Sec t ion  I V  A f o r  f u r t h e r  a n a l y s i s  
of t h i s  p o s s i b i l i t y .  

k On t h e  o t h e r  hand, f o r  expe r i -  

J . Conc l u s  ions 

The preceding m a t e r i a l  has  been a survey and summary of m a t e r i a l  
r e l e v a n t  t o  t h e  des ign  of s p a c e c r a f t  experiments t o  e l u c i d a t e  t h e  n a t u r e  
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o f  the contaminated ambient environment of a s p a c e c r a f t .  The evidence 
of o p t i c a l  contamination, sources  of contamination, phys i ca l  f o r c e s  
e f f e c t i n g  d e b r i s  and mathematical models of d e b r i s  concen t r a t ion  have 
been discussed.  Some r e p r e s e n t a t i v e  c a l c u l a t i o n s  of s e l f - p o l l u t i o n  have 
been presented f o r  t h e  cases  of p a r t i c u l a t e  l i g h t  s c a t t e r i n g  and s u r -  
f ace  contamination. An o u t l i n e  of c l a s s e s  of experiments has been given 
and a d i s c u s s i o n  of o p t i c a l  p a r t i c u l a t e  s c a t t e r i n g  experiments and pos- 
s i b l e  a p p l i c a t i o n s  f o r  cometary physics has  been made. 

This  survey and a n a l y s i s  has  pointed o u t  t h e  need f o r  c a r e f u l l y  con- 
t r o l l e d  experiments t o  inc rease  o u r  understanding of t h e  phenomenology. 
Experiments i n  which programed amounts of mater ia l ,  f o r  example, mono- 
d i s p e r s e  p a r t i c l e s  of 1p r a d i u s  are r e l e a s e d  in s t an taneous ly  o r  s t e a d i l y  
with known v e l o c i t i e s  o r  programmed amounts of gases  are r e l e a s e d  w i t h  
known v e l o c i t i e s  are d e s i r a b l e  f o r  understanding t h e  dynamic i n t e r a c t i o n  
of t he  e f fused  material. Experiments which merely seek t o  measure prop- 
e r t i e s  of t h e  spaceship environment a r e  pragmatic t o  a l a r g e  e x t e n t  s i n c e  
t h e  mass l o s s  and i n i t i a l  v e l o c i t y  of t h e  d e b r i s  a r e  no t  w e l l  e s t a b l i s h e d  
f o r  input  i n t o  t h e  o v e r a l l  concen t r a t ion  calculat ions. ,  Consequently, 
such chemical r e l e a s e  experiments are important t o  perform as w e l l  as 
those experiments t h a t  seek t o  merely measure t h e  p o l l u t i o n  p r o p e r t i e s  
of s p e c i f i c  s a t e l l i t e s .  
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SECTION I31 

PWLIMINARY ANALYSIS OF BACKSCATTERING TO SATEUITE 
SURFACE OF GAS EFFUSED FROM THE SATELLITE 

I n  t h i s  s e c t i o n  t h e r e  is analyzed i n  a pre l iminary  f a sh ion  t h e  back- 
s c a t t e r i n g  t o  t h e  sa te l l i t e  s u r f a c e  of gas e f fused  from t h e  sa te l l i t e .  To 
t h e  e x t e n t  t h a t  t h e  e f fused  m a t e r i a l  i n  t h e  forward d i r e c t i o n  is  s c a t t e r e d  
c l o s e  i n  t o  t h e  s p a c e c r a f t  it may c o n s t i t u t e  a t  lower a l t i t u d e s  a n  important  
source  of contamination of t h e  s p a c e c r a f t  s u r f a c e  and modify i t s  thermal  
p r o p e r t i e s  and i n  t h e  case  of a window i t s  o p t i c a l  p r o p e r t i e s .  

No f i n a l  c a l c u l a t i o n a l  scheme is  a r r i v e d  a t  but  r a t h e r  t h e  i n d i v i d u a l  
elements of t h e  problem are analyzed and a computational scheme suggested.  
I n  t h e  f i r s t  p a r t  t h e r e  i s  ana lyzedthe  inc idence  of f i r s t  c o l l i s i o n s  of 
t h e  e f fused  gas molecules as  evidenced by t h e  d i s t r i b u t i o n  of mean f r e e  
paths .  This  i s  followed by a g ross  estimate of t h e  pickup of the e f fused  
m a t e r i a l  as a func t ion  of a l t i t u d e .  Then an  extended kinematic-geometr ical  
t reatment  is  made (under r e s t r i c t e d  cond i t ions )  of t h e  allowed backsca t t e r -  
ing  reg ions .  This  i s  followed by a review of t h e  p r o p e r t i e s  of r i g id - sphe re  
s c a t t e r i n g  and f i n a l l y  some summary conclus ions  are given. 

A. Analys is  of Dis tance  of F i r s t  C o l l i s i o n  of Effused Molecules 

The purpose of t h i s  s e c t i o n  is  t o  p resen t  a pre l iminary  a n a l y s i s  of 
t h e  behavior of e f fused  gas molecules. This  sub-sec t ion  w i l l  d e a l  w i th  t h e  
d i s t a n c e  from t h e  s p a c e c r a f t  of t h e  f i r s t  c o l l i s i o n  of t h e  e f fused  molecule. 

A s  an i d e a l i z a t i o n ,  t h e  s p a c e c r a f t  is  rep laced  by a point-source mov- 
ing  w i t h  s a t e l l i t e  v e l o c i t y  U through t h e  upper atmosphere and e f f u s i n g  
p a r t i c l e s  w i th  a v e l o c i t y  Ut  ?thermal v e l o c i t y )  re la t ive t o  t h e  s p a c e c r a f t .  
We now c a l c u l a t e  P ( r ,u t )  which is  t h e  probable  number of f i r s t  c o l l i s i o n s  
a t  a po in t  F i n  t h e  coord ina te  system of t h e  moving source  (satel l i te) .  
I f  t h e  source  were a t  r e s t  i n  t h e  medium w e  would ob ta in  t h e  u s u a l  formula 

where: F (u t )  = number of p a r t i c l e s  emi t ted  wi th  v e l o c i t y  ut . The 
angular  d i s t r i b u t i o n  is  assumed i s o t r o p i c .  However, t h i s  is  not  t h e  case,  
s i n c e  t h e  p a r t i c l e  a c t u a l l y  i s  moving through t h e  medium wi th  a v e l o c i t y  ' 

ICt + u s /  and t h e  d i s t a n c e  r equ i r ed ,  F, is  t h a t  r e l a t i v e  t o  t h e  s a t e l l i t e  
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sur face .  W e  observe t h a t  i n  t h e  t i m e  i t  takes  t h e  molecule t o  move a d i s -  
tance  F = t relative t o  t h e  s a t e l l i t e ,  the medium has moved a d i s t a n c e  r t  

r 
I u t  = u  
t s r  s u  

I f  t h e  molecule moves o f f  a t  a n  ang le  8 t o  t h e  s u r f a c e  then i ts  t o t a l  pa th  
l eng th  i n  t h e  atmosphere i s  g iven  by t h e  v e c t o r  sum of t h e  medium motion 
and i t s  motion r e l a t i v e  t o  t h e  sa te l l i t e .  Cwseques t ly  fsrming t h e  v e c t o r  
sum, t h e  t o t a l  pa th  length i n  the medium is  given by R where 

112 1/2 2 

2 + 2 - r  U U s 2  c o s @ + -  U S  2 r j = r 1 + << ease + ~ ]  (63) 
U .  U 

t t 

I f  k i s  set equal  t o  x, t h e  mean f r e e  pa th  oE t h e  equiva len t  d i s t a n c e ,  r J  
which we s h a l l  term X, ( the e f f e c t i v e  mean f r e e  pa th )  i s  given by 

From t h i s  w e  see t h a t  the mean f r e e  pa th  depends upon t h e  dgrection. 
us /u t  >> 1 then 

If 

u th  

u. S 
A = -  

For 8 2  0 w e  o b t a i n  
UC 

which reduces t o  (65) f o r  u t  << .us. For s a t e lWe  ve 
of 8 x 105 - lo6 cm/sec and thermal v e l o c i t i e s  of the 
s e c  w e  see t h a t  ut/us - 1/20. 

t ies  of t h e  o rde r  
er of 4 x 104 p m /  

Consequently, i t  is t o  be expected that  fsam t h e  r e f e r e q c e  p o i n t  of t 
sa t e l l i t e  and wi th  r ega rd  t o  back- sca t t e r ing  .the mean f r e e  path i s  e f f e c t i v e l y  
reduced by a f a c t o r  of 20. We may rewrite P ( r , u t , @ )  a s  
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For 6 = 0 

I n  Table  19 
as a func t ion  of 

is given t h e  mean f r e e  pa th  (and a l s o  c o l l i s i o n  frequency) 
a l t i t u d e .  These mean f r e e  pa ths  must be  reduced by a 

f a c t o r  of 20 t o  g i v e  t h e  e f f e c t i v e  mean f r e e  pa th  so t h a t  at200 km t h e  
f i r s t  c o l l i s i o n  occurs  a t  a d i s t a n c e  of about 20 meters and a t  400 km a t  
about 400 meters. 

E. Gross Analys is  of Pick-Up Fac to r  

It w i l l  be assumed that every c o l l i s i o n  between an  e f fused  molecule 
and an  ambient m o l e c u l e , r e s u l t s  i n  an  e f f e c t i v e l y  s topped e f fused  molecule 
and t h i s  e f fused  molecule is picked up by t h e  satel l i te  i f  it lies w i t h i n  
t h e  geometr ica l  cross s e c t i o n  of t h e  s a t e l l i t e  normal t o  t h e  d i r e c t i o n  of 
i t s  path. 

I f  Rs des igna te s  t h e  s a t e l l i t e  r a d i u s  and Xe as be fo re  t h e  e f f e c t i v e  
mean pa th  then  assuming t h e  emission i s  normal t o  t h e  sa te l l i t e  s u r f a c e  t h e  
l i m i t i n g  ang le  8 t o  t h e  d i r e c t i o n  of motion i n  which pick-up occurs  i s  
given by 

s i n e  = 
Rs + 'e 

The equiva len t  s o l i d  a n g l e  is given by 

or 

2 4n ( l,=c080) 
2 0 = 4n s i n  6/2  = 

5 4  



TABLE 10 

MEAN FREE PATH AND COLLISION FREQUENCY 

_ _ ~  ~ ~- _ _  

Mean Free  Pa th  C o l l i s i o n  Frequency 

Z ( a l t i t u d e )  L (meters) v (seconds) 

100 

125 

15 0 

17 5 

200 

225 

25 0 

275 

3 00 

326 

350 

400 

450 

500 

550 

600 

650 

7 00 

1.629 x lo-’ 

6.118 x 10’ 
1 4.114 x 10 

1.078 x lo2 

2.161 x lo2  
3.952 x lo2 

6.778 x I O 2  

1.115 x lo3 
3 1.773 x 10 

2.762 x lo3 
3 4.068 x 30 

8.607 x lo3 
4 1.691 x 10 

3.191 x lo4 
4 5.755 x 10 

5 1.018 x 10 

5 1.749 x 10 

2.950 lo5 

3 2.4 x 19 
1 9.48 x 10 

1 2.037 x 10 

8.854 x 10’ 

4.682 x 10’ 

2.672 x 10’ 

1.611 x 10’ 

0 1.009 x 10 

6.524 x 10” 

4.286 x lo-’ 

2.969 x 10” 

1.46 x 10” 

7.652 x 10-1 

4.168 x 

2.352 x 

1.352 x l om2  
7.950 

4.762 x 

Taken from Table 11, U. S. Standard Atmosphere, 1962 
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If F des igna te s  t h e  t o t a l  f l u x  emi t ted  i n  a l l  d i r e c t i o n s  
picked up i s  Fp, where 

then t h e  p a r t i c l e  

The preceding a n a l y s i s  r e p r e s e n t s  a g r o s s  upper bound t o  t h e  pick-up 
because of t h e  assumption t h a t  a l l  p a r t i c l e s  are stopped. 
d i s t r i b u t i o n  of s c a t t e r i n g  wi th  ang le s  occurs  wi th  t h e  v e l o c i t y  dependent 
upon t h e  s c a t t e r i n g  ang le  and t h e  relative masses. 
i n  sub-sec t ion  D. 

Actua l ly  a 

This is  analyzed below 

C. Calcu la t ion  of Allowed Back-Scattering Region 

The purpose o f  t h i s  sub-sec t ion  is t o  e s t a b l i s h  t h e  n a t u r e  of t h e  k i n -  
ematics of t h e  back- sca t t e r ing  onto  the sa te l l i t e  sur face .  
only t h a t  case is  t r e a t e d  i n  which t h e  e f fused  molecule rebounds wi th  the 
s a t e l l i t e  v e l o c i t y .  The two-dimensional case i s  t r e a t e d  i n  d e t a i l  and t h e  
three-dimensional  case has  gene ra l  formulae der ived.  The g e n e r a l  case of 
u n r e s t r i c t e d  v e l o c i t y  of t h e  rebounding e f fused  molecule can be r e a d i l y  
adapted from t h e  foregoing a n a l y s i s .  
g e n e r a l  pick-up problem i s  summarized a t  t h e  end of t h i s  s ec t ion .  

A t  t h i s  t i m e  

The u t i l i t y  of t h i s  a n a l y s i s  f o r  t h e  

Geometrical  Analys is  of Kinematic Behavior i n  Two Dimensions. - We 
now make a n  o rde r  of magnitude a n a l y s i s  of t h e  p o s s i b i l i t y  of back- sca t t e r -  
ing  onto t h e  s u r f a c e  of t h e  sa te l l i t e  as dep ic t ed  i n  F igu re  8. For purposes 
of geometr ica l  s i m p l i c i t y  t h e  d i scuss ion  i s  l imi t ed  t o  t w o  dimensions. 
Also i n i t i a l l y . w e  s h a l l  assume the s c a t t e r e d  molecule has  t h e  same v e l o c i t y  
as t h e  sa te l l i t e .  The d i s t a n c e  from t h e  sa te l l i t e  c e n t e r  of t h e  s c a t t e r e d  
molecule a t  t i m e ,  t, a f t e r  t h e  s c a t t e r i n g  event  occur r ing  a t  t h e  p o s i t i o n  
XQ,YQ and f o r  d i r e c t i o n  of movement, 8 ,  a f t e r  s c a t t e r i n g  is  given f o r  t h e  
x and y p r o j e c t i o n s  as 

x = x + u t  cos  e + u t  

y = y + u t  s i n  0 and t h e  d i s t a n c e  of t h e  sc i l t t e r ed  

2 2 2  

0 

molecule from t h e  s a t e l l i t e  c e n t e r  is 0 

R = X  + y  
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where 8 i s  t h e  d i r e c t i o n  of motion of t h e  molecule a f t e r  s c a t t e r i n g  as 
given i n  F igu re  8. The d i s t ance ,  R, i s  then  given by 

2 2  R = x + y2 + 2u2t2 CI + cos01 + 2ut [xo~iscose) + y o  s in01  (75) 
0 0 

2 R is a func t ion  of t i m e  and whether t h e  s c a t t e r e d  molecule i s  picked up 
o r  no t  depends upon whether o r  not  R < r2 f o r  some time, t. 
test w e  d i f f e r e n t i a t e  (75) and set it equal  t o  zero  obta in ing  

2 To make t h i s  

-[xo (1 + cos e)  + yo s i n  01 

m (I + C O S  e)  t =  

That it is  a minimum is  determined by 

- ( R ) > O  d2 2 

d t 2  
(77) 

0 except f o r  t h e  s p e c i a l  case, cos 0 = -1, 0 = 180 . The parameter t f o r  
time must  be g r e a t e r  t han  zero  hence from (76) -xo (1 + cos0) > yo s i n  0 
f o r  a minimum t o  exist under t h e  geometr ical  model pos tu la ted .  

I n s e r t i n g  (76) i n t o  475) w e  o b t a i n  t h e  minimum va lue  of R 2 o r  %in 2 
which must be  less than r 
Hence, w e  have t h e  i n e q u a l i t y  

( r  = sphere  r a d i u s )  f o r  pick-up t o  occur.  

2 
(78) x2 ~ 1 - c o s 0 1  + y," [ ~ t c o s ~ ~  - kayo s i n e  < 2 r  

0 

i s  t h e  c r i t e r i o n  f o r  t h e  permiss ib le  reg ion  of space of %,,yo f o r  a given 
e (see F igure  8 f o r  d e f i n i t i o n  of 0 )  i n  which t h e  molecules are picked-up 
by t h e  satell i te.  
(78) becomes 

For example, f o r  0 = 270° ( v e r t i c a l l y  dovnward) Equation 

o r  

There i s  a l s o  another  de f in ing  l i n e  i n  t h e  forward s e c t i o n  given by 

x + yo < $2 r f o r  xo-+y0 > o 
0 

(79a) 
x + y o  > JZ r f o r  xotyo < 0. 
0 

Fur ther ,  t h e  t i m e  r e s t r i c t i o n  of Equation ( 4 )  becomes f o r  8 = 270' 
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I n  F igu re  9 i s  depic ted  t h e  r e s u l t s  of t h e  a n a l y s i s  f o r  8 = 270'. 
r eg ion  t o  t h e  rear of t h e  s a t e l l i t e  f o r  which pick-up occurs  is  t h a t  r eg ion  
of space EFG def ined  by (79), (80) and a l s o  e x t e r n a l  t o  the sphere  o r  

The 

2 2  2 R = x  + y 2 > r  
0 0 0 

The t o t a l  allowed reg ion  (ha t ched , l i ne  is) def ined  by Equations (79), 
(79a), (80) and (81). 

W e  now ana lyze  t h e  gene ra l  s i t u a t i o n  s t i l l  f o r  xo, yo > 0 Equation (78) 
may be w r i t t e n  

2 
& G z X o  24iTZz y 0 3 < 2r2 

where t h e  square r o o t  s i g n  i s  always taken as p o s i t i v e .  The p o s i t i v e  o r  
nega t ive  s i g n  i s  chosen t o  ag ree  wi th  t h e  s i g n  of s i n  0 and t h e r e  is ob- 
ta ined  f o r  t h e  l i m i t i n g  curves a p a i r  of l i n e s  

Calcu la t ion  of allowed zones f o r  a given 8.- I n  (83) t h e  s i g n  of t h e  
cons tan t  i n  f r o n t  of xo depends upon t h e  s i g n  of s i n  8. While t h e  double 
va lue  of t h e  second t e r m  g ives  two p a r a l l e l  l i n e s .  The accep tab le  va lues  
of xoJ yo are  those  i n t e r i o r  t o  t h e  two l i n e s  f o r  a given 0 and a l s o  re- 
s t r i c t e d  by t h e  t i m e  condi t ion  

- [xo ( 1  + case) + yo s i n e ]  > O (84)  

and t h e  boundary condi t ion  (81). 

For xo, yo > 0 t h e  permiss ib le  zones f o r  180' < 0 < 363" are depicted 
i n  F igure  10. 
t o  t h e  c i r c l e .  
MooJ t h a t  i s  molecule d i r e c t i o n s  i n  t h e  downward d i r e c t i o n .  
under a l i n e  gorresponding t o  a given 8 w i l l  h i t  t h e  s a t e l l i t e  f o r  angles  
from 8 t o  180 It i s  noted t h a t  f o r  
xo, yo > 0 a l l  t h e  molecules picked up by t h e  s a t e l l i t e  a r e  i n  t h e  rear 
h a l f .  
v a l e n t  ang le s  being 360 

They are between t h e  c i r c l e ,  t h e  y-axis  and t h e  l i n e s  $angent 
The l i n e s  correspond t o  a va lue  of 0 running from 360 .. 

A l l  p o i n t s  

- E where E i s  a very  small angle .  

A similar geometgical cond i t ion  holds  f o r  xo, yo < 0 wi th  t h e  equi-  - 8.  

It may be  pointed out  t h a t  t h e  t i m e  requirement becomes f o r  xOJ yo > o  
and f o r  s i n  0 < 0 

YO - >  - 
X s in8  1-cose 
0 
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The l i n e  demarking t h e  e q u a l i t y  of (85) is  perpendicular  t o  t h e  l i n e  of 
Equation (83) and is  t h e  r a d i u s  of F igu re  10. It is noted t h a t  f o r  xo > 
r no p o i n t s  con t r ibu ted  t o  back- sca t t e r ing  and a l s o  t h a t  f o r  p o i n t s  w i th  
yo >> r only a l i m i t e d  ang le  of s c a t t e r i n g  180' - E t o  180° (where E is  a 
small ang le )  i s  e f f e c t i v e .  A s  a numerical  example on t h e  y-ax is  f o r  t h e  
fol lowing va lues  of 8 the i n t e r c e p t s  are given i n  Table  11. 

I n  Equation (83) t h e  c o e f f i c i e n t  of  xo may be w r i t t e n  t a n  912 s i n c e  

where cp is  t h e  ang le  t h e  de f in ing  l i n e s  make wi th  t h e  X-axis. 
(86a) 8 = 2cp. From t h e  p rec  ing a n a l y s i s  i t  can be  I t h a t  t h e  zone of 
pe rmis s ib l e  s c a t t e r i n g  ang le  0 f o r  a given xoJ y 
range A of cp o r  8 w i t h i n  which t h e  p o i n t  xo2 yo r 
zone. 

Consequently 

determined by t h e  
i t h i n  t h e  permi t ted  

There is  now c a l c u l a t e d  t h e  range  of t i c l e  d i r e c t i o n  (e) f o r  a given 
poin t  such t h a t  t he  p a r t i c l e  h i t s  t h e  sate te. Frpm F igures  11 and 12 it 
can be seen  t h a t  t h e  range  AB can b,e ermined f o r  xo < -r by those  va lues  
of cp f o r  which our  two determining li Equation ( 6 )  go through t h e  po in t  
(xo, yo). This  s imple geometr ica l  p i  re h a s  t o  be  madified as i n d i c a t e d  
i n  F igu re  12 because i n  t h e  r eg ion  -r < xo < r t h e  se,c i n i p g  l i n e  is  
a vertical  one because i n  t h e  upper h a l f  of t h e  t i c l e  must 
have a downward d i r e c t i o n  of x/2 <, cp <, 0. ed by geometr ica 1 
a n a l y s i s  of t h e  r eg ions  depic ted  i n  F igu re  12 are given 

Region I. x, < -r - 
4 = 2 arc t a n  r / m J  = 4 qrc t a n  r /  $T--2'-7i- xo + y o  (87) 

Region 11. -1: < x < r 
0 

4 = arc t a n  xo/yo + a r c  t a n  r 
(88) 

= 2 arc t a n  x /yo t- arc t a n  r 
0 

I n  F igu re  13 i s  p l o t t e d  t h e  upper ha l f -p l ane  p 
8, (AG) f o r  t h o s e  p o i n t s  i n  t h i s  ha l f -p lane .  
t h e  lower ha l f -p lane .  I n  of t h e  va lues  of A t  
f o r  va r ious  values of d = 

I m p l i c i t  i n  t h i s  a n a l y s i s  is t h e  conclus ion  t h q t  few molecules emi t ted  
from t h e  rear hemisphere w i l l  be  picked up by t h e  s a t e l l i t e .  
emi t ted  particles can never be picked up f o r  a b s o l u t e l y  stopped p a r t i c l e s .  
For  molecules emi t ted  from t h e  rear hemisphere t h e  kinematics  of t h e  s i t -  
u a t i o n  are such t h a t  even i f  t h e i r  t o t a l  a b s o l u t e  v e l o c i t y  is undiminished 
i n  a c o l l i s i o n  s i n c e  t h e i r  forward v e l o c i t y  is  less than  t h e  s a t e l l i t e  vel- 
o c i t y  except  f o r  very  r e s t r i c t e d  geometr ica l  c i rcumstances they w i l l  no t  be 

Rewward 
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TABLE 11 

IKTERCEPTS ON Y-AXIS FOR VARIOUS 

VALUES OF e 

36 0 

r 

22.5 270 8 180 18 1 190 2 10 

l O O r  11 .7r  4 . l r  2.6r 1.4r co 
yo 
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TABLE 12 

RANGE OF PERMISSIBLE SCATTERING ANGLE (M)  FOR DISTANCE OF 

SCATTERING POINT, d, FROM CENTER FOR xo< -r 

d - 

r 

2r 

3r 

4r 

5r 

6r 

10r 

20r 

25r 

50r 

lOOr 

180' 

116' 

73' 

56' 

45' 

38' 

22O 

11' 

9' 

5' 

2' 
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Y t  Y 

Figure 8. (a) Geometry and Coordinate System inc luding  (b) d e f i n i t i o n  
of d i r e c t i o n  angle 8 of motion a f t e r  s c a t t e r i n g .  
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Figure 9 .  Allowed region (cross-hatcbed) GHJPCBEK in which particle scat- 

tered in direction 0 = 270 will intercept satellite. Double- 
crossed region (BCLKEB) in which particles are scattered to 
rear of satellite. 
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J 

Figure 10. Behavior of allowed region i n  the first quadrant as 
a function of scat ter ing  direct ion (3. The allowed 
region l i e s  between the Y-axis, the c i r c l e ,  and the 
tangent 1 ine . 
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Figure 11. Sow typical acceptance zones for various values 
of e. 
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Figure 12 .  Schematic of c a l c u l a t i o n  of range of @ (slope of l i n e s  

I n  
including acceptance regionb f o r  y > o from which range 
of permissible  8 can be ca l cu la t edofo r  each po in t .  
each of t h e  two regions a d i f f e r e n t  formula holds .  A 
similar  s i t u a t i o n  o b t a i n s  f o r  y < 0. 

0 
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r e f l e c t e d  back t o  t h e  sa te l l i t e  sur face .  
p a r t i c l e s  s c a t t e r e d  a t  r i g h t  angles  t o  t h e  s a t e l l i t e  motion (270 ) only 
i f  they are s c a t t e r e d  back w i t h i n  a d i s t a n c e  of 0.4Rs w i l l  they s t r i k e  t h e  
rear sur face .  

For example, f o r  t h e  rgar h a l f ,  

Three dimensional cap tu re  of s c a t t e r e d  gas molecules by satel l i te . -  The 
preceding t rea tment  has  been a two-dimensioned one i n  which the  v e l o c i t y  
vec to r  of t h e  sa te l l i t e  through t h e  cen te r  po in t  and t h e  s c a t t e r e d  molecules 
v e l o c i t y  v e c t o r  through a given po in t  are  co-planar.  
t reatment  i s  one i n  which t h i s  condi t ion  i s  re laxed .  Below is  given t h e  
e s s e n t i a l  of t h e  t h r e e  dimensional t reatment  without  numerical  eva lua t ion  
a t  t h i s  t i m e .  The i n -  
i t i a l  coord ina tes  of  t h e  scat terXng p o i n t  are Po (xo, yo, zo) ,  and t h e  
vec to r  components of t h e  v e l o c i t y  of t h e  s c a t t e r e d  molecules are: 

A more real is t ic  

I n  F igure  14 is  given t h e  coord ina te  system used. 

= u case; u = u s i n e  c o s a  (89) 
z u = u s i n 6  s i n a ;  

X Y 

The coord ina tes  of t h e  s c a t t e r e d  molecule relative t o  t h e  c e n t e r  of t h e  
moving s a t e l l i t e  a t  t i m e ,  t, are given by 

x = u t  + u t  s i n e  s i n a  + xo = u t  (1 + s i n 6  s i n a )  + xo 

z = u t  s i n e  cosa + zo 

The d i s t a n c e  a t  t i m e ,  t, of t h e  s c a t t e r e d  molecule from t h e  s a t e l l i t e  c e n t e r  
i s  given by 

R 2 = 2u 2 2  t (If-sine s i n a )  4- 2ut[xo(l&in6sina)  -I- yo cos6 -I- zo sinf3cosa]+ .," (91) 

2 2 2 2  
+ zo where R = x + y 

0 0 0 

2 By d i f f e r e n t i a t i o n  i t  i s  found t h a t  a minimum f o r  R occurs  a t  

t = 1/2u*6/y where (92) 

6 = x (1 + s i n e  s i n a )  + yo cos6 + zo s i n e  c o s a  (93a) 
0 

and y = 1 + s i n e  s i n a  (93b) 

Since t must be p o s i t i v e ,  a real  minimum is def ined  only f o r  

6 < 0  (94) 

S u b s t i t u t i n g  (92) i n t o  (91) t h e r e  is obtained 

2 = R: - S2/2y Rmin (95) 
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Figure 14. Coordinate system for three-dimensional pick-up 
case.  
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The condi t ion  f o r  h i t t i n g  t h e  sa te l l i t e  is given by 

o r  (97) 

becomes t h e  c r i t e r i o n  f o r  s c a t t e r i n g  back t o  t h e  sa tel l i te  toge ther  with 
Equation (94) r e s t r i c t i n g  t h e  t i m e ,  t, t o  be a p o s i t i v e  quan t i ty .  The u s e  
of geometr ical  cons t ruc t ions  f o r  t h e  three-dimensional case i s  more complex 
and w i l l  n o t  be presented,  An a l t e r n a t e  r ep resen ta t ion  based upon somewhat 
d i f f e r e n t  geometr ical  parameters g ives  t h e  i n e q u a l i t y  

2 
2 2  (cosvo + COSA) 

1 + cosv > 2(1  - r /Io) 

= ang le  between l i n e  from c e n t e r  t o  poin t  P (xo,y ,z ) and X-axis 

= ang le  between molecule v e l o c i t y  vec to r  and X-axis 

vO 0 0 0  
where: 

v 

A = ang le  between molecule v e l o c i t y  vec to r  and r a d i u s  o r i g i n  
( a t  t = 0) t o  po in t  P 

0 

The demarcation of reg ions  of allowed back-sca t te r ing  then involves  
t h e  numerical determinat ion f o r  each (XO, yo, ZO) o r  those  allowed angles  
which s a t i s f y  t h e  i n e q u a l i t i e s  (96), (97) o r  (98) and remain t o  be performed 
under a more f u l l  a n a l y s i s  of t h e  t o t a l  problem. 

D. Analysis  of S c a t t e r i n g  Function of Molecules 

The previous s e c t i o n  analyzing t h e  allowed back-sca t te r ing  reg ion  was 
of a gene ra l  n a t u r e  which d id  no t  d e a l  wi th  t h e  s p e c i f i c  d i s t r i b u t i o n  of 
s c a t t e r i n g  angle  and v e l o c i t y  t o  be expected. 
discussed i n  a genera l  fash ion  t h e s e  d i s t r i b u t i o n s  and i ts  impl ica t ions  on 
t h e  back-sca t te r ing  problem. Also an a n a l y s i s  of t h e  s c a t t e r i n g  behavior 
of t h e  e f fused  molecules w i l l  be  presented. 
sphere s c a t t e r i n g  w i l l  be u t i l i z e d .  Laboratory coord ina tes  are taken and 
t h e  atmospheric molecule is considered t o  be motionless.  
equat ion is given f o r  t h e  e f fused  molecule which is  t h e  only p a r t i c l e  w i t h  
which w e  are concerned. 

I n  t h i s  s e c t i o n  w i l l  be 

A s  a f i r s t  approximation r i g i d  

The v e l o c i t y  

(99) 
v'- ml -. J 2  2 2  (m2 - ml s i n  elS) 1 cosels - 

2 ml + m2 V m1 4- m 
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For m l  > m2 t h e  r a d i c a l  may have e i t h e r  s ign ,  bu t  f o r  m2 > m i t  must  f be taken p o s i t i v e .  For m l  = m2, 

where ml = mass of moving (e f fused  molecule) 

= mass of atmospheric mol m2 

v e l o c i t y  of e f fused  molecule 
1 

v1 = f i n a l  v e l o c i t y  of  e f f  

e, 8 , t h e  scatter- 
r i n g l 8 i r e c t i o n  of 

The d i f f e r e n t i a l  c ing is given below. For 
ml < m w e  have 2 

dal = 1/4 a2 + dul (101) 

Zf, on t h e  o t h e r  hand, m < m,, then  2 where dcrl = 2n s ine ls  dels. 

1 L  
s i n  tj J Is 

For ml = m2, w e  have (99) dal = a 2 I C  J anL* 

From t h e  foregoin  
wi th  ang le  and t h e  sca 
atmospheric mass, n12, 
d i f f u s i v e  separa  
from Table  13 i n  
t o  M = 21.24 a t  
oxygen M ti: 16 and s t i l l  
H20, M = 18. 

Examination of Equati s (99) t p  (102) revea consequently t h a t  t h e  
e f fused  molecules tend t o  i n t a i n  their o r i g i n a l  r e c t i o n  more and more 
as  a func t ion  of a l t i t u d e  s i n c e  rnl/m2 inc reases  wi th  a l t i t u d e .  
back-sca t te r ing  is  minimized s i n c e  t h e  maximum s c a t t e r i n g  angle ,  Omax, is  
given by 

Consequently, 
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s i n  8 max = m 2 /m 1 (103) 

For m2 = m1.t 0- = 90'. 
atomic hydrogen, 0- = 3'10'. 
ve loc i ty"  becomes i n  a d d i t i o n  t o  t h e  decrease o f  dens i ty  a s t rong  f a c t o r  i n  
decreasing t h e  back-sca t te r ing  wi th  inc rease  i n  a l t i t u d e .  

For t h e  case o f  ef fused  H20 and atmospheric 
Hence, t h i s  "relative conservat ion of 

E. Summary 

The preceding sub-sect ions have presented an a n a l y s i s  of t h e  physics  
and mathematics of  t h e  ind iv idua l  elements of t h e  back-sca t te r ing  problem. 
The c a l c u l a t i o n a l  problem is a complex one and may be represented  formally by: 

P(xo, yo, zo, ut )  g ives  t h e  number of s c a t t e r i n g  events  a t  t h e  poin t  (xoy yo, : 
by t h e  e f fused  molecule of v e l o c i t y  ut. 
s c a t t e r i n g a r e n t s  P(xo, yo, zoy u t )  which r e s u l t  i n  a molecule s c a t t e r e d  back 
t o  t h e  sa te l l i t e  sur face .  
ument. The value of A6/4x is a func t ion  of R(xo, yo, z o ) ,  VI, ml /m2 and t h e  
r i g i d  sphere d i f f e r e n t i a l  s c a t t e r i n g  c ross -sec t ion .  
been analyzed for one value of VI, namely u 
va lues  of ut ind ica ted .  
r i g i d  spheres  has  been presented.  
space (dV) and ut. 

A8/4fl gives  t h e  f r a c t i o n  of t h e  

P(xo, yo, zoy u t )  has  been so lved , fo r  i n  t h i s  doc- 

The kinematics  of 08 has  
and i ts  extension t o  o t h e r  

The statist ics of t h e  s c a t t e r i n g  d i s t r i b u t i o n  f o r  
The i n t e g r a t i o n  is t o  be performed over 

The f u n c t i o n a l  r e p r e s e n t a t i o n  above remains t o  be numerically in t eg ra t ed ,  
as a functi.cn of a l t i t u d e .  
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SECTION I V  

DESIGN OF PROPOSED SATELLITE EXPERDENTS CN COMETARY PHYSICS 

Based on t h e  a n a l y s i s  of ear l ier  s e c t i o n s  s e v e r a l  s a t e l l i t e  expe r i -  
ments have been s e l e c t e d  which w i l l ,  it i s  be l i eved ,  i nc rease  our under- 
s t and ing  of cometary physics and c e r t a i n  of t h e  a s p e c t s  of  t h e  o p t i c a l  
contamination problem. They a r e  desc r ibed  b r i e f l y  below and i n  more 
d e t a i l  i n  t h e  fol lowing sub-sect ions.  

A. Cometary Release of NH3 and I C N  

Chemical releases of NH3 (ammonia) and iod ine  cyanide a r e  proposed 
t o  s tudy t h e  f luorescence of t h e  evolved r a d i c a l s  NH2 and CN which occur 
i n  cometary emissions.  
be r e l e a s e d  from appropr i a t e  c a n i s t e r s  engineered t o  minimize t h e  forma- 
t i o n  of p a r t i c l e s  whose Mie s c a t t e r i n g  would mask t he  f luorescence.  A 
r o t a t i n g  m u l t i p l e  s p e c t r a l  pass-band d e t e c t o r  would measure t h e  r a d i a -  
t i o n  a t  va r ious  v i b r a t i o n  t r a n s i t i o n s .  From t h i s  measWement a compari- 
son w i t h  cometary s p e c t r a  could be made and an e v a l u a t i o n  of t h e  p l a u s i -  
b i l i t y  of pho to lys i s  as the  c a u s a t i v e  mechanistti could be completed. 
an experiment would a l s o  h e l p  t o  eva lua te  t h e  f l u o r e s c e n t  e f f e c t  of 
contaminants on s p a c e c r a f t  s enso r s .  

R e l a t i v e l y  small amolints (1 t o  3 moles) w i l l  

Such 

B. Measurement of Volume and S ize  Concentrat ion of 
P a r t i c l e s  Surrounding-the Spacec ra f t  

A novel technique i s  proposed f o r  measuring t h e  d i s t r i b u t i o n  ( i n t e -  
g ra t ed  s c a t t e r i n g )  of p a r t i c l e s  per  u n i t  volume a t  d i f f e r e n t  d i s t a n c e s  
from t h e  s p a c e c r a f t  ia c o n t r a s t  t o  t h e  proposed measurements of t he  
i n t e g r a t e d  mass per  cm2 extending from t h e  s p a c e c r a f t  t o  i n f i n i t y .  
d i t i o n a l l y ,  some s i z i n g  information would be a v a i l a b l e .  The concept 
involves t h e  use  of two m i r r o r s  i n t e r s e c t i n g  f ie ld-of-view d e f i n e s  
a volume. 
through a l i g h t  modulator. There are two d e t e c t o r s  which measure on ly  
t h e  AC component of t h e  s c a t t e r e d  l i g h t .  
s c a t t e r e d  r a d i a t i o n  from the  secand mirror  while  a second d e t e c t o r  lo- 
ca t ed  mid-way between t h e  two mirror8 measures t h e  s c a t t e r e d  r a d i a t i o n  
a t  a d i f f e r e n t  angle .  
func t ion ,  some i n d i c a t i o n  of s i z e  i s  obtained as w e l l  as s c a t t e r i n g  
mass as a func t ion  of d i s t a n c e .  

Ad- 

The sun is r e f l e c t e d  from tlie f i r s t  mi r ro r  a f t e r  passing 

One d e t e c t o r  measures t h e  

I n  t h i s  way, depending upon t h e  s c a t t e r i n g  phase 
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C.  A Monopole Mass Spectrometer Experiment 

A monopole m a s s  spectrometer  designed t o  possess a novel sweeping 
mode can sample molecules up t o  m a s s  400 and can be adapted f o r  l a r g e r  
masses. Because t h e  presence of heavy molecular weight polymers, due 
t o  n u c l e a t i o n  of such s p e c i e s  as H20 and breakup of polymers on space- 
s h i p  s u r f a c e s ,  is i n d i c a t e d ,  an instrument of t h i s  c a p a b i l i t y  would be 
of value i n  measuring t h e i r  concen t r a t ion  i n  the  spaceship environment 
as w e l l  as t h a t  of lower molecular weight species. 

D.  Cometary Simulat ion by Gaseous Releases 

General d i scuss ion .  - 
Motivat ion and review: I n  t h e  f i e l d  of comet physics ,  one of t h e  

most s i g n i f i c a n t  and i n t e r e s t i n g  problems is t h e  determinat ion of t h e  
phys ica l  mechanism o r  mechanisms r e spons ib l e  f o r  t h e  production of t h e  
observed r a d i c a l s  and ions.  There has  been produced, t o  d a t e ,  very 
convincing evidence support ing a resonance f luorescence mechanism by 
s o l a r  e lectromagnet ic  r a d i a t i o n  f o r  most of t h e  comet observed molecular 
and atomic emission, but  t h e r e  t h e  success  appa ren t ly  s t o p s .  The prob- 
lems of t h e  mechanisms of d i s s o c i a t i o n  and i o n i z a t i o n  of most of t h e  
s t a b l e  parent  molecules and product fragments remain unsolved. 

I n  s p i t e  of a h o s t  of a t tempts  t o  t h e o r e t i c a l l y  o r  experimental ly  
a s c r i b e  t h e s e  phenomena t o  orthodox t h e o r i e s  of  simple i n t e r a c t i o n s  
between t h e  molecules of t h e  cometary atmosphere and t h e  s o l a r  corpuscular  
o r  e lectromagnet ic  f i e l d s  w e  have made l i t t l e  progress .  Most of t hese  
at tempts  f a i l  by o rde r s  of magnitude t o  produce s u f f i c i e n t  material .  
quickly enough t o  be r e spons ib l e  f o r  t h e  cometary observat ions.  

It is i n  t h i s  area of mechanisms t h a t  i t  may be p o s s i b l e  t o  ga in  
some i n s i g h t  w i th  t h e  proposed gaseous releases. To simply reproduce 
cometary obse rva t ions  without  improving our understanding of t h e  comet 
phenomenon, e s p e c i a l l y  i n  i t s  i n t e r a c t i o n  w i t h  t h e  s o l a r  f l u x e s ,  achieves 
very l i t t l e  o t h e r  t han  from a pure ly  spec t roscop ic  po in t  of i n t e r e s t  
t h a t  could probably be b e t t e r  performed i n  a l abora to ry .  

I n  t h i s  r e p o r t  w e  w i l l  t hus  emphasize t h i s  a spec t  and t o  consider  
experiments,  t h e  obse rva t ions  from which, w i l l  enable  us t o  g a i n  in-  
s i g h t  p e r t a i n i n g  t o  t h e  phys ica l  and chemical mechanisms c o n t r o l l i n g  
t h e  cometary environment. 

E f f e c t i v e  mechanisms: With t h e  appa ren t  success  of t h e  proposal 
of a resonance f luorescence mechanism i n  e x c i t i n g  t h e  emissions observed 
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i n  cometary atmospheres, we w i l l  be p r imar i ly  i n t e r e s t e d  i n  t h e  mechanisms 
of d i s s o c i a t i o n  and i o n i z a t i o n .  However, by no means does t h i s  imply 
t h a t  we should no t  consider  s tudying t h e  emission processes .  It would 
be important t o  r e a f f i r m  t h e  mechanism, e s p e c i a l l y  i n  t h e  c a s e  of an 
a r t i f i c i a l  s imu la t ion ,  f o r  s e v e r a l  s i g n i f i c a n t  reasons.  F i r s t l y ,  it is  
important t h a t  w e  q u a n t i t a t i v e l y  confirm t h e  e f f e c t i v e n e s s  of t h e  mech- 
ansim; secondly,  i t  w i l l  i nc rease  (o r  decrease)  confidence i n  the v a l -  
i d i t y  of our s imula t ion  and l a s t l y  i t  w i l l  enable  us t o  s tudy t h e  mech- 
anism from o u t s i d e  t h e  e a r t h ' s  atmosphere i n  an extended s p e c t r a l  range. 
V e r i f i c a t i o n  by t h e  Swings e f f e c t ,  q u a n t i t a t i v e  i n t e n s i t y  d i s t r i b u t i o n s  
o r  p o l a r i z a t i o n  e f f e c t s  w i l l  be very important.  

It must be remembered t h a t  resonance f luorescence has  not  been suc- 
c e s s f u l  i n  exp la in ing  t h e  01 emissions and t h e  success  i n  exp la in ing  
the  emissions from t h e  cometary t r i a t o m i c s  C 3 ,  Copt  and p J H 2  h a s  been 
meagre, emphasizing t h e  need f o r  continued work and observat ions i n  t h i s  
area. 

A s  i t  w a s  pointed ou t  ea r l ie r ,  wr understanding of  t h e  cometary 
d i s s o c i a t i o n  and i o n i z a t i o n  processes  is poor. I f  t he  Whipple proposed 
f rozen  iceberg nucleus model i s  even approximately v a l i d ,  then t h e  ob- 
served r a d i c a l s  and ions are most l i k e l y  c r e a t e d  by fragmentation of 
l a r g e r  s t a b l e  n e u t r a l  molecules o r i g i n a t i n g  from t h i s  nucleus.  Somehow, 
these  molecules have t o  be d i s s o c i a t e d  and ionized.  

d i s s o c i a t e  t o  form Nw2 i n  t h e  s o l a r  f i e l d s  anywhere nea r  qu icg ly  enough 
i n  t h e  t i m e  s c a l e  necessary t o  be c o n s i s t e n t  w i t h  t h e  cometary observa- 
t i o n .  For i o n i z a t i o n  mechanisms t h e  orthodox e f f e c t s  of proton c o l l i s i o n ,  
charge exchange and pho to ion iza t ion  are seemingly even f u r t h e r  away from 
being a b l e  t o  produce t h e  obse rva t ions .  The presumed s o l a r  f l u x e s ,  
molecular d e n s i t i e s  are f a r  t oo  low t o  be s u f f i c i e n t l y  e f f e c t i v e .  

I n  t h e  l i s t  of p o s s i b l e  cometary parent  molecules only N H w i l l  4 

It is obviously apparent  t h a t  more work must be c a r r i e d  o u t  i n  t h i s  
f i e l d .  Not only understanding t h e  cometary phenomena is  a t  s t a k e  f o r  
i t  is apparent  t h a t  w e  have a conceptual ly  poor understanding of t h e  
i n t e r a c t i o n  between an atmosphere and t h e  s o l a r  f l u x  f i e l d s .  An improve- 
ment i n  our  understanding of t h e  cometary phenomena would then be of 
a s s i s t a n c e  i n  our conception of our  own atmosphere. 

Since t h e  convent ional  t h e o r i e s  of  c o l l i s i o n a l  and photo-dissocia-  
t i o n  and i o n i z a t i o n  are not  s u f f i c i e n t ,  w e  must look t o  some new sources  
of  energy or t h e o r i e s  t o  e x p l a i n  t h e  observed phenomena. One l o g i c a l  
and i n t e r e s t i n g  p o s s i b i l i t y  is t h a t  of chemical r e a c t i o n s  very c l o s e  t o  
the  nucleus of t h e  comet where t h e  d e n s i t i e s  are g r e a t  enough t o  s u s t a i n  
such processes .  For some r e a c t i o n s  t h i s  type of process  could be of 
some e f f e c t  but i t  is u n l i k e l y  t h a t  t h e  d e n s i t i e s  and c o l l i s i o n  frequen- 
c i e s  are g r e a t  enough t o  supply a major source of r a d i c a l s  and ions .  
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Another p o s s i b l e  source of energy t h a t  h a s  been suggested is  t h e  
comet nucleus i t s e l f .  I f  t h e  nucleus contained a s u f f i c i e n t  concentra- 
t i o n  o f  trapped f r e e  r a d i c a l s  and o t h e r  r e a c t i v e  s p e c i e s ,  it is  conceiv- 
ab le  t h a t  an e n e r g e t i c  proton o r  h e a t  from t h e  s o l a r  e lectromagnet ic  
r a d i a t i o n  could t r i g g e r  e n e r g e t i c  s u r f a c e  r e a c t i o n s  r e s u l t i n g  i n  a vio-  
l e n t  release of fragmented r a d i c a l s  and ions.  However, it is  d i f f i c u l t  
t o  conceive why a comet nucleus should c o n s i s t  of a n  abundance of t hese  
r e a c t i v e  s p e c i e s  and not s t a b l e  n e u t r a l  hydrocarbons. This a l s o ,  without  
more d i r e c t  evidence on t h e  comet nucleus,  seems u n l i k e l y  t o  be a major 
source of r a d i c a l s .  

There has  been some r e c e n t  d i s c u s s i o n  i n  which it  is  suggested t h a t '  
we do not  have a good understanding of t h e  na tu re  of  t he  macroscopic 
i n t e r a c t i o n  between t h e  s o l a r  wind and a gaseous atmosphere. One sug- 
g e s t i o n  t h a t  has been r e c e n t l y  considered,  both t h e o r e t i c a l l y  and ex- 
per imental ly ,  i s  t h a t ,  dur ing t h e  i n t e r a c t i o n  of t h e  two media, hydro- 
dynamic e f f e c t s  such as shock phenomena i n i t i a t e  a conversion of energy 
such t h a t  t h e  e l e c t r o n  temperature of t h e  p la sma  markedly r i s e s .  A rise 
i n  e l e c t r o n  energy o r  d e n s i t y  could be r e spons ib l e  f o r  t h e  observed e f -  
f e c t s .  

While t h i s  may not  be t h e  a c t u a l  mechanism it is  reasonable  t h a t  
i t ,  o r  some o t h e r  s i m i l a r  process  could be t h e  source we are Looking 
f o r .  I f  something similar t o  t h i s  i s  i n  f a c t  t h e  dominant mechanism, 
then  t h e r e  i s  a d i s t i n c t  p o s s i b i l i t y  t h a t  it could a l s o  be e f f e c t i v e  
f o r  an a r t i f i c i a l  gaseous r e l e a s e .  There are s e v e r a l  problems such as 
s c a l i n g  f a c t o r s  t h a t  may preclude t h e s e  e f f e c t s  f o r  an a r t i f i c i a l  re- 
lease,  bu t  t h e  f e a s i b i l i t y  of an experiment t o  examine t h i s  p o s s i b i l i t y  
should be considered.  

The fol lowing paragraphs w i l l  examine and d i s c u s s  t h e  d i a g n o s t i c  
techniques a v a i l a b l e  with emphasis on the  spec t roscop ic  experiments pos- 
s i b l e  and t h e  information t h a t  could be obtained from them. This d i s -  
cuss ion  w i l l  be without  regard t o  t h e i r  r e a l i s t i c  f e a s i b i l i t y  i n  t h e  
p re sen t  experimental  frame work. However, t h e  p r a c t i c a l  a s p e c t s  of a l l  
t h e  experiments such as s c a l i n g  f a c t o r s ,  t o t a l  emission observable  e t c .  
w i l l  be considered i n  a la ter  f e a s i b i l i t y  e v a l u a t i o n  i n  t h i s  document. 

Diagnost ic  c a p a b i l i t i e s :  I n  o rde r  t o  be ab le  t o  i n f e r  anything 
about t he  i n t e r a c t i o n  between t h e  gaseous r e l e a s e s  and t h e  s o l a r  r a d i a -  
t i o n s ,  one has  t o  use  t h e  d i a g n o s t i c  t o o l s  a v a i l a b l e  i n  t h e  p re sen t  
range of  technology. I n  t h i s  s e c t i o n  we w i l l  b r i e f l y  consider  t h e  pos- 
s i b l e  techniques and t h e  f e a s i b i l i t y  of employing them i n  t h e  proposed 
schemes. 

A s  i n  t h e  case of comets t h e  most e f f e c t i v e  t o o l  t h a t  we w i l l  be 
a b l e  t o  use w i l l  be t h e  obse rva t ion  of emission of o p t i c a l  s p e c t r a .  
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This  technique w i l l  be u s e f u l  both from a q u a l i t a t i v e  i d e n t i f i c a t i o n  
aspect  as w e l l  as from the  a b i l i t y  t o  q u a n t i t a t i v e l y  i n t e r p r e t  t h e  e m i s -  
s ions .  From t h e  q u a n t i t a t i v e  d a t a  one can deduce such th ings  as e m i t -  
t e r  concen t r a t ions  and fol low t h e  growth o r  decay of t h e  d e t e c t e d  s p e c i e s  
as w e l l  as c a l c u l a t e  molecular energy d i s t r i b u t i o n s .  It is  from t h e s e  
q u a n t i t a t i v e  types of measurements t h a t  one hope fu l ly  w i l l  be a b l e  t o  
make in fe rences  about d i s s o c i a t i o n  and i o n i z a t i o n  mechanisms. 

This type of  obse rva t ion  is s i m i l a r  t o  our p re sen t  terrestrial  
cometary obse rva t iona l  c a p a b i l i t y  bu t  under t h e  p re sen t  conf igu ra t ion  
the proposed experiment would have t h e  a d d i t i o n a l  advantage of making i t s  
observat ions from the  space environment, thus opening up t h e  vacuum 
u l t r a v i o l e t  s p e c t r a l  region.  This previously unobservable s p e c t r a l  re- 
gion may have t h e  p o t e n t i a l  t o  s i g n i f i c a n t l y  f u r t h e r  our  understanding 
of t h e  cometary phenomena. 

Another mode of obse rva t ion  t h a t  a l s o  may be s i g n i f i c a n t  i s  t h a t  of 
abso rp t ion  spectroscopy. This i s  another  f i e l d  t h a t  has no t  been prev- 
i o u s l y  u t i l i z e d  but  f o r  s a t e l l i t e  r e l e a s e s  and observat ions t h e  l o g i s t i c s  
of t h i s  type of a n  experiment a r e  markedly s i m p l i f i e d  and t h i s  may a l s o  
be an e f f e c t i v e  obse rva t iona l  c a p a b i l i t y .  ljeterochromatic photometric 
observat ions w i l l  be u s e f u l  t o  fol low  the r a d i a t i n g  gas as it e f f u s e s  
from t h e  r e l e a s e .  This  technique i s  more s e n s i t i v e  than spectroscopy 
and w i l l  o f f e r  t h e  advantage of monitoring t h e  r e l e a s e d  c loud ' s  progress  
t o  d i s t a n c e s  not  a c c e s s i b l e  t o  spec t roscop ic  techniques.  There is a l s o  
t h e  p o s s i b i l i t y  t h a t  measurement of p o l a r i z a t i o n  e f f e c t s  as w e l l  as 
o c c u l t a t i o n  of va r ious  s te l la r  sources  i n  the  r f  range may be of i n t e r e s t  
but t h e s e  a r e  r a t h e r  u n l i k e l y  i n  t h e  scope of t h e  p re sen t  p r o j e c t .  A t  
t h i s  t i m e  f o r  s m a l l  r e l e a s e s  (of t h e  o rde r  of one o r  a f e w  moles) the 
use of abso rp t ion  spectroscopy except f o r  atomic resonant  t r a n s i t i o n s  
does not  seem p o t e n t i a l l y  f r u i t f u l .  

Spectroscopic  experiments: The major observable  cometary emissions 
of the head and t a i l  are from CN,  C , NH, OH, NH2, CO+, N2' and CO + z -  t he  course of t h i s  d i scuss ion  we w i f l  consider  each of t h e i r  emissions 
from t h e  po in t s  of view of p o t e n t i a l  sources  and s i g n i f i c a n t  obse rva t iona l  
experiments u s ing  them. I n  view of t he  p o s s i b i l i t y  of an unan t i c ipa t ed  
d i s s o c i a t i o n  o r  i o n i z a t i o n  mechanism such as the  one j u s t  desc r ibed ,  i t  
should be mentioned h e r e  t ha t  w e ,  f o r  t h i s  d i scuss ion ,  w i l l  on ly  con- 
s i d e r  convent ional  photochemical processes t o  produce t h e  observed rad- 
i c a l s  and ions.  I f  o t h e r  mechanism are o p e r a t i v e ,  so much t h e  b e t t e r ,  
b u t  w e  cannot r e l y  on t h e i r  p o s s i b l e  e x i s t e n c e  f o r  t h e  proposed expe r i -  
ments. 

In  

We w i l l  f i r s t  consider  t h e  CN r a d i c a l .  I ts  emissions are among 
the  most i n t e n s e  f o r  many comets. The main p o s s i b l e  sources  f o r  t h i s  
molecule are a l l  hotochemical. The p o s s i b l e  r e l e a s e  candidates  are 

< 2070 li >, HCN (Adiss < 19OOg) and ICN (Adiss < 3100g). 2N 2 ('d is s 
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While I C N  i s  d e f i n i t e l y  not a cometary pa ren t  molecule i t  has been 
shown t o  be a good photochemical sou rce  of t h e  CN f r e e  r a d i c a l .  Since 
i t s  pho tod i s soc ia t ion  continuum region (3100fl), t h i s  would be a rela- 
t i v e l y  f a s t  source of  2N. The resonance f luorescence would be mainly 
i n  t h e  v i o l e t  (B C - X C) system whose (0,O) sequence has  i t s  head a t  
38832 i n  t h e  r e l a t i v e l y  s t r o n g  s o l a r  region.  
s t r o n g  one and i t  is  a l s o  of i n t e r e s t  s i n c e  t h e r e  are s e v e r a l  s t r o n g  
Fraunhofer l i n e s  i n  i t s  e x c i t a t i o n  r eg ion .  The spec t roscop ic  opportun- 
i t i e s  wi th  t h i s  emission a r e  e x c e l l e n t .  The measurement of v i b r a t i o n a l  
and r o t a t i o n a l  e f f e c t i v e  temperatures ,  and obse rva t ion  of t h e  Doppler 
s h i f t e d  Fraunhofer l i n e s  as t h e  v e h i c l e  approaches and recedes from t h e  
sun are two e x c e l l e n t  techniques f o r  uniquely a s c r i b i n g  t h e  e x c i t a t i o n  
mechanism, ( i f  it i s  resonance f luorescence) .  I f  t h e  f luorescence i s  
d e t e c t a b l e ,  t h e  cons i s t ency  of t h e  observed concen t r a t ion  wi th  a photo- 
chemical o r i g i n  may be checked. 
t a b l e ,  CN i s  an e x c e l l e n t  molecule t o  s tudy spec t roscop ica l ly .  

2 

This t r a n s i t i o n  is a 

I f  enough can  be generated t o  be de t ec -  

-I- We w i l l  next  consider  CO and CO . These can be generated by d i r -  
e c t  CO r e l e a s e  and some i o n i z a t i o n  process.  There is also t he  p o s s i b i l i t y  
o f  t h e i r  gene ra t ion  by photochemical a c t i o n  on a CO2 release, bu t  it is 
u n l i k e l y  t h a t  t h e  C 0 2  could be photolyzed qu ick ly  enough t o  be u s e f u l .  

I f  t h e  f luorescence of CO can be observed i n  the  4 t h  p o s i t i v e  
(A/sr - X/C)  resonance system it o f f e r s  s e v e r a l  p o s s i b i l i t i e s .  This e m i s -  
s i o n  has  not been de tec t ed  from a comet but  t h i s  i s  probably because it 
is i n  a wavelength range (WV) t h a t  has  been h e r e t o f o r e  o b s e r v a t i o n a l l y  
inaccess ib l e .  However, it should a l s o  be mentioned t h a t  t h e  system is  of 
medium s t r e n g t h  and i s  e x c i t e d  by a region of t h e  s o l a r  spectrum t h a t  
i s  r e l a t i v e l y  weak. 

An i n t e r e s t i n g  a spec t  of t h i s . e m i s s i o n  is  t h a t  it is  e x c i t e d  by 
t h e  s o l a r  r eg ion  where t h e  l i n e  s p e c t r a  dominate. Thus t h e  e x c i t a t i o n  
of bands would be due t o  t h a t  of i nd iv idua l  l i n e s  when t h e  ove r l ap  w i t h  
a s t r o n g  s o l a r  l i n e .  I n  t h i s  c a s e  t h e  emission would be of t h e  form of 
a s e r i e s  of i nd iv idua l  r o t a t i o n a l  l i n e s  r a t h e r  t han  e n t i r e  bands. Th i s  
type of  emission i s  much more amenable t o  q u a n t i t a t i v e  a n a l y s i s  and could 
y i e l d  information on the  e x c i t a t i o n  process.  

Since t h e  e x c i t a t i o n  is by l i n e s  and not  a continuum, t h e  emission 
w i l l  be extremely Doppler s e n s i t i v e  t o  the r e l a t i v e  v e l o c i t i e s  of t h e  
gas cloud and t h e  sun. The e x c i t a t i o n  w i l l  be s e n s i t i v e  t o  even t h e  
smallest Doppler s h i f t  and t h e  s p e c t r a  approaching and receding from t h e  
sun w i l l  l i k e l y  be e n t i r e l y  d i f f e r e n t .  Observation of t h i s  emission is  
a l s o  important s i n c e  it has not  been p rev ious ly  de t ec t ed .  Experience 
and i n s i g h t  gained i n  an a r t i f i c i a l  obse rva t ion  may conceivably h e l p  
any f u t u r e  obse rva t ion  and i n t e r p r e t a t i o n  of a c t u a l  comets from f u t u r e  
o r b i t i n g  o b s e r v a t o r i e s .  
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+ W i l l  i o n i z a t i o n  t o  form CO occur? This ques t ion  cannot be answered 
a p r i o r i  b u t  what can be answered is t h a t  it i s  u n l i k e l y  t h a t  it w i l l  
occur by convent ional  pho tod i s soc ia t ion .  However, i f  it does occur by 
some mechanism t o  a d e t e c t a b l e  degree,  t h e  information t h a t  i s  obtained 
irom t h i s  obse rva t ion  should be h e l p f u l .  CO+ e m i t s  s t r o n g l y  i n  t h e  comet 
t a i l  system (A2, - 2C) (3000 t o  5000& r i g h t  i n  t h e  in t ense  r e g i o n  of t h e  
s o l a r  spectrum. This r eg ion  a l s o  has  s e v e r a l  s t r o n g  Fraunhofer l i n e s .  
The q u a n t i t a t i v e  spectroscopy of t h e  emissions w i l l  y i e l d  v i b r a t i o n  and 
r o t a t i o n a l  e f f e c t i v e  temperatures which could g ive  some i n s i g h t  t o  t h e  
i o n i z a t i o n  mechanism. 

+ Detec t ion  e i t h e r  by emission o r  abso rp t ion  of CO and CO and observ- 
ing t h e i r  decay and growth as a f u n c t i o n  of time has p o t e n t i a l  i n  y i e l d -  
ing information about t h e  i o n i z a t i o n  process .  Even i f  CO+ i s  not  de t ec -  
t a b l e  and CO i s ,  we should be a b l e  t o  observe t h e  decay of CO and i f  
it i s  not  c o n s i s t e n t  w i th  t h e  t h e o r e t i c a l l y  p red ic t ed  expansion of a 
gas,  some information may be gained i n t o  t h e  i o n i z a t i o n  process.  

On i t s  own spec t roscop ic  meri ts ,  CO would be an important release 
but  i f  s i g n i f i c a n t  i o n i z a t i o n  occurred t h e  importance of such a r e l e a s e  
would be enhanced. 

GO2+ is another  cometary emission t h e  source of which would obviously 
be C02.  This  could a l s o  decay under s o l a r  a c t i a n  t o  y i e l d  CD and CO+ 
which are of  obvious importance but  u n f o r t u n a t e l y  C02 is  not known t o  
have a s t r o n g  observable  resonance emission system. I t s  photodissocia-  
t i o n  continuum has a long wavelength l i m i t  a t  about 17508 i n  t h e  w 
s o l a r  r eg ion  and s o  pho to -e f f ec t s  are no t  l i k e l y  t o  be very e f f i c i  
I f  t h e  C 0 2  molecule i s  broken up and ionized by some unan t i c ipa t ed  mech- 
anism, however, t h e  information y i e l d  could be s i g q i f i c a n t .  

3 3 

about 3200g and t h e  NH2 a band f u r t h e r  up i n  t h e  v i s i b l e .  The source of 
t hese  r a d i c a l s  may be pho tod i s soc ia t ion  of NH3 (xdiss -32502) o r  N2H4 

Both NH and NH2 have been observed i n  comets; NH i n  t h e  A x - X C 

(hdiss< 2700g) 

The pho tod i s soc ia t ion  of  hydrazine (N2H4) i s  one of t he  few releases 
t h a t  could c r e a t e  t h e  necessary r a d i c a l  concen t r a t ions  i n  t h e  observable  
time s c a l e  and is  thus an important release p o s s i b i l i t y .  This  i s  because 
i t s  pho tod i s soc ia t ion  continuum begins up i n  t h e  s t r o n g e r  s o l a r  r eg ion  
about 2700g. The NH f luorescence emissions are of medium s t r e n g t h  and 
are i n  a r e l a t i v e l y  weak s o l a r  region.  It is  doub t fu l  i f  they w i l l  be 
easy t o  d e t e c t  s i n c e  they  are q u i t e  weak i n  comets. NH a band f l u o r e s -  
cence w i l l  be o b s e r v e d - i n  t h e  s t r o n g  s o l a r  r eg ion  arounz 5000 t o  60008 
and may be observable  i f  s u f f i c i e n t  concen t r a t ions  of NH2 are c rea t ed .  
Being a t r i a t o n i c  molecule it is of s p e c i f i c  i n t e r e s t  t o  s tudy  i t s  emis- 
s i o n s  s i n c e  resonance f luorescence has  not been conc lus ive ly  shown t o  be 
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i t s  e x c i t a t i o n  mechanism. It i s  thus of importance t o  q u a n t i t a t i v e l y  
examine i t s  s p e c t r a  hope fu l ly  t o  determine t h e  e x c i t a t i o n  mechanism. 
This is  a l s o  t r u e  f o r  C02+. 

Since hydrazine (N2H4) absorbs s t r o n g l y  i n  t h e  2000 t o  3000g range, 
i t  would a l s o  be of i n t e r e s t  t o  monitor i t s  decay and t h e  growth of 
t he  NH concen t r a t ion .  Consequently N2H4 could be a s i g n i f i c a n t  and 
r evea l ing  r e l e a s e .  2 

2 OH has  been weakly observed i n  comets i n  the  A2C+ - X n system a t  
The system is of medium s t r e n g t h  i n  a weak s o l a r  r eg ion  and i s  3050g. 

l i k e l y  t o  be d i f f i c u l t  t o  d e t e c t .  It would probably be produced by 
pho tod i s soc ia t ion  of H20 vapor. 

3 3 The Swan system (A fi - X n) of C2 is  o f t e n  one of t h e  more i n t e n s e  
cometary emissions.  It is a s t r o n g  system i n  an i n t e n s e  s o l a r  r eg ion  
and the  f a c t  t h a t  i t  i s  a homonuclear molecule makes it e s p e c i a l l y  
i n t e r e s t i n g .  There i s  another  unusual a spec t  t o  t h i s  molecule i n  t h a t  
i t  i s  observed i n  t h e  t r i p l e t  Swan system and not  t he  t r u e  ground s t a t e  
s i n g l e t  system. It i s  a l s o  of i n t e r e s t  t o  no te  t h a t  it has  not been 
observed i n  emission from the  s i n g l e t  s t a t e s  i n  s p i t e  of a t tempts  t o  
observe t h e  P h i l i p s  bands i n  t h e  near  i n f r a r e d .  The answer t o  t h i s  
s i n g l e t - t r i p l e t  problem very l i k e l y  l i e s  i n  t h e  e n e r g e t i c s  of t h e  pro- 
c e s s e s  c r e a t i n g  t h e  molecule and w i l l  very l i k e l y  remain unanswered 
u n t i l  we determine what these processes  are. 

This b r ings  us t o  t h e  problem of sources  of C2. It is  a d i v a l e n t  

T h i s  requirement of two bond r u p t u r e s  com- 
r a d i c a l  and hence two chemical bo.nds need t o  be broken t o  c r e a t e  C2 
from a s t a b l e  C2 compound. 
p l i c a t e s  and very l i k e l y  lengthens t h e  process of C2 formation. 
reasonably l i k e l y  photochemical source of  C may be C H but  t h e  neces- 

compound i n  any proposed experiments.  

A 

2 2  s i t y  of two bond r u p t u r e s  reduces t h e  f e a s i  E i l i t y  of t h i s  as a release 

This i s  un fo r tuna te ,  as C2 would be a very i n t e r e s t i n g  spec t ro -  
s cop ic  observat ion.  It would be of i n t e r e s t  t o  s tudy  from a c r e a t i o n  
p o i n t  of view, and i t s  t r i p l e t - s i n g l e t  s t a t e  problems as w e l l  as t h e  
unique spec t roscop ic  p r o p e r t i e s  due t o  i t s  homonuclear na tu re .  A t  t h i s  
p o i n t ,  however, it does no t  s e e m  t o  be an appropr i a t e  molecule t o  
a t tempt  t o  observe v i a  a gaseous - re l ease .  There a r e  several o t h e r  
cometary emissions such as 01, N2+, e t c . ,  but  due t o  t h e  unl ikel ihood 
of  t h e i r  being of s i g n i f i c a n c e  i n  t h e  p re sen t  framework, they a r e  no t  
considered he re .  

We have i n  t h i s  p a s t  s e c t i o n  reviewed what i t  is f e l t  w i l l  be 
s i g n i f i c a n t  spec t roscop ic  experiments t o  a t t e m p t  with gaseous r e l e a s e s .  
L i t t l e  a t t e n t i o n  w a s  paid,  however, t o  the f e a s i b i l i t y  of  a c t u a l l y  
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performing t h e s e  experiments,  i . e . ,  w i l l  anything be de t ec t ed?  I n  t h e  
Eollowing s e c t i o n ,  t h e s e  p o s s i b l e  experiments w i l l  be descr ibed i n  terms 
of  t h e i r  p r a c t i c a l i t i e s  and from a weighing of t h e  t e c h n i c a l  value of 
t h e  experiment w i th  i t s  p r o b a b i l i t y  of success  t h e r e  w i l l  be proposed 
what we f e e l  are t h e  most u s e f u l ,  bu t  y e t  f e a s i b l e  experiments. 

E. Analysis of Previous Rocket A t t e m p t s  t o  
Study Cometary Physics  

In  t h i s  s e c t i o n  previous rocke t  a t tempts  w i l l  be analyzed t o  s tudy  
cometary physics by release of chemicals i n  t h e  e a r t h ' s  upper atmosphere 
(Refs. 26,27). I n  gene ra l  i t  must be s a i d  t h a t  t o  d a t e  t h e  r e s u l t s  have 
been d i sappo in t ing  i n  t h a t  t h e  s p e c t r a  obtained have been poor o r  n i l .  

The previous rocke t  experiments s u f f e r e d  from t h r e e  fundamental 
d i f f i c u l t i e s .  The f i r s t  w a s  t h a t  s i n c e  t h e  experiments were conducted 
i n  t h e  e a r t h ' s  upper atmosphere where t h e r e  w a s  s t i l l  reasonable  r e s i d u a l  
d e n s i t y ,  t h e r e  could not  be d e f i n i t e l y  excluded t h e  p o s s i b i l i t y  t h a t  
some form of chemiluminescence w a s  occurr ing.  I n  p a r t i c u l a r ,  t h e  even- 
t u a l i t y  t h a t  NH2 could be produced by t h e  i n t e r a c t i o n  of ammonia wi th  
the oxygen atmosphere still remains. 

A second d i f f i c u l t y  is  t h a t  t h e  experiments were n e c e s s a r i l y  p e r -  
formed under t w i l i g h t  cond i t ions .  While sodium r e l e a s e s  and ARO r e -  
l e a s e s  can be performed e f f e c t i v e l y  under t w i l i g h t  cond i t ions  because 
of  t h e  b r i g h t n e s s  of t h e  luminescent cloud, t h e  same is not t r u e  of 
cometary type r a d i c a l s  whose f luorescence i s  r e l a t i v e l y  weaker and can 
be l o s t  more r a p i d l y  i n  the  usua l  t w i l i g h t  background. 

A t h i r d  d i f f i c u l t y  i s  t h a t  t he  chemical r e l e a s e  mechanisms i n  t h e  
p a s t  have not  only r e l e a s e d  t h e  gaseous phase bu t  a l s o  a c e r t a i n  f r a c -  
t i o n  of t h e  r e l e a s e d  mater ia l  i n  t h e  form of  p a r t i c l e s .  These p a r t i c l e s  
occur when t h e  o r i g i n a l  chemical payload is  l i q u i d  o r  s o l i d  o r  because 
of nuc lea t ion  from gaseous payloads. Such p a r t i c l e s  with t h e i r  M i e  
s c a t t e r i n g  c r e a t e  a background continuum which may render impossible t h e  
d e t e c t i o n  of t h e  r e l a t i v e l y  weak f luorescence s c a t t e r i n g .  
a t i o n  is  considered by Wurm (Ref. 28) t o  have occurred i n  t h e  upper 
atmosphere ammonia releases of t h e  Hamburg group. No experience was 
a v a i l a b l e  a t  t h e  time of t h a t  experiment as t o  how t h e  l i q u i d  ammonia 
would behave w i t h  regard t o  t h e  phase t r a n s i t i o n s ;  nor was t h e r e  a v a i l -  
ab l e  a reasonable e s t ima te  of t he  du ra t ion  of v i s i b i l i t y  of t h e  expand- 
ing f luo rescen t  gas a g a i n s t  t h e  t w i l i g h t  background. During t h i s  
experiment t h e  v i s i b i l i t y  of t h e  expanding mass proved t o  be r a t h e r  
s h o r t  and t h e  v i s i b l e  s t r u c t u r e  l a s t e d  some 15 seconds. There was an 
i n i t i a l  phase of a few seconds which w a s  very b r i g h t  ( 3  t o  4 seconds) 
and w a s  considered due t o  t h e  s c a t t e r i n g  of s u n l i g h t  by s m a l l  ammonia 
d r o p l e t s .  

Such a s i t u -  
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F. Analysis of S o l i d  Release Experiment (Whipple Nucleus) 

Another poss ib l e  cometary s imula t ion  experiment involving t h e  r e -  
l e a s e  of s o l i d  material as a space s imula t ion  is t h a t  proposed t o  t e s t  
Whipple's concept (Refs. 29, 30) of a conglomerate of carbonaceous 
i c e s  as c o n s t i t u t i n g  t h e  nucleus of a comet. This experiment has been 
suggested from t i m e  t o  time bu t  seems l i k e  a poor one on t h e  b a s i s  of 
t h e  photometric a n a l y s i s  of Opik (Refs.  31,32) and t h e  l a b o r a t o r y  simu- 
l a t i o n  of Danielsson and Kasai (Ref. 33).  

Photometric cons ide ra t ions  and s c a l i n g . -  Opik makes t h e  po in t  t h a t  
simple use  of an inve r se  square l a w  f o r  t h e  b r igh tness  dependence on 
d i s t a n c e  of a comet i s  erroneous.  I f  he  comet nucleus is taken from 
1Av (1 - 5 x lo8  km) t o  1500 kms o r  lo5  t i m e s  c l o s e r  presumably on t h e  
b a s i s  of t h e  inve r se  square l a w ,  i t  would appear 1O1O t i m e s  b r i g h t e r .  
An area 1O1O t i m e s  smaller o r  r a d i u s  lo5  t i m e s  sma l l e r  should c r e a t e  
t h e  same photometric e f f e c t  as t h e  comet. However, i t  is a volume 
50,000 km i n  diameter around t h e  nucleus which is t h e  l i g h t  e m i t t i n g  
element and t h i s  volume, it is  p a t e n t l y  impossible t o  d u p l i c a t e  a t  a 
d i s t a n c e  of 1500 km. Consequently Opik f i n d s  the  b r i g h t n e s s  w i l l  in- 
c r e a s e  i n v e r s e l y  w i t h  t h e  f i r s t  power of d i s t a n c e  not  t h e  second power. 

An a d d i t i o n a l  d e f e c t  i n  t h e  proposed s o l i d  release experiment i s  
t h a t  t h e  assumed geometr ical  s i m i l a r i t y  does not hold - o r  i n  o t h e r  
words t h e  dimensions of t h e  coma a r e  determined by t h e  molecular v e l o c i t y  
of t h e  emi t t ed  gases  and t h e  rates of photo-dissociat ion and photoioniza-  
t i o n  of t h e  molecules which are r e l a t i v e l y  cons t an t  and independent of 
t h e  s i z e  of t h e  nucleus.  Consequently t h e  s i z e  of t he  coma and i t s  
f e a t u r e s  do no t  s c a l e  down a t  a l l  i n  s i z e  and t h e  small nucleus cannot 
repea? in miniature  proport ion t h e  o v e r a l l  f e a t u r e s  t h a t , o c c u r  i n  comets 
of astronomical s i z e .  

S o l a r  wind cons ide ra t ions  and sca l ing . -  The u s e  of a min ia tu re  
Whipple comet nucleus t o  s tudy  t h e  i n t e r a c t i o n  of t h e  s o l a r  wind and 
t h e  n e u t r a l  molecules e f fused  from t h e  nucleus c o n s t i t u t e s  another  as- 
pec t  of t h e  cometary s imula t ion  problem. A t h e o r e t i c a l  exp lana t ion  of 
t h i s  i n t e r a c t i o n  has not  achieved any gene ra l  consensus of agreement 
(Ref. 31).  The cometary obse rva t ions  of t h e  ions are observed f o r  t h e  
most p a r t  c l o s e  t o  t h e  nucleus and i n  t h e  plasma t a i l .  The obse rva t ions  
i n d i c a t e  that  t h e  i o n i z a t i o n  process  i s  ve ry  e f f i c i e n t  s i n c e  t h e  t i m e  
s c a l e  is  of t h e  o rde r  of hours (3.6 x lo3 sec)  and ion d e n s i t i e s  as h i g h  
as 10 /cm3 are reached. This is  i n  c o n t r a s t  t o  t i m e s  of i o n i z a t i o n  of 2 
l o 6  - 10 7 s e c  f o r  pho to ion iza t ion  and lo7 s e c  f o r  charge t r a n s f e r .  

The e s t i m a t i o n  of r e s u l t s  achievable  i n  a s o l a r  wind s imula t ion  
experiment depends as do t h e  photometric s imula t ion  on t h e  app l i cab le  
s c a l i n g  l a w s .  Danielsson and Kasai (Ref. 33) have performed an a n a l y s i s  
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o f  t h e  appropr i a t e  s c a l i n g  l a w s  f o r  a l a b o r a t o r y  type s imula t ion  of  
p l a s m a  phenomena i n  comets. It is impossible t o  s c a l e  completely 
electromagnet ic  and flow dynamical phenomena from a cosmic s i t u a t i o n  
t o  a l a b o r a t o r y  s i t u a t i o n  as they found i n  t h e i r  case.  The proposed 
s a t e l l i t e  release i s  f o r  t h e  s i z e s  involved ( cen t ime te r s  t o  a meter) 
similar t o  t h e i r  l a b o r a t o r y  experiment i n  t h e  type of s c a l i n g  involved. 
Hence t h e i r  a n a l y s i s  and r e s u l t s  are i n s t r u c t i v e  wi th  regard t o  t h e  
s a t e l l i t e  release. Table 13 f u r n i s h e s  t h e  d e t a i l s  r e l e v a n t  f o r  t h e i r  
experiment. I n  t h e  second column t h e  same parameters are s c a l e d  down 
by 10 o r d e r s  of magnitude i n  l i n e a r  dimension ( s i m i l a r  t o  t h e  proposed 
s a t e l l i t e  release). I n  t h i s  s c a l i n g  the  s c a l i n g  l a w s  f o r  e l ec t r i ca l  
discharge as given by Cobine (Ref. 3 4 )  were used wi th  t h e  a d d i t i o n a l  
s t i p u l a t i o n  t h a t  t h e  mean f r e e  path f o r  coulomb c o l l i s i o n s  must be reas- 
onably sca l ed .  

For t h e  Danielssen-Kasai s c a l e d  s imula t ion  r e l a t i v e  t o  t h e  f u l l -  
s c a l e  cometary c a s e ,  the d e n s i t y  a t  the luminous boundary w a s  increased 
by a f a c t o r  of 1O1O and t h e  s o l a r  wind d e n s i t y  by a f a c t o r  of 1O1O through 
u s e  of a gun emittdng a dense plasma. The magnetic f i e l d  w a s  increased 
by a f a c t o r  of 5 x lo7 through use of a s t r o n g  magnet. 

The a r t i f i c i a l  min ia tu r i zed  Whipple nucleus would have t o  have 
s imilar  s c a l i n g .  Obviously t h e  s o l a r  wind i n t e n s i t y  cannot be a l t e r e d .  
Manipulation of t h e  magnetic f i e l d  around t h e  nucleus might s e r v e  t o  
s tudy t h e  hydromagnetic i n t e r a c t i o n  of t he  s o l a r  wind wi th  t h e  nucleus 
but  t h i s  c o n s t i t u t e s  such a complex experiment t h a t  i t s  performance seems 
unwarranted. 

Conclusions.- Photometric and electromagnet ic  and flow s c a l i n g  re- 
quirements are s o  seve re  t h a t  t h e  release of  an a r t i f i c i a l  cometary 
nucleus f o r  t h e  s imula t ion  of cometary phenomena c o n s t i t u t e s  a quest ion-  
ab le  experiment. 

G.  S e l e c t i o n  of Spectroscopic  Chemical Release Experiments 
f o r  COmetary Research 

Introduct ion.-  The preceding a n a l y s i s  has made t h e  po in t  t h a t  a 
space r e l e a s e  which at tempts  t o  i m i t a t e  comets i n  n a t u r a l  surroundings 
i s  not a d e s i r a b l e  one because of t h e  severe s c a l i n g  r e s t r a i n t s  involved. 
B a s i c a l l y ,  t h i s  is due t o  t h e  f a c t  t h a t  t h e  gas e f fused  spreads over a 
volume which i s  independent of t h e  s i ze  a f  t h e  nucleus and moreover, t h e  
time cons t an t s  involved ( d i s s o c i a t i o n ,  e x c i t a t i o n ,  i o n i z a t i o n )  remain 
t h e  same. 

However, it is  p o s s i b l e  t o  s imulate  t h e  spec t roscop ic  c h a r a c t e r  of 
cometary emissions by t h e  release of a gas which produces d e s i r e d  
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TABLE 13 

CHENICAL COMPOSITION OF UPPER ATMOSPHERE 

160 kms ( ~ r n - ~ )  

10 N2 - 2 x 10 
8 o2 - 4 x 10 

9 N - 10 
9 

8 

0 - 6 x 1 0  

A - 2 x 1 0  

Mol. Mt. 26.66, T = 1022OK 

350 kms (crnm3) 

N2 - 5 x 10 7 

5 o2 - 10 
7 N - 5 x l q  

8 0 - 10 
4 A - 10 

Mol. Wt. 21.24, T = 1464OK 

MOLECULAR WEIGHTS AND RATIO TO IT20 MOLECULAR WEIGHT 

f Molecular Weight - 
N2 - 28 
O2 - 32 
N - 14 

0.645 

0.563 

1.29 

0 - 16 ,I. 13 

A - 40 0.45 

H20- 18 
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cometary r a d i c a l s  a t  an optimum ra te .  
used t o  s tudy  t h e  behavior of t he  r a d i c a l s  c r ea t ed .  For many molecules 
t h e  pho tod i s soc ia t ion  t i m e s  are not known bu t  a l i m i t e d  number of  meas- 
urements have been made and are fu rn i shed  i n  Table 14 as given by 
F o t t e r  and D e l  Duca (Ref. 35) .  Such t i m e  c o n s t a n t s  f o r  pho to lys i s  it 
is  considered may poss ib ly  be s t u d i e d  more a c c u r a t e l y  from a spaceship 
s i n c e  i t  au tomat i ca l ly  includes t h e  complex i n t e n s i t y  d i s t r i b u t i o n  of  
t he  s o l a r  spectrum. For example, t h e  f luorescence spectrum may be s t u d -  
i e d  w i t h  t h e  e f f e c t  of t h e  Fraunhofer l i n e s  on t h e  p r o f i l e s  i n t e g r a t e d  
i n t o  t h e  t o t a l  f luorescence p i c t u r e  i n  c o n t r a s t  t o  t h e  l abora to ry  simu- 
l a t i o n  of f luorescence.  The r e s u l t s  of these space experiments may then  
be compared w i t h  e x i s t i n g  cometary s p e c t r a  of a similar nature .  

Such an experiment can then  be 

A b a s i c  problem w i t h  such f luorescence experiments i s  tha t  they 
are two-step processes  i n  which f i r s t  a d i s s o c i a t i o n  must occur p r i o r  
t o  t h e  f luorescence.  Consequently t h i s  r e l a t i v e l y  slow d i s s o c i a t i o n  
of t h e  parent  molecule i n  conjunct ion w i t h  t h e  l i m i t e d  amount t h a t  can  
be c a r r i e d  i n  a spaceship and r a p i d  d i f f u s i o n  rates implies  a r e l a t i v e l y  
weak f luorescence.  Care must be taken t o  minimize t h e  background scat- 
t e r i n g .  Two p o s s i b i l i t i e s  which w i l l  be d i scussed  below are those f o r  
s tudying NH2 and CN f luorescence which seem t o  have optimum p o s s i b i l i t i e s .  

Motivat ion f o r  experiment.- The f luorescence experiments on t h e  NH2 
and CN r a d i c a l s  are s e l e c t e d  because they  are prominent r a d i c a l s  i n  come- 
t a r y  s p e c t r a  and they a r e  a l s o  considered (perhaps opt imal ly)  a c c e s s i b l e  
t o  spec t roscop ic  examination. 
NH3, of hydrazine,  N2H 

spectrum i n  an i n t e g r a t e d  f a sh ion .  I n  e f f e c t  such an experiment checks 
t h e  p a r t i a l  r e s u l t s  of e x i s t i n g  l a b o r a t o r y  s t u d i e s ,  gives  a t o t a l  p i c -  
t u r e  and provides a comparison w i t h  t h e - r e l e a s e d  cometary s p e c t r a .  

In  t h e  case of NH2 a r e l e a s e  of ammonia, 
i s  suggested.  I n  t h i s  c a s e  t h e  release serves 

as a t e s t  of t h e  photo 4 y s i s  hypothesis  and a check on t h e  f luorescence 

The CN f luo rescence  w i l l  be s t u d i e d  through t h e  release of I C N  
which has  a r a p i d  r a t e  of d i s s o c i a t i o n  i n  t h e  s o l a r  u l t r a v i o l e t .  This  
experiment then w i l l  only s imulate  t h e  cometary CN f luorescence s i n c e  
I C N  i s  no t  a cometary molecule. The use  of ICN i s  p red ica t ed  on t h e  
advantageous s i g n a l  it w i l l  give.  

The na tu re  of t h e  formation of t h e  r a d i c a l s  observed i n  comet 
s p e c t r a  remains i n  doubt.  A t  p re sen t  t he  gene ra l  concluslon i s  t h a t  
ions observed are c r e a t e d  by as y e t  some unknown magnetohydrodynamic 
process of which Wilks (Ref. 3 6 )  has  made an a n a l y s i s ,  Jackson and 
Donn (Ref. 37) have concluded t h a t  pho to lys i s  i s  capable of  accounting 
f o r  t h e  d i s t r i b u t i o n  and emission c h a r a c t e r i s t i c s  of t h e  r a d i c a l  be- 
havior  i n  comets and Wurm (Ref. 28) s t i l l  be l i eves  t h a t  i n  o r d e r  t o  
exp la in  t h e  presence of r a d i c a l s  i n  comets and t h e i r  kinematic behavior,  
i t  is  necessary t o  invoke some process  o t h e r  t han  photolysis .  
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TABLE 14 

C m T A R Y  AND EXPERIMENTAL SCALING 

PARAMETERS 

Typica l  
Comet Scaled Exper iment 

Coma rad ius ,  Rc, c m  

T a i l ,  crn 

Density a t  luminous boundary, c m  

T i m e  scale, sec 

Solar wind v e l o c i t y ,  cm/sec 

S o l a r  wind, dens i ty ,  c m  

S o l a r  wind e l e c t r o n  temperature,  ev 

Trapped magnetic f i e l d ,  gauss 
* 

Knudsen number, h/Rc 

Magnetic Reynolds number 

Mach number 

Relative shea th  th i ckness  

-3 

-3 

** 

1o1O 

1o12 

lo3 ,, 

104-105 

7 5 x 10 

10 

3? 

lo5 

1o1O 

100 

7 

5 

10-50 

10'~ - 10'~ 
6 6 x 10 

3 

50 

10 

30 

3 

0.1 

* 
X = mfp f o r  plasma proton-gas molecule c o l l i s i o n  a t  t h e  luminous boundary. 

** 
where p and p .  are t h e  g y r o r a d i i  f o r  e l e c t r o n s  and ions .  e 1 

Taken from [33]. 



Tables 8 and 9 g ive  t h e  r e l a t i v e  i n t e n s i t i e s  ( 0 ,  vZ1, 0) -+ (0,04,0) 
~f t h e  NH2 emissions which have been observed i n  comets 1957 I11 and 
i n  19578. experiment would provide a check 2 4  on the  mechanisms causing t h e s e  emissions.  
made f o r  t h e  CN experiment and i s  descr ibed i n  g r e a t e r  d e t a i l  i n  t h e  
experimental  des ign  s e c t i o n .  

The proposed NH3 o r  N H 
A s i m i l a r  comparison may be 

The s e l e c t i o n  of I C N  and NH o r  N2H4 t hen  is p red ica t ed  on t h e  3 r e l a t i v e l y  l a r g e  rate of production of t h e  r a d i c a l s  and t h e i r  high degree 
of f luorescence f o r  s m a l l  payloads. 

H.  Framework of Procedure 

Discussion.-  There i s  proposed a s imula t ion  by a gaseous release 
from an e x t r a - t e r r e s t r i a l  o r b i t i n g  l abora to ry  wi th  t h e  observat ions made 
from t h e  same veh ic l e .  I n  t h i s  experimental  scheme, s t a b l e  parent  
molecules w i l l  be r e l e a s e d  from the  v e h i c l e  whereupod pho tod i s soc ia t ion  
by the s o l a r  f l u x  occurs  and subsequent s o l a r  induced resonance f l u o r e s -  
cence of t h e  product r a d i c a l s  i s  observed. 

The a c t u a l  cometary d i s s o c i a t i o n  mechanism o r  source of t h e  observed 
r a d i c a l s  has  been t h e  s u b j e c t  of considerable  controversy as pointed ou t  
above. The reason f o r  t h e  d i s p u t e  is t h a t  many of t h e  molecules t h a t  a r e  
f e l t  t o  be probable parent  molecules of t h e  r a d i e a l p  w i l l  not d i s s o c i a t e  
f a s t  enough by s o l a r  photons t o  be c o n s i s t e n t  w i th  cometary obse rva t ions .  
This problem can be overcome i n  t h e  p re sen t  experimental  s imula t ion  by 
us ing  pa ren t  molecules that w i l l  pho tod i s soc ia t e  f a s t  enough f o r  t h e  
r a d i c a l s  t o  be observed. Thus, molecules whose pho tod i s soc ia t ion  cont inua 
extend t o  longer wavelength regions where t h e  s o l a r  f l u x  i s  r e l a t i v e l y  
s t r o n g ,  w i l l  be t h e  most e f f e c t i v e .  

The cometary r a d i c a l s  t h a t  are observable  by resonance f luo rescence  
i n  the  s t r o n g  v i s i b l e  r e g i o n  of t h e  s o l a r  spectrum a r e  C2, C N ,  NH2 and 

C3. Due t o  t h e  much more complex na tu re  o f  t h e  tr iaeoinic emissions it  
would be p r e f e r a b l e  a l l  o t h e r  f a c t o r s  being t h e  same, f o r  any q u a n t i t a t i v e  
i n t e r p r e t a t i o n ,  t o  have one of t h e  diatomic r a d i c a l s  as t h e  e m i t t i n g  
spec ie s .  
t he  more l i k e l y  candidate  as C2 is d i a v l e n t  i n  chemical na tu re  and re- 
qu i r e s  t h e  breaking of two chemical bonds t o  be c r e a t e d  while  CN can be 
formed by breaking a s i n g l e  bond. 

Since t h e y  are t o  be produced by s o l a r  pho tod i s soc ia t ion  CN i s  

The cyanogen h a l i d e s  have been demonstrated t o  be e x c e l l e n t  photo- 
chemical sources  of CN f r e e  r a d i c a l s .  I n  f a c t ,  I C N  has  been shown t o  
have a pho tod i s soc ia t ion  continuum t h a t  extends from 21502 as f a r  up as 
30008, a r eg ion  where t h e  s o l a r  f l u x  is  r e l a t i v e l y  s t rong .  
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We have i n  our labora tory  experimental ly  measured t h e  absorp t ion  
c r o s s  s e c t i o n  of I C N  i n  t h i s  reg ion  (see Figure 15) and have ca l cu la t ed  
a n  average abagrp5ion c ross  s e c t i o n  over t h i s  d i s s o c i a t i o n  continum t o  be 
about 4 x 10 cm . 

This  s t r e n g t h  of absorp t ion  i n  t h e  above-mentioned spectral reg ion  
w i l l  on release provide a s u f f i c i e n t  source of ground state f r e e  r a d i c a l s  
t o  be de tec ted  i n  resonance f luorescence due t o  s o l a r  e x c i t a t i o n  i n  the  
f o 1 lowing r e a c t  ions : 

2 ( 1  I C N  + hv (2 150 - 3000A)+I + CN (X 2 , V  =0) (105a) 

(105b) 
2 2 1  CN (x 2 ,v  = 0) -I- hv * CN* (b v,v = n)  

2 1  2 I '  CN* (b v,v = m) + CM (x 2 , v  = m) -k hu (105c) 

2 2 The CN v i o l e t  system (b 2 - x 2 )  i s  a s t r o n g  t r a n s i t i o n  whose Gv = 0 

Thus, t h e  s t r o n g e s t  absorp t ion  and emission occurs i n  a wavelength 
sequence a t  3880 
bands, 
band from 3850 a t o  3884 8. 
at tempt  t o  d e t e c t  f luorescence  i n  t h e  c u r r e n t  experiment. 

i s  much s t ronge r  than any of t h e  o t h e r  sequences o r  

This  i s  t h e  s p e c t r a l  reg ion  where w e  would 

Detect ion of emission from t h i s  band system i n  t h e  c u r r e n t  proposed 
r e l e a s e  w i l l  be extremely important f o r  s e v e r a l  reasons.  F i r s t l y ,  even 
qua l i t a . t i ve  observa t ion  of any s i g n a l  w i l l  demonstrate t h a t  t h e  condi t ions  
a r e  approximately c l o s e  t o  what we a n t i c i p a t e  and t h a t  t h e  experiment is 
f e a s i b l e .  This  demonstration w i l l  provide valuable  experience t o  guide 
poss ib l e  f u t u r e  more soph i s t i ca t ed  experiments. 

I f  w e  are a b l e  t o  q u a n t i t a t i v e l y  measure t h e  f luourescence,  espec i -  
a l l y  t h e  ind iv idua l  bands of t he  Cv = 0 sequence, t h e  information obtained 
from t h e  observa t ions  could prove valuable .  The t o t a l  i n t eg ra t ed  f l u o r e s -  
cence observed i n  a l l  bands should agree  t o  w i t h i n  reasonable  l i m i t s  wi th  
t h e o r e t i c a l  estimates. I f  no t ,  some o the r  mechanisms must be e f f e c t i v e  o r  
our  accepted values of s o l a r  f l u x  and d i f f u s i o n  rates must be s i g n i f i c a n t l y  
i n  e r r o r .  
i n t e n s i t i e s  of the  bands then  we can c a l c u l a t e  an  " e f f e c t i v e  v i b r a t i o n a l  
temperature" and t h e  r e l a t i v e  v i b r a t i o n a l  populat ions of both t h e  ground 
and exc i ted  e l e c t r o n i c  states. From these  w e  can i n t e r p r e t  information as 
t o  t h e  e x c i t a t i o n  and d i s s o c i a t i o n  mechanism, t h e  r e l e a s e  condi t ions ,  e t c . ,  
as w e l l  a s  compare t h e  observa t ions  wi th  those  from a c t u a l  comets. 

I f  we are a b l e  t o  d i s t i n g u i s h  between and measure t h e  r e l a t i v e  
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Experimental Considerations.- We w i l l  now cons ider  some of t h e  
p r a c t i c a l  a spec t s  of such an  experiment. Figure 16 r ep resen t s  a labora-  
t o r y  p r o f i l e  of thf CN y i o l e t  Gv = 0 sequence band, 
s t r u c t u r e  of t h i s  2 - 2 t r a n s i t i o n  i s  not  r e so lvab le  it i s  e s s e n t i a l l y  
treated as  a 1 /2  - 112 t r a n s i t i o n .  

Since t h e  double t  

I f  t h e  i n t e n s i t y  of each band head is measured i n  a bandpass of a 
few Angstroms i t  w i l l  y i e l d  a good approximation of t h e  r e l a t i v e  i n t e n s i t y  
of each of t h e  bands. 

Since the  proposed experiment w i l l  l i k e l y  be combating problems due 
t o  lack  of s i g n a l  it would be advantageous t o  use  more s e n s i t i v e  photo- 
e l e c t r i c  d e t e c t i o n  techniques ins tead  of photographic,  e s p e c i a l l y  i n  t h e  
count ing mode if poss ib le .  The q u a n t i t a t i v e  spectroscopy could be accom- 
p l i shed  by a broad band p a s s  f i l t e r  t o  encompass t h e  e n t i r e  sequence from 
3850 A: t o  3885 2 and a s e r i e s  of sharp cu t -of f  f i l t e r s  t o  i s o l a t e  each of 
t h e  band heads. Using F i g u r e  16 as a wavelength guide,  a series of sharp 
cu t -o f f  f i l t e r s  a t  3875 g9 3864 8, 3857 8 and 3852 a along wi th  a band pass 
f i l t e r  and a fou r  channel count ing device ,  can by manipulation of t h e  f i l -  
t e r s  determine t h e  r e l a t i v e  i n t e n s i t i e s  of each of t h e  f i r s t  fou r  bands of 
t h e  sequence. 

This would be accomplished by the  fol lowing procedure: 

1. Measure t h e  counts over  t h e  e n t i r e  band f o r  a given t i m e  i n t e r -  
v a l ,  say a mi l l i second,  and o b t a i n  s i g n a l  K1. 

Introduce each of t h e  cu t -o f f  f i l t e r s  from t h e  longer wavelength 
t o  the  s h o r t e r  i n  success ion  measuring t h e  s i g n a l s  K -- K f o r  success ive  
mil l isecond t i m e  i n t e r v a l s .  

2 .  

2 5 

3.  Thus, 
f o 1 lowing : 

t h e  r e l a t i v e  band i n t e n s i t i e s  are p ropor t iona l  t o  t h e  

K1 - K2 
K2 - K3 

K3 - K4 

K4 - Kg 

, From t h e s e  i n t e n s i t i e s  t h e  r e l a t i v e  populat ions of t h e  exc i ted  s ta te  
Nv.A can be obtained from t h e  fol lowing r e l a t i o n s h i p :  

1 N I N t I It 
Nv = I v v  / ( A v v v v v )  
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Y * 3  

Figure 16. Laboratory profile of the CN violet 0,O 
sequence. 

91 



where AvI i s  t h e  t r a n s i t i o n  p r o b a b i l i t y  of each of t h e  t r a n s i t i o n s .  
Also, t h e  populat ions of t h e  ground state can be determined by a similar 
a n a l y s i s  u s ing  t h i s  exc i ted  s ta te  v i b r a t i o n a l  d i s t r i b u t i o n ,  t h e  s o l a r  
f l u x  i n t e n s i t y ,  t h e  var ious t r a n s i t i o n  p r o b a b i l i t i e s  and t h e i r  wavelengths. 
Such a determinat ion of t h e  ground s t a t e  populat ions can be made by s o l -  
ving t h e  fol lowing set of simultaneous equat ions.  

This  scheme makes t h e  assumption t h a t  t h e  higher  v i b r a t i o n a l  l e v e l s  
a r e  not  pupulated by o p t i c a l  pumping. It a l s o  assumes t h a t  t h e  change 
of i n t e n s i t y  of t h e  sequence w i t h  t i m e  over t h e  observa t ion  period w i l l  
be neg l ib l e .  Both these  assumptions are v a l i d  i f  che measurements are 
made i n  par id  sequence f o r  a s h o r t  t i m e  dura t ion .  (i.e. t h e  e n t i r e  measure- 
ment w i th in  20  mi l l i s econds ) .  

I f  h igher  members of t h e  sequence a r e  s i g n i f i c a n t l y  in t ense  o r  popu- 
l a t e d  t h e  above system of equat ions can be extended and solved f o r  t h e  
h igher  v i b r a t i o n a l  terms. It i s ,  however, q u i t e  un l ike ly  i n  t h i s  expe r i -  
ment t h a t  t h e  v i b r a t i o n a l  l e v e l s  p a s t  t he  f i r s t  few w i l l  be s i g n i f i c a n t l y  
populated.  

The vapour should be r e l eased  as r a p i d l y  as poss ib le  i n  order  t o  re- 
t a i n  it i n  as small a volume as poss ib le  while  t h e  observa t ions  are p e r -  
formed. This  w i l l  improve the  d e t e c t i o n  e f f i c i ency .  However, while a 
l a r g e  through-put i s  d e s i r a b l e  t h e  genera t ion  of p a r t i c u l a t e  mat te r  must 
be minimized. 

Detec t ion  of f luorescence from an emi t t i ng  volume is  more d i f f i c u l t  
than  t h a t  from a poin t  o r  su r f ace  emission source.  The normal technizues 
of l i g h t  ga ther ing  by t e l e s c o p i c  e f f e c t s  and focuss ing  a t  a poin t  on t h e  
d e t e c t o r  do not  apply i n  t h i s  s i t u a t i o n .  It appears as i f  t h e  most e f f e c -  
t i v e  system i s  comprised simply of as l a rge  a d e t e c t o r  su r face  as i s  prac-  
t i c a l  c l o s e  t o  t h e  emi t t i ng  volume. 

Our d e t e c t i o n  system would then  inc lude  a l a rge  photo cathode su r face  
wi th  peak s e n s i t i v i t y  a t  4 0 0 0  2 and a broad band pass  f i l t e r  t o  pass only 
the  wavelengths i n  t h e  range 3850 g - 3890 g. 
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T h i s  f i l t e r  mount would then  be r a p i d l y  r o t a t e d  -5Orps ( s imi l a r  t o  
(Figure 17)  and t h e  s i g n a l  measured and recorded during a very s h o r t  i n -  
t e r v a l  when each f i l t e r  i s  co inc ident  with t h e  de t ec to r .  

It  would a l s o  be important t o  monitor t h e  s i g n a l  a t  some wavelength 
where CN does not e m i t .  From t h i s  we can determine whether c a t t e r e d  sun- 
l i g h t  from I C N  o r  poss ib l e  I C N  c r y s t a l s  formed dur ing  t h e  r e l e a s e  could 
pose a d i f f i c u l t y .  

I t  w i l l  a l s o  be necessary t o  c a l i b r a t e  t h e  abso lu te  s e n s i t i v i t y  of 
t h e  d e t e c t o r  and t h e  r e l e a s e  geometry. This  w i l l  f a c i l i t a t e  a determina- 
t i o n  of t h e  t o t a l  emission and q u a n t i t a t i v e  a n a l y s i s  of e f f e c t i v e  processes .  

I .  Mathematical Analysis  gf Fluourescent  S igna l  

There i s  analyzed below t h e  f luourescent  s i g n a l  received from t h e  
gas e j ec t ed  i n t o  space. The pur e of t h i s  a n a l y s i s  i s  t o  e s t a b l i s h  t h e  
s t r e n g t h  of the  s i g n a l  f o r  use i n  t h e  experimental  design. Comparison 
w i l l  be made la te r  i n  t h i s  document wi th  t h e  expected noise .  

While i n  t h e  fol lowing d i scuss ion  we r e f e r  t o  t h e  EJH2 r a d i c a l ;  t h i s  
a n a l y s i s  i s  app l i cab le  t o  f luouresc ing  molecules formed from parent  male- 
cu les .  The t o t a l  number of quanta emit ted i n  t h e  NH resqnance system a t  
t h e  time t a f t e r  t h e  release (when t > t f  t h e  d u r a t i o n  of t he  r e l e a s e )  i s  
given by 

2 

I ( N , t )  = Na [ 1 - exp ( - t / T )  J 

where N = t o t a l  number of ammonia molecules (parent )  

T = d i s s o c i a t i o n  t i m e  of ammonia molecule 

a = e x c i t a t i o n  rate 

For t << T 
mt I ( N , t )  = - 

'T 

2 5  -2 3 For N = 1.6 x 10 molecules, a = 5 x 10 , 7 = 10 

I ( N , t )  = 8 x lo2' t (110a) 
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The f luourescen t  i n t e n s i t y  per second a t  t h e  d e t e c t o r  due t o  an  i n f i t i s i m a l  
element of length d l  = v d t '  a t  t i m e  t a f t e r  i t s  e f f l u x  i s  given below 
assuming a uniform rate of e f f l u x  and t h a t  a l l  the  gas i s  i n  the  f i e l d  of 
view of t he  d e t e c t o r ,  which i s  located i n f i n i t e s i m a l l y  away trom the e f f l u x  
ho le e 

K 
r 2 2  t 

- -  - = -  a_ ADt - d l ~  N 
d t  tf 4mJ t 

where 

K =  =D 

and 

AD = area of d e t e c t o r  

v = v e l o c i t y  of effused gas 

tf = d u r a t i o n  of e f f l u x  

An equivalent  form t o  Equat ion (6) i s  

(111) 

( l l l a )  

IT A t  t i m e  t > t the  i n t e n s i t y  p e r  second due t o  the  e n t i r e  release - 
a t  the  c o l l e c t o r  i s  given 3elow. 
of material per i n i t i a l  em 
t h a t  e f f e c t i v e l y  t h i s  t r a n s v e r s e  movement does not  al ter t h e  radial  d i s -  
tance from the  c o l l e c t o r .  Then 

d t  It is assumed t h a t  while t h e  amount 
may have been diminished by t r a n s v e r s e  growth 

t t 

at f 
d t  J 

dt t-tf 
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t 

t 
For tf << t ,  Rn t - f and 

- u  

f t-t 

d l ~  = Ktf = NdD x 1 = 6 . 4  x l O I 5  photons/sec.  
d t  

(114) - -  - 
2 t t 4 s  

4 2  4 f o r  Ad = 10 c m  and v = 10 cm/sec 

On a crn r e c e i v e r  we have 2 

(114a) 
11 2 

d1cm2 = Na x 1 = 6.4 x 10 photons/cm - - -  
2 t t 

dt  43cv T 

For t c. t t h e  e n t i r e  release has not emerged. Also because d i s t a n c e s  are 
s h o r t  and t o  avoid s i n g u l a r i t i e s ,  allowance must be made f o r  r t h e  d i s -  
tance of t h e  d e t e c t o r  from t h e  e x i t  p o r t .  

f 
0 

Then f o r  a n  element of effused m a t e r i a l  of length v d t t  a t  t i m e  t a f t e r  
e f f u s i o n ,  t h e  i l l u m i n a t i o n  a t  t h e  d e t e c t o r  i s  

t = P t  A 
d l ~  = N Q: D 

dt tf 4a (v2t2 + r t )  v t2 + ro 
- 

2 2 

2 where P = Kv 

The t o t a l  i n t e n s i t y  a t  t i m e  t < t due t o  t h e  par t ia l  release i s  f 

= K Rn 
2 
- 

Simar l a r ly  t h e  formula f o r  - dlT f o r  t > tf (Equation 5) may be modified 
t o  a l low f o r  r d t  

O (  

i 2 2  2 v t  + r o  - -  
d t  2 

For r << v t f ,  Equation (116) converts  i n t o  Equation (113) 
0 
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Having obtained t h e  formulae f o r  t he  f luorescence rates a t ' a  func- 
t i o n  of t i m e ,  we  are  now i n  a p o s i t i o n  t o  o b t a i n  t h e  necessary values f o r  
the t o t a l  i n t e g r a t e d  f l u x  from t h e  material by i n t e g r a t i n g  over t i m e .  
While t h e  previous i n t e g r a t i o n s  were nominally performed over t i m e ,  they 
were a c t u a l l y  i n t e g r a t i o n s  over  d i s t a n c e  R t o  give t h e  t o t a l  f l u x  a t  a 
given t i m e  . 

We break our t i m e  i n t e g r a l  up i n t o  pe r iods ,  t h a t  from 0 t o  tf 
( I n t e g r a l  I ) and t h a t  from t t o  t (I2) where t is  some a r b i t r a r i l y  
chosen upper l i m i t .  We o b t a i n  1 f U U 

which i s  not i n t e g r a b l e .  

I n  order  t o  o b t a i n  a rea onable approxima ion,  w e  break I lup i n t o  
I n  I we re- 2r Zr 

I lA 1 B  f '  lA from 0 t o  2 and I 

r 

from 2 t o  t two i n t e g r a l s ,  

p l a c e  t h e  integrand by 1 + - 2 v t y  This l i n e a r  ex8ression equals  t h e  pa ra -  

b o l i c  integraiid expression a t  t = 0 an? t = 7 and r e p r e s e n t s  an upper 
bound which is2yt more than  50 percent  g r e a t e r .  
integrand by - v t and our  i n t e g r a l  lies w i t h i n  25  percent of t h e  l i n e  

0 
02 r 0 

In I w e  r e p l a c e  t h e  
1 B  

2 r 
0 

value.  Our i n t e g r a l s  t hen  become 

r 
0 Z K -  

V 

- - K [tf an (k tJ - tf f 0.6 "1 
V 

4 5 Since v - 10 t o  10 cm/sec 
r 1-10 cm 
tf  - 1-10 seconds, we may w r i t e  0 
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. - .  

'IA + Ill3 '1B We s e e  t h a t  ILA << IIB and hence t h a t  I1 = 
_. ._ 

- K tf j n ( t  tf) 
( 122 ) 

I1 
- ._ . _ _  

W e  now consider  t h e  i n t e g r a t e d  f l u x  over t h e  time i n t e r v a l  t t o  some f upper bound t . We now make u s e  of Equation (110) and o b t a i n  
U 

t t 

I2 = K Juan (%) t-t d t  = K[Ju an t d t  - r-tf an t d] 

0 t f  t f  

', 

= K( [tu an tu - tf an tf + (tf - t U 11 - [(tu - tf) an (tu-tf> +(tu-t, 

(123) 

Assuming t 
dropping tge term t an t as small compare4 t o  t R:'t 

>> t f  and hence t h a t  Rn (tu - t ) = Rn t w e  o b t a i n  a f t e r  

f f f U 

t 

= K tf an (e) (124) 

f o r  t he  t i m e  i n t e r v a l  from t t o  t . f U'  

The t o t a l  number of photons a r r i v i n g  a t  t h e  d e t e c t o r  i n  t h e  i n t e r v a l  
from t = 0 t o  t = t i s  obtained by adding Equations (122) and (124) t o  
o b t a i n  U 

t 
U 

0 
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The r e l a t i v e  values of t h e  two terms i n  Equation (125), t h a t  of t he  i n -  
t eg ra t ed  f l u x  up t o  t (dur5ng t h e  r e l e a s e )  and t h a t  occur r ing  from t h e  
end of t h e  release t o  Some later time t-&, depend on t h e  r e l a t i v e  value of f .  

L U . I f  we assume the  following s p e c i f i c  values  -t’: and - r f  
V .u 

tf  0 

4 
v = 10 cm/see 

2 r = 10 cm 
0 

t = 1 sec  f 
3 

t = 10 sec  
U 

Consequently, t h e r e  occbrs i n  the f i rs t  sflkcohd or ko ( the  du ra t ion  

s y o n d s  because of t h e  logari thmic na ture  
of t ) approximately 50 p e r c y t  of the t o t a l  number of f luo rescen t  photons 
received ove5 a period of 10 
of IT (an 10 = 6 b 9 ) .  
bution f o r  t hese  two per iods are t h e  same. 

f 

= 4.6 while  an 10 I f  ro = 10 cm, then  t h e  c o n t r i -  

This  f a c t o r  must be allowed €or  i n  t h e  des ign  of the  experim n t  s ince  
the  c a l c u l a t i o n s  imply t h a t  rd ing  data over an i n t e r v a l  of 10 seconds 
v i s - a -v i s  f e w  seconds only ihcreases  the  t o t a l  nunher af  photorls by a f a c -  
t o r  of 2 t o  3. 

!3 

We now c a l c u l a t e  t h e  
received us ing  t h e  values  

der of magnithde of t h e  
lo* €of one pord @f NH3 i n  the  gageous s t a t e  

4 

a1 number of photons 

N = 1.6 x mofeeuies kHg tr = i o  ern 

0: = 5 x 10 sec 

4 2  

-1 t = 1 &ec 

t = 10 sec AD = 10 cm 

r = 10 cm T =  S I C  

-2 
f 

it 
3 

0 

We a b t a i n  from Equation ( 

15 ft = 6 . 4  x 10 

and  from Equation (18) 
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f o r  o p t i c a l  c o l l e c t i o n  period of 1000 s e c  and 

I (t ) = 4 .4  x 1 O I 6  photons 

f o r  o p t i c a l  c o l l e c t i o n  period of 1 s e c .  

T f  (12 7a) 

We now make some estimates of s u r f a c e  b r igh tness ,  We assume t > tf 
and t h a t  a l l  molecules have experienced t h e  same p r o b a b i l i t y  of pho to lys i s .  
Use i s  made of Equation (110) and s e t t i n g  

we have f o r  t h e  b r igh tness  a t  t h e  c e n t e r  of t h e  cloud, assuming a 
s p h e r i c a l  shape and uniform expansion a t  t h e  rate r = v t  

P u t t i n g  i n  t h e  same values  as above to  eva lua te  I (t ) we f i n d  t h a t  T u  

2 
B(0, t )  = 3'8 I O L L  photons/cm sec  '- 

t 

For t h e  s e l e c t e d  parameters t h e r e f o r e  t h e  f luo resc ing  cloud should be 
v i s i b l e  f o r  s e v e r a l  hundred seconds and s u s c e p t i b l e  t o  t r ack ing .  

The preceding developmeqt has been devoted t o  an  a t t e m p t  t o  o b t a i n  
reasonable  values  f o r  t h e  f luo rescen t  s i g n a l .  It  has 1 t h e  d i s -  
s o c i a t i o n  f a c t o r  changing t h e  exponent ia l  i nc rease  t o  one proport ioned t o  
t i m e .  Consequently the  equat ions  der ived  begin t o  lo se  t h e i r  v a l i d i t y  a s  
t approaches T, t h e  d i s s o c i a t i o n  l i f e - t ime .  

J -  Chemical Release Procedure 

In t roduct ion . -  The d i scuss ion  on M i e  p a r t i c l e  s c a t t e r i n g  i n  t h e  f o l -  
lowing s e c t i o n  and t h e  prev ious ly  d iscussed  rocket  experiments emphasize 
t h e  poin t  t h a t  t he  presence of p a r t i c l e s  can s e r i o u s l y  reduce t h e  poss ib l e  
success  of t h e  proposed experiment. It seems l i k e l y  t h a t  any release of 
bulk material, e i t h e r  i n  t h e  form of l i q u i d  or s o l i d  would tend t o  produce 
many p a r t i c l e s .  I n  p a r t i c u l a r ,  i n  t he  case  of NJ3 , t h e r e  is  a l r eady  e v i -  
dence t h a t  such p a r t i c l e s  of a p a r t i c u l a r l y  e f f e c h v e  s c a t t e r i n g  s i z e  
(0 .1  - 1.0~) have been c rea t ed .  Consequently t h e  problem has for i t s  crux 
the  engineer ing  of a realease such t h a t  a t  t h e  t i m e  of r e l e a s e  t h a t  subse- 
quent ly  t h e  material i s  i n  the  vapor phase. 
phase the  only process  producing p a r t i c u l a t e  mat te r  w i l l  be homogeneous 

S t a r t i n g  wi th  a n  i n i t i a l  vapor 
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n u c l e a t i o n  du r ing  t h e  expansion. Such a process is c o l l i s i o n  dependent 
and i n  t h e  r a p i d l y  expanding gas fends t o  be minimal as f a r  as t h e  c r e -  
a t i o n  of l a rge  p a r t i c l e s  are concerned. The theory of Gkobman and Buf- 
f a l a n o  (Ref.34) has ind ica t ed  t h a t  f o r  gas d i f f u s i n g  thraugh t h e  w a l l s  
of a spaceship 10 cm t h i c k ,  p a r t i c l e s  no bigger  than 1501 are formed. 
Moreover, nozzle (Ref.39) and wind-tunnel experiments (Ref. 40) have 
shown t h a t  such e n t i t i e s  as are c rea t ed  are small and may be termed 
mers r a t h e r  than p a r t i c l e s .  They are i n  a l l  c a s e s  smaller than  150 noi:d 
hence t h e i r  c o n t r i b u t i o n  t o  l i g h t  s c a t t e r i n g  i s  such t h a t  they do not  con- 
s t i t u t e  a s i g n i f i c a n t  i n t e r f e r e n c e  t o  t h e  v i s i b l e  f luorescence.  I n  p a r t i -  
c u l a r ,  t h i s  i s  so because as demonstrated i n  Milne and Greene's ( R e f .  39) 
molecular beam experiments even t h e s e  small polymers were p resen t  i n  re la -  
t i v e l y  small percentages.  Consequently, t h e r e  w i l l  be discussed below 
various schemes f o r  releases i n  which only gas is  r e l eased  and whose be- 
havior  is  con t ro l l ed  to  minimize t h e  presehce of p a r t i c l e s .  For s p e c i f i -  
c i t y  only two gases w i l l  be andlyzed; dmmonia (NH3) and iodine cyanide ( I C N ) .  

NH3. - The t h a r  c d l  p r o p e r t i e s  of ammonia are w e l l  
e s t a b l i s h e d .  Ammpn ch t h a t  a t  room hempera- 
t u r e  i t s  vapor p re s su re  i s  af spheres  (a t  61.3 F and 
7 9 . 3  F t h e  vapor p re s su re  i s  A 
l a r g e  enough volume w i l l  be 
t h e  s a t u r a t i o n  p res  e a t  t he  c a n i s t e r  temperature is not  reached. Be- 
cause t h e  p re s su re  h i n  t h e  c a n i s t e r  i s  lower than the s a t u r a t i o n  p r e s -  
s u r e  t h e  gas and li , t h e  gas phase 
could a l s o  be igsured by main, 
p e r a t u r e  (132.4 C) but t h i s  i 
mospheres). Makin 
of a l l  t h e  u s e  of 
pressure required would de 
t h e  weight p e n a l t i e  

The f i n a l  d e s i  
and weight a v a i l a b l  
t i c s  f o r  a payload i n  mass used w i l l  
depend upon eng inee r in  ressure af  t e n  
atmospheres w i l l  be d e s i r e  t o  achieve 
a high mass d e n s i t y  t o  minimize t h e  
p re s su re .  A t  t e n  A t  an hold a mass of 
0.1 lb .  For 10 l b s  
diameter) .  

0 7956.6 mm of Hg r e s p e c t i v e l y . )  
h a t  f o r  t he  mass of NH3 employed 

A sudden release me 
t o  vacuum. Because t h e  eous s ta te  it w i l l  
f i r s t  have t o  undergo co 
occur:  This  must be fol rowth which can only occur by c o l l i s i o n s .  
Because t h e  gas i s  r ap id  hrough expansion, growth can not 
be r a p i d .  Consequently m i l a r l y  t o  the molecular beam and 
wind tunne l  experiments considered above t h a t  only p a r t i c l e s  less than  10001 
i n  r ad ius  w i l l  occur.  I t  i s  coneidered t h a t  for  p r a c t i c a l  r e a l i z a t i o n  of 

ed w i i l  open t h e  sphere 

e f o r e  nuc lea t ion  can 
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t h i s  experiment t h a t  vacuum t e s t i n g  i n  t h e  l abora to ry  of t h i s  technique 
of release should occur be fo re  any sa te l l i t e  experimentation. 

Release of  1CN.- P r o p e r t i e s :  I C N  exLsts as a s o l i d  a t  room tempera- 
t u r e s  but begins t o  sublime r a p i d l y  a t  temperatures of around 57.7 C when 

0 
- 

i t s  vapor p re s su re  reaches 10 mm. A t a b l e  of vapor p re s su res  i s  given i n  
Table 14. The release concept i s  depicted i n  F igu re  18. It envis ions t h e  
r ap id  subl imat ion of t he  s o l i d  ICN i n  a period of between 100 and 1000 
seconds caused by t h e  h e a t i n g  induced by a c o i l  energized from a special  
power-pack of b a t t e r i e s .  The gas  passes  t o  t h e  e x t e r i o r  through an  a r r a y  
of small d i a m e t e r  tubes.  A t  p re sen t  only r a t h e r  gene ra l  c a l c u l a t i o n s  can 
be presented because t h e  r e q u i s i t e  thermochemical p r o p e r t i e s  of I C N  are 
no t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  v i z .  I n t e r n a t i o n a l  Cri t ical  Table,  JANAF 
Thermochemical Tables,  e tc .  Consequently, because such d a t a  as t h e  h e a t  
of vapor i za t ion  are missing only a reasonable estimate of t h e  e n e r g e t i c s  
can be made. 

The des ign  p i c tu red  i n  Figure 18 i s  f o r  a mass of 153 gms. o r  one 
mole of I C N .  Equivalent devices  f o r  d i f f e r e n t  masses may be analogously 
cons t ruc t ed .  It  i s  a r e l a t i v e l y  small device and required around 5-15 
pounds of b a t t e r i e s .  There i s  discussed below t h e  e n e r g e t i c s  involved 
and t h e  na tu re  of t h e  c o l l i m a t i o n  device subsequent t o  vaporizat ion.  

Ene rge t i c s : -  The major energy absorbing process of t h e  release is 
involved i n  subl imat ion,  t h e  phase t r a n s i t i o n  from s o l i d  t o  gas and ac- 
t u a l l y  most of t h e  energy (even i f  one considerv t h a t  a n  in t e rmed ia t e  
l i q u i d  state is passed through) goes i n t o  t h e  vapor i za t ion  phase. For 
example f o r  water, t h e  h e a t  of f u s i o n  i s  some 80 calor ies /gm i n  c o n t r a s t  
t o  a heat  of vapor i za t ion  of some 600 calories/gm. Since t h e  temperature 
r ise t o  acbieve t h e  d e s i r e d  vapor pressure of approximately 2 0  mm of Hg 
i s  only 30 C t h e  energy involved i n  t h e  temperature r ise p e r  gram i s  only 
a small f r a c t i o n  of t h a t  r equ i r ed  f o r  subl imat ion.  Consequently (except 
i f  I C N  i s  a n  anomalous substance)  t h e  major energy requirement w i l l  be 
t h a t  f o r  vapor i za t ion ,  w i th  t h e  e s t ima t ion  t h a t  t h e  temperature rise and 
f u s i o n  requirements of energy w i l l  probably c o n s t i t u t e  30% (an a r b i t r a r y  
cho ice )  of t h e  t o t a l .  Again, i n  o rde r  t o  c o n c r e t i z e  the  design,  it is 
assumed t h a t  600 cal/gm i s  r equ i r ed  f o r  subl imat ion a t  t h e  temperature 
r equ i r ed  t o  g ive  a vapor p re s su re  of some 20  mrn Hg. The t o t a l  energy 
required then  i s  91,800 c a l o r i e s  o r  382,000 j o u l e s  pe r  mole. 

The energy s t o r e d  i n  a five-pound of Jardney s i l v e r  c e l l  b a t t e r i e s  
i s  some 150 Watt-hours o r  540,000 jou le s .  Consequently, such a b a t t e r y  
pack occupying approximately 50 cubic  inches has a n  adequate energy supply. 
The i n d i v i d u a l  b a t t e r y  is  r a t ed  a t  1-5 v o l t s  pe r  u n i t  and draws 1 ampere 
f o r  f i v e  hours. 
d e s i r e d  so as t o  sublime t h e  I C N  w i t h i n  a reasonable  t i m e  per iod.  This 
compounds t h e  engineer ing problem t o  some e x t e n t  and a n  engineer ing ca l cu -  
l a t i o n  f o r  t h i s  s i t u a t i o n  i s  made below. 

It i s  d e s i r e d  t o  draw t h e  e n e r g y ' f a s t e r  t han  normally 
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A = Inner Volume for Escape o f  ICM gas 

3 = Cover 

C = Multiple-tubs c?ollemator 

D = Iodine cyanide 

E = KeaCer 
F = Battery Pack 

Figure 1 8 ,  Schematic of Csnister design €or dispersing 
one mode of ICN vapor. 



For t h e  PH-5 b a t t e r y  t h e  r a t i n g  i s  1-5 v o l t s  (nominal) a t  5 amp f o r  
1 hour, 10 amps f o r  1 ' 2  h r . ,  30 amps/6 minutes and an energy d e n s i t y  of 
37 watt-hours/ lb .  With amperex h e a t e r  w i r e  of R = 1.16 ohms/inch and 

$he energy i n  de l ive red  an assumed length of 10 inches,  
watts i s  

e f  
= 1.6 ohms. Reff 

2 
Q = i R. I f  Q i s  d e s i r e d  a t  4000 w a t t s ,  t hen  

4000 
i = 4- 16 = 50 amperes 

For  zero i n t e r n a l  r e s i s t a n c e  of b a t t e r y  t h e  vo l t age  required i s  

E = 50 (1.6) = 80 v o l t s  o r  t h e  number of c e l l s  i s  given by 

N = 80 = 52 c e l l s  o r  approximately 15 pounds. 
1.5 

This weight i s  only a f i r s t  o r d e r  approximation. It  may be reduced 
cons ide rab ly  by t h e  use o f  one-shot b a t t e r i e s  (e.g.Eagle-Picher). Fu r the r ,  
s i n c e  the thermo-chemistry of I C N  i s  not e s t a b l i s h e d ,  t h e  energy r e q u i r e -  
ments may be s u b s t a n t i a l l y  less than  t h e  value chosen as a base of e s t i -  
mation which w a s  a high value.  

A problem t h a t  has not been discussed i s  t h a t  of h e a t  t r a n s f e r  from 
t h e  joule-heated conductor t o  t h e  I C N .  It is  considered t h a t  t h e  hea t ing  
w i r e  (or perhaps copper cQnductors would be p r e f e r a b l e )  would be arranged 
s o  as t o  run through t h e  I C N .  This w i l l  i n s u r e  c l o s e  thermal con tac t .  
Ac tua l  engineer ing eva lua t ion  of t h i s  problem Tnd f i n a l  des ign  depend upon 
l abora to ry  experimentation. 

Ex i t  Control : -  A s  portrayed i n  Figure 18 t h e  gases e f f u s e  from t h e  
inne r  chamber of t h e  I C N  c a n i s t e r  through a mul t ip l e  s l i t  co l l ima to r .  
The purpose of t h e  co l l ima to r  i s  two-fold. F i r s t ,  it co l l ima tes  t h e  f low 
so  t h a t  t h e  t r a n s v e r s e  spread of t h e  material i s  not t oo  g r e a t  thus l i m i t -  
i n g  t h e  requirements on t h e  f i e l d  of view of t h e  d e t e c t o r .  Second, it 
e f f e c t i v e l y  prevents  t h e  easy e x i t  of l a r g e  par t ic les .  Such co l l ima to r s  
are c u r r e n t l y  o f f  - the-shelf  i t e m s  a v a i l a b l e  from i n d i s t r i a l  concerns (e.g. 
Permeonics, Southbridge, Massachusetts) .  Their  p r o p e r t i e s  have been theo-  
r e t i c a l l y  analyzed and t e s t e d  i n  p a p e r s  by Hanes (Ref. 41) and Johnson, 
e t  a1 (Ref, 42) .  

Table 15 i s  given as a n  i l l u s t r a t i o n  of t h e  a b s o l u t e  f l u x  d e n s i t y  of 
helium a t  d i f f e r e n t  d r i v i n g  p res su res  f o r  var ious c o l l i m a t o r s  while  i n  
Figure 19 i s  given the  e f f u s i n g  beam half-width as a f u n c t i o n  of JRL where 

a i s  the  r a d i u s  of t h e  i n d i v i d u a l  tubes,  L i s  t h e i r  length,  and R i s  t h e  
mean f r e e  p a t h  i n  t h e  chamber. For a d r i v i n g  p res su re  of 15 t o r r  aqfl wi th  
a c o l l i m  t o r  w i th  25p diameter tubes tpe f l u x  of helium i s  5.1 x 10 
cules/cm 2sec. For t i m e  per iods of 10 t o  10 seconds fo54an o p e r a t i v e  
of 100 cm t h e  t o t a l  f l u x  ranges from a t o t a l  of 5 .1  x 10 t o  5.1 x 10 
molecules/sec.  
because of t h e  heav ie r  weight of I C N  r e l a t i v e  t o  He.  Consequently, it is  
considered t h a t  t h i s  type of c o l l i m a t o r  has t h e  necessary through-put 
capa b i li t y  e 

a 

mole- 1 3 
2 y e a  

Th i s  f l u x  w i l l  be reduced perhaps one o rde r  of magnitude 
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TABLE 15 

SPACE LIFETIMES FOR VARIOUS POSSIBUE PARENT COMPOUNDS 

Mo lecule Lifet ime 
(hr 1 

Radical  
Yielded 

H C n C  - C N  
CN - c = c  - m  
C2N2 

CH2CN 

“4 
H2C eCH2 

HC CH 

N2H4 

“Qm2 

H202 
H2° 

>18 ( t o  18508) 
329 ( t o  18502) 

34z.7 ( to  18508) 
84.7 ( t o  15508) 
58.8 ( t o  13502) 

23342 (to 18502) 
>944 ( t o  15008) 

27i9.4 (to 13002) 
>28 ( to  9802 i o n i z . )  

>23.0 ( t o  18508) 
X . 3  ( t o  15008) 
N . 3  ( t o  10508 i on iz . )  

>117.9 ( t o  18508) 
37.8 ( t o  15002) 
~ 3 . 0  ( to  10002 ioniz .  

0.75 ( t o  1850a) 
0.70 ( to  15008) 
0.70 ( t o  14002) 

>0.95 ( t o  18508) 
20.91 ( t o  15002) 
30.90 ( to  18502) 

5.0 ( t o  18502) 
4 . 3  ( t o  1500g) 
4.1 ( t o  10502 i o n i z .  ) 
1.6 ( t o  18508) 

81.2 ( t o  18502) 
22.7 {to 15008) 
20.2 ( t o  10002 i o n i z e )  

CN 
CN 
CN 

CN 

CH 
c2 

c2 

OH 
OH 
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TABLE 16 

Vapor P res su re  of Iod ine  Cyanide (EN) 

p (m) 1 10 40 100 400 76 0 

141.1 T (OC) 25.2 57.7 80.3 97.6 126.1  
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TABLE 17 

ABSOLUTE FLUX DENSITY OF HELSUMAT DIFFERENT DRIVING 

PRESSURES FOR VARIOUS COLLIMATORS 

-2 -1 Q/A, f l u x  dens i ty  i n  molecules cm sec P, d r i v i n g  
p res su re  

(Torr) 3p diam. lop diam. 25p diam. 4% diam. 

20 

20 

19 

18 

18 

7 . 5 ~ 1 0  

2 . 5 ~ 1 0  

5.1x10 

9 . 8 ~ 1 0  

1.2x10 

20 

20 

19 

18 

17  

5.lxlO 

1 . 7 ~ 1 0  

3 . 5 ~ 1 0  

6 . 9 ~ 1 0  

8.8~10 

20 

19 

19 

18 

17 

1.9xlO 

6 . 3 ~ 1 0  

20 

19 

15 0 . 6 5 ~ 1 0  

5 2.2 x10 

1 4.6 x10l8 1.2xlO 

2 . 5 ~ 1 0  

3.0xlO 

17 

17 

0.2 8.7 x10 

0.025 1.1 x10 
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Z =  5 0  MM 

Figure 19. Plot of the beam half-widths vs. the parameter 
(a/(xL). Taken from Ref. 42. 
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For a 25p t ub ing  c o l l i m a t o r  a t  15 torr p res su re  of l eng th  L = 5 x 10 -2 
cms, - 0-1 
and from F igure  5 it can be seen t h a t  t h e  half-width i s  approximately 10 . 
This c e r t a i n l y  c o n s t i t u t e s  a reasonable  l i m i t a t i o n  on t h e  devergence of 
t he  effused material. 

a - 
0 

&L 

Consequently i t  is  considered t h a t  a s u i t a b l e  c o l l i m a t o r  may be se- 
l ec t ed  so as t o  l i m i t  spreading e f f e c t i v e l y  as w e l l  as prevent t h e  exces- 
s i v e  e x i t i n g  of p a r t i c u l a t e  matter and a t  t h e  same t i m e  p e r m i t  a reasonably 
l a rge  throughput. 

K .  Evaluat ion of Background 

The purpose of t h i s  s e c t i o n  is t o  eva lua te  t h e  background a g a i n s t  
which the  r e l eased  f l u o r e s c i n g  cloud is t o  be observed. 
background w i l l  be composed of t h r e e  components, Rayleigh s c a t t e r i n g ,  
s te l la r  and zod iaca l  background and M i e  s c a t t e r i n g  from p a r t i c l e s  c rea t ed  
i n  t h e  release. 

The i n t e r f e r i n g  

Rayleigh S c a t t e r i n g . -  F i r s t  t h e r e  is considered t h e  Rayleigh s c a t -  
t e r i n g  from t h e  t o t a l  cloud f o r  t > t . Since t h e  f l u o r e s c i n g  volume is 
geometr ical ly  t h e  same as t h e  Ray l e i g 6  s c a t t e r i n g  volume only t h e  t o t a l  
output  need be compared of t h e  f luorescence and Rayleigh s c a t t e r i n g .  

2 2 
F = 1.1 x photons/cm sec i s  the  number of photons/cm s e c  i n  t h e  s o l a r  
spectrum a t  5720a i n  a bE2$ of220g. 
s e c t i o n  of (T = 3.3 x 1.0 R 

An average Rayleigh s c a t t e r i n g  c r o s s -  
i s  taken t o  g ive  o r d e r  of magnitude values c m  

I R  = 5.8 x 10l6 photons/sec (132 1 

Comparing (110) wi th  (132) we have 
20 4 

I ( N ,  t) = 8 x 10 t = 1.37 x 10 t 
16 I R  5.8 x 10 

(133) 

Consequently Raylei@ s c a t t e r i n g  does not c o n s t i t u t e  a problem and it 
i s  only f o r  t < 7.3 x 10 
wi th  f luorescence.  

seconds t h a t  Rayleigh s c a t t e r i n g  i s  comparable 

S t e l l a r  and Zodiacal  Backgrounds,- I n  t h i s  s e c t i o n  are discussed t h e  
c o n t r i b u t i o n s  t o  background of t h e  s te l lar  and zod iaca l  components. 
des ign  of the experiment must be such t h a t  t h e  background i s  kept  t o  a mini- 
mum hence t h e  release d i r e c t i o n  and f i e l d  of view should be kept away from 
t h e  e a r t h  and i t s  atmosphere, moon and sun. 

The 
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This  background has been adequately analyzed by Marmo, Engelman and 
Best (Ref. 4 3 )  (MEB) and we s h a l l  merely summarize t h e i r  r e s u l t s  and 
apply  them t o  our purposes.  The t o t a l  background depends i n  a complicated 
f a sh ion  upon wavelength and t h e  observa t ion  coord ina tes  which f o r  the  
s te l lar  component i s  expressed most e a s i l y  i n  g a l a c t i c  c o o r d h a t e s  and i n  
t h e  case  of t h e  zod iaca l  l i g h t  most e a s i l y  i n  e c l i p t i c  coord ina te .  This  
t o t a l  background, B may be w r i t t e n  T 

where 

BT = t o t a l  background l e v e l  

B = stellar component 

BZ = zod iaca l  component 

X = wavelength 

S 

( = g a l a c t i c  l a t i t u d e  

$ = g a l a c t i c  longi tude  

E-E = d i f f e r e n t i a l  e c l i p t i c  longi tude  
0 

p = e c l i p t i c  l a t i t u d e  

S t e l l e r  Background:- The c a l c u l a t i o n s  of s te l lar  background have been 
c a r r i e d  ogt  by MEB and are ind ica t ed  i n  F igure  20. It i s  noted t h a t  t h e  
s tar  background i s  given up t o  on ly  5000x but  it i s  s u b s t a n t i a l l y  cons t an t  
through the  v i s i b l e  region.  
@ 2 0 i s  a proximately 8 x 10 photons/cm -sec-g-s te r  o r  1.6 x 10 photonsj/ 
cm -sec-20 -ster while  t h e  minimum5is a t  0 = 99 degrees and equals  7 x 10 
photons/cm -sec-g-s te r  o r  1.4 x 10 photons/cm -sec-20x-ster .  These values  
p a r t i c u l a r l y  a t  0 = 0 are s u b s t a n t i a l l y  lower than t h e  f luorescence  i n t e n -  
s i t y  as given i n  Equation (6a) .  

'$he maximum yalue  f o r  t h e  g a l a c t i c  l g t i t u d e  x 
A secondary v a r i a t i o n  is  t h a t  due t o  g a l a c t i c  longi tude .  However 

c a l c u l a t i o n s  i n d i c a t e  t h a t  i f  t h e  g a l a c t i c  l a t i t u d e  s e l e c t e d  is  f a i r l y  
l a rge  -- almost 90 degrees  -- t h e r e  i s  l i t t l e  e f f e c t  due t o  v a r i a t i o n  i n  
g a l a c t i c  longi tude.  
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Zodiacal  Background:- The zod iaca l  l i g h t ,  it i s  gene ra l ly  agreed,  is 
due t o  the  s c a t t e r i n g  of s o l a r  r a d i a t i o n  from an  ex tens ive  cloud of dus t  
p a r t i c l e s  i n  t h e  s o l a r  system. 

A parameter which is  commonly employed t o  desc r ibe  t h e  zod iaca l  
l i g h t  v a r i a t i o n  is t h e  e longa t ion  ( e ) ,  o r  angular  s epa ra t ion ,  of t h e  ob- 
s e r v e r ' s  l i ne -o f - s igh t  from t h e  sun us ing  

COS e = COS (E - c o )  . COS B (135) 

i n  terms of t h e  d i f f e r e n t i a l  e c l i p t i c  longi tude  (E - eo) and t h e  e c l i p t i c  
l a t i t u d e  (p). 
t h e  fol lowing r e l a t i o n s h i p  p e r t a i n s  

I t  can be seen  t h a t  i n  t h e  plane of t h e  e c l i p t i c  (p = 0) ,  

The value of t h e  zod iaca l  l i g h t  as a func t ion  of t h e  e longa t ion  i s  
given below as taken  from NEB: 

0 

\ 
BZ (Aye) = 10 w e )  - @ ( A )  F =  DL 1.5 x lo-'' ?'(e) @ ( A )  hotons 

- 14 

7CR (cm2 -:e;-s ter-1 
I 

( 137 ) 
I 

\ 
BZ (Aye) = 10 w e )  - @ ( A )  F =  DL 1.5 x lo-'' ?'(e) @ ( A )  hotons 

- 14 

7CR (cm2 -:e;-s ter-1 

( 137 ) 

where 

D = mean s o l a r  d i s t a n c e  = 1 AU = 1.5 x l O I 3  cm 

R = s o l a r  r ad ius  = 7.0  x lo1* cm 

y ( e ]  = v a r i a t i o n  of zod iaca l  b r igh tness  as a func t ion  of e longat ion .  

The r e s u l t s  of t hese  c a l c u l a t i o n s  are presented i n  Figure 2 1  where 
@ ( A )  has been taken  as continuum. 

It  can be seen  t h a t  t h e  most advantageous e longat ions  l i e  between 
0 = 90 degree$ t o  f3 = 1502degrees where t h e  ab o l u t e  va lue2 i s  approxi -  
mately 4 x 10 
These values  are w e l l  below t h e  f luorescence  i n t e n s i t y  given i n  
Equation (110a). 

5 photons/cm sec-ster-A' o r  8 x 10 photons/cm -sec-s ter-20g.  

The v a r i a t i o n  of t h e  zod iaca l  l i g h t  i n t e n s i t y  wi th  e c l i p t i c  l a t i t u d e  
p has been ca l cu la t ed  by MEB. Such c a l c u l a t i o n  ind ica ted  t h a t  B t h e  
zod iaca l  l i g h t  i n t e n s i t y  has a l a rge  v a r i a t i o n  wi th  e c l i p t i c  l a t i t u d e  f o r  
s m a l l  d i f f e r e n t i a l  e c l i p t i c  longi tude  angles .  For l a rge  d i f f e r e n t i a l  
e c l i p t i c  longi tudes  ( g r e a t e r  than  90 degrees ) ,  t h i s  e c l i p t i c  l a t i t u d i n a l  
v a r i a t i o n  has  decreased by an orde r  t o  magnitude. 

Z 

1 1 2  
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1000 2000 3000 4000 5000 

WAVELENGTH (A,&  1 

Figure21, Zodiacal background intensity(B ) a s  a function of elonga- 
t ion  angle (e) and wavelength ( f ). 

113 



T o t a l  S t e l l a r  and Zodiacal Background: - A s  a n  i l l u s t r a t i o n  of t h e  
type of background t h a t  may occur i n  the  proposed experiment, t h e r e  is 
given Figure 22 c a l c u l a t e d  by MEB f o r  t h e  fol lowing mean cond i t ions :  
(1) g a l a c t i c  l a t i t u d e ,  5 = 20  degrees;  (2)  g a l a c t i c  longi tude,  \Ir = 0 
degrees ,  (3) e c l i p t i c  l a t i t u d e ,  P = 0 degree; and d i f f e r e n t i a l  e c l i p t i c  
longi tude,  E - E between 90 and 180 degrees .  The i n t e n s i t y  a t  50008:, 
as mentioned pre%ously remains v i r t u a l l y  cons t an t  from X = 50002 up t o  
X = 90008. 4Consequentlg, t he  value i n  t h e  abov3 f i g u r e  a t  2OOOg of 

i s  a reasonable  f i g u r e  wi th  which t o  estimate t h e  degree of i n t e r f e r e n c e  
of t h i s  background wi th  t h e  f l u o r e s c e n t  s i g n a l  i n  t h i s  s p e c t r a l  region. 
Below 5000a t h e  t o t a l  background decreases  s o  t h a t  f o r  t h e  CN v i o l e t  AV = 0 
sequence a& -3800X t h e  background i s  s l i g h t l y  less. 

0 

= 8 x 10 photons'cm -sec-ster-a o r  1.6 x 10 photons/cm -sec-ster-ZOX 

M i e  S c a t t e r i n g  by P a r t i c l e s  Created i n  Release.- The purpose of t h i s  
s e c t i o n  i s  t o  e v a l u a t e  t h e  i n t e r f e r i n g  background caused by p a r t i c l e s  
poss ib ly  c rea t ed  i n  t h e  release. I t  i s  bel ieved t h a t  ( i n  previous rocket  
experiments s imula t ing  cometary releases) (~g&-i gfjjjticles have caused t h e  
predominant i n t e r f e r i n g  background. Wurm i n  h i s  a n a l y s i s  of t h e  
NH release has o f f e red  t h i s  exp lana t ion  of t h e i r  apparent  poor r e s u l t s .  
I n  gene ra l ,  it may be s a i d  t h a t  M i e  s c a t t e r i n g  i n  t h e  v i s i b l e  r eg ion  be- 
comes of consequence when t h e  p a r t i c l e s  are of t h e  o r d e r  of l micron o r  
x = - 2xa - 6 For par t ic les  sma l l e r  than t h i s ,  t he  e f f i c i e n c y  of s c a t t e r -  

i n g  Q,, drops o f f  d r a s t i c a l l y .  For l a r g e r  par t ic les  t h e  number p e r  u n i t  
mass drops o f f  r ap id ly  while  t h e  e f f i c i e n c y  remains f a i r l y  gons t an t .  

3 

x 

We s h a l l  c a l c u l a t e  f i r s t  below t h e  s c a t t e r e d  r a d i a t i o n  f o r  f a i r l y  
l a r g e  par t ic les .  The s c a t t e r i n g  c ros s  s e c t i o n  may be w r i t t e n  assuming 
s p h e r i c a l  p a r t i c l e s  

G - 
csc - Qsc t 138) 

where Q = e f f i c i e n c y  f a c t o r  s c  
2 

G = geometrical  c r o s s  sec t ion ,  sa 

L e t  us assume a mass of e i t h e r  t h e  l i q u i d  o r  s o l i d  becomes s p h e r i c a l  
p a r t i c l e s  of s u f f i c i e n t  number t o  scatter a r a d i a t i o n  i n t e n s i t y  equal  t o  
t h e  f luorescence.  Then us ing  Equation (110a) we have f o r  t = l s e c .  

8 x lo2' = F Np Qsc G 

where F = solar  f l u x  over t h e  band 

(139) 

N = number of p a r t i c l e s  created i n  r e l e a s e  P 
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Assuming f o r  o rde r  of magnitude c a l c u l a t i o n  t h a t  p = 1, w e  have 

N p  = 
'-7ca 3 

and us ing  t h e  previous value of F 

v = 4  8 x 1 0  20 a 
- 

1.1 x 10 15 Qsc 

-5 -5 For a = 1.50 x 10 cm and a = 5.0 x 10 cm f o r  r e f r a c t i v e  index 
n = 1.33, t h e  equ iva len t  Q are 0.37 and 3.8 r e s p e c t i v e l y  as taken from 
Van deHulst (Ref.44) p.  177: 

Consequently, the corresponding volumes are 

-5 3 

-5 3 

f o r  a = 1.5 x 10 cm V = 39 cm x = 1.68 

x = 6.0 a = 5.0 x 10 c m  V = 13 cm 

Consequently, i n  t h i s  s i z e  range assuming t h e  t o t a l  cgntaminant has a 
volume of 500 c m  (approximately 1 l b  f o r  p = 1 gm/cm ) from 3 t o  8 
percent  of t h e  t o t a l  release must be transformed i n t o  p a r t i c l e s  of t h e  
above s i z e  t o  give a s c a t t e r e d  r a d i a t i o n  equivalent  t o  t h e  expected 
f luorescence.  The p i c t u r e  is a c t u a l l y  much improved over t h i s  s i n c e  t h e  
s c a t t e r i n g  func t ions  are s t r o n g l y  a s symet r i ca l  and peaked i n  t h e  forward 
d i r e c t i o n .  Since a s o l a r  e longa t ion  of 90 t o  170 degrees w i l l  be use 
there-2hould be a diminution of t h e  M i e  s c a t t e r i n g  by a f a c t o r  of 10 
t o  10 from t h a t  u s ing  t h e  t o t a l  s c a t t e r i n g  c ros s  s e c t i o n  as seen i n  
Figure 2 3  taken from Van deHulst (Ref .Ut). Nevertheless t h e  c a l c u l a t i o n s  
i n d i c a t e  t h a t  t h e  presence of a r e l a t i v e l y  s m a l l  percentage of sub-micrcm 
p a r t i c l e s  can badly damage t h e  meaningfulness of t h e  proposed experiment. 
Consequently c a r e f u l  releases are  important t o  the success of t h e  proposed 
experiment. 

3 

-+ 

When t h e  p a r t i c l e s  c rea t ed  are smaller than t h e  above quoted r ad ius ,  
t h e  s c a t t e r i n g  then  passes i n t o  t h e  Rayleigh region where t h e  s c a t t e r i n g  
p e r  u n i t  mass of p = 1, p e r  u n i t  volume i s  given by 
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Here t h e  s c a t t e r i n g  per u n i t  mass goes down r a p i d l y  - it i s  p ropor t iona l  
t o  t h e  t h i r d  power of t h e  r ad ius .  The above d i scuss ion  has been given t o  
e s t a b l i s h  t h a t  t h e  M i e  p a r t i c l e  s c a t t e r i n g  c o n s t i t u t e s  a problem where 
t h e  p a r t i c l e s  a r e  of the o rde r  of 0 . 1  t o  1 . 0  micron o r  higher  and c o n s t i -  
t u t e  s e v e r a l  percent  of t h e  mass of t h e  t o t a l  release. Evident ly  such a 
cond i t ion  occurred i n  rocket  releases of NH Consequently, t h e  des ign  
of a s a t e l l i t e  experiment must be such as t o  avoid generat ing t h i s  range 
of p a r t i c l e s .  

3’ 

It i s  considered t h a t  t h e  chemical release mechanisms f o r  NH, and 
I C N  as designed above i n  which each of t h e  compounds is  released d i r e c t l y  
i n  gaseous form w i l l  c r e a t e  only a r e l a t i v e l y  small f r a c t i o n  of p a r t i c l e s  
and consequently M i e  s c a t t e r i n g  w i l l  not  v i o l a t e  t h e  proposed releases. 

S igna l  t o  Noise Considerat ion.-  We now assume t h a t  t h e r e  are no sub- 
s t a n t i a l  M i e  s c a t t e r i n g  p a r t i c l e s  i n  t h e  r e l eased  cloud due t o  t h e  con- 

2 t r o l l e d  method of release. 
t h e  zod iaca l  background which w a s  ea r l ie r  estimated a t  1.6 x 10 
-sec-ster 20g. 

Consequently t h e  major noise  w i l l  c m e  from 3 photons/cm 

Taking a r a t i o  of t h i s  value with Equation (114a) 

11 6 /t = 4 x 10 
5 t 

dlT’dt = 6 .4  x 10 R =  

RT 1.6 x 10 
- 

p e r  cm2 of t h e  g e t e c t o r .  
f o r  some 4 x 10 seconds provided the  f l u o r e s c e n t  cloud remains i n  the  
f i e l d  of view of t h e  recording instrument.  Under cond i t ions  i n  which a 
v i b r a t i o n a l  a n a l y s i s  i s  made and t h e  t o t a l  f l u x  apportioned i n t o  fou r  
channels t h e  s i g n a l  i s  s t i l l  s u b s t a n t i a l l y  above t h e  background even i f  
t h e  f o u r  channels have g ross ly  unequal s h a r e s  of t h e  t o t a l  s i g n a l .  

This i n d i c a t e s  a s i g n a l  g r e a t e r  t han  background 

L. Conclusions 

Two sa te l l i t e  chemical releases of ammonia (NH ) and iod ine  cyanide,  
(ICN) r e s p e c t i v e l y  have been designed t o  s imulate  tze spec t roscop ic  f luo-  
rescence of t h e  NH and CN radicals which occur i n  cometary s p e c t r a .  They 
have been engineered t o  minimize t h e  occurence of p a r t i c u l a t e  matter, which 
by M i e  s c a t t e r i n g  d e t e r i o r a t e d  t h e  obse rva t iona l  q u a l i t y  of e a r l i e r  rocke t  
a t t e m p t s  u t i l i z i n g  NH . Such r e l e a s e s  r e q u i r i n g  only 0.1 t o  1.0 pounds of 
pa ren t  material are aaequate  t o  give a s t r o n g  s i g n a l  over t h e  major no i se  
source,  t h e  Zodiacal l i g h t .  Heterochromatic photometry i s  proposed t o  
measure the  t o t a l  emission as w e l l  as t h e  emission i n  var ious bands. This  
da t a  w i l l  be used t o  check t h e  theory of t h e  emission process and t o  make 
a canparison with similar cometary s p e c t r a .  

2 
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SECTION V 

A,  Technique f o r  t h e  Measurement of Par t iculate  Matter 
i n  t h e  V i c i n i t y  of a Spacecfaf t  

In t roduct ion . -  P a r t i c l e s  generated by spacec ra f t  and which remain i n  
i t s  v z i n i t y  have been found t o  i n t e r f e r e  s i g n i f i c a n t l y  wi th  v i s u a l  obser- 
va t ions  and o p t i c a l  experiments from manned satell i tes.  Several sources  
f o r  t h e  genera t ion  of p a r t i c u l a t e  matter have been i so l a t ed ,  namely e j e c t i o n  
of l i q u i d  wastes,  a t t i t u d e  co r rec t ion  v e r n i e r  rocke ts ,  etc. L i t t l e  is 
known about t h e  c h a r a c t e r i s t i c s  of t hese  particles a s  they f l o a t  around t h e  
spacec ra f t ,  such as t h e i r  number concentrat ion,  c h a r a c t e r i s t i c  s i z e ,  d i s c  
tance from spacec ra f t ,  and temporal v a r i a t i o n s  of t hese  parameters. The 
success of var ious  o r b i t a l  and deep space experiments w i l l  depend on t h e  
knowledge of the o p t i c a l  i n t e r f e r e n c e  a s soc ia t ed  w i t h  the presence of par- 
t i cu l a t e  matter i n  t h e  v i c i n i t y  of t hese  spacec ra f t .  Methods of c o n t r o l  
and reduct ion  of such contamination r e q u i r e  means t o  monitor t hese  p a r t i c l e s .  

The approach presented he re  c o n s t i t u t e s  an i n - s i t u  measurement of t h e  
p a r t i c l e  concent ra t ion  and c h a r a c t e r i s t i c  s i z e  a t  var ious  d i s t a n c e s  from 
t h e  spacec ra f t ,  based on t h e  de t ec t ion  of s o l a r  l i g h t  s c a t t e r e d  by t h e  
p a r t i c l e s  of i n t e r e s t .  Nephelometers u t i l i z i n g  a r t i f i c i a l  l i g h t  sources  
have been used i n  t h e  p a s t  and cont inue t o  play an important r o l e  i n  t h e  
f i e l d  of a i r  p o l l u t i o n  monitoring, c o l l o i d  chemistry,  etc. 

The ins t rumenta l  approach presented h e r e  is  based on t h e  measurement 
of l i g h t  s c a t t e r e d  a t  two d i f f e r e n t  angles ,  with r e spec t  t o  t h e  d i r e c t i o n  
of t h e  inc iden t  beam, from an o p t i c a l l y  def ined volume ou t s ide  t h e  space- 
c r a f t .  The proposed technique p e r m i t s  t h e  determinat ion of par t ic le  dens i ty  
and predominant s i z e  as a func t ion  of d i s t ance  from the  spacec ra f t .  

Theore t i ca l  Background.- The s c a t t e r i n g  of l i g h t  by p a r t i c u l a t e  matter 
depends on t h e  r a t i o  of t h e  p a r t i c l e  s i z e  with r e spec t  t o  t h e  wavelength of 
t h e  inc iden t  r a d i a t i o n .  For p a r t i c l e s  considerably smaller than t h e  wave- 
length  of l i g h t  s c a t t e r i n g  fol lows Rayleigh's law,  which, i n  genera l ,  a p p l i e s  
t o  molecular s c a t t e r i n g .  
of l i g h t ,  t h e  more e l a b o r a t e  M i e  theory app l i e s .  Geometrical o p t i c s  is  
app l i cab le  f o r  o b j e c t s  considerably l a r g e r  than t h e  wavelength of i nc iden t  
r ad ia t ion .  For t h e  p a r t i c l e  s i z e  range a s soc ia t ed  wi th  near spacec ra f t  
contamination, namely 0.1 t o  10 micrometers approximately, i t  is necessary 
t o  r e s o r t  t o  t h e  M i e  t reatment .  

For p a r t i c l e  s i z e s  comparable with t h e  wavelength 

Mie's theory of l i g h t  s c a t t e r e d  by small p a r t i c l e s  w i t h  s i z e s  comparable 
t o  t h e  i l l umina t ing  wavelength resu l t s  i n  t h e  s c a t t e r i n g  func t ion  f o r  un- 
polar ized  l i g h t :  (Ref, 44) 
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where: I i s  t h e  s c a t t e r e d  l i g h t  i n t e n s i t y  

Io is t h e  inc iden t  l i g h t  i n t e n s i t y  

i and i are t h e  two mutually perpendicular  components of 1 2 
p o l a r i z a t i o n  of t h e  s c a t t e r e d  r a d i a t i o n  

r i s  t h e  d i s t a n c e  from t h e  p a r t i c l e  c e n t e r  

k = 2 n / ~ ,  where X is t h e  wavelength of t h e  i l luminating r a d i a t i o n  

The complexity of t h e  r igorous  M i e  theory arises from t h e  f a c t  t h a t  il 
and i 2  are i n  themselves func t ions  of t h e  r a t i o  of p a r t i c l e  s i z e  and wave- 
length,  t h e  s c a t t e r i n g  angle ,  t h e  p a r t i c l e  complex index of r e f r a c t i o n ,  and 
t h e  p a r t i c l e  shape. 
f o r  spheres  using computers (Ref. 45).  

Such func t ions  have r e c e n t l y  been t abu la t ed  ex tens ive ly  

F igure  24 shows a t y p i c a l  s c a t t e r i n g  c h a r a c t e r i s t i c  f o r  a normalized 
p a r t i c l e  s i z e  of Q! = 5.5, where a = fid/X, d being t h e  p a r t i c l e  diameter and 
x t h e  i l l umina t ion  wavelength. This  graph, p l o t t e d  f o r  a p a r t i c l e  index 
of  r e f r a c t i o n  of 1.33, i l l u s t r a t e s  t h e  o s c i l l a t o r y  cha rac t e r  of t h e  M i e  
func t ion .  For  s o l a r  i l lumina t ion ,  F igure  24 r e p r e s e n t s  t h e  s c a t t e r i n g  of 
a p a r t i c l e  of about 1 micrometer i n  diameter. 

Since it appears  probable  t h a t  most of t h e  p a r t i c l e s  generated by 
spacec ra f t  are composed of ice, t h e  above index of r e f r a c t i o n  of 1.33 appears  
as a reasonable  approximation, cons ider ing  t h a t  t h e  index of r e f r a c t i o n  of  
ice i n  t h e  v i s i b l e  p a r t  of  t h e  spectrum is about 1.31 (absorp t ion  being 
n e g l i g i b l e ) .  Equation (1) can be r e s t a t e d  i n  more p r a c t i c a l  form (Ref. 46) 
compatible wi th  t h e  present  a p p l i c a t i o n ,  namely 

where: I is t o t a l  power rece ived  by a d e t e c t o r  whose f i e l d  of view is 
f i l l e d  by t h e  s c a t t e r i n g  cloud 

n i s  t h e  number d e n s i t y  of p a r t i c l e s  

V is t h e  s c a t t e r i n g  volume 

cp i s  t h e  s o l i d  ang le  i n  s t e r a d i a n s  

h i s  wavelength of i nc iden t  r a d i a t i o n ,  and 

i19 i2, and I as def ined  above. 
0 
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Jrd 
x Figure 24. M i e  s c a t t e r i n g  func t ion  f o r  a = - = 5.5 ,  n = 1.33. 
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The fol lowing c a l c u l a t i o n  w i l l  be based on t y p i c a l  va lues  a s soc ia t ed  
wi th  t h e  problem of near  spacec ra f t  contamination. A s  a poin t  of depa r tu re  
Newkirk's (Ref. 3) value of tbe mass concent ra t ion  of p a r t i c l e s  of 4 x 10-12 
g cm-3 w i l l  be assumed, which corresponds t o  +,he continuous cabin leak from 
an Apollo type space vehic le .  
and a predominant s i z e  of one micrometer diameter,  a de tec to r  f i e l d  of view 
of 2O, a s c a t t e r i n g  volume of lo3 cm3 (corresponding t o  a d i s t a n c e  from t h e  
spacec ra f t  of about 3 m on t h e  b a s i s  of t h e  proposed geometry), and awave- 
length of l i g h t  of 0.55 micrometers, equat ion (2) becomes: 

Assuming a p a r t i c l e  dens i ty  of 1 g cm-3 (ice) 

- 10 I = 2.38 x 10 (il + i2) Io 

i + i i s  obtained from t h e  t abu la t ed  values (Ref. $5). Using t h e  1 2  curves of F i  u r e  24 and assuming a s c a t t e r i n g  angle  of 40 , il + i 2  = 32. 
Io = 5 x Watts (approximate s o l a r  f l u x  between 4000 and 70002). 
Thus, i = 2.38 x x 32 x S x Watts = 3.8 x Watts. 

For t y p i c a l  photomul t ip l ie r  de t ec to r  s e n s i t i v i t e s  of lo6 Amps/Watt, t h e  
s i g n a l  generated by the  above ca l cu la t ed  s c a t t e r e d  power would be of t h e  
order  of a few t e n t h s  of one mill iampere which is  s i g n i f i c a n t l y  above t h e  
t y p i c a l  dark cu r ren t  no i se  l e v e l s  of t h e  order  of one microampere a t  25OC 
( s i g n i f i c a n t  no i se  reduct ion  can be achieved by cool ing t h e  de t ec to r ,  i f  
necessary) .  Fu r the r  improvement of t h e  s i g n a l  t o  no i se  r a t i o  is obtained 
from t h e  phase-locked de tec t ion  approach which w i l l  be descr ibed  subsequently.  

Ins t rumenta l  Technique.- F igure  25 d e p i c t s  t h e  e s s e n t i a l  sensing and 
i l l umina t ion  elements of t h e  proposed system.. Sun o r i e n t a t i o n  is requ i r ed  
s i n c e  t h e  s o l a r  l i g h t  f l u x  is  u t i l i z e d  as i l l umina t ion  of t h e  s c a t t e r i n g  
volume. This  s o l a r  o r i e n t a t i o n  can be obtained by means of a sun-seeking 
mirror  o r  prism. 

The r e d i r e c t e d  l i g h t  from t h e  sun is modulated (chopped) and subse- 
quent ly  de f l ec t ed  by means of a second mirror  o r  prism. The tilt of t h i s  
l i g h t  d e f l e c t o r  i s  continuously v a r i a b l e  and synchronous wi th  t h e  p o s i t i o n  
of t h e  l i g h t  d e t e c t o r  #l. A second de tec to r  (V2) is  f ixed  and pos i t ioned  
perpendicular ly  t o  t h e  d i r e c t i o n  of t h e  incoming s o l a r  f l ux .  
t i o n  beam and t h e  de t ec t ion  beams i n t e r s e c t  forming a common region which 
i s  t h e  s c a t t e r i n g  sensing volume. 
l i g h t  rece ived  from t h e  sun, both through t h e  chopper and d i r e c t l y .  These 
two s c a t t e r i n g  components are received by t h e  two de tec to r s ,  however, by 
means of synchronous (phase locked d e t e c t i o n )  and frequency f i l t e r i n g ,  only 
t h e  chopped component i s  processed. 
any l i g h t  reaching the  d e t e c t o r s  from o the r  sources.  

The i l lumina-  

P a r t i c l e s  w i th in  t h a t  volume scatter t h e  

This  procedure a l s o  d i sc r imina te s  a g a i n s t  

Both t h e  i l l umina t ion  mirror  and the d e t e c t o r  #l o s c i l l a t e  around t h e i r  
p ivot  po in t  i n  synchronism d r iven  by a common driver (de tec to r  #l moves 
a t m i c e  t h e  angular  speed),  such  t h a t  t h e  s c a t t e r i n g  volume always l ies  on 
the  o p t i c a l  axis of t h e  two de tec to r s .  The mirror  angle  p sweeps between 
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about  5' and 22.5' which corresponds t g  a r a n  e of s c a t t e r i n g  angles  wi th  
r e s p e c t  t o  t h e  forward d i r e c t i o n  of 20 
62. This  i s  a t e n t a t i v e  scanning range which can be extended o r  reduced 
depending on t h e  requirements and l i m i t a t i o n s  of a p a r t i c u l a r  mission. 
Actual ly ,  t h e  mir ror  ang le  f3 is  made t o  sweep t o  a maximum of  45OJ beyond 
i h e  u s e f u l  s c a t t e r i n g  range, i n  order  t o  e s t a b l i s h  a r e f e r e n c e  reading  of  
r e f l e c t e d  and chopped s u n l i g h t  by means of  a r e fe rence  photodetec tor  (See 
F igure  25). 
t h e  s c a t t e r i n g  s i g n a l  of i n t e r e s t  pe rmi t t i ng  a r o u t i n e  background n o i s e  
determinat ion of  both de t ec to r s .  

6 to 90 f o r  81 and looo t o  1 3 5 O  f o r  

I n  t h a t  pos i t i on ,  both s c a t t e r i n g  d e t e c t o r s  no longer receive 

Refer r ing  t o  F igu re  25, t h e  s c a t t e r i n g  ang le  of d e t e c t o r  #1, 8 1  = 48 
and t h e  s c a t t e r i n g  ang le  of d e t e c t o r  #2J 82 = 28 4- goo, where 8 i s  t h e  a n g l e  
of t h e  d e f l e c t i o n  mirror.  For each va lue  of X, t h e  d i s t a n c e  of t h e  scatter- 
ing  volume from t h e  spacec ra f t ,  t h e  ang le s  81 and 82 are uniquely determined, 
and p a r t i c l e  s i z e  can be  der ived  from t h e  r a t i o  of t he  i n t e n s i t i e s  rece ived  
a t  t h e s e  two s c a t t e r i n g  angles .  This  r a t i o  of i n t e n s i t i e s  is  uniquely de- 
termined only f o r  p a r t i c l e  s i z e s  below about 0.5 micrometers i n  diameter,  
f o r  t h e  range of s c a t t e r i n g  ang le s  descr ibed  above. The non-uniqueness of  
t h i s  r a t i o  f o r  l a r g e r  s i z e s  is due t o  t h e  o s c i l l a t o r y  cha rac t e r  of t h e  M i e  
s c a t t e r i n g  func t ions .  On t h e  o t h e r  hand, s i n c e  t h e  angular  sweep is  cont in-  
uous and u n l e s s  t h e  predominant p a r t i c l e  s i z e  changes very  r a p i d l y  as a 
func t ion  of spacec ra f t  s e p a r a t i o n  X, s i z i n g  can be  accomplished f o r  p a r t i c l e s  
g r e a t e r  than  0.5 micrometers on t h e  b a s i s  of a cont icuous a n a l y s i s  of t h e  
s c a t t e r i n g  i n t e n s i t y  a t  t h e  two observa t ion  angles .  I n  o t h e r  words, i f  a 
s i n g l e  ang le  pair i s  considered, s i z i n g  is  l imi t ed  t o  p a r t i c l e s  below 0.5 
micrometers, but  f o r  a continuous measurement of i n t e n s i t i e s  as a func t ion  
of angle ,  s i z i n g  can be extended upwards t o  several micrometers. Ce r t a in  
assumptions about index of r e f r a c t i o n  are requi red  and s i n c e  t h e  most pre-  
v a l e n t  p a r t i c l e  spec ie s  should be  ice, an index of r e f r a c t i o n  of 1.31 
appears  t o  be a reasonable  b a s i s  f o r  t h e  c a l c u l a t i o n s .  Water i n  l i q u i d  form 
h a s  an index of r e f r a c t i o n  of about 1.33, whereas the  va lue  f o r  i c e  is  about  
1.31 i n  t h e  v i s i b l e  p a r t  of t h e  spectrum. 

Fur the r  system s o p h i s t i c a t i o n  could be accomplished by s e l e c t i n g  alter- 
n a t i v e l y  t h e  two p o l a r i z a t i o n  components of t h e  s c a t t e r e d  l i g h t  a t  t h e  two 
de tec to r s .  
as w e l l  as provide information on index of r e f r a c t i o n  f o r  p a r t i c l e s  of un- 
known composit ion. 

This  procedure would enhance t h e  uniqueness of  t h e  measurements 

F igure  26 shows t h e  block diagram of t h e  e s s e n t i a l  elements of t h e  sys-  
t e m .  The r e f e r e n c e  s i g n a l  from t h e  l i g h t  chopper is  fed  t o  both lock-in 
a m p l i f i e r s  and t h e  output  of each s i g n a l  photodetector  goes t o  i t s  r e s p e c t i v e  
ampl i f i e r .  Only t h e  s i g n a l  from t h e  d e t e c t o r s  which con ta ins  t h e  modulation 
frequency and is  i n  phase wi th  t h i s  r e fe rence  s i g n a l  is  ampl i f ied .  Contin- 
uous r a d i a t i o n  from any source  is  ignored. A common d r i v i n g  system ope ra t e s  
t h e  double mir ror  o r  prism sweep and a continuous ang le  readout  i s  provided 
as p a r t  of t h e  output  information t o  be processed t o  de r ive  p a r t i c l e  s i z e  
and spacec ra f t  d i s tance .  
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B. Monopole Mass Spectrometer f o r  Measurement 
Of Heavy Gaseous Components Around Spacec ra f t  

In t roduct ion . -  A va luab le  experiment t o  determine t h e  n a t u r e  of t h e  con- 
taminated atmosphere surrounding a s p a c e c r a f t ,  p a r t i c u l a r l y  t h e  l a r g e r  
s t r u c t u r e s  such as t h e  Apollo Telescope Mount would be having a s p e c i a l -  
purpose mass spectrometer  which has  t h e  c a p a b i l i t y  of measuring contaminants 
of r e l a t i v e l y  l a r g e  molecular weight as w e l l  as lower molecular weight.  The 
magnetic mass spectrometer  used i n  rocke t  experiments u sua l ly  measures up 
t o  M = 50 and consequent ly  i t s  range is  too small f o r  t h e  purpose des i r ed .  
S i m i l a r l y  the quadrupole mass spectrometer  does no t  have a n  extended mass 
range.  A model o f  a monopole mass spectrometer  f o r  a rocke t  f l i g h t  (Ref. 47) 
has  been cons t ruc t ed  t h a t  measures up t o  M = 400. 
t rometer  i n  c o n t r a s t  t o  t h e  monopole can only provide information about t h e  
sum of a l l  heavy masses and consequent ly  is not  considered s u i t a b l e  i n  par -  
t i c u l a r  f o r  t h e  measurement of masses over  150. The t ime-of - f l igh t  spec t ro -  
meter has  a r e p e t i t i o n  c a p a b i l i t y  which is  n o t  r equ i r ed  f o r  our  purposes. 

The quadrupole mass spec-  

Discussion of Contaminants.- The emphasis has  been p laced  above on the 
measurement of t h e  heavy gaseous components because it is  considered t h a t  
t h e s e  molecules c o n s t i t u t e  t h e  g r e a t e s t  hazards  f o r  contaminantion of su r -  
f a c e s  because of their  tendency t o  adhere  once they  h i t  a sur face .  Mono- 
meric water molecules and low molecular weight gases  from t h e  r e a c t i o n  
c o n t r o l  system gene ra l ly  have h igh  v o l a t i l i t y  and re -evapora te  r a p i d l y  from 
t h e s u r f a c e  on which they have condensed. 
t h e  l a r g e r  molecules which either occur by c l u s t e r  formation from t h e  
nuc lea t ion  of r e l e a s e d  cabin  gases ,  from evaporat ion from l i q u i d s  dumped 
overboard o r  by e f f l u x  from non-metal s u r f a c e s  on t h e  e x t e r i o r  of t h e  
spacec ra f t .  

The molecules of importance are 

Clus t e r  formed by Nucleat ion of Effused Gases o r  Evaporation from 
Liquids:  
t h e  expansion of gases  i n t o  a r eg ion  of reduced p res su re  o r  vacuum. It i s  
no t  considered probable  a t  t h i s  t i m e  t h a t  t h e  c l u s t e r  formed w i l l  be  of a 
s i z e  ca., 1 micron cm) which w i l l  be of s i g n i f i c a n c e  i n  changing t h e  
o p t i c a l  c h a r a c t e r  of t h e  environment. Rather t h e  s i z e  i t  i s  be l ieved  w i l l  
be  less than  0 .1  micron (lOOOa). 
ing  predominates w i t h  a s i x t h  power dependence on r a d i u s  such p a r t i c l e s  
w i l l  no t  be e f f e c t i v e  scatterers of l i g h t .  
enhanced r e s i s t a n c e  t o  re-evaporat ion from a s u r f a c e  because of t h i s  l a r g e  
molecular weight and t h e  assessment  of t h e i r  concen t r a t ion  i n  the space  
s h i p  e x t e r n a l  environment i s  important  i n  eva lua t ing  t h e i r  c o n t r i b u t i o n  t o  
s u r f a c e  contaminat ion e f f e c t s .  

There exists experimental  evidence of t h e  formation of c l u s t e r s  i n  

Because i n  t h i s  range Rayleigh s c a t t e r -  

However, such c l u s t e r  w i l l  have 

The evidence of c l u s t e r  formation d e r i v e  from molecular beam experiments,  
wind tunnel  and nozz le  exp.eriments and theory.  Thomann (Ref .  40) has measured 
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t h e  s i z e  of water clusters formed during t h e  r a p i d  exposure of humid a i r  i n  
a supersonic  nozzle .  
is 158 and t h e  number of molecules is N 2: 360 f o r  a molecular weight of 
6488. 
average s i z e  may be 1s and N = 120, o r  molecular weight af  2160. 

H e  f i n d s  t h a t  t h e  average s i z e  of s p h e r i c a l  p a r t i c l e  

The s i z e s  vary  over a d i s t r i b u t i o n  i t  must be s a i d  and a l s o  the  

Milne and Gceene (Ref. 39) have found i n  a study of t h e  mass spec t ro-  
metr ic  observa t ions  of clusters i n  nozzle  beams, t h a t  polymers of argon up 
to  N = 15 were formed. Xn t h e  case of CO is was found t h a t  a d d i t i v e s  
(see Figure 2 7 )  d e s p i t e  t h e  d i l u t i o n  of C62, increased t h e  formation of 
GO2 dimers. 
found (Figure 2 8 ) .  
i n  i n t e n s i t y  was found a t  t h e  trimer. 
trace amounts of materials may nuc lea t e  ex tens ive ly  under expansion condi t ions .  

Mlxed c l u s t e r s ,  e.g. ,  A r x - l  x H20 and A r  x (HzO) -L were a l s o  
For H20 the nuc lea t ion  w a s  SO extens ive  &at t h e  maximum 

Their  r e s u l t s  a l s o  ind ica t ed  t h a t  

Experiments performed i n  a wind tunnel  r e l e a s i n g  n i t r i c  oxide gas have 
ind ica t ed  a marked change of t h r e e  orders  of magnitude i n  the  chemilumin- 
escent  ra te  of t h e  r e l eased  NO (Ref. 4 8 ) .  Theory (Ref. 4 9 )  has  ind ica t ed  
t h a t  t h i s  is  due t o  t h e  presence of n i t r i c  oxide polymers of up t g  600 mol- 
ecules found i n  t h e  exp&nsion. 
r e a c t i o n  c o n t r o l  systems. 

NO is one of t h e  products  occur r ing  i n  

Such clusters then have t h e  p o t e n t i a l  f o r  g r e a t e r  s t i c k i n g  to  su r faces  
and mass spec t romet r ic  measurements may a s s i s t  i n  determining t h e i r  concen- 
t r a t i o n  o r  a l t e r n a t i v e l y  i n  s e t t i n g  an upper l i m i t  t o  t h e i r  concent ra t ion  
(around t h e  spacec ra f t ) .  

Grobman and Bi f fa lano  (Ref.  38) have cons t ruc ted  a k i n e t i c  theory of 
homogeneous nuc lea t ion  and growth I n  which they show t h a t  t h e  maximum 
s i z e  of a c luster  would be 1.5'~ 10-2 microns i n  rad ius .  Their  theory was 
aimed at: analyzing t h e  op t  
t h a t  t o  t h e  ex ten t  t h a t  ho 
t h e  o p t i c a l  coma was less i f i c a n t  than previously assumed (Refs. 1-3). 
However, t h i s  theory i n d i c a t e s  t h e  presence of clusters up t o  1502 which 
may have consequences f o r  t h e  su r face  contamination. aspec t  of t h e  o v e r a l l  
po l lu t ion  problem. Al th  gh t h e i r  c a l c u l a t i o n s  were performed wi th  regard 
t o  water vapor, i t  has  i 
f u r t h e r  supports  t h e  p o s s i b 5 l i t y  of reasonable  numbers of c l u s t e r s .  

1 coma around t h e  spacec ra f t  and ind ica t ed  
eneous nuc lea t ion  was t h e  causative process  

l l c a t i o n s  f o r  o t h e r  components such as GO2 and 

The n a t u r e  and behavior of r e l eased  bulk l i qu id ,  water, ur ine ,  etc., i s  
hard t o  assess. The Ball Brothers  ATM extended a p p l i c a t i o n  s tudy (Ref. 50) 
has  attempted a prel iminary eva lua t ion  of t h e  s i ze  6f t h e  l i q u i d  drops. A s  
they poin t  ou t ,  the s i z e  d i e t e i b u t i a n  is  determined by mul t ip l e  e f f e c t s  
inc luding  t h e  mechanica 1 v i  nce of t h e  process,  su r f ace  tens ion ,  elec- 
t r i c a l  charge, presence of d i sso lved  gases,  etc. By making use  of calcu- 
l a t i o n s  involving t h e  s u r f a c e  f r e e  energy of a drop and an  estimate of t h e  
energy a v a i l a b l e ,  they suggest  mean r a d i i  of 1.5 x 10-2 cm t o  1 .5  x 
However, i n  t h e  c l u s t e r  formation of molecules t h e  evaporated gas is  not  

cm. 
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CLUSTER 
Figure 28. Ions observed i n  the  mass spectrum of moist  argon 

sampled at 5 a t m  pressure through a 0.002-in. diam. 
o r i f i c e .  Taken from Ref. 39. 

129 



evaluated,  merely t h e  mechanical break-up of t h e  f l u i d  i n t o  d rop le t s .  It 
is  considered, therefore ,  t h a t  t h e r e  w i l l  occur i n  t h e  gas phase mul t ip l e  
c l u s t e r s  ranging from t h e  monomer t o  polymers of a t  l e a s t  150g i n  r a d i u s  
during t h e  evaporat ion phase. These c l u s t e r s  may d i f f u s e  and s t r i k e  t h e  
space s h i p  sur face .  

Polymers Evaporated from Non-Metallic Surfaces:  I n  a d d i t i o n  t o  t h e  
c l u s t e r s  c o n s t i t u t i n g  heavy molecules formed by nuc lea t ion  processes  i n  
expansion from t h e  gas o r  l i q u i d  phase, t h e r e  a r e  molecules evaporat ing 
from t h e  exposed non-metals of t h e  spacec ra f t  which should a l s o  f u r n i s h  
some r e l a t i v e l y  heavy molecules. In  Tables 16-18 (Ref. 50) a r e  furn ished  
some of t h e  d e t a i l s  of t h e  non-metall ics which predominantly come from l a r g e  
pa in ted  areas, window s e a l a n t s  and s o l a r  panels.  A more ex tens ive  compila- 
t i o n  is  given i n  Reference SO. 
of weight l o s s  and then s t a b i l i z e  t o  a cons tan t  loss rate. The loss i n  t h e  
i n i t i a l  period, as pointed out  i n  Reference 50 is due t o  evaporat ion of 
so lvent  and absorbed o r  occluded gases.  I n  s teady  loss period which i s  
gene ra l ly  slower, a more complex process  occurs.  This  involves  t h e  behavior 
of p l a s t i c i z e r s ,  t h e  e f fus ion  of fragments which were not  completely poly- 
merized and t h e  untwis t ing  by thermal fo rces  of fragments. 
are t h e  subl imina t ion  of a d d i t i v e s  introduced during t h e  manufacturing 
process.  

The polymers go through an i n i t i a l  per iod 

Also involved 

For simple molecules and organic  compounds it is  poss ib l e  t o  calculate 
t h e  rates and c e r t a i n l y  t h e  molecular weight of t h e  sublimated compounds. 
For t h e  type of polymers of complex s t r u c t u r e  used i n  space veh ic l e s ,  i t  
i s  exceedingly d i f f i c u l t  t o  c a l c u l a t e  loss rates o r  molecular weights of 
t h e  sublimated f r a c t i o n s  s i n c e  such molecules can be due t o  t h e  polymeriza- 
t i o n  o r  un rave l l i ng  i n  a complex fashion.  
i n  the vacuum environment a l s o  may a l ter  t h e  mass loss rate and t h e  n a t u r e  
of t h e  molecules effused.  

The presence of u l t r a v i o l e t  l i g h t  

Reasonable da t a  exist on t h e  mass loss rate f o r  a l a r g e  variety of t h e  
compounds but  l i t t l e  o r  no da ta  i s  a v a i l a b l e  on t h e  molecular weights of 
t h e  molecules emitted.  

E s t i m a t e  of Concentrations t o  be Measured.- There are now made some 
c a l c u l a t i o n s  of t h e  f l u x  F per  cmL and t h e  concent ra t ion  nc of t h e  e f fused  
contaminant molecules. We have 

and 

dn/dt  
n = F/u = 

C 



TABLE 18 

MATERIALS AND TOTAL AREA DATA 
Taken from Ref. 50 

LM V i e w  M a t e r i a l  M a t e r i a l  Ma te r i a l  Material Material Material M a t e r i a l  
( 9 )  
cm2 cm ' 3 h  ( 4 )  

cm2 
( 7 )  
cm2 

See (1) 
Figure Area 

2 CUI 

3-3 38,138 387 - 8,047 53,016 - - 
3 -4 4,260 - - 4,673 116,427 - 6,775 

3-5 43 , 586 - 15,672 30 , 697 - 6 , 028 

3-6 - - 57,380 - 44 , 553 20 , 134 

3-7 57 , 718 - - 2,129 39 , 603 - - 
3-8 37 , 000 8,408 P 11,283 43 , 861 - - 

T o t a l  180,702 8,795 57,380 41,804 328,157 20,134 12,803 

Area Summation and Material Desc r ip t ion  

Areas M a t  e r i a  1 9 
L (cm ) 

(1) 180,702 

(2) 8,795 

(3) 57,380 

( 4 )  41 , 804 

( 7 )  328,157 

( 8 )  20 , 134 

( 9 )  1 2  , 803 

649 , 775 

Other 

3 , 678 
9 , 901 

663 , 354 

Desc r ip t ion  

0.004 i n .  aluminum, 2024-T81, a lod ine  coated,  t hen  
1400-2000 Wngstroms vapor deposi ted aluminum, one s i d e  , 
and overcoated w i t h  s i l i c o n e  monoxide. Mfg. by 
G.T. Schjeldahl-sample and l i t e r a t u r e  on f i  e. 
0.0005" Kapton (polyimide),  w i t h  1400-2000 B ngstroms 
vapor deposi ted aluminum, both s i d e s ,  overcoated one 
s i d e  wi th  SiO, 12,000 Angstroms, Mfg. by G. T. S c h j e l -  
dah1 - sample and l i t e r a t u r e  on f i l e .  
0.0005" Kapton (polyimide) , w i t h  1400-2000 gngstroms 
vapor aluminurn, both s i d e s ,  overcoated one s i d e  wi th  
SiO, 12,000 Xngstroms. Mfg. by G. T .  Sch je ldah l  - 
sample and l i t e r a t u r e  on f i l e .  
S i l i c o n e  p a i n t  , chromium monoxide pigment ("Pyromark") , 
no informat ion a v a i l a b l e .  
Alzak f i n i s h e d  C2024-T3, d a t a  requested by t e l e c o n  arid 
l e t t e r  - no t  a v a i l a b l e  y e t .  
C a r r o l l  White P a i n t  w i th  aluminum added, no information 
a v a i l a b l e .  
C a r r o l l  White P a i n t ,  no information a v a i l a b l e .  Sample 
f o r  t e s t i n g  submitted t o  MSFC, no information a v a i l a b l e .  

Window area 
Rocket N o  z z 1 e 

Grand T o t a l ,  Cross S e c t i o n a l  Areas 
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TABLE 20 

LUNAR MODULE EXTERNAL THERMAL CONTROL COATINGS 

LM's 1 ,  2 ,  3,  & Subs -Ascen t  'Stage 
taken from Ref. 51 

a/€ t h  E 

(1) S i l i c o n  Oxide/Aluminum on 
2024-T81 (0.004 in.)  

( 2 )  S i l i c o n  Oxide/Aluminum on 
Polyimide Film (0.0005 in . )  

( 3 )  S i l i c o n  Oxide/Aluminum on 
Polyimide Film (0.005 in . )  

( 4 )  S i l i c o n  P a i n t ,  Chromium 
Monoxide Pigment ('PPyromark'') 

( 5 )  Polyurethane P a i n t ,  Aluminum 
P igmen t ("Finch ") 

( 6 )  "Alzak" Finished C2024-T3 
(LM 1 only) 

( 7 )  "Alzak" Finished C2024-T3 
(LM's 2 & Subs) 

(8) C a r r o l l  White Pa in t  wi th  
Aluminum Added 

(9) C a r r o l l  White Pa in t  

(10) Oxidized "Haynes" L605 

0.25 0.55 0.45 
f 0.03 + 0.05 If: 0.05 - - 

0.14 0.36 0.40 
+ 0.02 + 0.05 5 0.05 - - 

0.14 0.58 
- + 0.02 - + 0.02 

0.88 0.88 1.03 
- + 0.02 - + 0.02 - + 0.02 

0.22 0.22 1.00 
c + 0.04 - + 0.04 + 0.10 

0.17 0.63 
- + 0.02 - 0.72 

0.17 0.57 
+ 0.02 + - 0.05 

0.30 0.75 0.40 

0.35 0.80 
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where: dn/dt = t o t a l  number of p a r t i c l e s  emit ted pe r  second (mass loss) 

u = thermal v e l o c i t y  of e f fused  gas t 

I n  Table 9 given some values of ut. For numerical purposes w e  
assume u t  = 10 cm/sec. I n  Ta e 20 are g i i a n  some values  of dn/dt .  A s  
a r e p r e s e n t a t i v e  v a h e  wd BSSU dn/dt  = 10 molecules/sec. For H20 t h i s  
r ep resen t s  of t h e  mnomers, f o r  polymers such as t h e  s i l i c o n e s ,  
r ep resen t  t h e  t o t a l  e f f lux .  We n m  c a l c u l a t e  t h e  concent ra t ion  f o r  r = 10 
cm and r = lo3 cm. 

3; 

it “3 
H e  cibtain 

2 f o r  r = 10 c m  

3 r = 10 c m  

- 1 0 % ~ ~  2 4 x t o r r  - F 2 1 . 0 ~ ~ 1 ~ ~ ~  sec, 
- 

F 2 1 0 ~ ~ / ~ ~ ~  sec, n N 1 0 ~ / ~ ~ ~  - 4 x t o r r  c -  

These concent ra t ions  determine t h e  na tu re  and s e n s i t i v i t y  of t h e  mass spec- 
t rometer  required.  

Discussion of Mass Spectrometer Selected.-  

Introduccion:  The preceding d iscuss ion  has  poin ted-out  t h e  value of 
using a mass Spectrometer which has  an extended mass range. 
t o  dec ide  a p r i o r i w h a t  t h e  upper l i m i t  of t h e  range should be because of 
t h e  unknown fragmentat ion problem of t h e  polymers and t h e  unce r t a in  maximum 
of t h e  clusters i n  t h e  e f fus ion  ocess.  Consequently, a range of mass 
determinat ion up t o  M = 400 is a 
For t h i s  reason, t h e  monopole mass spectrometer i s  chosen as t h e  most de- 
s i r a b l e  type  and is! discussed below. 

It is  d i f f i c u l t  

i t r a r i l y  s e l e c t e d  as being advantageous. 

General Deskr ip t ion  of Monopole Mass Spectrometer: The monopole mass 
spectrometer  employs a f iekd  conf igura t ion  s i m i l a r  t o  the  b e t t e r  known 
quadrupole mass spectrometer.  I n  t h i s  case,  however, t h e  t h r e e  rods a r e  
replaced by t h e  grounded The two planes 
form t h e  so-ca l led  V-electrode which is  on ground p o t e n t i a l  so t h a t  only a 
s i n g l e  rod i s  requi red  t o  produce t h e  C h a r a c t e r i s t i c  f i e l d .  I n  both i n s t r u -  
ments t h e  ion  o r b i t s  are i d e n t i c a l  and are comprised of two independent 
o s c i l l a t i o n s  i n  a d i r e c t i o n  y from the  apex of t he  V-electrode t o  t h e  cen te r  
of t h e  rod as w e l l  as i n  an or thogonal  d i r e c t i o n ,  x. 

mmetry planes between t h e  rods.  

The mass range of t h e  mon o l e  mass spectrometer  can be extended t o  
i a f i n i t y  i f  t h e  AC roddvol tage is  kept  cons tan t  and t h e  DC rod-vol tage is 
reduced. The mass is i nva r se ly -p ropor t iona l  t o  t h i s  DC vol tage.  If t h e  
ion energy is kept  cons tan t  t h e  s e n s i t i v i t y  s t a y s  e s s e n t i a l l y  cons tan t  over 
t h e  whole mass range and thb  r e s o l u t i o n  is inve r se ly  p ropor t iona l  t o  t h e  
mass. 
r e s o l u t i o n  s t a y s  cons tan t  and t h e  s e n s i t i v i t y  is reduced. 
massean  permits  t h e  d e t e c t i o n  of space contaminants of very high molecular 
weight with l i t t l e  inc rease  of t o t a l  scanning t i m e .  

I f  t h e  ion energy is reduced i n  propor t ion  t o  t h e  DC vo l t age  t h e  
This  method of 
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TABLE 2 1  

GASES EVOLVED FROM THE SPACECRAFT AS LEAKS AND DISCHARGES 
Taken from Ref. 50 

G a s  dm/dt dmldt dn/dt  
Species  ( l b / h r )  (dsec)  (mol. /sec) Remarks 

T o t a l  water averaged 
Amount of H20 t h a t  could 
be l i q u i d  

22 4.5 0.566 1.89 x 10 
0.560 H2° 

O2 

H2 

1.53 0.193 3.63 x Average du r ing  120 s e c  
0.269 5.05 x 10 purge 

0.0945 2.84 x 10 purge 

19 3 x 9 x 10 22 Average during 80 s e c  

S i l i c o n e s  - 0.25 2 . 7 8 ~ 1 0 ' ~  16.7 x Assuming mol. w t .  of 

Fuel from 
RC S 

2.5 l b  i n  60 s e c / o r b i t  

P r o p e l l a n t s  18.89 RCS t o  d e s a t u r a t e  CMG 

Byproducts 

49.60 6.25 

co 10.79 1.36 

H20 55.16 6.95 

H2 10.95 1.38 

7.30 0.92 

0 1.19 0.15 

H 3.57 0.45 

NO 1.51 0.19 

OH 6.75 0.85 

2.70 0.34 

N2 

eo2 

O2 

1.34 x 10 23 
2 3  0..29 x 10 
23 2.32 x 10 
23 4.16 x 10 
23 0.12 x 10 

0.056 x 10 

2 .71  x LO 

0.038 x 10 

0.30 x 10 

0.064 x 

For 60 s e c / o r b i t  

23 

23 

23 

23 
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The above-mentioned novel  sweep method c o n s i t s  of two p a r t s :  

(1) The low mass range is  swept  i n  t h e  usua l  manner by inc reas ing  t h e  
AC vo l t age  and keeping the  DC t o  AC vo l t age  r a t i o  cons tan t  and r a t h e r  high 
t o  ob ta in  good r e s o l u t i o n  and s e n s i t i v i t y .  
measured i n  t h i s  way depends pr imar i ly  on t h e  maximum AC vo l t age  a v a i l a b l e  
from t h e  power supply. 

The h ighes t  mass which can be 

(2) The ad jacen t  high mass range is  swept by reducing t h e  DC v o l t a g e  
and keeping t h e  AC vo l t age  cons tan t  a t  i t s  maximum value.  The mass i s  i n -  
v e r s e l y  p ropor t iona l  to  t h e  DC vol tage ,  U. I n  t h i s  regard  t h e  mass scale 
i s  i d e n t i c a l  t o  the  one obtained i n  a convent ional  magnetic mass spec t ro-  
meter i f  t h e  magnetic f i e l d  s t r e n g t h  is kept  cons tan t  and t h e  scanning is  
performed wi th  t h e  a c c e l e r a t i o n  vol tage,  E. F igure  29a shows a mass spec- 
t r u m  of CgF16 obtained wi th  t h e  novel scanning method of a monopole i n s t r u -  
ment. F igure  29b shows, f o r  comparison, t h e  same spectrum obtained wi th  a 
small magnetic vacuum analyzer .  It is  obvious t h a t  t h e  monopole mass spec- 
t rometer  provides  much b e t t e r  t ransmission and s e n s i t i v i t y  f o r  high masses. 
I n  t h i s  regard  i t  i s  similar t o  a spectrometer  with magnetic sweep, s i n c e  
i n  both instruments  t h e  a c c e l e r a t i o n  vol tage ,  E is  kept  cons tan t .  However, 
i t  is  f r e e  of t h e  h y s t e r e s i s  e r r o r s  of a magnetic spectrometer.  F igure  30 
shows the  mass s c a l e  which is  i n  good agreement wi th  theory.  

The mass r e s o l u t i o n  M/AM inc reases  p ropor t iona l ly  t o  t h e  mass number 
M during t h e  r e g u l a r  scan (1) over t h e  low mass range and decreases  inver -  
s e l y  p ropor t iona l ly  t o  M during* new scan (2)  over t he  extended mass 
range. This r e s u l t s  i n  a cons tan t  peak width nV which permits u s e  of t h e  
f a s t e s t  cons tan t  sweep rate, compatible with t h e  e lec t rometer - recorder  
system. 
between t h e  low and t h e  extended mass range. 

No sudden change of t h e  r e s o l u t i o n  occurs  a t  the  t r a n s i t i o n  poin t  

The main purpose of t h e  extended mass range i s  t o  d e t e c t  with high 
s e n s i t i v i t y  t h e  presence of any ions  which a r e  beyond the  r egu la r  mass 
range and t o  permit a t  l e a s t  a rough determinat ion of t h e i r  masses. Since 
t h e r e  is  no upper l i m i t  of t h e  extended mass range, no ions ,  r ega rd le s s  of 
how heavy, can escape de tec t ion .  This  feature is e s p e c i a l l y  va luable  f o r  
vacuum analyzers  i n  o i l  pumped systems where heavy hydrocarbons might be 
present  and a l s o  f o r  space p o l l u t i o n  s t u d i e s  where heavy molecules are sus-  
pected. 
power consumption and moderate inc rease  of scanning t i m e .  
mass a n a l y s i s  i s  mandatory, t h e  r egu la r  mass range is p r e f e r a b l e  because of 
t h e  increased r e so lu t ion .  However, i n  order  t o  extend t h e  r e g u l a r  mass 
range from mass 48 t o  mass 381 it  would be necessary t o  inc rease  the  AC 
vo l t age  from V = 478 t o  3800 v o l t s .  The power requirements would be 64 
t i m e s  l a r g e r  and t h e  minimum scanning t i m e  would be 4 times longer. 

This  a d d i t i o n a l  information can be obtained without  i nc rease  of t h e  
I f  accurate 

One va luab le  f e a t u r e  of t h e  monopole mass spectrometer is  t h e  p o s s i b i l i t y  
of t r ad ing  o f f  s e n s i t i v i t y  f o r  r e s o l u t i o n  simply by reducing t h e  energy of 
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(a) Top p a r t ,  ob- 
t a i n e d  wi th  a monopole mass spectrometer by 
reducing t h e  DC rod vo l t age  U. The ion 
a c c e l e r a t i n g  vo l t age  E w a s  cons tan t  = 30 v o l t s .  

8 F16' Figure 2%. Mass spectrum of C 
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Figure 29b. (b) Lower p a r t ,  obtained wi th  a 90-degree vacuum 
analyzer  by reducing t h e  i o n  a c c e l e r a t i n g  vo l t age  
E. The magnetic f i e l d  s t r e n g t h  w a s  cons t an t .  The 
e l ec t rome te r  s e n s i t i v i t y  had t o  be increased twice 
t o  d e t e c t  t h e  heavy ions.  
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Figure 30. Experimental mass s c a l e  of monopole m a s s  spec t ro -  
meters i f  t h e  AC rod vo l t age  V i s  kep t  cons t an t  and 
only  t h e  DC rod vo l t age  U is va r i ed .  
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t h e  ions.  
s i t i v i t y ,  i t  i s  p o s s i b l e  t o  inc rease  t h e  r e s o l u t i o n  during t h e  extended mass 
range by reducing t h e  i o n  energy. Scanning t h e  ion  energy is  not  c r i t i c a l  
s i n c e  the  ion  energy has  very  l i t t l e  e f f e c t  on t h e  p o s i t i o n  of t h e  peaks. 
I f  t h e  ion  energy, E is reduced p ropor t iona l ly  t o  U, t h e  r e s o l u t i o n  s t a y s  
cons tan t  over t h e  extended mass range and t h e  performance of t h e  monopole 
mass spectrometer  becomes q u i t e  similar t o  a magnetic spectrometer  w i th  
electric scan. 
but  t h e  maximum scanning speed has  t o  be reduced i n  propor t ion  t o  t h e  smaller 
width of t h e  peaks. 

For a p p l i c a t i o n s  where r e s o l u t i o n  is more important than  sen- 

In  t h i s  case, no inc rease  of t h e  power consumption i s  requi red ,  

Discussion of Monopole Mass Spectrometer: A monopole mass spectrometer  
employing t h e  above-described sweep techniques has  been cons t ruc ted  by R. 
Herzog (Ref. 47) f o r  measuring t h e  heavy ions  i n  t h e  D region.  It i s  such 
an instrument,  s u i t a b l y  modified and adapted, which is  considered d e s i r a b l e  
f o r  our  purpose. F igu re  31 is a photograph of  t h e  inne r  s t r u c t u r e  of t h e  
monopole analyzer .  This  instrument ,  because of t h e  r e l a t i v e l y  high p res su re  
i n  t h e  D region,  r equ i r ed  a pump which is not  necessary f o r  our  sa te l l i t e  
app l i ca t ion .  It is est imated t h a t  t h e  t o t a l  weight of t h e  instrument in -  
c luding  t h e  e l e c t r o n i c s  package would be between 10 t o  20 pounds. Its 
l ength  can be as s h o r t  as 12 inches but  wi th  a length  of 18 t o  24 inches 
d e s i r a b l e  f o r  improved performance. 

The t h e o r e t i c a l  performance of such an instrument has  been checked o u t  
and t h e  e l e c t r o n i c s  and mechanical s t r u c t u r e  ruggedized t o  perform under 
rocke t  condi t ions .  The power requirement f o r  t h e  D reg ion  instrument  is  
several watts and is capable  of ob ta in ing  reasonable  r e s o l u t i o n  a t  t h i s  
power level up t o  M = 400 ( see  F igure  29). Greater r e s o l u t i o n  can be obta ined  
a t  t h e  c o s t  of h ighe r  power levels and c o n s t i t u t e  one of t h e  t r ade -o f f s  t o  
be considered i n  t h e  s p e c i f i c  design of an instrument  f o r  s a t e l l i t e  purposes. 

An ion source  must be incorpora.ted f o r  t h e  sa te l l i t e  measurements s i n c e  
it is t h e  n e u t r a l  spec ie s  which i s  t o  be  measured i n  c o n t r a s t  t o  t h e  D 
r eg ion  where ions  were t h e  s u b j e c t  of t h e  o r i g i n a l  i nves t iga t ion .  
t h e  D reg ion  device  incorpora ted  an ion  source  f o r  t h e  labora tory  checkout 
of t h e  instrument  and it is  considered not  a d i f f i c u l t  modi f ica t ion  of t h e  
e x i s t i n g  instrument t o  modify i t  s o  as t o  inco rpora t e  a s u i t a b l e  h igh  
e f f i c i e n c y  ion  source.  

Actua l ly  

It i s  concluded t h a t  t h e  phenomena being inves t iga t ed ,  create a den- 
s i t y  of contaminants which are e i t h e r  s teady  s ta te  o r  have a t i m e  cons tan t  
o f  seconds so t h a t  t h e  mass scan can be of t h e  order  of seconds without  
missing any of t h e  e s s e n t i a l s  of t h e  phenomena involved. The f i n a l  s e t t i n g s  
of the instrument  as t o  i t s  s e n s i t i v i t y  and r e s o l u t i o n  rest upon t h e  f i n a l  
d e t a i l s  of t h e  information d e s i r e d  (viz ,  r e s o l u t i o n ) ,  and t h e  l o g i s t i c a l  
t r ade -o f f s  ( length,  power a v a i l a b l e ,  etc.). A t  t h i s  t i m e  t h e r e  seems l i t t l e  
doubt t h a t  a monopole instrument  possessing t h e  r e q u i s i t e  c h a r a c t e r i s t i c s  can 
r e a d i l y  be designed, cons t ruc ted ,  and flown on a s a t e l l i t e  and make u s e f u l  
measurements of t h e  p o l l u t i n g  coma surrounding t h e  spacec ra f t  and i n  p a r t i c u l a r  
of t h e  heavy molecular weight component. 

14 2 



844 

Figure  31.  Inner  s t r u c t u r e  of monopole ana lyzer .  
w i th  the  ceramic mounting blocks a r e  v i s i b l e  i n  the c e n t e r  of t h e  
f i g u r e .  The e l e c t r o n  m u l t i p l i e r  has been removed. 

The rod and V-electrodes 



Conclusions.-  A mass Spectrometer t o  be used f o r  t h e  measurement of con- 
taminant gases  around a s p a c e c r a f t  should have an  extended mass-range c a p a b i l i  
of up t o  approximately 400. The monopole modi f ica t ion  by Herzog i s  a s u i t a b l e  
type  of mass spectrometer  f o r  t h i s  purpose. 
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SECTION VI 

PROPOSED PROGRAM OF SUB-SATELLITE EXPERIMENTATION ON SPACE POLLUTION 

A. General Procedure 

The purpose of the proposed sub-satellite program is to identify, 
evaluate and select a number of scientific experiments designed to sys- 
tematically measure the magnitude and distribution of contaminants sur 
rounding the space vehicle. On the basis of a previous study program, 
it is here suggested that the experimental configuration should involve a 
dual satellite wherein the sub-satellite is maneuverable relevant to the 
parent vehicle. This configuration allows the maneuverable sub-satellite 
(SS) to be lavnched from the parent vehicle and programed to move in a 
specified manner for point-to-point probing and to also station-keep pay- 
loads at specified positions as desired. 
tional experimental dimension affords a host of opportuqities to accom- 
plish the stated purposes of the proposed program. 

751) 

It will be shown that this addi- 

The first step of the procedure (see Figure 32) involves the genera- 
tion of a number of diversified double satellite experiments. Comparison 
with alternate techniques (predominantly single satellite experiments) to 
acquiring the desired data will also be made at this time. The signifi- 
cance aqd general feasibility of fhe various experiments will also be 
evaluated in this initial study phase. Following this preliminary defi- 
nition of the experimental objectives, scientific value, procedure, and 
experimental support requirements, the experiments will be reviewed for 
their scientific value as well 3 s  their applicability to the present NASA 
requirements. 
be performed. 

On this basis, a selection and priority of experiments will 

Following this phase, a study will be performed to specify the gene- 
ral characteristics of the sub- satellite^ and parent vehicle requirements. 
This phase involves the overall experimental requirements on the SS, ex- 
perimental equipment interfaces of the SS and parent vehicle as determined 
by the experimental equipment physical and functional characteristics, the 
orbital data for both the parent vehicle and the sub-satellite, the sepa- 
ration range between the two spaceships as well as the degree of tolerance 
permitted in the range rate and station-keeping requirements. 

Finally, each of the selected experiments will be analyzed in suffi- 
cient detail for the successful performance in the suggested node. 
format will be such as to inplude for each experiment the objectives and 
the degree of improvements over alternative methods. The major emphasis 
will be on the scientific aspects of the experiment including signal-to- 
noise calculations. The operational procedures for performing the experi- 
ment will be presented and also the specific perforrpance requirements for 
each experiment will be set up. There will be delineated the various sys- 
tem constraints and the problem areas which are foreseen for each of these 
experiments. 
analysis. 

The 

Finally one or more experiments will be selected for in-depth 
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It is pointed out that the major emphasis of the program will be on 
the selection of the sub-satellite scientific experiments most advantage- 
ous to the optical pollution problem, the analysis of their feasibility 
and their specific design. The design of the sub-satellite itself and 
emphasis. 

B. Sufi-Satellite and Overall System Requirements 

A s  pointed out in Section I, the major emphasis of the proposed pro- 
gram will be on the selection and design of the proposed scientific ex- 
periments. However, this can only be achieved within a framework which 
extablishes the ability of fhe sub-satellite and parent vehicle system to 
meet the experimental requirements set down. Properly, the schientif ic 
experiments should be designed with some (even if not complete) knowledge 
of the overall system characteristics. Consequently, a portion of the 
program will necessarily be devoted to the evaluation of the appropriate 
design characteristics of the sub-satelTite a’nd parent vehicles. 

From the initial design of the experimeqts, various requirements 
can be set up for each experiment and integrated into a compatible set. 
Some of these performance requirements are set down below: 

(1) Range from parent vehicle to sub-satellite 

(2) Orbital altitude or range of orbital altitudes of parent vehicle 
and SS 

(3) Accuracy and reference of attitude (local vertical, parent 
vehicle, etc.) during SS translation and during the experiment 

( 4 )  Accuracy and reference (e.g. range of SS from parent vehicle) 
of space coordinates during station-keeping. 

(5) Duration of experiment 

(6) Power requirements for experimental equipment and associated 
SS and parent vehicle electronic equipment 

These experimental require ts will then determine the nature of 

t. Such equipment as a 
the selected positioning navi ications equipment and the 
degree of performance required of th 
ranging radar or laser r r (located on parent vehicle or SS), star-tracker, 
self-contained gltitude, attitude and altitude rate sensor (on SS or parent 
vehicle), automatic attitude eystem, automatic positioning system and even 
ground tracking may be required depending upon the experimental specifications. 

The location of this equipment may be on the S S  or parent vehicle as 
determined by the experimental requirements and the logistics of the space- 
craft. Moreover the actual size and weight of the SS and its propulsion 
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and communication requirements are dependent upon the weight and size 
of the experimental apparatus and associated position determining equipment. 

It is pointed out that a considerable amount of study has gone into 
the engineering aspects of remote maneuvering units (RMIJ), scientific 
maneuvering units and similar sub-satellite systems. It will not be the 
function of the study to engage in similar engineering studies of the 
general design and gross characteristics of such spacecraft. Rather use 
will be made of such prior studies with relatively minor extensions to 
establish the feasibility and design of the proposed experiments. 

C. Experiment Selection and Analysis 

General.- Only experiments will be selected which will enable an im- 
provement in the quality of the acquired data over thac obtained by single 
satellites or those which represent a unique opportunity with SS systems. 
In many cases such an experiment may enable reduction in overall volume, 
weight and cost of alternative experimental systems. 
of an EVA (extra-vehicular activity) with attendant air-lock and space-Suit 
requirements. 

It may avoid the use 

In general the major advantage in the use of a sub-satellite is 
that it enables measurements of pertinent pollution parameters such as 
concentration of particulate matter, concentration and composition of 
effused gases, etc. to be measured as a function of distance from the 
space vehicle emitting them and also as a function of the azimuth angle. 
For example, the flu& of particles as a function of distance and azimuth 
may be ascertained by collector plates on a sub-satellite which is maneu- 
verable and can station-keep at various points around the parent vehicle. 
Collector plates on a single satellite boom are constrained to measure 
the flux of particles within a very limited region and azimuth. 
additional data derived from the capability o< the sub-satellite then 
makes possible a more meaningful test of the Newkirk and other theories 
of the synamic behavior of particles in a manned spaceship contamination 
environment. 

The 

Brief Survey of Some Experimental Possibilities,- Some of the more 
obvious experiments which could evolve from the performance of the proposed 
program are described briefly below; clearly other possibilities exist and 
indeed anumber of additional suggestions will evolve during the performance 
of the proposed program. 

Sample Collection of Material Released from Spacecraft: A series of 
panels of a variety of materials such as aluminm, glass, etc. placed on 
the sub-satellite will be exposed to the ambient atmoSphere under care- 
fully programmed conditions. These will include exposure (under normal 
operations) at varying distances and. azimuth from the spacecraft to ascertain 
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the normal outgassing and flake-off of particulate matter from the space- 
craft and also the degree to which this material adsorbs on the surface 
used. A l s o  exposure will be programmed during and shortly after the 
occurrence of events such as operation of the reaction control system, 
dumping of liquid wastes, etc. fn effect, this experiment operates as a 
total simulation. Also, for diagnostic or predictive purposes a chemical 
release can be engineered of a desired material to test its dynamic and 
adsorptive properties in space. For example, these properties can be 
tested for a new or proposed paint or coating. 

The only constraint which seems operative is that the SS must be 
oriented so that the panels face the source or sources of the effluxed 
material. Otherwise there are no constraints on orbital altitude or 
inclination and parent vehicle orientation. The arrangement, number of 
collectors, exposure of collectors, etc. will be determined during the 
program as well P S  the technique for protecting the panels in containers 
and other modes of operation. 

The major purpose of this experiment is to study the behavior of 
materials; however, in this mode information is also acquired on the 
dynamic behavior of the particles, and in the definition of the confining 
zone of these particles surrounding the spacecraft owing to the effective 
forces on the particles. 

Mass Spectrometer Experiment: m e  presence of a mass spectrometer 
on the sub-satellite represents an increased capability over a mass spec- 
trometer on the parent space vehicle in that it permits the measurement 
of the gaseous component as a function of distance and azimuth. In par- 
ticular, the measurement: of the heavier molecular weight gaseous component 
is considered important because these molecules constitute the greater 
hazards for contamination of surfaces because of their tendency to adhere 
once they hit a surface. Monomeric water molecules and low molecular 
weight gases (e.g., from the reaction control system) generally have high 
volatility and re-evaporate rapidly fram the surface on which they have 
condensed. 
either occur by cluster formation from the nucleation of released cabin 
gases, from evaporation frum liquids dumped overboard or by efflux from 
nonmetal surfaces on the exterior of the parent; space vehicle. 

The molecules of importance are the larger molecules which 

The formation of clusters in the expansion of gases into a region of  
reduced pressure or vacuum has been experimentally shown in nozzle, shock 
tube, and wind tunnel experiments as well as supported by theory. Measure- 
ments made by the sub-satellite borne mass spectrometer can, because of 
the varying distance, measure the rate of nucleation and growth of the 
ensuing clusters. Because of the importance of measuring these heavier 
componants a suitable mass spectrometer must be selected. "he preliminary 
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choice is that of a monopole mass spectrometer which can not only measure 
the heavy molecular weight, but also the lower weight molecules. A mag- 
netic mass spectrometer used in rocket experiments measures up to Mass M 
= 50. Not only is its range too small, but the requirements of a suitable 
magnet make it too heavy. The time of flight: mass spectrometer has a re- 
petition capability not necessary for the job at hand and complicated 
electronics. The quadrupole mass spectrometer in contrast to the monopole 
can only provide information about the sum of all the heavy masses and 
consequently is not considered suitable in particular for the measurement 
of masses over 150. This has been described in detail in Section IV. 

A prototype of a monopole mass spectrometer of suitable design has 
been constructed by Herzog (Ref. 47) .  It embodies a novel sweep tech- 
nique and goes up to M = 400. 
between 10 and 20 pounds. Its length can be as short as 12 inches but 
a length of 18 to 24 inches is desirable for improved performance. 

The total weight of the package can be 

Photometric Measurements: The essential advantage of the sub-satellite 
in making photometric measurements of the particle cloud surrounding the 
spacecraft is that it is maneuverable and consequently is able to make 
measurements at many different angles. It is a l s o  able to look through 
the particle coma at different points rather than merely radially. Be- 
cause of the complexity of Mie scattering, it is difficult to characterize 
the size distribution and refractive properties of the cloud without making 
at least various angular measurements. 

A photometer on board the parent vehicle basically measures the scat- 
tering of light by the total particle count from the detector surface to 
infinity. This type of measurement has a specific engineering value for a 
specific spacecraft under prescribed orbital/space conditions but has limi- 
tations in the degree with which such data can be brought to bear in esti- 
mating the optical deterioration for other spacecraft under different 
conditions. 

The particle size distribution and the spatial distribution of the 
particles surrounding a spacecraft if reasonably characterized by the 
sub-satellite system can be applied as a check on the Newkirk or other 
theory of the particle behavior. With a valid theory and knowledge of the 
contamination sources reasonable estimates and predictions can be made of 
the optical pollution degradation problem. 

The operational constraints are implicit in the need to know the 
specific geometry of the scattering situation and to insure that no surface 
reflections are within' the field of giew of the photometer(s). 
elongation should be known within +1 
should be stabilized to within thiy precision. 
should also be known to 1 percent. 

The solar 
and consequently the sub-satellite 

The inter-satellite distance 
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Measurements of Parent Vehicle Surface Properties: The sub-satellite 
provides a suitable vehicle for observing surface changes in the parent 
vehicle which can only be made alternatively through the use of an astro- 
naut in an EVA Or only over part of the vehicle by booms carrying cameras 
and reflectometers. The sub-satellite will carry a reflectometer and also 
cameras to make color pictures in different spectral regions of the reflec- 
tance of the parent spaceship. The solar elongation during the reflectance 
measurements and photographing should be measured to within 1 
as to maintain the possibility of comparability from one period to the next 
and with the reflectances as measured on the ground in a vacuum charnber. 
The spectral range covered will range from the ultraviolet to the infrared. 

accuracy so 

Such measurements should serve as a diagnostic tool in picking up 
initial surface degradation, ascertaining its time constant and determining 
the extent to which surfaces have emitted particles or gases or had them 
deposited upon them. 

Occultation-Coronograph Experiment: There have been suggestions by 
Newkirk (Ref.3) and Kovar (Ref.1) and others that coronagraphs using occul- 
ting discs be used to study the particulate debris surrounding a spacecraft. 
This measurement is to be made by a coronagraph carried on the space vehicle. 
Such a measurement, while of value, is limited to measuring the particulate 
properties of :he volume of space directly in front of the coronagraph. 

The sub-satellite and parent vehicle in an appropriate configuration 
(see Figure 33) can be used to make similar measurements by using the parent 
vehicle to occult the sub-satellite while the sub-satellite is lined up with 
the sun. Thus, if there should be a moderate quantity of particulate debris 
around the spaceship, photographs at this time would indicate a complete 
halo. Consequently, one photograph would yield much greater information 
content than the conventional coronagraph experiment. 

Moreover, the sub-satellite can be moved to various distances from 
the parent vehicle so the scattering angle from the particles is varied 
(see Figure 32). This should enable some degree of characterization of 
the size distribution. It may also, be possible by making changes in focus, 
aperture, and shutter speed to measure particle density as well, in distance 
along the SS parent vehicle axis somewhat similar to the Kovar approach. 
Fundamentally this is achieved by changing the focus and depth of focus. 
By changes in the focus to infinity and exposing the film for progressively 
longer periods it may be possible to measure the inner corona as well as 
the outer corona to 20 . 0 

Electric and Magnetic Field Measurements: The point of this experiment 
is to measure the electric and magnetic fields in the parent space vehicle 
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contaminated environment s'o as to detect irreku 
the parent spacecraft potential d 
under the occurrence of special e ts such as operation of the reaction 
control system, dumping of liquid wastes, etc, 
satellite system is that it enable 
around the primary vehicle and at ted distances dially from the 
primary vehicle. Thete have been s that changes in the 
potential of the spacecraft may. af 
emitted from the spacecraft. The sed electric and magnetic field 
measurements particularly in conjunction wi ptical measurements may 
assist in determining the validity of this theses. They may also serve 
to measure the sign and amount of charge on the emitted particles. 

ities and changes in 
to efflux of contaminants and also 

The advantage of the sub- 
measurement t o  be made completely 

c behavior of the particles 

The electric and magnetic field measurements would be made by both 
the parent vehicle and sub-satellite to permit cross correlation. Pre- 
liminary analyses suggest an electrostatic type meter, (Hozer and Bruston 
J G g  72, 1109) for the electric field sensor in which the detection ele- 
ments are four rhodium plated spheres placed on the ends of supporting 
cylinders extending from the surface izf each vehicle. The electric field 
is measured by the potential difference between the spheres. The exact 
configuration and sizes represent a compromise between weight, desired 
sensitivity and accuracy; the involved parameters and available trade-offs 
will be investigated as part of the subject matter of the proposed program. 

At the present time, it is suggested that the suggested that the 
magnetic field measurement could be made by a triaxial flux-gate magneto- 
meter comprised of two interconnecting packages. 
the requisite sensitivity (4.5 mV/millioersted) and range (4-600 millioersteds) 
to measure the magnetic field in earth orbit. 

Such an instrument has 
- 

From previous experience ghined at GCA, the above suggested exper - 
ments should weigh approximately three pounds, have a volume of 0.1 ft 4 
and require only 2 watts of power. 
inter-vehicle distance probably 
order of a degree so as to syst 
sub-satellite measurements. 

The experiment reqbires knowing the 
the order of inches and angle to the 
tically locate the electric and magnetic 

Probably a laser radar system would be required. 

The operating procedure should be such that measurements will be made 
both during "normal operations" and "programmed event operation" (RCS , dump 
wastes, etc.). The design hould allow for the measurement of transient 
effects due to the moveme of partitdate charged particles. Allowance 
should also be made for the normal expected wake around the spacecraft and 
its electrical and magnetic properties. 

Chemical Release Experlments: To date, the behavior of effused gas 
Such gases may around a satellite has received little or no attention. 

cause optical contaniination due to light seattering and fluorescence; also 
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through collision, such effused gases may be reflected back to the satellite 
and cause optical and thermal degradation of vital optical surfaces. Conse- 
quently, chemical release experiments can contribute to our knowledge of 
the gaseous dynamics around the satellite so as to identify and highlighf 
many relevant optical pollution problems. 

Alkali releases of sodium and lithium have been used for the last ten 

The optical measurements have generally been performed 
years to study the dynamics of the upper atmosphere. 
sitive and useful. 
by ground observation and do not have the resolution of fractions of a meter 
that would be required to characterize the local cloud around the spacecraft. 
Photographs taken from the spacecraft itself would only reveal a fragmentary 
portion of the cloud and at that only if the integration of the alkali den- 
sity from the surface to infinity of the cloud were optically thin. Other- 
wise, the photographs would merely saturate at the brightness characteristic 
of the optically thick cloud. 

They have proved sen- 

The sub-satellite offers the opportunity to make detailed measurements 
of high spatial resolution with extremely small releases of resonant tracers. 
From such releases and observations information can be obtained on the ef- 
fective mean free path for collisions and the degree to which back-scattering 
on to the satellite surface 'is Qccurring. 

The preceding briefly described experiments represent some of the 
initially selected experiments which will be analyzed in the format described 
earlier as an integral part of the proposed program. Together with the 
essentials and conceptual design of such experiments their requirements 
on the sub-satellite will be detailed. 
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