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SUMMARY 

Previous s t u d i e s  of s c i e n t i f i c  o b j e c t i v e s  and t r a j e c t o r y  

requirements f o r  missions t o  comets ( c f .  Appendix 2) have 

suggested t h e  p o s s i b i l i t y  of  missions t o  long-period, f i r s t -  

a p p a r i t i o n  comets. In  genera l  f i r s t - a p p a r i t i o n *  comets a r e  

more a c t i v e ,  p o t e n t i a l l y  more p r imord ia l ,  and t h r e e  magnitudes 

b r i g h t e r  than shor t -pe r iod  comets. F u r t h e r ,  t he  r e l a t i v e l y  

f requent  s i g h t i n g  of t h e s e  new comets, about t h r e e  p e r  yea r ,  

impl ies  t h a t  t h e  wa i t ing  t i m e  between a t t a i n a b l e  missions may 

not  be p r o h i b i t i v e .  

The e s s e n t i a l  ques t ion  can be s t a t e d  as fol lows:  A r e  

t h e r e  enough launch oppor tun i t i e s  over  a given i n t e r v a l  of t i m e  

t o  s e r i o u s l y  cons ider  a mission t o  a f i r L t - a p p a r i t i o n  comet? 

F i f t y - f o u r  long-period, f i r s t - a p p a r i t i o n  comets s i g h t e d  

between 1945 and 1960 were chosen a s  a sample. This  sample was 

checked by means of t h e X 2  (chi-square)  comparison wi th  378 

s imi l a r  comets s i g h t e d  p r i o r  t o  1945 i n  o rde r  t o  determine i f  

t h e  54 were s u f f i c i e n t l y  r e p r e s e n t a t i v e .  

s i g n i f i c a n t  d i f f e r e n c e s  between t h e  two samples. 

ences  appear t o  be a t t r i b u t a b l e  t o  t h e  improvement i n  

The r e s u l t s  i n d i c a t e d  

These d i f f e r -  

* The f i r s t - a p p a r i t i o n  comets considered i n  t h i s  r e p o r t  all 
have per iods  > 1000 yea r s .  
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obse rva t iona l  techniques and instruments  i n  r e c e n t  yea r s .  Since 

t h i s  b i a s  i s  l i k e l y  t o  cont inue ,  i t  was concluded t h a t  t h e  

1945-1960 comets were r e p r e s e n t a t i v e  f o r  p r e d i c t i v e  purposes.  

Ca lcu la t ion  of b a l l i s t i c  t r a j e c t o r i e s  t o  each of t h e  

54 comets r e s u l t e d  i n  t h e  i d e a l  v e l o c i t y  and a s s o c i a t e d  f l i g h t  

parameters f o r  a range of  launch d a t e s .  To determine t h e  launch 

windows from the  t r a j e c t o r y  data  t h e  fol lowing c r i t e r i a  were 

imposed. 

1. Af ter  d i scovery ,  two-month allowance f o r  o r b i t  
de te rmina t ion  before launch could occur .  

2 .  During t h i s  two-month pe r iod ,  a two-hour per iod  
f o r  photographing t h e  comet each n i g h t .  

I d e a l  v e l o c i t y  l e s s  than 5 5 , 0 0 0  f t / s e c  f o r  t h e  
30-day launch window. 

3 .  

4 .  Time  of f l i g h t  l e s s  than 4 0 0  days.  

The comets were assumed t o  be discovered a t  t h r e e  l e v e l s  

ef b r i g h t n e s s  : 

1. Discovery a t  magnitude 20 provided an upper bound 
on t h e  number of o p p o r t u n i t i e s ,  s i n c e  i t  approxi-  
mately r e p r e s e n t s  t he  l i m i t i n g  magnitude f o r  t h e  
l a r g e s t  t e l e scopes .  Two launch o p p o r t u n i t i e s  pe r  
year  could be expected. However, a program t o  
sea rch  t h e  e n t i r e  sky a t  t h i s  magnitude would be 
extremely d i f f i c u l t .  

2 .  Assuming launch could occur two months a f t e r  t h e  
comet was discovered under p re sen t  observing 
cond i t ions  provided a lower bound. On t h e  
average,  t h i s  means discovery a t  magnitude 10. 

I I T  R E S E A R C H  I N S T I T U T E  
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A t  t h i s  magnitude two o p p o r t u n i t i e s  pe r  decade 
could be expected. This  i s  probably too  i n f r e -  
quent f o r  mission cons ide ra t ion ,  s i n c e  random 
c l u s t e r i n g  could  e a s i l y  reduce t h e  frequency t o  
one oppor tun i ty  per decade. 

3 .  Discovery a t  magnitude 15 provideo- a r e a l i s t i c  
e s t ima te  of  what could be accomplished i f  a moderate 
sea rch  program were undertaken us ing  e x i s t i n g  
f a c i l i t i e s  such as Baker-Nunn cameras o r  s imi la r  
equipment. About one oppor tun i ty  per  yea r  could 
be expected. 

It w a s  concluded that  t h i s  t h i r d  approach, i . e . ,  d i s -  

covery a t  magnitude 15, o f f e red  enough o p p o r t u n i t i e s  so  t h a t  a 

miss ion  could  be reasonably planned i f  a moderate sea rch  pro- 

gram were i n i t i a t e d .  
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1. 

Report No. T-13 

TRAJECTORY AND SIGHTING ANALYSIS 
FOR FIRST-APPARITION COMETS 

INTRODUCTION 

Previous Astro Sciences Center reports have considered 

the scientific objectives and trajectory requirements for 

missions to short-period comets (cf. Appendix 2). This report 

discusses thelfeasibility, from a trajectory and sighting stand- 

point, of sending a probe to a long-period first-apparition 

.e 

-- 

comet as a corcplement to the short-period comet missions. 

The first-apparition* comets are considerably more 

active than short-period comets. Three major differences are: 

1. The bulk of accumulated data about cometary 
phenomena (i.e., envelopes, jets, streamers, tails, 
etc.) is derived from observations of first- 
apparition comets. 
a lesser degree, if at all, in short-period comets. 

These phenomena are found to 

2. The average absolute magnitude of first-apparition 
comets (Eo= 7.8) is brighter by three magnitudes 
than the average short-period comets (mo= 10.8). 

~~ ~ 

J; The first-apparition comets considered in this report all 
have periods > 1000 years. 

I I T  R E S E A R C H  I N S T I T U T E  
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3 .  

I 

The b r igh tness  o f  f i r s t - a p p a r i t i o n  comets would 
enable  b e t t e r  and more d e t a i l e d  ground observa t ions  
t o  be made, 

4 The average f i r s t - a p p a r i t i o n  comet makes lo3 t o  10 
fewer p e r i h e l i o n  passages than  t h e  average s h o r t -  
per iod  comet over a given i n t e r v a l  of t i m e .  It 
seems t h a t  t h e  f i r s t - a p p a r i t i o n  comets would 
r ep resen t  a r e l a t i v e l y  p r imord ia l  s t a t e ,  and the re -  
f o r e  i n v e s t i g a t i o n s  concerned w i t h  cometary o r i g i n s  
might have a b e t t e r  chance of  success  i f  performed 
on f i r s t - a p p a r i t i o n  comets. 

While of  no tab le  s c i e n t i f i c  i n t e r e s t ,  f i r s t - a p p a r i t i o n  

comets p re sen t  a more d i f f i c u l t  t a r g e t  than  shor t -pe r iod  comets 

from t r a j e c t o r y  and s i g h t i n g  cons ide ra t ions .  F i r s t  o f  all, no 

p r i o r  knowledge of t h e  comet's o r b i t  o r  discovery d a t e  can be 

assumed. This  c o n s t r a i n t  n e c e s s i t a t e s  some s o r t  o f  continuous 

sea rch  procedure.  Secondly, a f t e r  t h e  comet has been discovered,  

a launch v e h i c l e  and spacec ra f t  would have t o  be r ead ied  con- 

c u r r e n t  w i t h  an i n t e n s e  t racking  e f f o r t  t o  determine t h e  comet's 

o r b i t .  To minimize t h i s  c o n s t r a i n t  a quick response launch 

f a c i l i t y  would be needed. 

The s tudy  w a s  conducted by d e l i n e a t i n g  t h e  o p p o r t u n i t i e s  

t h a t  would have occurred f o r  f l i g h t s  t o  a sample of 54  comets 

t h a t  f i r s t  appeared between 1945 and 1960. A s t a t i s t i c a l  

a n a l y s i s  i n d i c a t e d  t h e  sample used w a s  r e p r e s e n t a t i v e  of f i r s t -  

a p p a r i t i o n  comets. T ra j ec to ry  and s i g h t i n g  computations on 

t h e  sample determined t h e  frequency of  launch o p p o r t u n i t i e s .  

I l l  R E S E A R C H  I N S T I T U T E  
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2. STATISTICAL ANALYSIS AND SAMPLES 

The sample used to determine the frequency of launch 

opportunities consisted of 54 comets that had their first 

apparition between 1945 and 1960.  Actually, 7 1  comets made 

their first appearance between 1945 and 1 9 6 0 ,  but of these 71, 

14 were short-period comets (period<lOOO years). These 14 

were deleted because they did not exhibit the characteristics 

that are typical of the long-period, first-apparition comets 

mentioned in Section 1. 

In attempting to verify the use of the 5 4  as representa- 

tive, a statistical analysis was performed comparing them with 

378 comets whose first appearance occurred between the years 

-465 and 1945 .  These 378 also did not include any short-period 

first-apparition comets. The orbital elements used for the 

comets were taken from The Catalogue of Cometary Orbits (Porter 

1 9 6 0 ) ,  which contains orbital data for all comets observed 

prior to 1960 .  The absolute magnitude and physical data were 

taken from Physical Characteristics of Comets (Vsekhsvyatskii 

1 9 5 8 ) ,  which contains the pertinent information and references 

on each comet observed until comet 1957 VI. Data for comets 

subsequent to these were found in the Publications of the 

Astronomical Society of the Pacific, the Harvard Announcement 

Cards, or the Astronomical Journal. The elements of the 1945- 

1960  comets and their absolute magnitudes are given in Appendix 1. 

I I T  R E S E A R C H  I N S T I T U T E  
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To a s c e r t a i n  whether t he  samples of  54 and 378 comets 
2 were from t h e  same popula t ion ,  t h e x  t e s t  was used. This  

t e s t  determines t h e  p r o b a b i l i t y  t h a t  any d i f f e r e n c e s  noted 

between two samples a r e  due t o  pu re ly  random o r  chance v a r i a t i o n s .  

TheX2  tes t  was performed on the  r a d i u s  of p e r i h e l i o n ,  t h e  

o r b i t a l  i n c l i n a t i o n ,  and t h e  abso lu te  magnitude of  t h e  two 

samples. The o t h e r  o r b i t a l  elements were unsu i t ab le  f o r  com- 

pa r i son  because e i t h e r  t h e r e  were no t  enough comets t o  y i e l d  a 

meaningful s t a t i s t i c  o r  t h e  t e s t  became t r i v i a l ,  i . e . ,  t h e  

e c c e n t r i c i t y  i s  u n i t y  and t h e  pe r iod  i n f i n i t e  f o r  p r a c t i c a l l y  

a l l  f i r s t - a p p a r i t i o n  comets. 

TheX2  tes t  y i e l d e d  negat ive r e s u l t s  f o r  each of  t h e  

o r b i t a l  elements t h a t  were compared which i n d i c a t e s  a d i s s imi -  

l a r i t y  i n  t h e  samples. Figures 1 t o  3 show t h e  frequency d i s t r i -  

bu t ion  f o r  t h e  t h r e e  elements.  The hatched a r e a  i n  F igures  1 
2 and 3 i n d i c a t e s  t h e  i n t e r v a l  t h a t  gave r i s e  t o  a very  h i g h x  

r e s u l t .  On t h e  b a s i s  of t h i s  t e s t i n g  and a c o n s i d e r a t i o n  of  

t h e  f i g u r e s ,  i t  seemed reasonable  t o  conclude t h a t  t h e r e  was a 

fundamental d i f f e r e n c e  between t h e  two samples. 

Both t h e  r ad ius  of p e r i h e l i o n  and t h e  a b s o l u t e  magnitude 

showed t h e i r  g r e a t e s t  change i n  t h e  a r e a  where improved obser-  

v a t i o n a l  methods and equipment would have t h e i r  e f f e c t ,  i . e . ,  

t h e  a b i l i t y  t o  observe f a i n t e r  o b j e c t s  f u r t h e r  o u t .  This  same 

t r e n d  has been noted by o the r s  doing s i m i l a r  work on s l i g h t l y  

d i f f e r e n t  samples (Vsekhsvyatskii  1958, R ich te r  1963).  E l i z a b e t h  

Roemer o f  t h e  U.  S .  Naval Observatory, F l a g s t a f f  S t a t i o n ,  

I l l  R E S E A R C H  I N S T I T U T E  
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a t t r i b u t e s  t h i s  t o  the  f a c t  t h a t  "Most new comets r e p o r t e d  i n  

I 

r e c e n t  years  have been found by p r o f e s s i o n a l  astronomers on 

photographic p l a t e s  exposed wi th  wide - f i e ld  ins t ruments  f o r  

o t h e r  purposes." (Roemer 1963a). 

In  summary then  t h e  s t a t i s t i c a l  a n a l y s i s  checked whether 

t h e  p r e s e n t  f i r s t - a p p a r i t i o n  comets are  s i m i l a r  t o  those  which 

have been observed over  t h e  previous c e n t u r i e s .  It appears as 

i f  t h e  comets r e c e n t l y  discovered are d i f f e r e n t  and t h i s  d i f f e r -  

ence can be a t t r i b u t e d  t o  improved obse rva t iona l  techniques.  

It w a s  concluded t h a t  t h e  54 f i r s t - a p p a r i t i o n  comets from 1945 

t o  1960 were r e p r e s e n t a t i v e  of t h e  p r e s e n t  comets being d i s -  

covered and gave a reasonable  i n d i c a t i o n  of  t h o s e  t h a t  w i l l  be 

d iscovered  i n  the  next  few decades. Any s i g n i f i c a n t  change i n  

o b s e r v a t i o n a l  techniques ,  such as an a l l - s k y  comet sea rch ,  

could  only se rve  t o  i n c r e a s e  the number of launch o p p o r t u n i t i e s ,  

3. TRAJECTORY AND SIGHTING ANALYSIS 

3 . 1  T r a j e c t o r i e s  

" 

Since t h e  1945-1960 sample was v e r i f i e d  t o  be s t a t i s t i -  

c a l l y  r e p r e s e n t a t i v e ,  t he  next s t e p  w a s  t o  determine which of  

t h e  54 new comets were a t t a i n a b l e  w i t h  moderate energy and 

f l i g h t  t i m e  requirements .  

an i d e a l  v e l o c i t y  (AV) less than 55,000 f t / s e c .  This  v e l o c i t y  

can be achieved by an Atlas-Centaur + a hydrogen f l u o r i n e  k i c k  

s t a g e  ca r ry ing  a 800 lb .  spacec ra f t  o r  by a Sa turn  1B-Centaur 

c a r r y i n g  a 1500 l b .  spacec ra f t .  I n  g e n e r a l ,  on ly  times of 

f l i g h t  less than  400 days were cons idered .  

A reasonable  energy was def ined  as 

Ca lcu la t ions  

I l l  R E S E A R C H  I N S T I T U T E  
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w i t h  f l i g h t  t i m e s  g r e a t e r  than 400 days revea led  no new 

o p p o r t u n i t i e s  because t h e  low-energy s h o t s  a r r ive  r e l a t i v e l y  

c l o s e  t o  1 AU and t h e r e f o r e  r e q u i r e  s h o r t e r  t r i p  t i m e s .  

A t r a j e c t o r y  survey t o  each comet was then  run  us ing  

t h e  ASC/IITRI Conic Sec t ion  Tra j ec to ry  System (P ie rce  and 

Narin 1 9 6 4 ) ,  which c a l c u l a t e s  b a l l i s t i c  t r a j e c t o r i e s  between 

two p o i n t s  f o r  a given launch d a t e  and t i m e  o f  f l i g h t .  From 

t h e s e  r e s u l t s  p l o t s  were made o f  launch d a t e  ve r sus  each o f  

t h e  fol lowing parameters:  minimum AI7 f o r  t h a t  d a t e  and t h e  

corresponding t i m e  o f  f l i g h t  (TF), hyperbol ic  approach v e l o c i t y  

(VHP), communication d i s t a n c e  a t  i n t e r c e p t  ( R C ) ,  magnitude of  

t h e  comet a t  i n t e r c e p t ,  and i n t e r c e p t  d a t e  r e l a t ive  t o  p e r i h e l i o n .  

Considerat ion of  t h e s e  p l o t s  and t h e  s i g h t i n g  r e s t r i c t i o n s  

y i e l d e d  t h e  launch windows and t h e i r  a s s o c i a t e d  range of  

parameters .  

The minimum energy launch windows f o r  t h e  f i rs t -  

a p p a r i t i o n  comets corresponded t o  an e s s e n t i a l l y  f i x e d  a r r i v a l  

d a t e ,  w i t h  t h e  t i m e  o f  f l i g h t  vary ing  d a i l y  t o  achieve t h i s  

c o n d i t i o n .  

i n c l i n a t i o n s  of  t h e  new comets i n  c o n t r a s t  t o  o t h e r  Solar  

System o b j e c t s ,  which a l l  tend t o  l i e  w i t h i n  a few degrees  o f  

t h e  e c l i p t i c  p lane .  T h i r t y - s i x  o f  t h e  54 new comets have 

i n c l i n a t i o n s  between 40" and 140' and only s ix  a r e  w i t h i n  10" 

of t h e  e c l i p t i c .  The i n t e r c e p t  d a t e  f o r  minimum energy f l i g h t s  

u s u a l l y  occurred  when t h e  comet w a s  pass ing  through t h e  

e c l i p t i c  p l ane ,  

The cons t an t  a r r i v a l  d a t e  i s  a r e s u l t  o f  t h e  h igh  

1 

I l l  R E S E A R C H  I N S T I T U T E  
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I 

A second and more important r e s u l t  o f  t h i s  h igh  i n -  

c l i n a t i o n  was t h e  l a r g e  approach v e l o c i t i e s  (WP)  encountered. 

The mean VHP of t h e  comets w i t h  launch windows w a s  43 km/sec, 

w i th  a s tandard  dev ia t ion  of + - 20 km/sec. 

comets having r e t rog rade  o r b i t s  and t h e  ma jo r i ty  having i n c l i n -  

a t i o n s  g r e a t e r  than 45" ,  t h e  r e s u l t a n t  d i f f e r e n c e  between t h e  

v e l o c i t y  v e c t o r s  of t h e  s p a c e c r a f t  and comet tended t o  be 

a d d i t i v e  

With 30 of tlw 54 

For most missions of a noncometary na tu re  t h i s  h igh  

VHP might be p r o h i b i t i v e  because the  b r e v i t y  of encounter could 

p l ace  excess ive  r e s t r i c t i o n s  on t h e  s p a c e c r a f t .  With a f i r s t -  

a p p a r i t i o n  comet, however, t h e  h igh  W P  does no t  seem t o  nega te  

t h e  f e a s i b i l i t y  of a f ly-by mission because of t h e  l a r g e  dimen- 

s i o n s  of t h e  comet 's  coma and t a i l .  A one-hour pe r iod  of en- 

counter  would r e s u l t  i f  i t  i s  assumed t h a t  t h e  s p a c e c r a f t  has 

t h e  mean VHP of 43 km/sec and i n t e r c e p t s  halfway between t h e  

c e n t e r  and t h e  o u t e r  edge o f  a t y p i c a l  coma of diameter l o5  km. 

This long s t a y  t i m e ,  however, does not  b e n e f i t  experiments con- 

cerned wi th  t h e  n u c l e u s  (about 10 km i n  d iameter ) .  

On t h e  o t h e r  hand, a rendezvous mission i s  s e v e r e l y  

In t h i s  ca se  a l a r g e  amount of r e s t r i c t e d  by t h e  high VHP. 

p r o p e l l a n t  must  be expended i n  o r d e r  t o  d e c e l e r a t e  t h e  v e h i c l e .  

Ca lcu la t ions  assuming s p e c i f i c  impulse (Isp) of 225 sec ( s o l i d ,  

s t o r a k l e  p r o p e l l a n t )  revea led  t h a t  a maximum of  4 km/sec could 

be trimmed from t h e  VHP. This c a l c u l a t i o n  used a 1 5  percent  

weight f a c t o r  f o r  t h e  s t r u c t u r e  and tankage. Inc reas ing  t h e  
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t o  350 sec increased  t h e  maximum t o  only  6 .5  km/sec, which 

i s  s t i l l  on ly  15 percent  o f  the  v e l o c i t y  change r equ i r ed  f o r  a 

rendezvous mission. 

3 . 2  S i g h t i n g  

I S P  

The gene ra l  problem of  o p t i c a l l y  recover ing  and t r ack -  

i n g  a comet i s  r e f e r r e d  t o  as the "s ight ing"  problem. 

i s  an e s s e n t i a l  s t e p  i n  t h e  determinat ion of launch windows 

because launches should be considered only  a f t e r  t h e  comet's 

o r b i t  has been v e r i f i e d  by numerous obse rva t ions .  S ight ing  

S ight ing  

r e s t r i c t i o n s  are  c h a r a c t e r i s t i c  of  a l l  comet missions (Narin 

and P i e r c e  1 9 6 4 ) ,  and i n  p a r t i c u l a r  f o r  f i r s t - a p p a r i t i o n  comet 

mis s ions ,  s i n c e  t h e i r  o r b i t s  a r e  unknown p r i o r  t o  discovery.  

S igh t ing  a comet from an Earth-based observatory i s  

p r i m a r i l y  a func t ion  of  t h r e e  f a c t o r s :  

1. V i s i b l e  Hours 

A t  any given l a t i t u d e  how many n i g h t  hours (exclu-  

s i v e  of d a y l i g h t  and t w i l i g h t )  w i l l  an  o b j e c t  be v i s i b l e  above 

t h e  horizon.  A minimum number of  two v i s i b l e  hours per  observa- 

t i o n  w a s  r equ i r ed ,  d i c t a t e d  by t h e  f a c t  t h a t  accu ra t e  observa t ions  

w i t h i n  15" o r  one hour of the horizon would be hampered by 

atmospheric d i s t o r t i o n  and t h a t  adequate t i m e  must be allowed 

f o r  exposing t h e  photographic p l a t e  t o  t h e  ve ry  f a i n t  o b j e c t .  

2 .  Brightness  

The comet must be b r i g h t  enough t o  be o p t i c a l l y  seen 

from Ear th .  Brightness  w a s  es t imated  q u a n t i t a t i v e l y  by us ing  
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t h e  r e l a t i o n  

I = *  
A r  

where 

I o  = i n t r i n s i c  b r igh tness ,  

A ;= Ear th  t o  comet d i s t a n c e ,  

r = Sun t o  comet d i s t ance .  

Because comets a r e  i n  p a r t  se l f - luminescent ,  t h e i r  b r igh tness  

curve does no t  fol low t h e  inverse  r2  r e l a t i o n  wi th  r e s p e c t  t o  

t h e  Sun. For most comets n ranges between 2 and 8 ;  f o r  new 

comets n i s  c l o s e  t o  4 (Roemer 1963a). Given t h e  abso lu te  

magnitude Mo a t  A and r = 1 AU, equa t ion  (1) reduces t o  the  

s t a n d a r d  magnitude equat ion  

(2) M = Mo + 2 . 5  n log r + 5 log A . 
By using n = 4 a comparison was made between t h e  pub- 

l i s h e d  s i g h t i n g s  and magnitudes (Vsekhsvyatski i  1958) and 

those  c a l c u l a t e d  from equat ion ( 2 )  f o r  t e n  of  t h e  comet sample. 

The equat ion  provided e s t ima tes  c o r r e c t  t o  w i t h i n  two magnitudes, 

which was cons idered  accu ra t e  enough f o r  purposes o f  g ross  

p r e d i c t i o n .  

3 .  Observing Conditions 

Poor c l i m a t i c  condi t ions  o r  t h e  presence of  a near-  

f u l l  moon can make s i g h t i n g  d i f f i c u l t .  

can p r e ~ * : ~  .,L-,ly be so lved  by having a worldwide t r a c k i n g  sys t em.  

The moon can obscure f a i n t  o b j e c t s  f o r  a s  many a s  two weeks 

Bad weather problems 
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per  month. The two weeks can be cons iderably  reduced, though, 

i f  t h e  comet happens t o  r ise o r  s e t  a couple of  hours before  

o r  a f t e r  t h e  moon, thus making observa t ion  p o s s i b l e .  The weight 

of bo th  t h e s e  f a c t o r s  w a s  n o t  es t imated except i n d i r e c t l y ,  by 

being p e s s i m i s t i c  on t h e  t i m e  i n t e r v a l  needed fo r  s i g h t i n g .  

Assuming t h a t  a t  each observat ion t h e  comet s a t i s f i e d  

t h e  t h r e e  s i g h t i n g  c r i t e r i o n  mentioned above, a per iod  of  two 

months of  t r ack ing  a f t e r  discovery w a s  cons idered  necessary  i n  

o r d e r  t o  e s t a b l i s h  a prel iminary o r b i t  o f  s u f f i c i e n t  accuracy 

t o  a t tempt  a launch. During t h e s e  two months t h e  dec i s ion  of 

whether t h i s  comet w a s  of s u f f i c i e n t  i n t e r e s t  t o  warrant  a probe 

would be made; meanwhile, simultaneous launch v e h i c l e  p repa ra t ion  

would be t ak ing  p l ace  a t  Cape Kennedy. 

t h i s  k ind  i s  not  f e a s i b l e  because of t h e  long l e a d  times r equ i r ed  

fo r  t h e  numerous phases of launch p repa ra t ion .  I n  t h e  f u t u r e ,  

however, i t  i s  f e l t  t h a t  systems might be designed such t h a t  

t h i s  l ead  t i m e  could be g r e a t l y  diminished. 

P r e s e n t l y  a mission o f  

To perform t h e  s i g h t i n g  computations au tomat i ca l ly ,  a 

FORTRAN I V  program, SIGHT, was w r i t t e n  f o r  t h e  IBM 7094 com- 

p u t e r .  The program determines t h e  number of  v i s i b l e  hours and 

t h e  magnitude of  a comet given a ca lendar  d a t e ,  a l a t i t u d e ,  and 

t h e  comet 's  a b s o l u t e  magnitude. SIGHT was run  f o r  each comet 

from 1.5 years before  pe r ihe l ion  u n t i l  4 months a f t e r  f o r  

l a t i t u d e s  -50" t o  +50" every 25".  
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3.3 Method of  T ra j ec to ry  and Sight ing  Analysis 

To determine t h e  frequency of launch o p p o r t u n i t i e s  and 

t o  q u a n t i t a t i v e l y  a s s e s s  t h e  f e a s i b i l i t y  of a mission t o  a 

f i r s t - a p p a r i t i o n  comet, t h r e e  approaches were taken: 

1. To e s t a b l i s h  an  upper bound, t h e  t r a j e c t o r y  d a t a  
f o r  t h e  54 comets were analyzed according t o  t h e  
requirement t h a t  launch occur  a t  l e a s t  t w o  months 
a f t e r  t h e  comet reached magnitude 20, which i s  
approximately t h e  l i m i t i n g  magnitude f o r  t h e  
l a r g e s t  t e lescopes .  This  approach corresponded 
t o  t h e  most s o p h i s t i c a t e d  sea rch  p o s s i b l e .  

2 .  To e s t a b l i s h  a lower bound, t h e  d a t a  were a m l y z e d  
according t o  t h e  assumption t h a t  launch could 
occur a t  l e a s t  two months a f t e r  t h e  comet w a s  d i s -  
covered ilnder observa t ion  cond i t ions  as they  a r e  
today wi th  no search program s p e c i f i c a l l y  concerned 
wi th  discovery of f i r s t - a p p a r i t i o n  comets. 

3 .  To e s t a b l i s h  a workable a l t e r n a t i v e  by ask ing  what 
t r ack ing  systems would achieve a s i g n i f i c a n t  ad- 
vance over t h e  present  observa t ion  methods and 
what i s  t h e  frequency of  o p p o r t u n i t i e s  a s s o c i a t e d  
wi th  each system. A survey of t h e  c u r r e n t  o p t i c a l  
t r ack ing  s y s t e m s  revea led  t h a t  a system i s  a l r e a d y  
o p e r a t i o n a l  (Baker-Nunn cameras),  and t h a t  magnitude 
15 represented  a reasonable  l i m i t  f o r  expected 
discovery i f  t h i s  system were used f o r  comet search .  
A b r i e f  d i scuss ion  o f  t h i s  system and i t s  a p p l i -  
c a b i l i t y  t o  comets i s  conta ined  i n  Sec t ion  3 . 4 .  

An example of  t h e  type o f  a n a l y s i s  performed and the  

e f f ec t s  of  s i g h t i n g  on the  t r a j e c t o r i e s  a r e  i l l u s t r a t e d  i n  

F igure  4 .  The p l o t s  show t h e  minimum AV for a launch d a t e  as 
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w e l l  as  t h e  time of f l i g h t ,  approach v e l o c i t y ,  and communica- 

t i o n s  d i s t a n c e  corresponding t o  t h a t  AV f o r  comet 1945 III.* 

SIGHT then genera ted  t h e  following d a t a .  

Magnitude - Date V i s i b l e  Hours L a t i t u d e  

20 8/20/41+ 2 . 5  +50 O 

15 1 2 / 2 8 / 4 4  11.0 +50° 

The a c t u a l  d i scovery  o f  t h e  comet occurred on 6 / 1 1 / 4 6  a t  mag- 

n i t u d e  10.  

The comet reached magnitude 20 on 8 / 2 0 / 4 4 .  Thus, 

according t o  t h e  f i r s t  approach taken ,  launches could occur  

a f t e r  1 0 / 2 0 / 4 4 .  Figure 4 shows t h a t  t h e  minimum 30-day launch 

window has an o v e r a l l  AV of 42 ,500  f t / s e c  and begins 1 2 / 2 6 / 4 4 ,  

i n  t h i s  case  t h e  launch would be he ld  u n t i l  then and t h e  e x t r a  

t i m e  would be u t i l i z e d  f o r  more ex tens ive  t r ack ing .  The launch 

window then determines t h e  ranges f o r  t h e  o t h e r  v a r i a b l e s ,  a s  

i n d i c a t e d  on t h e  curves.  Delaying t h e  launch u n t i l  two months 

a f t e r  comet 1945 111 reaches magnitude 1 5 ,  which corresponds t o  

t h e  t h i r d  approach, r a i s e s  the launch window AV t o  4 5 , 0 0 0  f t / s e c  

because by t h i s  t i m e  t h e  minimum has passed and t h e  AV curve i s  

ascending.  

6 0 , 0 0 0  f t / s e c  by 8 / 1 1 / 4 5 ,  two months a f t e r  t h e  h i s t o r i c a l  d i s -  

covery.  By t h i s  t i m e  no launches would be e n e r g e t i c a l l y  p o s s i b l e .  

This  a n a l y s i s  was t y p i c a l  of t h a t  which r e s u l t e d  w i t h  t h e  o t h e r  

I n  t h e  second approach t h e  AV curve i s  w e l l  over  

comets. 

* The o f f i c i a l  comet numbering system was used r a t h e r  than 
t h e i r  names t o  preserve  uniqueness. Often an observer  has  
d iscovered  more than one comet. 
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3 .4  Comet Watch 

I n  1957 t h e  Smithsonian Ast rophys ica l  Observatory 

r ece ived  a NASA c o n t r a c t  t o  s e t  up a worldwide system of 1 2  

Baker-Nunn cameras t o  t r a c k  a r t i f i c i a l  s a t e l l i t e s .  It i s  

suggested t h a t  t h e  Baker-Nunn camera system could be used t o  

d i scove r  and t r a c k  f i r s t - a p p a r i t i o n  comets. The s u i t a b i l i t y  

of  t h e  cameras t o  c a r r y  out  t h i s  t a s k  has  been demonstrated by 

t h e  record ing  of numerous new comets on t h e i r  p a t r o l  f i lms  

(Roemer 1963b, 1964, 1965). 

The l i m i t i n g  magnitude of t h e  camera, 1 7 ,  i s  r e s t r i c t e d  

by sky fogging of  t h e  photographic s t r i p  f i l m  used. Allowing 

two magnitudes as a s a f e t y  f a c t o r  would v i r t u a l l y  a s s u r e  d i s -  

covery of any o b j e c t  of  magnitude 15 o r  b r i g h t e r ;  t h i s  was t h e  

number used i n  t h e  t h i r d  approach. Each s t r i p  of f i l m  covers  

5 x 30 sq deg of  sky and r equ i r e s  a three-minute exposure p lus  

a two-minute allowance f o r  r e s e t  of t h e  camera, i . e . ,  a t o t a l  

o f  f i v e  minutes per  exposure (Henize 1957, 1960). An e n t i r e  

s e a r c h  of t h e  n i g h t  sky o r  2 x l o 4  s q  deg would t ake  11 hours 

f o r  one camera o r  55 minutes f o r  t h e  twelve cameras. 

This  f i g u r e  of one hour per  camera demonstrates t h a t  

t h e  Baker-Nunn cameras could  conceivably c a r r y  ou t  an a l l - s k y  

comet search .  No t i m e  was a l l o t t e d  f o r  t h e  over lapping  of sky 

survey  reg ions  o r  f o r  f a i l u r e  due t o  overexposure,  e t c . ,  but  

i t  i s  be l ieved  t h a t  t h e s e  f a c t o r s  would n o t  a l t e r  t h e  v a l i d i t y  

o f  t h e  approach. 
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This process  might be repea ted  twice p e r  month o r  more. 

The set  of 133 exposures could be compared by day t o  a s t anda rd  

s e t  of sky photographs by means of a microscopic b l i n k  p rocess ,  

which can d e t e c t  any d i f f e r e n c e s  i n  t h e  two f i lms .  The de tec-  

t i o n  of any b r i g h t  new comet would then  be r e l ayed  t o  va r ious  

obse rva to r i e s  so t h a t  numerous p o s i t i o n s  over t h e  two-month 

span of  time could be used t o  determine t h e  o r b i t .  By wa i t ing  

u n t i l  t h e  comet reaches magnitude 15, b e t t e r  p o s i t i o n  e s t i m a t e s  

w i l l  be obta ined  because comparison w i l l  be p o s s i b l e  w i t h  b r i g h t e r  

s t a r s ,  whose p o s i t i o n s  a r e  gene ra l ly  b e t t e r  known. 

I 

These cameras a r e  loca t ed  roughly w i t h i n  + - 30" l a t i t u d e .  

This s e t u p  g ives  a wide range of  coverage. Some ga in  i n  observa- 

t i o n  t i m e  would r e s u l t  i f  two o r  more s t a t i o n s  were se t  nea re r  

t o  t h e  p o l e s ,  s i n c e  new comets g e n e r a l l y  approach from high 

d e c l i n a t i o n s .  

The a d d i t i o n a l  s c i e n t i f i c  ou tpu t  of a program of  t h i s  

scope i s  cons ide rab le .  Undoubtedly a continuous and sys t ema t i c  

s e a r c h  of t h e  e n t i r e  sky would y i e l d  a weal th  of new d a t a  on 

comets, a s t e r o i d s ,  and meteors bes ides  providing a c o n s t a n t  

monitor f o r  novae and o t h e r  sky phenomena. 

3.5 R e s u l t s  and Conclusions 

A summary of t h e  resu l t s  of t h e  t r a j e c t o r y  and s i g h t i n g  

a n a l y s i s  i s  contained i n  Table 1. This  t a b l e  l i s t s  t h e  means, 

s t anda rd  d e v i a t i o n s ,  and t h e  frequency of f avorab le  a p p a r i t i o n s  

f o r  each approach corresponding t o  t h e  t h r e e  b r i g h t n e s s  l e v e l s  
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assumed f o r  discovery.  Table 2 l i s t s  t h e  r e su l t s  f o r  each of  

t h e  54 comets. 

Approach 1 

I f  discovery occurred a t  20th magnitude, 35 of  t h e  54 

comets would be a c c e s s i b l e  over t h e  f i f t e e n - y e a r  per iod .  This  

corresponds t o  two per  year .  It was concluded t h a t  whi le  ample 

o p p o r t u n i t i e s  e x i s t  and t h e  ranges of mission parameters a r e  

reasonable ,  t h e  d iscovery  system needed t o  cover t h e  e n t i r e  

n i g h t  sky a t  t h i s  magnitude would be p r o h i b i t i v e .  Only t h e  

l a r g e s t  t e l e scopes  have t h e  l i gh t -ga the r ing  power t o  achieve 

magnitude 20, and t h e  f i e l d s  of view of t h e s e  instruments  a r e  

r e l a t i v e l y  smal l .  

Approach 2 

Launches r e s t r i c t e d  t o  two months a f t e r  a c t u a l  d i scovery  

e l imina ted  a l l  but  3 of t h e  54 comets. This corresponds t o  two 

per  decade. This f i g u r e  i s  probably so  low because no l a r g e -  

s c a l e  coord ina ted  d e t e c t i o n  programs e x i s t  f o r  e a r l y  discovery 

o f  f i r s t - a p p a r i t i o n  comets. It  was concluded t h a t  no e f f e c t i v e  

mission planning could be done on t h e  b a s i s  of  such in f r equen t  

o p p o r t u n i t i e s .  A t  p r e sen t  new comets a r e  discovered e i t h e r  by 

acc iden t  w i t h  a l a r g e  te lescope  searching  f o r  something e l s e  

o r  by amateurs,  who d e t e c t  them months l a t e r  and u s u a l l y  too  

l a t e  f o r  launch purposes. 

Approach 3 

I f  d i scovery  occurred a t  15 th  magnitude, 13 of t h e  54 

would be a c c e s s i b l e .  This corresponds t o  1 oppor tun i ty  every 
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14 months, o r  roughly one per  year.  This  group assumes d i s -  

covery by t h e  Baker-Nunn camera system, which i s  w e l l  s u i t e d  

f o r  t h i s  purpose and i s  c u r r e n t l y  o p e r a t i o n a l .  

t h a t  t h i s  t h i r d  approach o f fe red  s u f f i c i e n t  o p p o r t u n i t i e s  f o r  

t h e  e f f e c t i v e  planning of a mission and t h a t  discovery r e q u i r e -  

ments a r e  w i t h i n  reasonable  l i m i t s .  

It was concluded 

A ques t ion  remains as t o  t h e  l i k e l i h o o d  of having a 

long i n t e r v a l  during which no launch o p p o r t u n i t i e s  would occur .  

I n  o t h e r  words, assuming some i n t e r v a l  of  t i m e ,  what i s  t h e  

p r o b a b i l i t y  t h a t  a t  l ea s t  one favorable  oppor tun i ty  w i l l  appear? 

The Poisson d i s t r i b u t i o n  i s  a v a l i d  r e p r e s e n t a t i o n  of  t h e  

f avorab le  o p p o r t u n i t i e s  occur r ing  randomly w i t h  a mean r a t e  of  

1 every  14 months. Calcu la t ions  showed t h a t  t h e r e  would be 

b e t t e r  than a 50% chance of a favorable  oppor tun i ty  i n  less 

than  1 year .  

one good oppor tuni ty  would appear. This  p o s s i b l e  wa i t ing  

p e r i o d  w i l l  be a c o n s t r a i n t  on any f i r s t - a p p a r i t i o n  comet 

mission but  n o t  one t h a t  appears insurmountable.  

I n  2 . 7 5  years  the p r o b a b i l i t y  i s  90% t h a t  a t  l e a s t  

A comparison of t h e  mean va lues  of Approaches 1 and 3 

i n  Table  1 show them t o  be roughly t h e  same. A s  seen from 

Table  1 these  va lues  are wi th in  t h e  a t t a i n a b l e  l i m i t s  of  

c u r r e n t l y  planned v e h i c l e s  and serve t o  d e f i n e  a range w i t h i n  

which a new comet mission could be planned. 

v e l o c i t y  i s  r a t h e r  high w i t h  a l a r g e  d e v i a t i o n ,  b u t ,  as noted  

b e f o r e ,  t h i s  appears  t o  be the case w i t h  a l l  comets. 

The approach 
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An i n t e r e s t i n g  a spec t  of t h e  new comets i s  t h a t  t h e i r  

Thus, f o r  t h e  average new mean magnitude a t  i n t e r c e p t  i s  10. 

and a c c e s s i b l e  comet, r e l a t i v e l y  good spec t roscop ic  measurements 

w i l l  be poss ib l e .  

c o r r e l a t e  t h e  te lemetered  da ta  from t h e  s p a c e c r a f t  w i t h  t h e  

o p t i c a l  observa t ions  from E a r t h  a t  t h e  t i m e  o f  i n t e r c e p t .  

With t h i s  br ightness  i t  would be p o s s i b l e  t o  

The main conclusion of t h i s  r e p o r t  i s  t h a t  i f  a moder- 

a t e  comet sea rch  i s  undertaken, t h e r e  w i l l  be s u f f i c i e n t  oppor- 

t u n i t i e s  f o r  a mission t o  a new comet. A more d e t a i l e d  mission 

s tudy  t o  d e f i n e  a payload and t o  f u r t h e r  examine t h e  guidance 

and midcourse problems appears t o  be a u s e f u l  successor  t o  

t h i s  pre l iminary  a n a l y s i s .  

I n t e r e s t  i n  t h i s  type o f  mission seems j u s t i f i e d  from 

t h e  f a c t  t h a t  f i r s t - a p p a r i t i o n  comets are i n  g e n e r a l  more 

a c t i v e  and may r e p r e s e n t  a more pr imordia l  s t a t e  than s h o r t -  

p e r i o d  comets. 

o f  a d e f i n i t e  launch d a t e  and t h e  requirement f o r  a ready launch 

v e h i c l e  and s p a c e c r a f t  should be viewed a g a i n s t  t h e  background 

o f  t h e  f u t u r e .  I n  a decade the launching of present -genera t ion  

v e h i c l e s  should be more r o u t i n e ,  and a s t anda rd ized  s p a c e c r a f t  

"bus" f o r  a comet mission might be p o s s i b l e .  

ga ined  i n  t h e  s u c c e s s f u l  completion of missions t o  sho r t -pe r iod  

comets, a mission t o  a f i r s t - a p p a r i t i o n  comet would be a l o g i c a l  

fo l low on. 

The r e a l  and reasonable  concern over t h e  lack  

With t h e  experience 
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Table 1 

SUMMARY OF TRAJECTORY AND SIGHTING RESULTS 

Number of  30 day launch windows w i t h  AV < 55,000 f t /sec 
and T F < 4 0 0  days a t  l e a s t  two months a f t e r  reaching  t h e  given 
b r igh tness .  

1. Magnitude 20 - mean parameters and s t anda rd  dev ia t ion  

AV 
T i m e  of f l i g h t  
Approach ve loc  i t y  
Communications d i s t ance  
Magnitude a t  i n t e r c e p t  
I n t e r c e p t  d a t e  r e l a t i v e  

46100 + - 4600 f t / s e c  

40 + - 18 km/sec 
250 + - 90 days 

1 .9  + - 1 . 2  AU 
11.0 + - 3.6 mag. 

30 + - 100 days 
t o  p e r i h e l i o n  

Oppor tuni t ies  per  year 2 

2.  

3. 

Actual  Discovery 

1948 I 
1949 I V  
1959 K 
Oppor tuni t ies  per  decade 2 

Magnitude 15 - mean parameters and s t anda rd  dev ia t ion  

nv 46800 + - 4400 f t / s e c  
T i m e  of f l i g h t  
Approach v e l o c i t y  
Communications d i s t ance  

190 + - 80 days 

1.6 + - 1 .5  AU 
9.9 + 4.0  mag. 

58 + - 100 days 

43 + - 20 km/sec 

Magnitude a t  i n t e r c e p t  - 

Oppor tuni t ies  per  year 1 

I n t e r c e p t  d a t e  re la t ive  
t o  p e r i h e l i o n  
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