
E A R T H - A P P R O A C H I N G  A S T E R O I D S  AS T A R G E T S  FOR E X P L O R A T I O N  

E. M. SHOEMAKER and E. F. HELIN 

N v i s i o n  of Geological and Planetary Sciences 
California I n s t i t u t e  of Technology 

Pasadena, California 91225 

Primary goals f o r  the exp lo ra t i on  o f  Earth-approaching as te ro ids  w i l l  
be t o  determine t h e i r  chemical and mi f ie ra log ica l  composit ion and espe- 
c i a l l y  t o  determine t h e i r  s t ruc tu re .  Objects der ived from the main 
as te ro id  b e l t  a re  l i k e l y  t o  be fragments o f  l a r g e r  bodies. As such 
they would prov ide  d i r e c t  evidence on the  i n t e r n a l  s t ruc tu re ,  processes, 
and h i s t o r y  of the  l a r g e r  parent  as tero ids .  Nonvo la t i l e  cores o f  ex- 
t i n c t  comets, on the  o ther  hand, may y i e l d  the most d i r e c t  evidence 
obta inab le  concerning the e a r l y  stages o f  acc re t i on  o f  s o l i d  mat ter  i n  
the s o l a r  system, s p e c i f i c a l l y  i n  t he  ou te r  p a r t  o f  the  system. Return 
of samples would be essent ia l  t o  develop and decipher t h i s  evidence. 

Study o f  unmanned missions shows t h a t  between 5% and 10% o f  the  Earth- 
approaching as tero ids  can be reached by low AV b a l l  i s t i c  t r a j e c t o r i e s  
(AV from low Earth o r b i t  l ess  than the  6.4 km/sec requ i red  f o r  rendez- 
vous w i t h  Nars). Two o f  the  best  candidates, from the t r a j e c t o r y  
standpoint ,  a re  1977VA and 1943 Anteros. Both o f  these are Amor as- 
te ro ids .  Rendezvous i s  achieved near aphelion, and the minimum impulse 
requ i red  f o r  sample r e t u r n  t o  Ear th  i s  very low--of  the  order  o f  1  km/ 
sec. Because impulses f o r  land ing and escape from these small as te r -  
o ids  a re  of the  order  o f  1  mlsec, many landings could be made t o  v i s i t  
and sample d i f f e r e n t  pa r t s  o f  an a s t e r o i d  i n  t h e  course o f  a  s i n g l e  
mission. An aggressive astronomical search f o r  more near-Earth as te r -  
o ids  w i l l  undoubtedly y i e l d  many more promising candidates fo r  t h i s  
type o f  exp lora t ion .  Development o f  t he  Space Shu t t l e  opens the  pos- 
s i b i  1  i t y  o f  an exp lo ra t i on  program wherein a  sing1 e  spacecraf t  cou ld  
make repeated round- t r ips  between the  Earth and d i f f e r e n t  low A V  
as tero ids .  

The discovery o f  1976AA (a = 0.97, e  = 0.18, i = 19') i nd i ca tes  t h a t  
a  few as tero ids  e x i s t  which are  very c lose neighbors o f  the  E - r t h .  
The extreme near-Earth ob jec ts  are Amors and Earth-crossers w i t h  semi- 
major axes near 1  AU t h a t  have acquired small e  and i as a  consequence 
o f  repeated c lose encounters w i t h  the  Earth. Typ i ca l l y ,  these ob jec ts  
would be accessib le by low A V  missions o f  6 months o r  a  year  du ra t i on .  
Manned missions t o  explore such bodies a re  t e c h n i c a l l y  f e a s i b l e  by 
u t i l i z i n g  the  c a p a b i l i t i e * ;  of the Space Shu t t l e .  Roughly about 1% of 
the Earth-approachi ng as te ro ids  may be s u f f i c i e n t l y  c l ose  neighbors 
o f  the Earth t o  be considered candidates f o r  manned missions based on 
7-10 Shu t t l e  launches. The discovery r a t e  f o r  Earth-crossers would 
have t o  be increased by a  f a c t o r  o f  about f i ve ,  however, i n  o rder  t o  
achieve a  h igh  expectancy o f  f i nd ing  a  s u i t a b l e  t a r g e t  w i t h i n  10 years.  
The primary tasks o f  exp lo ra t i on  o f  Earth-approaching as tero ids  are  
we1 1  su i t ed  t o  the c a p a b i l i t i e s  o f  p rope r l y  t r a ined  as t ronau t - sc ien t i s t s .  



i YTRODUCTION 
! 

The pr imary goals f o r  t he  e x p l o r a t i o n  of near-Earth as te ro ids  ( I nc lud ing  those bodies 
which are e x t i n c t  comets) would be t o  determine t h e i r  s t ruc tu re ,  t he  d i v e r s i t y  of chemical 
and minera log ica l  composit ion of  i n d i v i d u a l  bodies, the processes of  acc re t i on  and subse- 
quent metamorphism o r  magmatic d i f f e r e n t i a t i o n  of  these bodies, and espec ia l l y  the h i s t o r y  
o f  these processes. Objects der ived from the main as te ro id  be1 t a re  l i k e l y  t o  be f rag -  
ments o f  l a r g e r  bodies. As such they would prov ide  d i r e c t  evidence on the  i n t e r n a l  s t ruc -  
tu re ,  processes, and h i s t o r y  o f  the  l a r g e r  parent  as tero ids .  The stony cores o r  o ther  nor,- 
v o l a t i l e  residua o f  e x t i n c t  comets, on the o ther  hand, may y i e l d  t he  most d i r e c t  evidence 
obta inab le  concerning the e a r l y  stages o f  acc re t i on  o f  s o l i d  mat ter  i n  t he  s o l a r  system, 
s p e c i f i c a l l y  i n  the ou te r  p a r t  o f  the  system. Return o f  samples w i l l  be essen t i a l  t o  de- 
velop and decipher much o f  t h i s  evidence. 

The Earth-approaching as te ro ids  a re  espec ia l l y  a t t r a c t i v e  f o r  e x p l o r a t i o n  because o f  
several  favorable cond i t ions .  F i r s t ,  some o f  the  Earth-approaching as te ro ids  are the eas- 
i e s t  bodies beyond the  Moor1 t o  reach. Secondly, w i t h  the  poss ib le  except ion o f  a  few ac- 
t i v e  comet nuc le i ,  some are the smal les t  bodies discovered i n  the  s o l a r  system. Because 
o f  t h e i r  small s ize,  they have very low escape v e l o c i t i e s ,  of the  order  of 1  nllsec. This 
has two important  cnqsequences f o r  exp lo ra t i on :  

1. On account o f  the  law escape v e l o c i t i e s ,  r e g o l i t h s  on t h e i r  sur -  
faces should be very t h i n  t o  l o c s l l y  absent. S u f f i c i e n t  bedrock 
should be exposed, i n  c r a t e r  wa l l s  and elsewhere, t o  determine 
the s t r u c t u r e  o f  these ob jec t s  from a combination o f  remote and 
on s i t e  observat ions and samples. I t  i s  of i n t e r e s t ,  i n  t h i s  
regard, t h a t  i n f r a r e d  rad iomet r ic  observat ions o f  B e t u l i a  sug- 
gest  t h a t  i t  has a  rocky surface,  u n l i k e  t h a t  o f  l a r g e r  main 
b e l t  as tero ids  (Lebofsky e t  d l . ,  1978). 

2 .  Because of t he  low escape v e l o c i t i e s ,  land ing and escape from 
surfaces o f  these as tero ids  requ i res  almost n e g l i g i b l e  propul-  
s ion.  Landing i s  rough ly  comparable t o  docking w i t h  another 
spacecraf t ,  and i t  should be poss ib le  t o  achieve l and ing  by mean; 
c f  r e l a t i v e l y  s imple engineer ing design features.  

Third,  on the basis o f  dynamic, ' cons idera t ions  and e x i s t i n g  phys ica l  observat ions,  many 
d i f f e r e n t  k inds o f  budjes appear t o  be represented anlong the near-Earth as te ro ids .  I n  
p a r t i c u l a r ,  i t  seeins ii l.c?ly t h a t  they inc lude niany e x t i n c t  comets. 

I t  has been argued tha t ,  because a  l a r g e  number o f  n ~ e t e o r i t e s  t h a t  are presumed t o  be 
sample5 o t  ds tero ids  are a1 r-eady avai l a b ? e  f o r  study, missions t o  r e t r i e v e  samples from 
as tero ids  are  unnecessary. Most o f  what i s  known about very e a r l y  cond i t i ons  and events 
i n  the h i s t o r y  o f  the  s o l a r  system has, indeed, been learned from meteor i tes .  As impor- 
t a n t  as the meteor i tes are, however, every one of them i s  a  sample ou t  o f  contex t .  U n t i l  
as tero ids  are  a c t u a l l y  explored ana sampled d i r e c t l y ,  the recons t ruc t i on  of the parent  
bodies whence nleteori tes have come w i  11 remain specu la t ive .  This l i m i  t d t i o n  o f  knowledge 
about the parent  bodies, i n  t u rn ,  places severe r e s t r a i n t s  on our  understanding o f  meteor- 
i t e s  and on the r e l a t i o n s h i p  o f  the meteor i tes  t o  one another. C e l e s t i a l  mechanics and 
the processes of meteoroid en t r y  i n t o  Ea r th ' s  atmospher? are e f f i c i e n t  f i l t e r s ,  moreover. 
and i t  i s  c l ea r  t h a t  meteor i tes are no t  a  representa t ive  s e t  of samples of s o l i d  ma te r i a l  
i n  near-Earth space. 

What a re  the f r a g i l e  ob jec t s  t h a t  d i s i n t e g r a t e  i n  the  Ea r th ' s  atmosphere? Do we ac- 
t u a l l y  have san~ples among the meteor i tes o f  the n o n v o l a t i l e  pa r t s  o f  comets? What i s  the 
s t r u c t u r e  o f  a  comet nucleus o r  o f  the  n o n v o l a t i l e  pa r t s  o f  the nucleus? What i s  the  
s t r u c t u r e  o f  a small p r i m i t i v e  as te ro id?  I s  i t  an aggregate o f  aggregates o f  s o l i d  ob- 
j e c t s  accumulated dur ing  accre t ion? What i s  the  s i z e  o f  the  component p a r t s ?  What i s  the 



d i v e r s i t y  o f  cons t i t uen ts  i n  such a body? The answers t o  these quest ions can o n l y  be 
obtained by d i r e c t  exp lo ra t i on .  Global surveying o f  i n d i v i d u a l  bodies, combined w i t h  
m u l t i p l e  returned samples, i s  requ i red  t o  o b t a i n  d e f i n i t i v e  answers t o  quest ions such as 
those. 

UNMANNED MISSIONS 

The a c c e s s i b i l i t y  o f  near-Earth asteroid: f o r  e x p l o r a t i o n  by spacecra f t  can be ex- 
pressed by the AV requ i red  f o r  rendezvous, o r ,  i n  t he  case o f  sample r e t u r n  o r  manned 
exp lora t ion ,  the  c ~ ~ n b i n e  ' AV f o r  rendezvous and ;eturn t o  Earth.  De ta i l ed  s tud ies  o f  ou t -  
bound and r e t u r n  t r a j e c t o r i e s  are  requ i red  f o r  p r t c i s e  d e t c n i n a t i o n  o f  the  A V  f o r  any 
mission. But a convenient approximate est imate o f  the  mininiue poss ib le  A V  may be obtained 
from the fo l l ow ing  f i g u r e  o f  m e r i t ,  F 

where UL i s  the  impulse requ i red  t o  i n j e r t  a spacecraf t  i n t o  a t rans fe r  t r a j e c t o r y  from 
low Earth o r b i t  t o  t he  o r b i t  o f  the as tero id ,  and JR i s  the  impulse requ i red  f o r  rendez- 
vous w i t h  the as te ro id .  For s i m p l i c i t y  o f  c a l c u l a t i o n ,  bo th  UL and UR are  normalized t o  
the Ear th 's  o r b i t a l  speed and are, therefore,  dimensionless. Low A V  t r a j e c t o r i e s  a re  
achieved by rendezvous near aphe l ion  o r  p e r i h e l i o n  o f  the  as te ro id  o r b i t .  Minimum A V  mis- 
s ions t o  Amors and Apol los (where Apo l lo  as tero ids  a re  fo rn ia l l y  de f ined as having a 1 AU) 
a re  achieved by rendezvous a t  a p h e l i ~ n .  The t r a n s f e r  o r b i t  o f  the spacecraft i s  taken t o  
be tangent t o  the o r b i t  o f  the  Ear th  a t  p e r i h e l i o n  and tangent t o  the  o r b i t  o f  the as te r -  
o i d  a t  aphel ion.  I n  order  t o  achieve rendezvous under these i dea l  conai t i o n s  the a s t e r o i d  
would have t o  a r r i v e  a t  aphe l ion  a t  p rec i se l y  the  r i g h t  t ime. I n  ac tua l  missions, the  
a s t e r o i d  i s  almost never a t  the i dea l  posi  t i o r? .  so t h a t  r e a l  @.Vs t o  rendezvous are always 
somewhat l a r g e r  than ca l cu la ted  here f o r  the  i dea l  case. 

I t  i s  assumed tha t ,  i n  the average case, h a l f  the plane change i s  accomplished a t  
' n j e ~ t i o n  i n t o  the  t r a n s f e r  o r b i t  and h a l f  a t  rendezvous. I n  the case where the  argument 
o f  p e r i h e l i o n  i s  0, and neg lec t ing  the f i n i t e  e c c e n t r i c i t y  o f  the Ear th 's  o r b i t ,  UL i s  
then given by 

where S i s  the normalized speed o f  escape from Earth, Uo i s  the normalized o r b i t a l  speed 
a t  low Earth o r b i t ,  and 

where Q i s  the  aphel ion d is tance o f  as te ro id  normalized t o  s e m i ~ a j o r  ax i s  of the  Earth, 
and i i s  the i n c l i n a t i o n  o f  a s t e r o i d  o r b i t .  The s o l u t i o n  f o r  U t  i s  obtained from the 
equat ion f o r  the encounter speed o f  an ob jec t  i n  eccen t r i c  o r b i t  w i t h  an o b j e c t  i n  c i r c u -  
l a r  o r b i t  (bpik.  1951). A t e n  cou ld  be added i n  the  coniputation o f  Ut  f o r  the  eccen t r i c -  
i t y  o f  the  Ea r th ' s  o r b i t ,  b u t  the  c o r r e c t i o n  i s  l ess  than i'R i n  F f o r  a l l  known cases. 
The impulse a t  rendezvous, UR. i s  g iven by 

1 j u :  - 2UrUc cos 7 + Uf 



where, f o r  Arnor a s t e r o i d s ,  

a  i s  t h e  semimajor a x i s  o f  a s t e r o i d  norma l i zed  t o  semimajor a x i s  o f  t h e  Ear th ,  and e  i s  
t h e  e c c e n t r i c i t y  o f  t h e  a s t e r o i d ,  and f o r  A p o l l o  a s t e r o i d s ,  

and 
i 

i 
F o r  1976AA-type a s t e r o i d s  (a 5 1 AU), minimun~ A V  miss ions  a r ?  ach ieved  by rendezvous 

a t  p e r i  he1 i o n .  However. s h o r t  d u r a t i o n  n ~ i  ss ions  a r e  achieved by rendezvous a t  a p h e l i o n .  , 

The nominal s t r a t e g y  adopted f o r  rendezvous a t  a p h e l i o n  w i t h  1976AA-t: pe a s t e r o i d s  i s  sonle- 
what d i f f e r e n t  t h a n  t h a t  used f o r  rendezvous w i t h  Alnors and A p o l l o s .  The semimajor a x i s  o f  1 
t h e  t r a n s f e r  o r b i t  o f  t h e  s p a c e c r a f t  i s  h e l d  a t  1  AU and i s  tangen t  a t  a p h e l i o n  w i t h  t h e  
o r b i t  o: t h e  a s t e r o i d .  T h i s  decreases t h e  rendezvous impulse, UR, a t  t h e  expense o f  a  
m i n o r  i n c r e a s e  i n  UL; t h e  p e r i h e l i o n  o f  t h e  s p a c e c r a f t  o r b i t  no l o n g e r  corresponds t o  t h e  
p o i n t  o f  i n j e c t i o n  i n t o  t h e  t r a n s f e r  t r a j e c t o r y .  Equat ions (21,  ( 4 )  and ( 8 )  app ly ,  and 
t h e  s o l u t i o n s  f o r  Ut and Uc now become 

U t  = 2  - 2  V%Q - Q 2  cos f 

The f i g u r e  o f  n i e r i t  o b t a i n e d  by means o f  these  equa t ions  i s  compared w i t h  t h e  a c t u a l  
A V  t o  rendezvous w i t h  e i g h t  low A V  o b j e c t s  i n  F i g u r e  1. The e q u a t i o n  

1 y i e l d s  t h e  a c i u a l  A V  f o r  optimuni n ~ i s s i o n s  w i t h i n  a few t e n t h s  or' krn/sec p r e c i s i o n .  ( O r b i t -  
a l  speed o f  t h e  E a r t h  i s  30 kmlsec) .  

Cumulat ive f requency d i s t r i b u t i o n s  o f  F  a r e  shown f o r  An~ors i n  F i g u r e  2 and f o r  i A p o l l o s  i n  F i g u r e  3. About 30":f t h e  Amgrs have f i g u r e s  o f  m e r i t  coniparable t o  o r  l o w e r  , 
than  t h a t  o f  Mars. About 75':. o f  t h e  Amors have lower  f i g u r e s  o f  n i e r i t  than  " t y p i c a l "  nldin 

' 
be1 t a s t e r o i d s .  ( F  f o r  a  t y p i c a l  main b e l t  a s t e r o i d  sliown i n  F i g u r e s  4 and 5  was computed i 
on t h e  b a s i s  o f  a  = 2.5, e  = 0.15, lid i = 15" . )  The c u n ~ u l a t i v e  f reqcency  d i s t r i b u t i o n  o f  
F  f o r  A p o l l o s  i s  d i s p l a c e d  toward s l i g h t l y  h i g h e r  va lues w i t h  r e s p e c t  t o  t h e  c u m u l a t i v e  ! 
d i s t r i b u t i o n  o f  F f o r  Amors. About 60':. o f  t h e  A p o l l o s  a r e  e a s i e r  t o  reach  than  " t y p i c a l "  
main be1 t a s t e r o i d s .  

I 



f A 30 kmlsec F i g .  1. C o r r e l a t i o n  o f  f i g u r e  o C  m e r i t  w i t h  
3 4 3 6 T 8 9 10 minimum A V  f a r  optimum l o h  A V  r d s s i n n s .  

(0 Minimuni A V S  a r e  f rom A r n o l d  and Duke (1977)  
and fro111 Bender (persona l  conmunicat ion,  

9 - 
AV : 130F * 0.5) KM/SEC - 

% 9 -  * 
E 
1 - 7 -  zi 
5 6 -  

15 
I z 5 -  - 
5 

I 4 -  
- - fSCAPf fROY EARTH 

3 ,  I I 

0.1 0.2 a3 
F(FIGURE OF MERIT) 

The nlost f a v o r a b l e  known a ~ t e r o i d s  t o r  low A V  n ~ i  s s i o n s  a r e  Anteros and t h e  r e r , . ~ n t l y  
d iscovered  Amor a s t e r o i d  1977VA. 60 th  o f  these  a s t e r o i d s  a r e  e a s i e r  t o  reach  than  Mars, 
Ac te ros  by a  s i g n i f i c a n t  marg in.  Eros, 1960UA. I v d r ,  and 1972RR a l l  have f a v o r a b l e  f i g -  
u res  o f  m e r i t ,  c l o s e  t o  t h a t  o f  Mars. The A p o l l o  a s t e r o i d  1959LM has a  f i g u r e  o f  m e r i t  
s i m i l a r  t o  t h a t  o f  Anteros.  b u t  t h e  o r b i t  o f  1959LM i s  p o o r l y  determined and i t  IS l o s t .  
Another  A p o l l o ,  PLS 6743, a l s o  has a  ve ry  low f i g u r e  o f  writ and i s  l o s t .  

A c h a r a c t e r i s t i c  o f  s p e c i a l  iniportance about  rendezvous n l iss ions a t  anhel  i o n  w i t h  low 
.\V Alnors and A p o l l o s  i s  t h a t  t h e  rendezvous i i i ipt l lse i s  ve ry  low, t y p i c a l l y  o f  :ne o r d e r  o f  
1  km!sec and, i n  sollie cases, l e s s .  Under optil l lunl c o n d i t i o n s .  t h e  d e p a r t u r e  i ~ i ~ p ~ l s e  foi- 
r e t u r n  t o  E a r t h  i s  about t h e  salile as the  rendezvous i n ~ p u l s e .  Hence, n ~ i s s i o n s  can be found 
where the  sum o f  rendezvous and d e p a r t u r e  i~ l rpu lses  r e q u i r e d  f o r  sa~ i ip le  r e t u r n  i s  i n  t h e  
rancje o f  2-3 A i i \ / se~ .  I n  t h i s  r t l r p e c t ,  low . l V  Earth-approaching a s t e r o i d s  a r e  s u b s t a n t i a l l y  
n o r e  acce,sible than  t y p i c a l  nlain b e l t  a s t e r o i d s .  where t h e  sun1 o f  rendezvous and d e p a r t u r e  
i n ~ p u l s e i  i s  i n  t h e  range o f  5-6  hni!sec o r  h i g h e r .  As shcwn by N i e h o f f  (1977). a  s in ip le  
b a l l i s  t i r  sample r e t u r n  ~ i i i s s i o n  t o  Anteros i q  w e l l  w i t h i n  t h e  i n j e c t i o l i  c a p a b i l i t y  o f  a  
s i n y l e  Space Tug. 

Development o f  t h e  Space S h u t t l e  opens the  p o s s i b i l  i t y  o f  an e n t i r e l y  new t y p e  o f  
e x p l o r a t i o n  program. A  s i n g l e  s p a c e c r a f t  c o u l d  nlahe repeated r o u n d - t r i p s  between E a r t h  
o r b i t  and d i f f e r e n t  low A V  a s t e r o i d s .  P r o p u l s i o n  f o r  such a  s p a c e c r a f t  c o u l d  be p r o v i d e d  
e i t h e r  hy conven t iond l  r o c k e t  engines o r  by l o w - t h r u s t  ( i o n )  engines.  Samples c o u l d  be 
r e t r i e v e d  from t h e  spacect-aft  r i  E a r t h  o r b i t  by lneanj o f  t h e  S h u t t l e ,  where t h e  s p a c e c r a f t  
i t s e l f  c o u l d  be r e f u r b i s h e d  w i t h  riew sd::iple co r i td ine rs  and p r o p e l l a r , t  f o r  e i t h e r  conven- 
t i o n a l  o r  d d d i t i o i a l  i o n  engines.  A  no~r \ ina l  s i n g l e  l r ~ i s s i o n  t o  each a s t e r o i d  s h o u l d  i n c l u d e  
d e t d i l e d  v i s u a l ,  spec t ropho tomet r i c ,  and che~ i i i ca l  maypinq o f  i t s  sur face,  d e t e r n ~ i n a t i o n  o f  
i t s  niass arid d e n s i t y .  and ~ : i u l t i p l e  l a n d i n y s ,  a t  s i t e s  s e l e c t e d  f rom t h i s  mapping, with on- 
s i t e  Ii\easurelner:ts and recovery  o f  samples. R o t a t i o n  o f  t h e  a s t e r o i d  would have t o  be 
netern l i t led fro111 v i s u  11 n~apping t o  penni t t h e  maneuvprs r e q u i r e d  f o r  l a n d i n g .  



APPROFIMATE MINIMUM AV FROM LOW F4RTH ORBIT TO RENDEZVOUS 
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F i g .  2. Cumulative frequency d i s t r i b u t i o n  o f  f i g u r e  o f  nieri t f o r  rendez- 
vcus w i t h  Amcr aster(- ds a t  aphel ion.  
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F i g .  3.  Cumulative frequency d i s t r i b u t i o n  o f  f i g u r e  c f  m e r i t  f o r  rendezvous w i t h  
Apol l o  asteroids a t  aphel ion .  



APPROXIMATE MINIMUM AV FROM LOW EARTH ORBIT TO RENDEZVOUS 

F(F1GURE OF MERIT) 

F ig .  4. Cumulat ive frequency d i s t r i b u t i o n  of f i g u r e  o f  m e r i t  f o r  rendezvous w i t h  Amor 
a s t e r o i d s  a t  p e r i  he1 i o ~ i .  

F(FIGURE OF MFRIT) 
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F i g .  5. Cumulat ive frequency d i s t r i b u t i o n  o f  f i g u r e  o f  m e r i t  f o r  rendezvous w i t h  Apol l o  
a s t e r o i d s  a t  p e r i  he1 ion .  

'00 

+ 
z 75 -  
W 
0 
LL 
W 
a 

50- - 
#- a 
3 

3 2 5 -  

3 6 9 12 15 18 2 1 24 27 30 
I I I I 1 1 I I l197.; .VA- ' 

! ISYPHIIS 

r, 
R 
'u 

5 8' - 

- 

J 
I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 



A broad range o f  composit ional types has al ready been i d e n t i f i e d  among the  favorab le  
low A V  astero ids .  An i n i t i a l  program, f o r  example, might  i nc lude  n~ i ss ions  t o  1960UA 
(poss ib le  C type),  I v a r  ( S  t ype)  and 1977VA (poss ib le  M o r  E  type) .  It i s  of i n t e r e s t  
t h a t  a poss ib le  e x t i n c t  comet, 1960UA, i s  among the  known low A V  ob jec ts .  

Several unnumbered as te ro ids  t h a t  have very low apparent A V  from low Ear th  o r b i t  t o  
rendezvous, 1946SD, 1949SZ, and 1936U1, are  occasional  l y  l i s t e d  among the  Amors. These 
ob jec t s  have poor ly  determined o r b i t s ,  however, and a r e  l o s t .  I n  a l l  p r o b a b i l i t y  t h e i r  
e c c e n t r i c i t i e s  and semimajor axes a r e  h igher  than has been est imated by p re l im ina ry  c a l -  
cu la t i on ,  and they do n o t  have as low f i gu res  o f  m e r i t  as suggested by the p re l im ind ry  
elements. The as te ro id  1936U1, d iscovered by Reinmuth, has a  nominal f i g u r e  of 111erit o f  
0.17, and i t  may be wor th  a t tempt ing  i t s  recovery. 

A  cont inu ing survey f o r  new Earth-approaching as tero ids  w i l l  undoubtedly y i e l d  more 
promising candidates f o r  sample r e t u r n  missions. A few percent  o f  the  Amors and the  
Apol los probably have s t i l l  lower f i gu res  o f  m e r i t  than Anteros. and would be e s p e c i a l l y  
favorable f o r  sample r e t u r n  missions. An aggressive campaign t o  f i n d  these ob jec t s  and 
determine thei!. composi t ional  c l a s s i f i c a t i o n  and a l so  t o  i d e n t i f y  more poss ib le  e x t i n c t  
comets snould be c a r r i e d  o u t  as a  pre lude t o  a  mu1 t i p l e  a s t e r o i d  sample r e t u r n  program. 

CMNNED MISSIONS I 
The discovery o f  1976AA (a  = 0.97, e  = 0.18, i = 19")  i nd i ca tes  t h a t  a few as te ro ids  

e x i s t  which a r e  very c lose neighbors o f  the  Earth (He l i n  and Shoemaker. 1977). As tero id  
o r b i t s  ( i t h  a  near 1 and low e  and i have the  c h a r a c t e r i s t i c  t h a t  very low A V  spacecraft 
t r a j e c t o r i e s  t o  rendezvous and f o r  Earth r e t u r n  can be accomplished i n  r e l a t i v e l y  sho r t  
per iods o f  t i m e - - t y p i c a l l y  e i t h e r  s i x  mnth: o r  a  year,  f o r  a  r o u n d - t r i p  mission.  The 
discovery o f  a  very near-Earth as te ro id  ra i ses  the  p o s s i b i l i t y  o f  1ndnne3~ exp lo ra t i on  u t i -  
1  i z i n g  the capabi 1  i t y  o f  the Space Shu t t l e  t o  c a r r y  manned spacecraf t  dnd the necessary 
propu ls ion  systems i n t o  Ear th  o r b i t .  A1 though 1976AA i s  d c lose  companim o f  t he  Ear th  i n  
space, i t s  moderately h igh  o r b i t a l  i n c l i c a t i o n  makes i t  less  easy t o  reach than many o the r  
Earth-crossing as te rc ids  and many Amors. Nevertheless, f o r  s h o r t  d u r a t i o n  round- t r ips ,  
1976AA i s  one o f  the  th ree eas ies t  t a rge ts  f o r  e x p l o r a t i o n  and, i n  many respects, i s  the  
best  known candidate f o r  a  sho r t  mission.  

Low A V  shor t  du ra t i on  t r a j e c t o r i e s  are  achieved by rendezvous a t  p e r i h e l i o n  fo r  Amors 
and f o r  a l l  known Apol los and a t  aphel ion f o r  knowr; 1976AA-type as tero ids .  I n  computa- 
t i o n s  o f  the  f i g u r e  o f  m e r i t  f o r  rendezvous a t  p e r i h e l i o n  o f  Amor as tero ids ,  the  per ihe- 
l i o n  o f  the  spacecraf t  t r a n s f e r  o r b i t  i s  taken as tangent w i t h  t he  Ea r th ' s  o r b i t  a t  p e r i -  
he l i on ,  and tangent w i t h  the  a s t e r o i d  o r b i t  a t  aphel ion.  Launch impulse, U , i s  obtained 
from Equation (21,  and the  p e r i l l e l i o n  distance, q. i s  subs t i t u ted  f o r  Q i n  kquat ion  ( 3 ) .  
z.e. , 

Rendezvous impulse, Jp, i s  g iven by 

= Jug + 2uruc Lor t + U: 



- 3  2 where U: - - - *r fl 

and 

For Apo l lo  as tero ids ,  the  spacecraf t  t r a n s f e r  o r b i t  i s  taken as tangent w i t h  the  as te ro id  
o r b i t  a t  pe r ihe l i on ,  and the semimajor ax i s  o f  t he  5ransfer o r b i t  i s  he ld  a t  1 AU. Launch 
impulse i s ,  again, obtained from Equation ( 2 )  bu t  Ut i s  now given by 

U2 = 2 - 2 c-7 cos ; t 

Rendezvous impulse i s  computed by Equation ( 4 ) ,  

and U; i s  obtained from Equation (15) 

Cumulative frequency d i s t r i b u t i o n s  of  F are  shown f o r  Amors i n  Figure 4 and f o r  
Apollos i n  Figure 5. The approximate minimum A V  from low Earth o r b i t  t o  rendezvous a t  
p e r i h e l i o n  w i t h  Arnors and Apollos i s  approximately 50Y) h igher  than the minimum AV t o  ren- 
dezvous a t  aphel ion w i t h  these as tero ids .  Ve loc i t i es  o f  known Aniors and Apol los a re  milch 
higher a t  p e r i  he1 ion,  and the rendezvous impulses are  correspondingly higher.  For the 
best  candidates f o r  sho r t  du ra t i on  missions among the  as tero ids  discovered so f a r ,  the 
minimum AVS t u  rendezvous are  about 9 kmlsec (Tab1 e 1 ). The approximate AV t o  rendezvous 
w i t h  1959LM i s  0.1 kmlsec, but ,  because t h i s  as te ro id  has a poor ly  determined o r b i t  and i s  
l o s t ,  i t  i s  no t  l i s t e d  i n  Table 1. 

Table 1. Best Known Candidate Asteroids f o r  Short Duration, Low A V  
Missions 

Astero id  O r b i t a l  Type Minimum A V  
t o  Rendezvous 

(kmlsec) 

Anteros 

1976AA 

1977HB 

Eros 

Geographos 

1976UA 

Toro 

1977VA 

Amo r 

1976AA 

Apol 1 o 

Amo r 

Apol 1 o 

1976AA 

Apol 1 o 

Amo r 



I 
The two lowest  A V  as tero ids  i n  Table 1  are  Anteros and 1976AA. N ieho f f  (1977) has I 

i nves t i ga ted  r o u n d - t r i p  i t~ iss ions  t o  these as tero ids  f o r  favorab le  oppo r tun i t i es .  Round- 
t r i p  b a l l i s t i c  missions o f  365 days dura t ion .  a l l ow ing  f o r  30 days s tay  t ime a t  each o f  
the  as tero ids ,  can be achieved w i t h  aVs t o  rendezvous o f  9.2 kelsec fo r  Anteros and 
9.1 kn~/sec f o r  1976AA. A six-rllont,h d u r a t i o n  r r~ iss ion  t o  1976AA would r e q u i r e  more than a  : 
202 increase i n  the energy requi  rc?ments. Niehof f  es t i ~ l l a tes  tha t  28 S h u t t l e  lduriches would 

' 

be needed f o r  a  manned nl iss ion t o  1976AA and 34 S h u t t l e  launches f o r  t he  miss ion  t o  Anteros. 
The r e q u i r e n ~ n t  f o r  S h u t t l e  launches cou ld  be reduced t o  23 f o r  the  lrt ission t o  Anteros. i f  \ 
the s tay  t ime were reduced t o  10 days. 

1 

Whether 23 o r  28 S h u t t l e  launches i s  an acceptable cos t  f o r  a  ~narined n ~ i s s i o n  t o  an 
as te ro id  depends on the  p r i o r i t y  and na t i ona l  s i g n i f i c a n c e  t h a t  i s  at tached t o  such a  nlis- \ 
s ion. These missions could al lnost c e r t a i n l y  be acco~ i~p l ished by assenlbly of spacecraf t  and ; 
propu ls ion  amdules t ranspor ted t o  Earth o r b i t  b j  the  S h u t t l e  and by fue l i ng  i n  o r b i t .  Sig- ; 
n i f i c a n t  improve~~~en ts  i n  cos t  probably cou ld  be achieved by nwans o f  nmre soph i s t i ca ted  
s t ra teg ies  thdn s imple b a l l  i s t i c  missions. For example, fue led propu ls ion  1110dules f o r  the i 

departure impulse front the as te ro id  ntight be de l i ve red  t o  the a s t e r o i d  ahead o f  t ime by un- ; 
manned spacecraf t ,  u t i  1  i z i n g  e i t h e r  convent ional  o r  l ow- th rus t  p ropu ls ion  systenls. The 
most eccnonlical a t t ack  on reducing the  number o f  S h u t t l e  launches requ i red ,  however. would 1 
be t o  search f o r  as tero ids  w i t t t  nmre favorable o r b i t s  and f i gu res  o f  m e r i t  than havc been , 
found t o  date. i 

Extremely low , l V  Antor ast.eroids nldy e x i s t .  as a  consequence of two d i f f e r e n t  dynamical i 
c i  rcu~t~stances.  F i r s t ,  i t  i s  poss ib le  t h a t  sonte snlall planetesintal s  havc remained i n  the  ' 
space between the o r b i t s  o f  Earth and Mars fro111 the t ime o f  p lanetary  acc re t i on .  Providcd 1 
t h a t  the maxil~lurn aphel i a  o f  such ob jec ts  dre  sonlewhat l ess  than the  ntinin~un~ p e r i  he1 i o n  o f  
Mars. 1.309 AU. and t h a t  the ainimun~ p e r i h e l i a  o f  these planetesin la ls i s  sonlewhat g rea te r  
thdn the maxiaiu~!~ aphe l ion  o f  the Earth. 1.067 AU. they have i n d e f i n i t e l y  long l i f e t i m e s .  
Taking account o f  the forced osci  1  l a t i o n s  o f  e c c e n t r i c i  t y .  produced 111ainl.y by J u p i t e r ,  the 

i 
range o f  sen~iniajor axes f o r  ob jec t s  t h a t  a re  sa fe  front c o l l i s i o n  w i t h  Ear th  o r  Flars i s  
1.15 t o  1.21 AU (see Fr ied lander  t3: i r l . ,  1977). For these ob jec t s  t o  be s t a b l e  aga ins t  
p lanetary  encounters, they nus t  a1 so Iiave very snlal i proper e c c e n t r i c i t y  . Fragnlentation 
l i f e t i n l e s  f o r  bodies 100 !II i n  diameter and l a r q e r  i n  o r b i t s  o f  t h i s  type a r e  g rea te r  than 
the age o f  the s o l a r  systerr~, a t  the  present f l u x  o f  i n t e r p l a n e t a r y  m a t e r i a l .  The f a c t  
t ha t  no ob jec ts  o f  very low e c c e n t r i c i t y  have been observed i n  t h i s  reg ion between Ear th  
and Mars nlay i n d i c a t e  t h a t  Mars n~ ig ra ted  outward du r i ng  accre t ion .  Presunlably, rr~ost or 
then1 were swept up by Mars o r  the Earth or' reduced t o  f i n e  debr is  by c o l l i s i o r ~ s  dur ing  the 
per iod  o f  h igh  bonlbardntttnt. There i s  no t h e o r e t i c a l  bds is  a t  prcsent ,  huwever. f o r  con- 
c l ud ing  t h a t  these processes con~p le te l y  rerlloved a l l  s~ r l a l l  bodies. I 

Secondly. extrelnely low A V  A~nors can he i n j e c t e d  i n t o  , ~ r h i t s  w i t h  aphe l ia  equal t o  o r  
sonlewhdt g rea te r  than 1.301) AU hy c lose encounters w i t t t  Mars. dur inp  the extrelrla o f  o s c i l -  
l a t i o n  o f  Mars' e c c e n t r i c i t y .  The p r o b a b i l i t y  o f  t h i s  happening i s  low. bu t  so long as 
the p e r i h e l i a  o f  the Anmrs l i e  somewhat ou ts ide  o f  1.067 A l l ,  such ob jec t s  would have very 
lony l i f e t i r ~ ~ e s .  The f i g u r e  o f  m e r i t  o f  an Alllor w i t h  an aphel ion j u s t  a t  1.309 All ar:d 
p e r i h e l i o n  a t  1.067 AU and w i t h  0" i n c l i n a t i o n  i s  (1.15. which i s  equ iva lent  t o  a  niinin~urn 
A V  t o  rendezvous a t  p e r i h e l i o n  o f  ahout 3 . 3  k~n/sec. This i s  shown as the n~inimun~ "expect- 
able"  F  on F igure  4. A  few percent  o f  the Anrors are  expected t o  have f i y u r e s  o f  a e r i  t f o r  
rendezvous a t  p e r i  he1 i c n  between 0.15 and 0.27. cor respon~l ing  to  A V S  between 4.9 and 
8.7 kn~/sec. 

Two mechanisn~s nlay produce extrel l lely low . l V  Earth-crossing as te ro ids :  (1  ) i n j e c t i o n  
o f  very low A V  A~ i~ors  i n t o  Earth-crossing o r b i t s  by encounter w i t h  Mars. and ( 2 )  reduct ion  I 
o f  A V  o f  Earth-crossers by n ~ u l t i p l e  encourltcrs w i t h  Earth and Venus. I n  the f i r s t  case, 
the l i n ~ i t i n g  f i g u r e  o f  171rrit i s  0.15. as given above f o r  AIIIO~S. I n  the second case. the  ; 
l i ~ ~ ~ i t i n g  F i s  found f o r  a  body tha t  j u s t  crosses the  o r b i t  o f  Venus. a t  the n~axin~unl Q o f  
Venus, 0.777 ALJ, and the  o r b i t  o f  the Earth a t  rr~ininiu~t~ q o f  the Earth.  0.933 All. For ren- j 
dezvous near the Earth, a t  aphe l ion  o f  the as tero ld ,  the f igu l -c  ( i f  n l e r i t  would by 0.18. 
correspondiny t o  a  nlinimunl .4V t o  rendezvous fro111 low La r th  o r b i t  o f  about 5.8 kw/sec. 



Minimum encounter  v e l o c i t i e s  a t  t h e  E a r t h ' s  sphere o f  i n f l u e n c e  f o r  ve ry  low AV a s t e r o i d s  
d e r i v e d  e i t h e r  from Anlors o r  f rom Venus-crossers would be 1.9 km/sec. Mu1 t i p l e  encounters 
w i t h  t h e  E a r t h  would b e  expected t o  s h u f f l e  t h e  o r b i t a l  elements. w h i l e  t h e  encoun te r  ve- 
l o c i t y  tends t o  be conserved. Changes i n  e  and a  would be exchanged f o r  changes i n  i, f o r  
example, so t h a t  some ,; these bodies would tend  t o  become e x c l u s i v e l y  Ear th -c ross ing ,  l i k e  
1976AA. I t  migh t  be supposed t h a t  encounters w i t h  t h e  E a r t h  c o u l d  f u r t h e r  reduce t h e  A V  
t o  rendezvous. Whi le  t h i s  i s  p h y s i c a l l y  p o s s i b l e ,  i t  i s  s t a t i s t i c a l l y  more l i k e l y  t h a t  
t h e  AV w i l l  be inc reased  by  such encounters.  From t h e  c u m u l a t i v e  frequency d i s t r i b u t i o n  
o f  F  f o r  A p o l l o s  ( F i g u r e  5 ) .  a  few p e r c e n t  o f  t h e  Ear th -c rossers  a r e  expected t o  have f i g -  
ures o f  m e r i t  between 0.15 and 0.25 cor respond ing  t o  approx imate AVS o f  4.9-8 kni/sec. Bb th  
"cometary" and " a s t e r o i d a l "  o b j e c t s  shou ld  be p r e s e n t  i n  t h i s  group o f  Ear th -c rossers .  

F i n a l l y ,  t h e r e  a r e  two p o s s i b l e  dynamical c l a s s e s  o f  near -Ear th  o b j e c t s ,  rep resen ta -  
t i v e s  o f  which have n o t  so f a r  been d iscovered .  Weissman and W e t h e r i l l  (1974) have shown 
t h a t  s u b s t a n t i a l  r e g i o n s  o f  s t a b i l i t y  i n  o r b i t a l  e lement  phase space e x i s t  f o r  o b j e c t s  i n  
1  :1 resonance w i t h  t h e  Ear th.  These r e g i o n s  a r e  analogous t o  t h e  s t a b l e  L,, and L 5  l i b r a -  
t i o n  reg ions  on  J u p i t e r ' s  o r b i t ,  wh ich  a r e  occup ied  by t h e  T r o j a n  a s t e r o i d s .  Gehre ls  
(1977) has made a p r e l i m i n a r y  search o f  t h e  l i b r a t i o n  r e g i o n s  on the  o r b i t  o f  the  E a r t h  
w i t h o u t  success. Another  r e g i o n  o f  s t a b l e  o r b i t ,  f o r  o b j e c t s  o f  low e c c e n t r i c i t y ,  l i e s  
between Venus and D r t h .  Th is  r e g i o n  has never  been d e l i b e r a t e l y  i n v e s t i g a t e d .  As b o t h  
t h e  l i b r a t i o n  reg ions  on t h e  o r b i t  o f  t h e  E a r t h  and the  r e g i o n  o f  s t a b l e  o r b i t s  between 
Venus and E a r t h  a r e  more than  90" f rom o p p o s i t i o n ,  they  a r e  ve ry  r a r e l y  examined f o r  as-  
t e r o i d s .  We p l a n  t o  b e g i n  such a  search i n  1978. T ro jans  o f  t h e  E a r t h  would r e p r e s e n t  
t h e  u l t i m a t e  low A V  a s t e r o i d s .  As t h e  tnost s t a b l e  o b j e c t s ,  on " t a d p o l ? "  o r b i t s ,  can never  1 approach t h e  E a r t h  more c l o s e l y  than  %0.4 AU, however, they  would be l e s s  a c c e s s i b l e  on 

I s h o r t  d u r a t i o n  m iss ions  than  low A V  Amors and Ear th -c rossers .  

Parametr ic  s t u d i e s  o f  t r a n s f e r  t r a j e c t o r i e s  i n  near -Ear th  space by N i e h o f f  (1977) 
show t h a t  inipul se requi rements f o r  r o u n d - t r i p  n ~ i s s i o n s  s c a l e  a lmos t  1  i n e a r l y  w i t h  i n c l  i n a -  
t i o n  o f  t h e  t a r g e t  a s t e r o i d  f o r  i below 20". A  100'1, i n c r e a s e  i n  energy i s  r e q u i r e d  f o r  
every  6-7' i n c r e a s e  i n  i n c l i n a t i o n .  F o r  an a s t e r o i d  w i t h  a  and e  comparable t o  1976AA, 
about  10 S h u t t l e  launches would be r e q u i r e d  f o r  a  manned miss ion ,  i f  t h e  i n c l i n a t i o n  were 
8", and about  seven S h u t t l e  launches i f  t h e  i n c l i n a t i o n  were reduced t o  5". Encounter 
v e l o c i t y  a t  t h e  E a r t h ' s  sphere o f  i n f l u e n c e  f o r  such an a s t e r o i d  w i t h  i = 5" would be 
4.2 km/sec, more than  t w i c e  t h e  minimum v e l o c i t y  f o r  Ear th -c rossers  g i v e n  above. he d i s -  
covery o f  o b j e c t s  wh ich  c o u l d  be reached by manned miss ions  u s i n g  7-1 0  S h u t t l e  1  aunches, 
t h e r e f o r e ,  appears e n t i r e l y  p o s s i b l e .  Very rough ly ,  about  1'; o f  t h e  Awors and 1'" o f  t h e  
Ear th -c ross ing  a s t e r o i d s  nlay f a l l  i n  t h i s  ca tegory .  There may be a  t o t a l  o f  10-20 Ear th -  
approaching a s t e r o i d s  t o  a b s o l u t e  v i s u a l  magnitude 18 (d iamete rs  i n  t h e  range o f  3.7-1.5 km) 
w i t h  encounter  v e l o c i t i e s  o f  4-5 km/sec o r  l e s s  and many niore srnal l e r  bod ies .  An i n t e n -  
s i v e  search f o r  Ear th-approaching a s t e r o i d s  w i l l  be needed t o  f i n d  these bodies.  A t  t h e  
p resen t  r a t e  o f  d i s c o v e r y  o f  Ear th-approaching a s t e r o i d s  o f  4 -5  p e r  year ,  i t  m i g h t  t a k e  
25-50 years  t o  f i n d  t h e  f i r s t  one. The r a t e  o f  d i s c o v e r y  wi 11 need t o  be inc reased  by a  
f a c t o r  o f  a t  l e a s t  f i v e  t o  achieve a  r e a s o r ~ a b l y  h i g h  p r o b a b i l i t y  o f  d i s c o v e r i n g ,  w i t h i n  
t h e  n e x t  decade, an a s t e r o i d  wh ich  c o u l d  be reached w i t h  a  s i m p l e  ba l  l i s t i c  manned m i s s i o n  
u t i l i z i n g  7-10 S h u t t l e  launches. 

The s c i e n t i f i c  o b j e c t i v e s  o f  a  manned m i s s i o n  would be s i m i l a r  t o  those o f  t h e  un- 
manned miss ions .  P r o p e r l y  t r a i n e d  as t ronau ts ,  however, would b r i n g  t o  t h e  t a s k  o f  e x p l c -  
r a t i o n  an enormous advantage i n  m a n e u v e r a b i l i t y  and d e x t e r i t y  on the  s u r f a c e  o f  t h e  a s t e r -  
o i d ,  w i t h  t h e  a t t e n d a n t  advantages f o r  c l o s e  s c i e n t i f i c  examina t ion  o f  t h e  s u r f a c e  and 
f l e x i b i l i t y  i n  sampl ino They would be a b l e  t o  s o l v e  d e t a i l s  o f  t h e  s t r u c t u r e  o f  t h e  
a s t e r o i d  t h a t  would be v e r y  d i f f i c u l t  t o  o b t a i n  by unmanned spacecra f t  and t o  sample 
a c c o r d i n g l y .  I t  i s  t h e  s t r u c t u r e  o f  t h e  body, w i t h  a l l  t h a t  t h i s  te rm i m p l i e s  f o r  d e c i -  
pherab le  h i s t o r y ,  o r ,  i n  o t h e r  words, t h e  geology o f  the  a s t e r o i d .  which c o n s t i t u t e s  t h e  
p r i m a r y  goal  o f  d i r e c t  e x p l o r a t i o n .  I t  i s  a  t a s k  made t o  o r d e r  f o r  a s t r o n a u t - s c i e n t i s t s .  



While the task o f  exp lo ra t i on  o f  Earth-approaching as tero ids  i s  h i g h l y  appropr ia te  
f o r  nlanned missions, we do n o t  suggest t h a t  suctr ~n i ss ions  would be ufidertaken f o r  ,:ien- 
t i f i c  goals alone. Earth-approaching as tero ids  c o n s t i t u t e  the  nex t  nearest  worlds i n  
space, beyond the  Moon, t h a t  can be v i s i t e d  by man. Missions t o  these ob jec t s  represent 
the most r e a d i l y  achievable step i n  an o rde r l y  development o f  111anned space exp lo ra t i on .  
The value o f  such nl issions must be judged i n  the contex t  o f  t he  l a r g e r  goal o f  extending 
man's c a p a b i l i t i e s  i n  space and i n  extending the  f r o n t i e r  o f  exp lo ra t i on .  
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