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j 
The matura t ion  o f  our knowledge o f  as te ro id  surface mineralogy 
from iar tn-based measurements and the simultaneous advent of a  I 

powerful new low- thrus t  propu ls ion s  stem ( I o n  Dr i ve )  have 
brought u~ t o  the thresho ld  of i d e n t i f y i n g  a  s c i e n t i f  i c a l  l y  
a t t r a c t i v e  i n i t i a l  a!,teroid-dedicated mission. Science re -  
quirements d i c t a t e  rendezvous w i t h  several  as tero ids  which 

Our cu r ren t  knowledge o f  t he  as tero ids  suggests t h a t  they nldy prov ide a  unique source 
1 ;  ; \ 

o f  i ~ ~ i g h t s  i n t o  the format ional  cond i t ions  and subsequent h i s t o r y  o f  t h e  s o l i d  bodies o f  i i  I 

t he  s ~ l a r  system. There are  about 2000 as tero ids  w i t h  well-determined o r b i t s ,  and w i t h  I '  - t h e  a p p l i c a t i o n  o f  c u r r e n t  observing techniques t h i s  number could reach 50,000. Most o r -  
S i t  t h e  Sun i n  modestly i n c l i n e d  and eccent r ic  o r b i t s  between 2  and 4  AU. Our strongest 
source o f  s c i e n t i f i c  in format ion about the as tero ids  comes from observat ions o f  t h e i r  sur- 
face o p t i c a l  p rope r t i es  (which strong1 y  imply surface mineralogy) and comparison o f  these 
p roper t i es  w i t h  those o f  meteor i tes f o r  which a  gre3t  l i b r a r y  o f  chemical and i so top i c  
data, w i t h  genet ic impl ica t ions,  i s  ava i lab le .  A danger i n  s ~ c h  comparison i s  tha t ,  a l -  

l ; 
though most (bu t  n o t  a l l )  as tero ids  s t rong ly  resemble some c lass  o f  meteor i tes i n  t h e i r  
o p t i c a l  p roper t ies ,  hence minera log ica l  composition, t he re  i s  no guarantee t h a t  t h i s  equiv- 

j 
alence extends t o  other ( t race  element, i so top i c ,  c h r m o l o g i c a l  , etc .  ) p rope r t i es  which 

i 
character ize  the  meteor i tes.  Other than q u a l i t a t i v e  inferences which may be drawn from , 1 

re f l ec tance  spectra, we have no direct information concerning the chemical compositions of I '  

asteroid surfaces. Except f o r  two as tero ids  f o r  which approximate (+lo%-20%) d e n s i t i e s  1 I 

are  ava i l ab le ,  we have no d i r e c t  Lu l  k composit ional i n fo rma t ion  whatsoever, l e t  alone i n -  I 
'i 

fo rmat ion on zonal s t ruc tu re .  F i n a l l y ,  even the o p t i c a l  p rope r t i es  r e f e r  on l y  t o  the whole ' B  

d isks;  t he re  has been no spect rd l  mapping o f  t he  as tero ias  except f o r  l a rge  numbers of  
l i gh tcu rves  (albedo a t  a  p a r t i c u l a r  wavelength versus ro ta t io -a1 phase) and p o l a r i z a t i o n  

should be c a r e f u l l y  chosen on t h e  basis o f  Earth-based obser-  
vat ions,  and i nves t i ga ted  as g loba l  e n t i t i e s .  Sat is fac tory  
execut ion of t h e  key remote sensing experiments requires long 
rendezvous/orbit times. The d e l i v e r y  o f  one o r  more hard 
landers t o  as te ro id  surfaces i s  a l s g  s c i e n t i f i c a l l y  des i rab le  

. a and w i t h i n  the  c a p a b i l i t i e s  o f  an Ion Dr i ve  system. Such a  . . 
mission could prov ide unique i n s i g h t s  i n t o :  (1)  t he  physical  

' t .  1 /;.- and chemical cond i t ions  du r ing  p lanetary  format40n, (2)  t h e  
i n t e r n a l  d i f f e r e n t i a t i o n  h i s t o r i e s  o f  so l  i d  p1ar:otary bodies, 
( 3 )  t h e  genet ic  re la t i onsh ips  among small s o l i d  Sodies of  t he  

1 i so la r  system, (4) the  c o l l i s i o n a l  h i s t o r y  c f  the as tero ids  m d  
i t s  imp l i ca t i ons  f o r  the  bombardment of p lanetary  surfaces, and 
( 5 )  t h e  p o t e n t i a l  o f  as tero ids  as sources o f  rsw mate r ia l s  f o r  1 - . j  I ' ..,I 
space ~ t i l i z a t i o n .  
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i 1 d data. 
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S t i l l ,  t he  Earth-based o p t i c a l  data c o n s t i t u t e  our  "s t rong s u i t "  as f a r  as s c i e n t i f i c  
i n fo rma t i on  on the  as tero ids  and t h e i r  r e l a t i o n s h i p  t o  the  s o l a r  system as a  whole i s  con- 
cerned. These data must a l so  serve as the  foca l  p o i n t  o f  any at tempt t o  p lan  i n t e l l i g e n t -  
l y  i n  i n i t i a l  a s t e r o i d  missions.  There are  moderate spect ra l  r e s o l u t i o n  (-24 spect ra l  
element) data i n  the  0.3-1.0 um range a v a i l a b l e  on about 200 as te ro ids  and broad-band UBV 
photometry on perhaps another 300 (cf. , Morrison, 1978; Chapman and Ze l l ne r ,  1978). For 
about 30 as tero ids ,  t he  0.3-1.0 uln d a t ~  have been augmented w i t h  observat ions a t  two spe- 
c i f i c  wavelengths f u r t h e r  i n t o  t he  i n f r a r e d  (1.6 and 2 .2  um). Continuous speztra from 
0.3-2.5 UITI a re  a v a i l a b l e  f o r  on l y  a  few as tero ids .  

The f i r s t  conclusion from these data i s  t h a t  as te ro id  surfaces tend t o  fa1 1  i n t o  one 
o f  several  r a t h e r  d i s t i n c t  spect ra l  c lasses which resemble spectra o f  each o f  several  major 
mineraloyical /chemical  c lasses o f  metecr i tes  (Morrison, 1978; Bowel1 e t  a l . ,  1978). The 
data favor thc ex is tence o f  sgch d i s t i n c t  classes r a t h e r  than cont inua i n  t h a t  histograms 
of the  v i s i b l e  albedos (Morrison, 1977) and red:blue r a t i o s  o f  a l l  t he  s tud ied as tero ids  
are unequivocal ly  bimodal and because othel- s t ra igh t fo rward  p o r t r a y a l s  o f  the a;teroid re-  
f l e c t a n c e ~  ( e . g . ,  v i s i b l e  a l  bedo versus U-B magnitude, e t c .  ) tend t o  prcAuce d i s t i n c t  c l us -  
t e r s  o f  po in t s  ( Z e l l n e r  and Bowell, 1977; Bowel1 e t  ~l., 1978). However, sorre as tero ids  
do n o t  f i t  w e l l  i n t o  any f a m i l i a r  me teo r i t e  classes on the bas is  o f  t h e i r  spectra, and the 
frequency o f  f a l l s  o f  va, ious meteor i  t e  types appears t o  be r a t h e r  d i f f e r e n t  from the over- 
a l l  popu la t ion  d i s t r i b u t i o n  among the  as te ro ids - -a t  l e a s t  the b e l t  as tero ids .  Ne i ther  of 
these problems shakes the  apparent correspondence between a s t e r o i d  sur face spec t ra l  c lacses 
and c lasses of meteor i tes.  I n  the broadest sense, most o f  these a s t e r o i d  surfaces tend t o  
fa1 l i n t o  the fo l lowing c lasses:  C type (corresponding t o  o p t i c a l  p rope r t i es  of the  p r i m i -  
t i v e  carbonaceous meteor i tes) ,  S type (corresponding t o  stony meteor i tes  made up o f  o r d i -  
nary rock-forming s i l i ca te : ) ,  and M type (corresponding t o  i r on ,  s tony- i ron ,  o r  m e t a l - r i c h  
meteor i tes) .  For a  f u r t h e r  d iscuss ion o f  as te ro id  spectra, sen Gaffey and McCord (1977), 
Chapman e t  aZ. (1975). Bowel1 e t  aZ. (1978), and a  cu r ren t  review by McCord (1978). The 
dynamical arguments a l l ow ing  d e r i v a t i o n  o f  most meteor i tes  from the main b e l t  as te ro ids  
i t  l c l ud ing  d e r i v a t i o n  o f  some from Apo l lo  and Amor ob jec t s  which might  u l t i m a t e l y  have 
been der ived from the main be1 t )  seem s t rong (Wetheri 11, 1977; Wetheri 11, 1978; Anders, 
1978). 

j 
I i: A second o o i n t  :s t b a t  the  most populous c lass  o f  a s t e r o i d  surface speccra i s  equated I 

' / 
t . *: t o  the most p r i m i t i v e  and chemical ly  complete meteor i te  type: t he  carbonaceous meteor i tes .  

This supports the  genersl n o t i o n  t h a t  as te ro ids  may represent a  p o t e n t i a l  watershed of 
knowledge about e a r l y  s o l a r  system h i s t o r y  because they are minimal 1  y  a1 te red  remnants o r  

i 4 

i n c i p i e n t  subplanets t h a t  never modi f ied themselves endogenical ly  ( g e o l o g i c a l l y )  as h3s, 
say, the Earth. This no t i on - - t ha t  as te ro ids  are  genera l ly  p r i m i t i v e - - i s  a l so  supported 
by the observat ion t h a t  there  seems t o  be some concent ra t ion  o f  the ( l e a s t  modi f ied)  C 
as tero ids  i n  the ou te r  p o r t i o n  of the h e l t .  The C as tero ids  s t i l l  cannot be port rayed as 
being the most composi t i o n a l l y  unmodif ied o r  chemical ly  complete ob jec t s  ( i n  bu l k )  i n  the 
e n t i r e  s o l a r  system; present i n fo rma t i on  suggests both comets and ou te r  p lane t  s a t e l l i t e s  
nmy be more chemical ly  complete i n  terms o f  bu l k  composit ion. However, d i f f e r e n t i a l  sub- I 

l i m a t i o n  o f  i ces  makes cometary surfaces a  complex source o f  i n fo rma t i on - -espec ia l l y  con- 
cern ing  the i n i t i a l  s t a t e  of tho  non-icy c o ~ p o ~ e n t  which was i n i t i a l l y  a v a i l a b l e  i n  the  

I 

inner s o l a r  system, ,,bile endogenic d i f f e r e n t i a t i o n  ( i t  i s  easy t o  me1 t and d i f f e r e n t i a t e  ! '  
I 

a  l a r g e  predominantly i c y  o b j e c t )  creates s i m i l a r  complex i t ies  f o r  the o u i e r  p lanet  s a t e l -  I 

i 1 i tes.  Also. the  c o r r e l a t i o n  o f  a s t e r o i d  coniposi t i o n  w i t h  h e l i o c e n t r i c  d is tance suggests 
r I 

i 
t ha t ,  desp i te  considerable scrambling, most s u r v i v i n g  as tero ids  seem ( u n l i k e  comets) t? be 
i n  roughly t h e i r  o r i g i n a l  o r b i t s .  Thus as tero ids  seem most l i k e l y  :o be dominated by 
ma te r i a l  which gives c lues  t o  the o r i g i n a l  na ture  o f  s o l i d  ma te r i a l  which formed the i nne r  1 
p lanets .  ( I r o n i c a l l y ,  t he  i n i t i a l  n o t i o n  t h a t  thi:  hact t o  be so j u s t  Secause they were I 
too small t o  have any geo log ica l  (endogenic) h i s t o r i e s  o f  t h e i r  own now seems t o  be an 
o v e r s i m p l i f i c a t i o n  (see below).)  1 

A t h i r d  p o i n t  i s  tha t ,  desp i te  t h e i r  apparent s ta tus  as an asseniblage which g ~ - n ~ r a l . : y  
r e f l e c t s  the raw s t a t e ( s )  o f  the  mat ter  which made up the  i nne r  s o l a r  system, c e r t a i n  o f  
the a s t ~ r o i d s  appear t o  have remarkably d i f f e r e n t i a t e d  surfaces.  No d s t e r ~ i d  appears i ; 
large  enough t o  have d i f f e r e n t i a t e d  by the processes which are  usua l l y  c z  I ted w i t h  

1 
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i 
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p lanetary  d i f f e r e n t i a t i o n ,  i.e., conversion o f  g r a v i t a t i o n a l  energy t o  heat  o r  accumula- 
t i o n  o f  heat  from decay o f  l ong - l i ved  nuc l ides  such as 2 3 e ~ ,  235U, 232Th o r  40K.  I n  such 

1 small  bodies (2600 km diameter)  t he  heat  would be l o s t  as f as t  as i t  accumulated so i t  
would never ge t  ho t  enough i n s i d e  t o  me l t  most s i l i c a t e s  o r  metal .  Does t h i s  mean t h a t  

I as tero ids  represent fragments from a  d i s rup ted  very l a r g e  ob jec t  exceeding the  summed 
mass o f  a l l  the su rv i v i ng  as te ro ids  by a  l a r g e  f a c t o r ?  More l i k e l y ,  we may have overlooked 

I an important. heat  source t h a t  "works" even ( o r  e s p e c i a l l y )  f o r  smal l  bodies w i t h  sho r t  
, thermal l a g  t imes. One a s t e r o i d  (4  Vesta) appears covered w i t h  b a s a l t i c  surface f lowc.  

One c lass  o f  meteor i tes  ( t he  b a s a l t i c  achondr i tes)  a l so  seems t o  have been der ived from 
such sur face flows. Yet t h i s  o b j e c t  (Vesta) has a  diameter o f  on l y  550 km. How o l d  i s  
t he  sur face o f  Vesta and c f  o the r  as tero ids  which are  suspected o f  having d i f f e r e n t i a t e d  
surfaces? What heat source was responsible? Heat'ng by e l rc t romaqnet ic  i nduc t i on  asso- 
c i a t e d  w i t h  an e a r l y  stage i n  t he  Sun's development (Sanett  and Herbert, 1977) has been 
suggested as one poss ib i  1  i t y ;  another may he heat ing  by shor t -1  ived nucl  ides (e. y. , 26A1 ) 
l e f t  over from nucleosynthesis (Papanastassiou e t  aZ. , 1977). 60th could be e f f e c t i v e  
dcsp i t e  the  sho r t  thermal l a g  o f  these small ob jec ts .  A l l  suggestions are  sub jec t  t o  
t e s t s  by study o f  the  c r a t e r i n g  h i s t o r i e s  of these d i f f e r e n t i a t e d  surfaces as we l l  as 
o ther  measurements. 4 key p o i n t  i s  t h a t  we may have f a i l e d  t o  i nc lude  such important  
e a r l y  heat sources f o r  t he  l a r g e  i nne r  p lanets  i n  our ana l ys i s  o f  t h e i r  thermal h i s t o r i e s . *  
The Moon i s  an example o f  a  susp ic ious ly  small body which was r a t h e r  thoroughly me1 ted 
very e a r l y  i n  i t s  his to:^. But the  Moon i s  a  bo rde r l i ne  case; acc re t i ona l  twergy cou ld  
conceivably have beer s u i f i c i e n t  t o  me1 t i t s  ou te r  po r t i ons .  The problem i s  more sharp ly  
etched fo r  Vesta; it seems too small f o r  t he  :;icrgy sources propcsed f o r  t.he Khon's 
d i f f e r e n t i a t i o n  t o  . ave been e f fec t i ve .  Also i t  has two neighbors, Ci-res and Pa l las ,  
which a re  l a r g e r  h~,t apparent ly  i ~ave  p r i m i t i v e  carbonaceous surfaces. C lea r l y ,  there  a re  
some major myster ies invo lved i n  our uncerstanding o f  energy sources i n  t he  earl:. 2 l a r  
system, and c l e - i r l q  the as te ro ids  are  a  p o t e n t i a l  source o f  i n fo rma t i on  which may lead t o  
the  e x p l i c a t i o n  o f  these energy soi,rces. 

A  fou r th  p c i n t  i s  t h a t  the  as tero ids  a l s c  may represent a  major source of in format ion  
concerning the very poc r l y  understood phys i ce l  processes o f  p lanetary  accre t ion .  There i s  
some balance today between acc re t i on  and f ragmentat ion i n  the a s t e r o i d  b e l t .  By examin- 
i n g  a s t e r o i d  surfaces we may be ab le  t o  recreate  t h i s  c o l l  i s i o n a l  h i s t o r y  and understand 
why a  s i n g l e  as te ro ida l  p lanet  apparent ly  never formed. These c o l l  i s i o n s  may a l so  have 
revealed "cross sec t ions"  o f  the  f o r r e r  deep i n t e r i o r s  of as tero ids .  I n  add i t i on ,  these 
c o l l  i s i o n s  and dynamica 1 redrrangements have de l i ve red  t o  the t e r r e s t r i a l  p l a n e ~ s  a  good 
p a r t  o f  the borrbarding f l u x  which Loninated t h e i r  e a r l y  h i s t o r y  and the marks o f  which 
( c r a t e r s )  serve as a  useful chronometer t o  document t h a t  h i s t o r y  (Chapman, 1978). 

A f i f t h  p o i n t  i s  t h a t  as tero ids  represent a  w i l e ,  even w i l d l y  d ispdra te ,  assemblage 
o f  p e c u l i a r  surface mineralogies ranging from very m e t a l - r i c h  surtdces t o  surfacas r i c h  i n  
carbonaceous ma te r i a l s .  Tnis, together w i t h  t he  f a c t  t h a t  these a re  smdll bodies (which 
are  small eficugh t o  a l l ow  comparat ively easy e j e c t i o n  o f  t h e i r  surface ma te r i a l  t o  space 
o r  a l t e r a t i o n  o f  t h e i r  o r b i t s )  suggests--at !east f o r  the Earth-crossing a s t e r o i d s - - t h e i r  
poss ib le  e v e n t ~ a l  u t i l i z a t i o n  as economica!ly a t t r a c t i v e  sources o f  raw ma te r i a l s .  Such 
ma te r i a l s  c m l d  be used f o r  cons t ruc t i on  o f  l a r g e  space ; t ructures as opposed t o  the pos- 
s i  b l y  more expensive a1 te rna t i ves  o f  launching ma te r i a l s  from the Ear th  o r  processing them 
on--ar,d l au l l ch in j  then1 from--the Moon ( e . g . ,  see O'Leary, 1977). Thus we are  l ed  t o  the 
fo rn~u la t i on  of the  fo l l ow ing  key quest ions which seem espec ia l l y  appr ..,heble v i a  ac >et-cid 
s tud ies .  

*Even i f  the  plar lets themselves a c c r ~ t e d  too l a t e  t o  b e n e f i t  from s ~ c h  heat sources, the  
pro top lanets  t + a t  accreted to  form p lanets  may have been so d i f f e r e n t i a t e d .  
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QUESTIONS AMENABLE TO ASTEROID STUDIES 1 

1. What where p h y s i c a l  ar,d chemical c o n d i t i u n s  i n  t h e  s o l a r  system 
d u r i n g  p l a n e t a r y  a c c r e t i o n  1  i ke? 

a. Wha, were t h e  phyoical i n L e r a c t i o n s  among s o l i d  bod ies  o f  a l l  
s i z e s  l i k e  d u r i ~ g  a c c r e t i o n  o f  o u r  p l a n e t a r y  system? T h i s  
i n c l u d e s  processes o f  a c c r e t i o n ,  f ragmenta t ion ,  and dynarltic 
rearrangement .  What do these p h y s i c a l  c o n d i t i o n s  i m 3 l y  f o r  
t h e  f o r m a t i o n  and i n i t i a l  s t a t e  o f  v e r y  l a r g e  o b j e c t s  l i k e  
t h e  E a r t h  and t h e i r  subsequent bombardment h i s t o r y ?  

b. What chcnriral f r a c t i o n a t i o n  processes opet a t e d  d u r i n g  conden- 
s a t i o n / a c c r e t i o n  t o  produce d i f f e r e n c e s  i n  b u l k  composi t i o n  
among a s t e r o i d s  and c o u l d  these s=ne processes account  f o r  
apparen t  d i f f e r e n c e s  i n  b u l k  cornposi t i o n s  anlong t h e  t e r r e s -  
t r i a l  p l a n e t s ?  D i d  t h e w  c o n d e n s a t i o n / a c c r e t i g n  processes 
p r ~ d u c e  "ready-made" o r  iriiti<aZ zona l 1  a y e r i  ng = ~ i t h l ~  astei.- 
o i d a '  Jr  p l d n e t a r y  bod ies  i n  t h e  s o l a r  sys ten?  

2. What magmatic processes operated w i t h i n  a c c r e t e d  bod ies  t o  
produce i n t e r n a l  d i f f e r e n t i a t i o n ?  

When d i d  these  processes o p e r a t e  and what were t h e  energy sources 
( s h o r t - 1  i v e d  n u c l i d e s ,  s o l a r  e lec t ron iagne t i c  i n t e r a c t i o n ,  e t c .  ) ?  
Why d i d  they seemingly  a f f e c t  some a s t e r o i d s  and n o t  o t h e r s ?  D i d  
they  a f f e c t  t h e  E a r t h  and t h e  o t h e r  p l a n e t s  as w e l l ?  

3. What a r e  t h e  g e k t i c  r e l a t i o n s h i p ;  among s n a l l  bod ie  i n  t h p  s o l d r  
system? 

Are t h e r e  p a r e n t a l  r e l a t i c n s h i p s  arliong ( a )  v a r i o u s  o r - b i t a l  f a m i l i e s  
o f  a s t e r o i d s ,  ( t )  v a r i o u s  s p e c t r a l  c l a s s e s  o f  a s t e r o i d s ,  ( c )  comets, 
( d )  m e t e o r i t e s ,  ( e )  p l a n e t 3 r y  s a t e l l i t e s .  arld ( f )  i r , t e r p l ,  n ~ t a r y  or 
i n t e r s t e l l a r  d u s t ?  I n  wnat c o n t e x t  does t h i s  p l a c e  t h e  vas t  l i b r a r y  
o f  i s o t o p i c ,  qcochernical . t e x t u r a l ,  and o t h e r  i n f o r m a t i o n  we have 
a l r e a d y  accumulated on  ~ r i e t e o r i t o s  and whct.  i n  t u r n .  does t h i s  t e l l  
.JS about  p l a n e t e s i m a l  / p l a n e t a r y  genes is?  

4. What i s  t h e  p o t e n t i a l  o f  the  a s t e r o ' j s  as cources  o f  r2w ~ l i d t e r i d l s ?  

What v a r i e t y  o f  raw n t a t e r i a l s  a r e  a v a i l a b l e !  I s  m i n i n g  f rom a s t e r -  
o i d s  o f  any o f  these m a t e r i a l s  f o r  any no91 i c a t i o n  p r e f e r a b l e  t o  
m in ing ,  p rocess ing ,  and l a u n c h i i g  f rom Edr th ,  o r  m i n i n g  f rom non- 
a s t e r o i d a l  e x t r a t e r r e s t r i a l  sources such as t h e  Moon? 

The p reced ing  key q u e s t i o n s  a r e  e s s e n t i a l l y  those wh ic l i  were s i n g l e d  o u t  i n  t h e  7,.;.- 
the: Terrcetj*ial ,;.c,Jlcs S P ! , . ~ , ,  k!-rk:r::; u".L~:cy (?rand t ,,t cz? .  , 1977) . 

SCIENCE STRATEGY AND MISSION TACTICS 

Wnat does a l l  t h i s  i n f o r r ~ ~ a t i o n  t e l l  us about  how ( o r  indeed whether )  t o  d e s i g ~ i  an 
a s t e r o i d - d e d i i a  ted  m i s s i o n ?  Some p ~ o p l  e  ~ r ~ i g h t  conc lude  t h a t  t h e r e  d r e  so lntny a s t e r o i d s  
o f  such v d r i e d  con ipos i t i on  t h a t  t h e  deh ign  o f  a  v a l i d  n ~ i s s i o n  which s t u d i e s  o n l y  a t i n y  
f r a c t i o r :  o f  a  p e r c e n t  o f  then  i s  a  hopeless t a s k .  Others m'ght  c o n t m d  t h a t  t h e  ground- 
based progranl has ~ r o v i d e d  so much knowledge o f  t h e  a s t e r o i d s  t h a t  we ouqht  t o  w a i ~  u n t i l  
s p a c e c r a f t  reconnaissance o f  ;he e n t i r e  s o l a r  system i s  accomplished b e f o r e  ,ve v i s i t  then]. 



S t i l l  ochers ma conc lude  t h a t  o u r  knowledge o f  a s t e r o i J s  i s  t o o  nleagw t o  p e r n ~ i  t j u d i -  
c i o u s  I m s s i o n  p  'i ann ing  o r  s e l e c t i o n  o t  t a r g e t s .  

1  d i s a g r e e  w i t h  !uch conc lus ions  and conc lude  t h a t ,  thanks t o  t h e  ground-based p r o -  
gram, wi have just UXJ reached the threshold of k~~,-lrZeJge w,'lert. J vsZi2 Ir.v(-st ':ration of 
this cnonnous population of objects frorrl S P G L ) ~  " I L : ~  . i t i t  1 ? e  Moreover, I 
conclude (see n e x t  s e c t i o n )  t h a t  o u r  conceptuai  des igns  f o r  low-thru;t  ~ r o p u l s i o n  systems 
have a l s o  j u s t  r e c e n t l y  matured t o  t h e  p o i n t  where a  v i  a b i e  a s t e r o i d - d e d i c a t e d  m i s s i o k  so 
p lanned may ac t l ra l  l y  be executed. S p ~ c i f i c a l  l y ,  based on .Cle i n f o r m a t i o n  i n  t h e  p r e v i o u s  
s e c t i o n ,  I conclude:  

1. A sci,v1:r'f.~r,r?7~{ v a l i d  i n i t i a l  a s t e r o i d  m i s s i o n  must v i s i t  
st.vt>rul a s t e r o i d s  and n o t  j u s t  one. 

2 .  Th- task  o f  choosing a s t e r o i d  t a r g e t s  i s  n o t  ho?c l?ss .  Ins tead .  
t h e  Earth-based d a t a  a l l o w  us t o  s e l r r t  r e p i ~ s e ~ t a t i v c s  o f  a11 
&sr s p e c t r a l  c l a s s e s  and t o  i d e n t i t y  other '  u n i q u e l y  i n t e r e s t i n g  
t a r g e t  o b j c c i s  as w e l l .  

3. Such a  rn iss ion w i l l  ach ieve  h i g h  s c i e n t i f i c  s t a t u s  , v ~ : y  i f  i t  
f i l l s ,  f o r  t h e  s e l e c t e d  a s t e r o i d s ,  t h e  two g r e a t e s t  gars i n  o u r  
knowledge, nave ly  i n f o r m a t i o n  on t h e i r :  

b. surjtrce L*ilc~rl-~! C J ~ ~ ~ S : ' : ~ O P : ,  i n c l  u d i  ng t h e  niakia~ui,~ I;::,=unt o f  
accuracy and s p a t i a l  r e s o l ~ t i o n  c o n s f - t e n t  w i t h  achieve:'le:t 
o f  t h e  o t h e r  l i s t e d  m i s s i o n  1411s.  

4 .  S p e c t r a l  d a t a  shou ld  elrnpl ; i ze  s p a t i a l  r e s o l u t i o n  o f  twc c l a s s e s :  

a. ve ry  broad-band rrlul t i s p e c t r a l  i l .>agir,g 

b. h i g h  s p e c t r a l  r e s o l u t i ~ r ,  - i i odera te  s p a t i a l  r c s o l  u t i o n  ~,japc,ing. 

I 5. Some at ternpt  i t  i n v e s t i g a t i n q  the  i n t e r n a l  z o n j l  ; t r u c t u r c  o f  tbe  

1 : a s t e r o i d s  should be made. 

i I have made a  semi-ser ious a t t e  :?t a t  c o ~ j t r  ,c ]rig a  s ~ x i  f i c  ~yr;ssion sct.riar.i~r, 
Table 1 .  based on these p r i n c i p l e s .  Th is  scenar'i: j :n tend?d d:, an i l l u s t r - a t i o n  o n l y .  1 I n  t " e  nex t  s e c t i o n .  i t  w i l l  be shown t h a t  sorllr s p r i f i c  , . i c n a r i o s  n+l r r l i  as dr811rnding 

' w i t h  r e s p e c t  t o  b " th  t a r g e t s  arid encounter  c o n 4 i t ; ~ r t s  ( s o ?  below) ah t h a t  q i v e t ~  het-c 3s  rri 1 i l l u s t r a t i o n  o f  sc ience  d e s i r e s  have a l r e a d y  been i d e n t ' f i e d  by Fender ( 1 9 7 1 )  as heir iy 
w i t h i n  t l i e  c a p a b i l i t v  o f  an I o n  r ) r i v e  r ~ i i s s i o r ~  . ~ n d  conipa+ib;e w i t h  t h e  d e l i v e r y  o f  J s d t i s -  
f a c t o r y  s c i e n t i f i c  p a j l c a d  ds we1 1. I r ,  Table 1, I have ; is!ci  the  de1.1dn4ed or  ?refer-t-ed 

, t a r g e t s .  t h e  ~ h a r a c t e r i c ~ i c s  o f  t h e  t a r g e t  ( i f  un ique)  o r  :k,o;e o f  t c e  c l a s s  t h a t  i t  
r e p r e s e i t s ,  the  nu~nber o f  dependably i d e n : i f i a b l r  r ,~:.c ' idates r 3 t i s f ; t i n y  t h e  d e t c r : u t i o n  
and the  reasons why t h a t  a s t e r o i d  of- cia., or ac,teroid deser-ves L 31cl-r :n the  l i 1 , ) i ted  
l i s t  o f  t .argets. To u n d e r l i n e  t h e  i l l u s t r n t i v e  n a : ~ ~  c. <)f   his -,:en:l.iu. 1 shou ld  p o i n t  

i n u t  t h a t  t h e r e  a r e  a t  l e a s t  two c l a s s e s  o f  o b ~ ~ c ~ s  whicr,  cou!d ~ r n : l t ~ l h r ~  h e  s u b s t i t ~ t e d  
f o r  those I have 1 i s t t . j .  ( 1 )  a  ~: lc~: lber  o r  ~ne~vher: t ~ f  a  d i s c r e t e  o r h i t a i  fa1:111y (hecal lse 

; o f  t h e  p o s s i b  l i t y  t h a t  zones i n t e r n a l  t o  a f r-agn~cntcd p r -oqcn i tn r  1 > . 1 1 h t  tic expcscd; F~ysa 
(Tab le  1  ) qua1 i f i e s  as t h e  la t -ges t  ~riec~lher o f  a  12-nre111ber orb1 t a l  f a r l ~ i l y l .  a:id ( ? )  dn a 5 t e r -  
o i d  o r  a s t e r o i d s  known cn t h e  b a j i h  o f  i t s  o p t i c a l  p r o p e r t i e s  t c  bc ~ r i  , . . l i h r l v  sour-cc o t  i 

any m e t e o r i t e s  i n  hand. F i n a l l y .  i t  seerrrs ~ l n l i k e l y  :hat lllore than  fo~ . - - : c  C:l/t. ~ i t e r o i d s  \ 

pe r  lduncC1 c o u l d  be i n c l u d e d  i r i  an a c t u a l  ~r iu l  t i  -rcnde:vo~rs r l ~ i s s i o n .  
# 



Table 1. An Example Multi-Rendezvous Miss ion  

No. of 

- Global d i f f e r e n t i a t i o n /  
t ime?/energy source?/source 

s a l  t - 1  i ke mater i -  o f  achondri tes? 
a l / c o l o r  va r i es  

- Largest  o b j e c t l r e l  i c ,  no t  
d i  sruptedlgeneral  l y  p r i m i  - 
t i ve lmos t  p o p u l o u ~  c lass /  

bedo); water band l a r g e s t  thermal lag/region- 
a1 endogenic e f fec ts?  

> I 0  Prirni t i ve?/source of ca r -  
bonaceous chondr i tes? 

- D e r i v e d f r o m m a n t l e s o f  
d i f f e r e n t i a t e d  ob jec t s?  

12 V i c t o r i a  > I 0  Clar; dei - i .vd  from mantles 
o f  d i f f e r e n t i a t e d  ob jec t s?  

o ther  S w i t h  and pyroxene 
01 i v i n e  and bands 
pyroxene 

> I00  Representat ive of l a r g e  
c l  asslmost p r i m i  t ivelchem- 
i c a l  composi t ion important1 
easy t o  f ind/source o f  some 
carbonficeous chondr i  tes /  
cornpar e  w i t h  Mars ' moons ----- -- 

>40 Representat ive o f  l a r g e  
! 1; c lass leasy  t o  f i n d  . ,  -- 



. . . .  % 

What should the  s c i e n t i f i c  payload be? The measurement of  s a t i s f a c t o r i l y  accurate 
dens i t i es  requ i res  mass measurement accurate t o  1% o r  be t te r .  For a  200 km diameter 
rocky as te ro id  t h i s  can be done w i t h  a  c loses t  approach o f  l o 5  kn, i f  the  v e l o c i t y  i s  
1  km sec-I. The o ther  i ng red ien t  i n  t he  dens i ty  rec ipe  i s  the volume, which requ i res  
g loba l  shape measurement. This i s  so because small as tero ids ,  unable t o  reassume hydro- 
s t a t i c  e q u i l i b r i u m  shapes a f t e r  l a rge  ,impacts, can have "b i t es "  missing from them which 
w i l l  mcdify the volume ca l cu la t i ons .  An approach w i t h i n  1000 km o r  l ess  should prov ide 
sa t i s fac to ry  r e s o l u t i o n  fo r  t h i s  purpose i n  the case of a  CCD camera. For imaging upon 
rendezvous 01. o r b i t ,  a t  l e a s t  s i x  broad-band f i l t e r s  should be p a r t  of t he  camera system 
and should be c a r e f u l l y  chosen, no t  on l y  t o  produce good c o l o r  p i c tu res  o f  the  ob jec t ,  bu t  
t o  c reate  a  s y n e r g i s t i c  base f o r  extension of the  r e s u l t s  o f  a  h igh spect ra l  reso lu t i on -  
moderate (km) r e s o l u t i o n  spect ra l  mapper. A conceptual vers ion o f  the  l a t t e r  instrument 
has been proposed fo r  t he  Lunar IJolar  O r b i t e r  mission and has already been t e n t a t i v e l y  
accepted fo r  t h e  G a l i l e o  mission. Such an instrument can produce d e f i n i t i v e  moderate t o  
low r e s o l u t i o n  maps o f  mineral  d i s t r i b u t i o n  over the  as te ro id  surface. Also, a  prominent 
H20 band has j u s t  been i d e n t i f i e d  on the  as te ro id  Ceres (Lebofsky, 1978). Maps of H20 
d i s t r i b u t i o n  on as te ro id  surfaces may be produced and c o n s t i t u t e  an important  and obvious- 
l y  e x c i t i n g  produce o f  t h i s  and the gamna-ray equipment: both a  gamna-ray and x-ray f luo-  
rescence instrument are necess i t ies  on the payload because together they wi 11 prov ide de f i n -  
i t i v e  chemical analyses o f  the  major element abundances and selected ahindances o f  espe- 
c i a l l y  cosmochemically important  minor o r  t race  elements. Analyses o f  H, 0, C, Na, Mg, 
A l ,  S i ,  K, Ca, T i ,  Fe, Th and U are  possible.  O f  p a r t i c u l a r  i n t e r e s t  dould be the poten- 
t i a l  o f  the  gamma-ray instrument f o r  measuring the C and espec ia l l y  H d i s t r i b u t i o n  s ince 
the h i s t o r y  o f  H20 and o the r  v o l a t i l e s  associated w i t h  C as tero ids  w i l  I 5e an important  
area of  i nves t i ga t i on .  These measurements are  abso lu te ly  essen t ia l  t o  the f u l f i l l m e n t  of I 
t he  major science goals as ind ica ted above. The reader i s  re fer red t o  the discussion o f  
remote chemical measurements by Arnold (1978). Nonetheless, the  qua1 i t y  o f  chemical data 
i s  enom~ously dependent on the encounter cond i t ions .  Based on the science needs o f  t h i s  
mission, and the  p r a c t i c a l i t i e s  invo lved (see below), low s p a t i a l  r e s o i u t i o n  chemical map- 
p ing  emerges as a  requirement. There i s  no guarantee t h a t  vas t l y  d i f f e r e n t  geochemical 
provinces would be seen since the  low g r a v i t a t i o n a l  f i e l d s  a l l ow  s i g n i f i c a n t  g loba l  re-  
d i s t r i b u t i o n  o f  e jec ta  t o  r e s u l t  f m m  impacts. Also the albedos o f  most as tero ids  show 
somewhat meager o r  nonexistent  o p t i c a l  va r ia t i ons  w i t h  r o t a t i o n  o f  most. S t i l l ,  these are  
wnole d i s k  data and there  i s  the  p o s s i b i l i t y  o f  some windows i n  some as te ro id  c rus ts  t h a t - -  
g iven the combination o f  chemical and spect ra l  mapping--could be q u i t e  revea l ing .  This 
might be t r u e  f o r  t he  l a r g e s t  as tero ids  where impacts have more d i f f i c u l  t y  i n  spreading 
m a t e r ~ d l  over most o f  the  as tero id .  P i l e s  o f  la rgegxposed blocks may character ize  major 
impact s i t e s .  Also i t  i s  genera l ly  assumed t h a t  smal ler  as tero ids  are e s s e n t i a l l y  i n  t he  
erosional  mode. Thus the statement t h a t  "as tero ids  p a i n t  themselves grey" may prove more 
t r u e  than fa lse ,  bu t  t he  meager s t a t e  o f  our knowledge o f  these ob jec ts  leaves s p a t i a l  
r e s o l u t i o n  f o r  chemical and spect ra l  measurements as an important  goal. A  discussion o f  
some o f  these problems i s  given i n  t h i s  volume by Chapman (1978). . - 

A c r u c i ~ i  p o i n t  i s  t h z t  very slow f l ybys  ( ~ 2 0 0  m sec I )  a re  v a s t l y  p re fe rab le  t o  fas t  
f l ybys  o f  the  type o f fered by t y p i c a l  b a l l i s t i c  mu1 t i -encounter  missions ( e . g . .  4-10 km 
sec - I )  i n  t h a t  tne l a t t e r  seem t o  o f f e r  only crude (10-15%) chemical analyses o f  on l y  a  
few chemical elemertts. For a  major as te ro id  a  slow ( ~ 2 0 0  m sec- I )  f l y b y  i s  capable of 
prov  ding prec ise  elemental analyses owing t o  the longer i n teg ra t i ons  times. When the 
s tay  t ime a t  t he  as te ro id  i s  several days, then no t  on l y  could p r ~ c i s e  a  alyses be ob- 
ta ined f o r  several elements, b u t  t h i s  ana lys is  cou ld  be extended t o  cover ; l a r g e  p o r t i c n  
o f  the as te ro id  and crude analyses could be obtained f o r  each of  a  handful of  s p a t i a l  e le -  
ments, a f f o r d i n g  a  crude chemical map. I f  the o r b i t  could be maintained f o r  tens of  days, I 

then a  rea l  map, conta in ing perhaps 100 s p a t i a l  elements, could be ob ta ine j .  Such a  pro- 
cedure could a  I lcw s p o t t i n g  even f a i r l y  small regions o f  unusual chemical compositions-- 
such as the w ind~ws  mentioned above. Beyond these s tay  times, f ie ld -o f -v iew l i m i t a t i o n s  
come i n t o  pla;. Also, t he  accuracy i s  l i k e l y  t o  be l i m i t e d  by c a l i b r a t i o n  unce r ta in t i es  
ra the r  than nreci* . ior \ .  F igure 1  gives a  very crude back-of-the-envelope representa t ion  of 
t he  dependence o r  t he  qua1 i t y  o f  chemical in format ion f o r  a  t y p i c d l  of f - the-she1 f instrument 
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f i g .  1. A h i g h l y  gc?net,dl i zed representa t ion  o f  the t y p i c a l  p rec i s i on  w i t h  which the r a t i o  
o f  two lndjor elements might  be determined as a f unc t i on  o f  f l y b y  v e l o c i t y  o r  o r b i t a l  s tay  
t ime a t  a 500 km diameter as te ro id  w i t h  a 100 km c l o s e s t  approach o r  o r b i t a l  a t t i t u d e .  
Since n e i t h e r  the  elenlents nor the design o f  the rad iomet r ic  instrument (approximately an 
o f f - t h e - s h e l f  ins t rument )  a rc  spec i f i ed ,  the absolute values g iven should no t  be taken too 
l i t e r a l l y .  Also, i t  i s  on ly  p rec i s i on ,  no t  ( c a l i b r a t i o t l - l i m i t e d )  accuracy which i s  i n d i -  
cated. However, the s t rong dependence o f  t he  p r e c i s i o n  o f  whole d i s k  analyses on f l yby  
v e l o c i t y .  and the sharp dependence o f  mapping c a p a b i l i t y  on o r b i t a l  s tay  t ime are  f a i r l y  
port rayed.  The c lose.  f a s t  f;yby shown on the  l e f t  i s  no t  on l y  s c i e n t i f i c a l l y  unat t rac-  
t i v e ,  bu t  i t  a l so  requ i res  the developn~ent and use o f  p rec ise  o p t i c a l  nav iga t i on  techniques. . ' 

' !  I 

. . 

i n  an example enccunter. I t  i s  t r u e  t h a t  use o f  one G: the recen t l y  developed huge (and 
heavy) de tec to r  a r rays  would improve the  l eve l  o f  perfomlance f o r  a g iven s e t  c f  encounter 
cond i t i ons .  !iowever, encounter cond i t i ons  determine coverage and o the r  parameters as we1 1 
as s igna l - to -no ise ,  and g iven any instrument the  qua1 i t y  o f  the  r e s u l t  i s  so s teep ly  depend- . . . . 
ent  on encounter cond i t ions  as t o  m i l i t a t e  f o r  (200 a sec - I  r e l a t i v e  v e l o c i t i e s  and o r b i t  

I 

. I 

. . whenever poss ib le .  , . 
In format ion  concerning the thermophysical p rope r t i es  o f  the reg01 i t h  cou ld  be ob- 

ta ined from i n f r a r e d  r a d i o ~ n e t r i c  measurel~!ents from 8 pm to  40 ~ m .  Some a n c i l l a r y  composi- 
t i o n a l  data might  a l so  be obtained. Tracking might  p rov ide  valuable i n fo rma t ion  concerning ) I , .. 
l a t e r a l  mass va r i a t i ons .  Considering the possi  b i  1 i t y  o f  coalescence o f  several  l a r g e  nu- 

! \: c l e i  and the p o s s i b i l i t y  o f  the r e s u l t i n g  dens i t y  composite s u r v i v i n g  w i t h  minimal l a t e r  . , 

i n t e r n a l  evo lu t i on  o f  some o f  these ob jec ts ,  and cons ider ing  the p o s s i b i l i t y  o f  r a d i a l  ' I  

1 1  =- 

200 

0 





. . * ' I  ,' 1-q ;i;.f ,: 1; .. i' - < ! .* 4 : 'i .;i ,:; 
., 9 ' ; ) .  i , -L-**-.d.. j 3 ;  

I I ~ : . - \ ~  I 1 ,-., 
! I  ' i * , i  
j : 
, t i 
i 1 , l? .' i '., 

I :.I. 
I '  . , - 

Table 2. Example Payload f o r  As te ro id  Rendezvous ) :  

I .  
I . .  

O r b i t e r  
-- 

Instrument Mass Power (w) , . . 
- -- 

I 

1500 mn CCD Camera (800 x 800), ! 
mu l t i spec t ra l  ( 4  f i l t e r s )  

20 20 
I 

250 mn CCD Camera (800 x 800). I 
mu1 t i s p e ~ t r a l  ( 4  f i l t e r s )  

x-ray Fluorescence 2 2 . ; 
Y - ray  17 10 

Mapping Spectrometer 10 5 : 

7 4 Mu1 t i s p e c t r a l  Radiometer 

Radar A 1  t ime te r  12 30 
b 

F ie lds  and P a r t i c l e s  Fackage 10 15 

Micrometeoroid Detec tor  3 2 
i 

Tracking - 
-- -- 

TOTAL 81 kg 88 w 
3 1 

: I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I 

Lander (Mass = 80 kg*) t 
.-- -- - . - -- -- - -- 

Instrument Mass Power (w) , 
-- -- ; i  I 

i I 
' I *  

, I  , I 

I * 
Facsimi l e  Camera 1.5 1 .O I I -  

a-Backscat te r lp lx - ray  Fluorescence 2.0 1.5 i ,  

Seismometer 
2.0 0.2 ;i i : \  

Magnetometer 0.6 0.3 - - i '  

TOTAL 6.1 kg 3.0 w ! I  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 I 

I 

TOTAL MASS OF ORBITAL INSTRUMENT PLUS LANDERS: I .  ' 

81 kg ( o r b i t a l  instruments)  + 160 kg (80 kg x 2 landers)  = 241 kg ! 

*Each o f  two. 

; 

space was c l o s e l y  bound t o  the development o f  some s o r t  o f  Shutt le- launched low- thrus t  i 
1: ' r : 

propu ls ion  system (A tk ins  e t  a l . ,  1976). \ 

1 ;  I . 
Sincc then, NASA has committed t o  the  development o f  a p a r t i c u l a r  l ow- th rus t  p ropu l -  , . I 

s i o n  system. c a l l e d  Ion  Drive, which i s  based upon the  SEP concept, bu t  ~ n i c h  has much 
h igher  thrust.ar power l e v e l s ,  an improved a r ray  o f  s o l a r  c e l l s  and o the r  major  design 
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improvements. Using Ion Dr ive,  a l a r g e  s c i e n t i f i c  payload, i nc lud ing  poss ib le  m u l t i p l e  
landers, can be de l i ve red  t o  a wider v a r i e t y  of as te ro ida l  t a rge ts  f o r  rendezvous l a s t i n g  
several tens o f  days a t  each as te ro id  (Bender, 1977). I n  the  case o f  as tero ids  w i t h  diam- 
e te rs  >50 km, i t  would no t  on l y  be des i rab le ,  b u t  necessary, t o  o r b i t  f o r  the  du ra t i on  o f  
t he  rendezvous. O r b i t a l  v e l o c i t i e s  would be 2100 m sec-1 f o r  a major as te ro id  under the 
encounter cond i t ions  descr ibed i n  the capt ion o f  F igure  1. Columns 4, 5 and 6 of  Table 3 
show two o f  several example scenarios i d e n t i f i e d  by Bender (1977) which I consider t o  be 
espec ia l l y  a t t r a c t i v e  and which, i n  fact ,  a re  marg ina l ly  compatible w i t h  the  science de- 
s i r e s  s ta ted above. The f i r s t  o f  these invo lves an i n i t i a l  encounter w i t h  Vesta, a sub- 
sequent encounter w i t h  the l a r g e  C ob jec t  Fortuna, and two encounters w i t h  S as tero ids .  
The second o r b i t s  Ceres, a small C, a 75 km S, and a small M objec t .  However, i t  does 
no t  encounter Vesta. The l a s t  o r b i t s  both Ceres and Vesta. a l though i t  does no t  o r b i t  the 
l a t t e r  u n t i l  1996. I t  a l so  o r b i t s  a 46 ~III C ob jec t  and a 75 km S ob jec t ,  bu t  no M ob jec t  
i s  encountered. I n  the Bender scenar io over 5000 kg i s  placed i n  o r b i t  i nc lud ing  2300 kg 
of  mass dedicated t o  o r b i t a l  instruments and lander packages. This a l lows f o r  i eve ra l  
hard landers as w e l l  as a generous o r b i t a l  payload, q u i t e  compatible w i t h  the example sug- 
gested i n  Table 2. I t  has been po in ted out  t o  the author  t h a t  NASA i s  u n l i k e l y  t o  commit 
t o  the development o f  an Ion  Dr i ve  design q u i t e  as powerful as t h a t  assumed by Bender. 
Nonetheless, we are  g e t t i n g  c lose.  

Despite the  tremendous progress t h a t  has been made i n  d e f i n i n g  candidate mu l t i - ren -  
dezvous missions, none i s  y e t  completely sa t i s fac to ry .  For example, none of  t he  mu1 t i -  
rendezvous missions i d e n t i f i e d  by Bender encounter Vesta, a C o h j e c t  ad an M ob jec t .  
Moreover, even w i t h  Ion Drive, a t r a n s f e r  from one as te ro id  t o  another s t i l l  -equires 
about h a l f  a r e v o l u t i o n  (%2 years),  so these missions take an exceedingly long t'me 
(>8 years)  t o  complete. F i n a l l y ,  there  i s  no s p e c i f i c  p r o v i s i o n  y e t  f o r  poss ib le  sample 
re turo .  Some schemes f o r  mu1 t i p l e  as te ro id  sample r e t ~ r n  have been suggested bu t  have 
no t  been the sub jec t  o f  d e t a i l e d  engineer ing studies.  Even i f  such schemes are  shown t o  
be compatible w i t h  the Ion D r i v e  payload, they should be c a r r i e d  ou t  on an i n i t i a l  as te r -  
o i d  mission on l y  i f  they do not  se r ious l y  compromise the a b i l i t y  of t he  i n i t i a l  mission t o  
i nves t i ga te  ( 1 )  each o f  several c a r e f u l l y  selected as tero ids  as ( 2 )  globa l  o r  p lanetary  
e n t i t i e s .  This seems u n l i k e l y .  

The impressive ar ray  o f  mult i-rendezvous missions i d e n t i f i e d  by Bender i s ,  i n  fact ,  , * 

, . ).- 
a l so  the r e s u l t  o f  a very p re l im ina ry  and l i m i t e d  survey which was conducted under a , 7 

ra the r  const ra in ing se t  o f  ru les .  For one th ing,  i t  was assumed t k a t  t he  encounter w i t h  ' I  

e i t h e r  Ceres o r  Vesta had t o  be the f i r s t  encounter. Also, the payload mass a t  f i r s t  en- I : ' 
counter was optimized, which i s  not  necessarv. Besides simply contin1;ing the search, the I r 

e f f e c t  o f  a l t e r i n g  these and o the r  const ra in t5  should be invest iga ted.  The c o m p a t i b i l i t y  I .  
I I 

o f  an i n i t i a l  spacecraf t  i n v e s t i g a t i o n  o f  an Apo l lo  as te ro id  w i t h  s tud ies  o f  those i n  t he  
main b e l t  should a l so  be studied.  A dual launch mission w i t h  nonredundant t a rge ts  a l so  
seems a very a t t r a c t i v e  opt ion .  F i n a l l y ,  the  p o s s i b i l i t y  o f  encountering a Trojan as te r -  

, \ 
o i d  a t  the  terminat ion o f  the mission should be considered. I n  any event, Table 3 shows 
a t  a glance t h a t  dramatic progress has been made, and t h a t  the  ximu1 taneous maturat ;on of  
our knowledge o f  the as tero ids  from Earth-based o p t i c a l  measurewnts together w i t h  vast  
simultaneous improv~ments i n  a n t i c i p a t e d  d e l i  very capabi 1 i t i e s  has brought us t o  the . 

, . -. . threshold o f  the d e f i n i t i o n  o f  a v i a b l e  i n i t i a l  asteroid-dedicated mission. 
. . 
, , ' : * :  
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D l  SCUSSION 

ARNOLD: I s t rong ly  agree tha t  mu1 t i p l e  encounters are  essent ia l  t o  good science, and t h a t  
long s tay  times are needed f o r  the  gamma-ray o r  x-ray sensing systeos. Flybys are  no t  
a t t r a c t i v e ,  espec ia l l y  f o r  ganma-rays. I w i l l  discuss t h i s  p o i n t  f u r t h e r  i n  my paper 
i n  t h i s  a f te rnoon 's  session. 

ANDERS: I n  our museums there  are  howardi tes tha t  seem t o  match the spectrum o f  Vesta. 
Suppose the measurements on a rendezvous mission t o  Vesta show t h a t  there  i s  a cheni- 
i c a l  resemblance between howardites and the surface o f  Vesta. Are we then t o  assume 



! j C - 4  :;/ -iir., I \,<-:.l ?:I @ * !  +,-, ~ : , . $ r  . #  

1 I 

) I !  
': r 

" I  ' I I ; -  / * .  . #I , 1 
- . -  . A.-. : I I -.-A. - . -.. - - -4. 

FANALE: We are  going t o  have t o  do a  l o t  of t h i n k i n g  about t h e  spec i f i cs .  I t h i n k  we 
have t o  e s t a b l i s h  t h e  l i n k  between Vesta and the  achondrites. Chemical mapping o f  
Vesta can be accomplished and p?rhaps there  a re  windows where you can see something 
about t he  zonal s t r u c t u r e  and understand something about t he  magmatic path t h a t  was 
fo l iowed i n  i t s  d i f f e r e n t i a t i o n  as w e l l .  

CHAPMAN: If you p lace too much emphasis on unique targets ,  such as Ceres and Vesta, you 
might ge t  no t y p i c a l  C o r  S ob jec ts .  

FANALE: You w i l l  almost c e r t a i n l y  encounter a  small one on t h e  way. 
ARNOLD: I f  there  have been h i g h l y  d i f f e r e n t i a t e d  bodies i n  the  as te ro id  b e l t  (Vesta seems 

t o  be one c l e a r  example), one s t rong ly  suspects the re  are now pieces of h i g h l y  evolvi!d 
bodies. I t  c a n ' t  be t h a t  a l l  t he  Vestas are s t i l l  i n t a c t .  I n  t h a t  case one would 
have the  p o s s i b i l i t y  o f  look ing a t  a  v e r t i c a l  sect ion.  

FANALE: The most o p t i m i s t i c  case f o r  t he  chemical mapping o f  the  very b i g  as tero ids  i s  
the  poss ib i  1  i t y  of seeing some o f  these windows. For the  very 1 i t t l e  ones there i s  a  
p o s s i b i l i t y  i t  w i l l  be t o t a l l y  i n  an erosional  mode so you are  no t  covered w i t h  a  
pa t i na  o r  any o the r  dust. It i s  l i k e l y  t h a t  we may no t  l e a r n  much about l a t e r a l  v a r i -  
a t i ons  on the  rock surfaces o f  t he  middle-s i  ze as tero ids  because of  t h e i r  r e g o l i t h s .  
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