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Ouring t h e  past  decaJe, Earth-based observat ions have led  us 
from ignorance t o  considerable understanding about t he  phys- 
i c a i  p r y - r t i e s  o f  as tero ids .  Candidate ta rge ts  f o r  space > I '  ' . 

missions can nJw be ik:con using c r i t e r i a  t h a t  w i l l  no t  prove 
t r i v i a l  i n  the future;  i n tens i ve  yt-cann-based s tud ies  of  1 

t a rge ts  can re r i ne  the choices. Present reconna;;:2!!rp 
s tud ies  o f  as tero ids  are  now reaching ma tu r i t y .  Ground-basea ! 

I I 

proqrams a re  shi l ' t ino t o  more s p e c i a l i ? d ,  i n tens i ve  studies 
o f  selected i n d i v i d u a l  bodies and special  c lasses (6.g.  , 
Hi  rayama fami 1 i e s ) .  Two powerful techniques--radar and mid- 
IR spectroscopy--have y e t  t o  be wide ly  app l ied  t o  as tero ids ;  
h igh  p r i o r i t y  should be g iven to  these programs i n  the  futuwe 
and t o  (a )  search programs r l t h  a l a r g e  S c h i x l t  telescope 
!espec ia l ly  f o r  f4-r:. and Earth-approaching bodies), (b)  a 
moderate reso1rct.-n v i s i b l e  and near- IR spec,rophotometr;c 
survey o f  a t  l e a s t  h a l f  the  a r te ro ids ,  (c )  h igh  r e s o l u t i a n  
spectrophotometry and radiometry o f  unusual objects,  ( d )  radar 
studies o f  representa t ive  main be1 t asteroids,  and (e)  appl i- 
c a t i o n  o f  the  f u l l  complement o f  as t rophys ica l  techniques 
( i nc lud ing  po lar imet ry  and in tens i ve  l i c j h t c u r v e  s tud ies)  t o  
ob jec ts  o f  h igh s c i e n t i f i c  i n t e r e s t  and t o  p o t e n t i a l  space 
mission targets .  The i n f r a r e d  astronomical s a t e l l i t e  ( I R A S )  
a lso  has h igh  p o t e n t i a l  f o r  c o n t r i b u t i n g  t o  as te ro id  science. 
Laboratory and theo re t i c  ~l programs com,iiement observi:ional 
programs by enabl i n g  data i n t e r p r e t a t i o n  and synthesis.  
Ground-based programs should cont inue even i n  a fu tu re  era 
o f  as te ro id  space missions i n  order tl; extend ground-truth 
t o  the  d iverse and widely dispersed populat ion.  

INTROnUCTION 

Our present knowledge of the  as tero ids  r e s t s  e n t i r e l y  on Earth-based astronomical 
measurements, bo ls tered o f  course by observat ional  and exper ln~ental  s tud ies  of  o ther  I 

bodies thought t o  be re la ted  t o  as tero ids .  The 1 0 ~ 3  h i s t o r y  o f  as te ro id  discovery,  o rb - i t  I \  

dstermination, and photograph1 c photometry had y ie lded  by 1970 near1 y 2000 knowr :r'e:- 
\ - 

o ids  and a weal th o f  speculat ions about t h e i r  s t a t i s t i c a l  d i s t r i b u t i o n s  and 0 r L l i 3 :  uvo- 
l u t i o n .  But substant ia l  understanding o f  t he  physical  p roper t ies  O F  as tero ids  , 1 ~ 3 i t ~ d  the  
a p p l i c a t i o n  o f  modern remote-sensing techniques, using e f f i c i e n t  Je tcc to rs  a t  , - r ? c  : e le -  
scopes, beginning a b o b ~  1970. 

i 

https://ntrs.nasa.gov/search.jsp?R=19780021075 2020-03-20T13:24:26+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/10333615?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1 ,* t :) e - i ,  

i '  I .  

5 ) :  ' I 

} . '  : . I 1 1 4  ' I 

- . I LA.' . . - L 8 
$ .  

I ' i  1; - i - i  
r .  

I "  

I . ' , . 
? ,  , 

$ 1  , . 
; i '  
" . 

During t h e  19708s, reconnaissance measurements o f  parameters known t o  be r e l a t e d  t o  
I . '  

surface composition have been made f o r  over one-quarter o f  t h e  numbered asteroids,  a l though : 
the  f u l l  range o f  ava i l ab le  techniques has been app l ied  t o  few ob jec ts .  We w i l l  address i I 

i n  t h i s  paper the  quest ion o f  what observations can be made i n  the  near future.  We w i l l  
a l so  attempt t o  t r e a t  t he  more specu la t ive  quest ion of  how much r e t u r n  may be expected 
from continued ground-based observat ions and whether such data have the  p o t e n t i a l  f o r  u l -  
t ima te l y  reso lv ing the  questions t h a t  have been ra ised i n  the  p a r t  decade. 

GROUND-BASED TECHNIQUES I, I 

Thr techniques discussed i n  t h i s  sect ion  have already been successful ly  app l ied  t o  
asteroids.  It i s  no t  our purpose t o  descr ibe the  techniques here; tbe  reader may consu l t  
other pe r t i nen t  references (see papers i n  Session 11 o f  t h i s  volume). We w i l l  i n d i c a t e  
what as te ro id  proper t ies  they reveal  ( o r  suggest) w i thou t  de l v ing  i n t o  the methc:ologies I . /  and t b t  caveats t h a t  always accompany i c t e r p r e t a t i o n  of  05servations. The h i s t o r y  of each I *  

technique i s  sketched t o  prov ide t frame of reference f o r  our guesses about t he  fu tu re  
app l i ca t i on  o f  t he  technique. Of course, any appl i c a t i o n  o f  ground-based techniques de- 
pends no t  on ly  on theo re t i ca l  c j p a b i l  i t i e s  of s ta te -o f - the -a r t  instrumentat ion,  bu t  a l so  
on a v a i l a b i l i t y  o f  f a c i l i t i e s ,  funds, at:d i n te res ted  obszrvers. The growth i n  number of 

* 
, , 

astero ids  ,neasu:.ed by several important  technique? i s  i l l u s t r a t e d  roughly i n  F i ~ u r e  1. 

UBV PHOTOMETRY 
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Fig .  1. Approximite growth i n  the fiumber o f  
a s t v o i ~ s  observed using several techniques 
du. ing the 1970's. 

Ac teroid Searches and Pho tognzphic S'urve.js ! t ,  
1 .. 

There have been two major photograph~c wrveys  o f  as tero ids :  the  McDonald survey o f  
I 

I 4 

9 
a l ;  b r i g h t e r  asteroids,  nea r l y  complete t o  photographic magnitude 15 o r  16, and the 

; j  , I Palomar-Leiden survey, which sampled as tero ids  down t o  magnitude 20. The sheer number of 
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fa in te r  asteroids and time-consuming nature o f  photographic surveys p roh ib i t s  extension 
o f  completeness much beyond the current  l i n l i  t s .  But sampling o f  the populat ion o f  much 
fa in te r  and smaller asteroids could lead t o  improved understanding o f  asteroid co1:isional 
processes, Hirayama famil ies, and other important problems. Bet ter  sampling o f  asteroids 
i n  high i nc l i na t i on  o r b i t s  and other  unusual o r b i t s  i s  p a r t i c u l a r l y  importact. Current 
search e f fo r t s  by E. Shoemaker and E. Hel in  and by C .  Kowal have slowly but subs tan t ia l l y  
ifalproved our k:'owl edge about Mars-crossing and Earth-approachi ng es teroids. Appl i ca t ion  
of a larger,  dedicated instrument could increase the discovery r a t e  by an order of rragni- 
tude and help t o  estab l ish the relat 'onship between Earth-approaching asteroids, the main 
b e l t  asteroids, comets, and meteorites as wel l  as t o  estab l ish crater ing rates and thus 
chronologies on the inner planets. 

Visible P h o t m t r y  of Asteroids 

The measuremmt o f  t,.e apparent brightness o f  an astero id  as a funct ion of time pro- 
vides a crude estimate o f  an astero id 's  size; combined w i t h  radiometry o r  polar imetry,  
the s i ze  i s  much more prec ise ly  determined Asteroid photometry as a funct ion of phase 
angle y i e l ds  some information concerning surface texture; but  the measu~.er,ients are time- 
consuming and not o f  p r ina ry  importance. Re1ative;y simple photometry ovet the course of 
a n igh t  ( l i gh tcu rve  photometry) can y i e l d  a fundamental property, r o t a t i on  period, and 
some ind ica t ion  o f  astero id  shape. With great d i f f i c u l t y ,  photometry can y i e l d  more pre- 
c i se  knowledge about astero id  spin, including po le  d i r ec t i on  and sense (prograde o r  r e t r o -  
grade) and be t te r  knowledge o f  asteroid shape. Some photogrdphic photometry Itas been done 
f o r  a l l  asteroids; but f o r  many of the f a i n t e r  objects, the best ava: lable m7gnitudes are 
h igh ly  p rov i s~ona l  . Photoelectr ic magni ttrdes are known f o r  a quarter of a1 1 the numbered 
asteroids and could be extended t o  nearly a1 1 numbered asteroids w i t h i n  a few years b.y a 
s ing le  dedicated observer. Lightcurve photometry i s  a time-consuming program i n i t i a t e d  
i n  the 1950's and y i e l d i ng  ;*otat ion pet-icds for several dozen bodies by 1970. Expanding 
in te res t  dur ing the 1970's. especial ly by fore ign observers 3nd some al~~ateurs, has i n -  
creased the number o f  known ro ta t i on  periods t o  Inore than 150. The present sample only 
h in ts  a t  ;ome possibly very i n t e res t i r ~g  corre la t ions between l ightcurve proper t ies  and 
diameter, o rb i t ,  and compositional type; yet  i t  i s  d i f f i c u l t  t o  i w g i n e  that  the nunber of  
accurately known arnpl i tudes and ro ta t i on  periods w i  11 more than double i n  the next decaue. 
Photoelectr ic photometry k:ith s u f f i c i e n t  aspect covi?rage t o  y i e l d  r e l i a b l e  po le  pos i t ions 
i s  l i k e l y  to  be l i m i t e d  t o  a handful o f  objects fo r  the foresseable future. N~ver the less 
i t  i s  important to  r ea l i ze  that,  given time and s u f f i c i e n t  mot ivat ion such as a planned 
space missicn, the s t lpe,  pole, and spin r a t e  can be obtained by ground-based techn iq~~es  
f o r  almost any asteroid.  

UBV P h o t m t r * y  

UBV photometry prc i ldes reconnaissance data that  can be re la ted to  astero id  surface 
rcmposition. Wbilc i n su f f i c i en t  by i t s e l f  t o  specify astero id  surface mineralogy. i t  
does r e l i a b l y  :111p1y membership i n  a few of the major compositional classes an:; i s  a use- 
f u l  too l  fo, i den t i f y i ng  anomalous asteroids. The technique was appl i zd  t o  several dozen 
asteroids i n  the 1950's and 1960's and has been applied recent ly  to  a k ~ ~ u t  100 asteroids, 
mainly by E .  Bowel 1 a t  Lowel 1 Observatory ,nd by Degewi j, Gradie and Lei lner d t  the Uni- 
ve rs i t y  o f  Arizona. The survey could be extended to  v i r t u a l l y  a l l  known asteroidc w i t h i n  
a decade, given a dedicated ~ b s e r v e r  and a telescope i n  the 2 In clacs. Color va r id t ion  
w i t h  r o t a t i on  i s  po ten t i a l l y  very important. but co lo r  var ia t ions discernable i n  Edrth- 
based d isk - i i t eg ra ted  data seem qu i te  rare among the handful of  objects Itledsured. 



Polar imetry provides informat ion p r i m a r i l y  on the  tex tu re  and opac i t y  of p a r t i c u l a t e s  1 .  
on as te ro id  surfaces. Measurements as a  func t i on  of r o t a t i o n a l  phase f o r  a  handful o f  

8 ' 

as tero ids  suggest - as w i t h  UBV measurements, t h a t  most as te ro id  surfaces a re  homogeneous 
on a  hemispheric scale. More usefu l  i n  the past  have been measurements (mainly by B. 
Ze l l ne r )  of  p o l a r i z a t i o n  as a  func t i on  o f  s o l a r  phase angle, over the genera l l y  a v a i l a b l e  
range o f  O0 LO 30". I nd i v idua l  values a t  small phase angles are  co r re la ted  w i t h  albedo t 

and more +. iens ive  observat ions a t  l a r g e r  phases y i e l d  prec ise  albedos, except f o r  the  , , 

b lackest  as tero ids .  Since radiometry (discussed below) i s  more r e a d i l y  accompl ished and i 
r L  

y i e l d s  the s .me informat ion,  the  number o f  p o l a r i m e t r i c a l  ly-determi ned a1 bedos and d ia l+  
e te rs  i s  no t  l i k e l y  t o  increasc much i n  the fu ture .  Future a p p l i c a t i o n  of po lar imet ry  
w i l l  l i k e l y  be f o r  special-purpose s tud ies ;  the  technique can be appl ied,  o f t e n  w i t h  d i f -  
f i c u l  ty ,  t o  perhaps ha1 f the  nl~mbered populat ion.  

Radiometry 

Measurement o f  t he  thermal r a d i a t i o n  from an as te ro id  a t  wavelengths near 10 and 20 
microns, when combined w i t h  v i s i b l e  photometry, v i e l d s  a  determinat ion o f  as te ro id  diam- 
e t e r  and albedo t h a t  i s  on l y  s l i g h t l y  model-dependent (Matson e t  aZ. , 1978). The tech- 
n ique was developed less  than a  decade ago, bu t  by 1976 had y ie lded  more than 150 as te ro id  
diameters. There has been a  recent l u l l  i n  the measurements s ince the two regu la r  observ- 
i n g  programs (those o f  D. Morr ison and 0. Hansen) have been discont inued. Work on spec ia l  
ob jec ts  i s  con+'nuing a t  the  U n i v e r s i t y  o f  Arizona. The technique i s  not  much more d i f -  
f i c u l t  than UBV phctometry, a t  l e a s t  f o r  main b e l t  objects,  a l though i t  rcqu i res  i n s t r u -  
mentation t h a t  i s  l ess  r e a d i l y  ava i l ab le .  More than h a l f  of the numbered as tero ids  could 
be measured w i t h i n  a  decade. More re f i ned  radiometry (as a  funct ion  o f  as te ro id  r o t a t i o n  
and phase angle) i s  c o r r e s p ~ n d i n g l y  more time-consumirg, but  can y i e l d  b e t t e r  deterrnina- 
t i ons  o f  as te ro id  thermal p rope r t i es  and the  sense o f  r o t a t i o n .  Thermal etnission spectra 
a r e  p o t e n t i a l l y  i r , ' i c a t i v e  o f  composition, bu t  so f a r  no spect ra l  features have been found 

Spectrophotornetry 

Spectrophotometry of as tero ids  can be accompl i shed from Earth i n  several L i  f fe ren t  
passbands and w i t h  a  v a r i e t y  o f  ins t rumer ts  y i e l d i n g  d i f f e r e n t  spec t ra l  reso lu t ions.  Such 
data are, t o  varying degrees, i n d i c a t i v e  o f  as te ro id  surface mineralogy (see McCord's 
paper elsewhere i n  t h i s  volume). Most spect ra l  features o f  i n t e r e s t  from 1000 8( t o  beyond 
10 microns a re  r e l a t i v e l y  broad and can be detected w i t h  spect ra l  reso lu t i ons  ( ~ x / i )  o f  
about 0.1; absorpt ion band p o s i t i o n  measurenients made w i t h  10 times b e t t e r  spect ra l  reso- 
l u t i o r  can de f i ne  c e r t a i q  composit ional c h a r a c t e r i s t i c s  r e l i a b l y  but  s t i l l  h igher spec- 
t r a l  r e s o l u t i o n  i s  no t  demonstrably usefu l .  F i l t e r  spectrophotometry i n  the v i s i b l e  and 
near-IR (0.3 t o  1  . I  microns) has been publ ished by 'lcCord and Chapman f o r  100 as tero ids  
and i s  ava i l ab le  ( i n  vary ing stages o f  reduc t i on )  f o r  about 150 more. The technique can 
be applied, w i t h  di f f icul t ; ,  t o  more than h a l f  o f  the  numbered as tero ids ;  use o f  a  mu1 t i -  
p lex ing  instrument would increase observing e f f i c i e n c y ,  but  i t  i s  doubt fu l  t h a t  :he tech- 
n ique w i l l  be app l ied  t o  more than a  quar ter  d f  the numbered as tero ids  w i t h i n  the next  
decade. Broad-band f i l t e r  photoqetry i c  the JHK reg ion o f  the  i n f r a r e d  has been done f o r  
several dozen asteroids,  p r i m a r i l y  by JPL s c i e n t i s t s ,  and complements the v i s i b l e  spectro- 
photometry; because o f  low de tec to r  e f f i c i e n c y  the technique cannot be app l ied  t o  the 
f a i n t e r  as tero ids .  Higher r e s o l u t i o n  s tud ies  i n  the 1-4 micron region,  using quantum- 
e f f i c i  $ $ .  i n te r fo romet r i c  techniques, have been made o f  several as tero ids  and--wi t h  con- 
s ide rac i  - e f f o r t  and a l l o c a t i o n  o f  major f a c i l  i t i e ;  and resources--can be app l ied  to  the 
hundred b r i g h t e s t  asteroids;  a  major e f f o r t  i s  underway by H. Larson. This i n f r a r e d  re-  
gior, i s  r i c h  w i t h  d iagnost ic  spect ra l  features,  bu t  observations are somewhat hindered.by 
absorpt ions i n  the Earth 's atmosphere. Spectral  features e x i s t  i n  the UV, bslcw 1500 A, 





Observations from Ear th  o r b i t  may a l s o  be made w i t h  much g rea te r  e f f i c i e n c y  than f r o n ~  
the ground. For instance, t h e  I n f r a r e d  Astronomical S a t e l l i t e  (IRAS), a p r o j e c t  c u r r e n t l y  
i n  p r 3 l  iminary stages, would have the  capabi 1 i t y  fo r  doing radiometry o f  a1 1 known as te r -  
o ids;  i n  f a c t  i t  w i l l  measure such as te ro ids  and thousands o f  as-yet-unknown as tero ids  
unavoidably i n  t h 2  process o f  making a ca ta log  o f  i n f r a r e d  sources. I t  remains t o  be 
es tab l ished t h a t  t he  IRAS as te ro id  observat ions w i l l  be made and reduced i n  ways maxie~iz-  
i n g  the  s c i e n t i f i c  re tu rn .  

While advantages t o  a s t e r o i d  science by the a1 l o c a t i o n  o f  a 111ajor f r a c t i o n  o f  observ- 
i n g  t ime from E a r t h - o r b i t i n g  s a t e l l i t e s  and observator ies  would be great ,  tbe f a c i l i t i e s  
prov ide  even g rea te r  b e n e f i t s  t o  o the r  astronolnical d i s c i p l  ines and a re  thus u n l i k e l y  t o  
be a l l oca ted  f o r  a s t e r o i d  work except i n  r a r e  instances.  The best  prospects are cases 
such as I W S  i n  which a s t e r o i d  observat ions a re  made unavoidably i n  the process o f  ca r r y -  
i n g  ou t  another program. 

THE FUTURE OF GROUND-BASED CBStRVATIONS OF ASTEROICS 

r .  I t  i s  n o t  easy t o  speculate about t he  f u t u r e .  C e r t a i n l y  du r i ng  the  next  decade, new 
techniques--or a t  l e a s t  in loartant  v a r i a t i o n s  o f  present ones - -w i l l  be developed t h a t  IIIJ~ 

be app l ied  t o  a sample o f  as tero ids .  But any ground-based re~:lote-sensing technique i s  
fundamental ly l i m i t e d  t o  t e l l i n g  us about re f l ec ted  o r  e n l i t t ~ d  r ~ d i a t i o n  frola the hemi- 
s p h e r i c a l l y  avaraged s~crfac?~ of  the  body i n  quest ion.  New ground-basea techniques a re  
u n l i k e l y  t o  address conlplementary aspects o f  as te ro ids  (t-.g. . concernirlg a s t e r o i d  i n t e -  
r i o r s )  needed f o r  colliplete ur~osrs tand ing o f  these bodies. 

I n  the  previous sec t ion ,  we guessed a t  the l i k e l y  a p p l i c a t i o n  o f  p resent  techniques 
dur ing  the next  decade, assu~r~ing rough nlaintenance o f  present resources and p r i o r i  t i e s .  
Cur rent ly  as tero ids  rece ive  a subs tan t i a l  f r a c t i o r ~  o f  NASA-supported ground-based as t ro -  
nqmical a t t e n t i o n ;  v a s t l y  g rea te r  a l l o c a t i o n  o f  funds o r  ! ~ ~ a j o r  telescope t ime i s  u n l i k e l y .  
But modest increases are  poss ib le  if cont inued ? s t e r o i d  observat ions a re  deemed t o  be 
in lportant .  Asteroids ( u n l i k e  corlletary nuc le i ,  f o r  exan~ple) a re  very p r o f i t a b l y  s tud ied 
from the ground. I n  terms o f  maxinlum r e t u r n  from mininlu~n e f f o r t .  however, i t  i s  probably 
t r u e  t h a t  we w i l l  have sDon skimmed the cream from the top o f  the ground-based a s t e r o i d  
observat ions.  Ce r ta in l y  the l ess  powerful technique< a re  approaching t h e i r  1 i11: i  t s .  A t  
t h i s  po in t ,  there fore ,  the  c r i t i c a l  quest ions are  two- fo ld :  (1 ) I s  the present understand- 
i n g  of the a s t e r o i d  pop l i la t ion  adequate fo r  techn ica l  p lanning of space n ~ i s s i o n s  and i n -  
t e l l i g e n t  c h o i x  o f  ta rgets ,  o r  i s  the  next  decade 1 i ke ly  t o  hold such surpr ises  t h a t  any 
present mission s t ra tegy  w i l l  u l t i m a t e l y  seem i l l - c o n c e i v e d ?  ( 2 )  What are  the 111ost 
p r o f i t a b l e  avenues f o r  f u t u r e  ground-based work, both i n  support of space n ~ i s s i o n s  and i n  
 pit:,^ i t  o f  quest ions (such as popu la t ion  s t a t i s t i c s )  t h a t  can be addressed on l y  from the 
gt.ouna:' 

Anders (1971 ). i n  the contex t  o f  the  f i r s t  question. argued as fo l lows:  "Ground- 
based research on astel 'oids and meteor i  tes i s  nowhere near exhaustion; on the  cont rary .  i t 
i s  movino a t  an impressive pace. I f  we main ta in  t h i s  pace f o r  another decade o r  two, we 
w i l l  no t  on ly  have answered ~ i ios t  o f  the  quest ions posed f o r  an e a r l y  n i s s i o n .  b u t  w i l l  be 
ab le  t o  come up w i t h  a mar? worthwhi le.  Inore i n f o r ~ n a t i v e  mission. .  .Some c r u c i a l  quest ions 
w i l l  undoubtedly remain when a l l  ground-based s tud ies  have been pushed t o  t h e i r  1 i n l i  t, and 
a t  t h a t  stage, perhaps ten years from now, f u r t h e r  progress w i l l  r e q u i r e  space n l i ss i rns .  
Wc d9 not  know what s o r t  o f  a t a r g e t  w i l l  have the h ighest  s c i e n t i f i c  i n t e r e s t  a t  t h a t  
t ime: a Trojan, a H i l da  group as tero id ,  a few near ly  soher ica l  as te ro ids  (snlal l  o r  l a rge )  
i n  the near o r  f a r  p a r t s  o f  the be1 t, a few ~ q h l y  i r r e g u l a r  ob jec ts ,  a Hirayairla fami ly ,  
e t c .  Any choice we make now i s  l i k e l y  t o  secill t r i v i a l  o r  unin;ormativc a decade hence." 

We submit t h a t  i h e  ground-based observers have done t h e i r  homework s ince l nde rs '  
statement was d r a f t e d  alnlost a decade dgo. Uhereas we were ther? l a r q e l y  ignorant  about 
as tero ids  and t h e i r  s i gn i f i cance .  we now have learned enough about t h c ~ l ~  t o  fon l iu ld te  solile 
fundal~iental cosmogonical and p lane to log i ca l  quest ions t h a t  exp lo ra t i on  o f  as te ro ids  may 
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The secotld important  quest ion concerns the most product ive  d i r e c t i o n s  f o r  f u tu re  
onnai ssance programs 
, there  wi  11 be an 
ms o f  h igh  s c i e n t i f i c  

radiometry)  t o  special  
o r  developing tech- 
e t a i  l e d  measurement of 
e c t s )  o f  a rodest  
d imin ish ing number o f  

new astero ids  measured but  an increas ing soph is t i ca t i on  i n  techriques and r e s u l t s  f o r  
oward wel l - formulated 
rement of the  ground- 
n and synthesis o f  data 

already obtained and t o  assoc I ~ t e d  theo re t i ca l  and labora tory  research progranrs. For ex- 
ample, i t  i s  i m p o r t ~ n t  t o  i nves t i ga te  the r o l e  of  meta! on and w i t h i n  as tero ids :  how 
metal reddens as te ro id  spectra, how metal responds t o  hyperve loc i ty  impact a t  as te ro ida l  
temperatures, and how metal a f f e c t s  ther i~ ia l  p rope r t i es  and i n t e r p r e t a t i o n  o f  radioinetry. 

i d e n t i f y  the fo l lowing 

1. A s u b s t a n t i a l l y  expan4ed search f o r  Earth-approaching objects,  
by broadf ie ld  photographic techniques, p a r t i c u l a r l y  i c  con- 
j unc t i on  w i t h  the IMS survey. A new l a r g e  Schmidt telescope 
appear5 t o  be needed; the cos t  w i l l  be substant ia l  bu t  the  
bene f i t s  w i l l  be great  for- a l l  o f  astrononiy. 

2. A spectrophotometric survey o f  ro!!ghly a thousand minor p lanets,  
a t  reso lu t i on  comparable t o  UBV o r  somewhat higher,  bu t  extended 
t o  longer wavelength. Detectors now e x i s t  f o r  adequate photon 
count ou t  t o  wavelength 1 .10 microns f o r  the nia jor i  t y  3f the 
numbered as tero ids .  The survey i s  otherwise rout ine ,  using 
f u l l y  proven f a c i l i t i e s  and techniques. 

3. Continued thermal-radiometr ic studies.  r s p e c i a l l y  o f  newiy d i s -  
i 

covered Apollo/Amors and main b e l t  ob jec ts  t h a t  are found t o  be 
spec t rascop ica l  l y  'n tc re5t ing .  The techniques are  f u l l y  proven, 

I 
requ i r i ng  on ly  dedicated observers. I 

4 .  Continued and expanded h igh - reso lu t i on  spectroscopy and narrow- 
band spectrophotonletry i t 1  the v i s i b l e  ~ n d  i n f r a r e d  o f  as tero ids  
found t o  be espec ia l l y  i n t e r e s t i n g  i n  the low r e s o l u t i o n  survey. 1 I :  t 

The 0.8-3.5 ~ l i i c ron  spect ra l  reg ion i s  espec ia l l y  important  f o r  
Inore soph is t ica ted cha rac te r i  za t i on  o f  the ~n inera logy.  Inlproved i 
detectors are appearing. Add i t iona l  labora tory  and theo re t i ca l  
work on i n t e r p r e t a t i o n  o f  ~ ' e f l e c t i o n  spectra i s  needed. 
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5. Radar s tud ies  of a small representa t ive  sample o f  main b e l t  
as te ro ids .  

6. App l i ca t i on  o f  t he  f u l l  complement o f  as t rophys ica l  techniques, 
i n c l u d i n g  po la r ime t r y  i n t e n s i v e  l i g h t c u r v e  studies,  f o r  the  
ob jec t s  o f  g rea tes t  s c i e n t i f i c  i n t e r e s t ,  f o r  those ob jec t s  
(such as Vesta) which a re  c e r t a i n  t o  be h igh  on the  l i s t  f c r  
space mission?, and f o r  a l l  ob jec t s  which emerge as good cdn- 
d ida tes  fo r  space missions on dynamical grounds. I 

We now seem t o  be passing from the  stage o f  t o t a l  ignorance about the  ground-based 
observable p rope r t i es  o f  a s t e r o i d  surfaces t o  a s t a t e  o f  cons iderab le  knowledge. One may L 

imagine t h a t  a f t e r  another few years debgted t o  the remaining important  observat ions and 
synthes iz ing  the  a v a i l a b l e  data, the  broad ground-based perspect ive  on the  nature  o f  t he  
asteroid; w i l l  be l a r g e l y  complete. The s c i e n t i f i c  approach must u l t i m a t e l y  s h i f t  from 
the observat iona l  cha rac te r i za t i on  o f  a s t e r o i d  surfaces t o  developing hypotheses concern- 
i n g  how as te ro ids  go t  t o  be the  way they are.  

Beyond those problems t h a t  can be tack led  from the ground, many fundamental quest ions 
I , about small bodies and imp l i ca t i ons  f o r  s o l a r  system h i s t o r y  r e q u i r e  c lose-up ana l ys i s  o f  

t h e i r  chemical, phys ica l ,  and geo log ica l  t r a i t s  ( e . g .  , minor minerals,  t r a c e  elements, 
i so top i c  composit ions, surface topography. composi t ional  he terogene i t ies ,  i n t e r n a l  s t ruc -  
ture,  e t c . ) .  Space missions a re  requ i red  t o  measure such p rope r t i es .  Since as te ro ids  are  
so numerous and so w ;  l ? l y  d ispersed i n  space, missions w i l l  necessar i l y  be r e s t r i c t e d  t o  
on l y  a few bodies. Thus we must u l  t i i na te l y  r e l y  on remote-sensing data from the v i c i n i t y  , , 
o f  Ear th  t o  extend i n s i g h t s  gleaned from missions t o  the  e n t i r e  a s t e r o i d  popu la t ion .  

I n  conclusion, ground-based as te ro id  science has made s u f f i c i e n t  progress so t h a t  we 
can be con f i den t  i n  designing a space mission exp lo ra t i on  s t ra tegy  tha t  w i l l  n o t  seem un- 
i n t e l l i g e n t  a decade hence. A t  the same time, there  remains h igh  p o t e n t i a l  f o r  f u r t h e r  
understanding o f  as te ro ids  from Earth- based programs t h a t  apply s t a t e - o f - t h e - a r t  techniques 
t o  spec ia l  subsets o f  the  popu la t ion  and addresr fundamental problems ra i sed  by the e a r l y  
reconnaissance data. 
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FhlJALE: About. t he  v a r i a t i o n s  i n  p o l a r i n ~ e t r i c  measurements--if na ture  made as te ro ids  very I 
nonuniform, you wouldn' t  know which var iab les  a re  vary ing,  because you ' re  l ook ing  ? t  
a composite o f  a thousand var iab les .  But na ture  makes them q u i t e  uniform, so polar im- 1 
e t r y  i s  a wonderful technique f o r  spo t t i ng  something r e a l l y  w i l d .  

I 

MCRRISON: Does u 0 .  the angle o f  zero p o l a r i z a t i o n ,  con ta in  mucli i n fom ia t i on  about rego- 
l i t h s  and dusty surfaces, o r  a re  these observat ions d i f f i c u l t  o r  i r~ lposs ib le  t o  i n t e r p r e t ?  



CHAPMAN: I t ' s  my view t h a t  p o l a r i z a t i o n  i s  t e l l i n g  us something abt, j l t  sur face p rope r t i es ,  
b u t  n o t  enough. I t ' s  t e l l i n g  us t h a t  there  are  i n t e v e s t i n g  d i f f e rences  between the  
as tero ids ,  bu t  there  i s  n o t  enough inforniat ion i n  p o l a r i z a t i o n  o r  even p o l a r i z a t i o n  
combined w i t h  photometry and o the r  techniques t o  spec i fy  what these d i f fe rences are.  
Once again, perhaps some i n s i g h t  may come w i t h  more obsi?rvations o r  w i t h  b e t t e r  labo- 
r a t o r y  data which would enable us t o  understand these d i f f e rences .  

VEVERKA: L e t  me come back t o  Fanale 's p o i n t .  P o l a r i z a t i o n  i s  a useful  technique. I t  can 
t e l l  you which as te ro ids  a re  d i f f e r e n t .  I t  does not  necessar i l y  have t o  t . t l l  you why 

t knowing the shape o f  the  

MATSON: I t  seems t o  me t h a t  the  d i f fe rences t h a t  can be detected w i t h  po ld l  i n ~ e t r y  a re  a t  
a  slllal l e r  sca le  than the  d i f fe rences t h a t  can be detected w i t h  rad ion~e t r y .  

CHAPMAN: I t h i n k  y o u ' r e  r i g h t .  This i s  another reason why po la r ime t r y  i s  important .  
MORRISON: You mentioned t h a t  masses a re  known f o r  t h ree  as tero ids ,  bu t  on l y  two a re  pre-  

c i s e  enough t o  t e l l  us something. I expect we w i l l  no t  ge t  many ! lore w i t h  a  p r e c i s i o n  

MATSON: With c u r r e n t  rada r  technology, we can ge t  ranges t o  the l a r g e r  ?s tero ids ,  and 
once you have a  record  o f  ranging data t o  Ceres o r  Vesta over a  per iod  o f  f i v e  years 
o r  more, you can s t a r t  t o  p u l l  o u t  as te ro id  masses. 

VEVE2KA: I t h i n k  yoi! have a  problem there  w i t h  t ime sca!es. I t ' s  c e r t a i n l y  t r ue  t h a t  
over a  long per iod  o f  time, say 100 years, you cou ld  g e t  those a s t e r o i d  masses. 

MATSON: Yes, t h a t ' s  t r u e  fo r  the  l a r g e  amplitudes t h a t  one must use w i t h  ground-b;;ed 
astrometry.  But w i t h  radar  you don ' t  have t o  go fo r  tht: maximum amp1 i tudes. You can 
take some l i t t l e  wiggle.  

the themes become abso lu te l y  c r u c i a l .  Maybe 10 years from now we may f i n d  a  p e c u l i a r  

techniques. 
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