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2 M.G.   D al y  et  al.

r ai n  m a ps  pr o d uce d   will  m e a s u r e∼ 7  cm  p er  pi xel  gl o b all y,  a n d∼ 3  cm  p er
pi xel  at s p eci fic s am ple sites. I n  a d diti o n,   O LA  d at a   will  b e  use d t o c o nstr ai n
a n d re fi ne t he s p acecr aft tr aject ories.   Gl o b al   m a ps a n d  hi g hl y acc ur ate s p ace-
cr aft  tr aject or y  estim ates  are  critic al  t o  i nfer  t he  i nter n al  str uct ure  of  t he
aster oi d.   T he  gl o b al  a n d re gi o n al   m a ps  als o  are  ke y t o  g ai n  new i nsi g hts i nt o
t he  s urf ace  pr o cesses  acti n g  acr oss   Be n n u,   w hic h i nf orm  t he  selecti o n  of  t he
O S IR I S-R E x  s am ple  site.   T hese, i n  t ur n,  are  esse nti al f or  u n derst a n di n g  t he
pr o ve n a nce  of  t he  re g olit h  s am ple  c ollecte d  b y  t he  O S IR I S-R E x  s p acecr aft.
T he  O LA  d at a  als o  are  im p ort a nt  f or  q u a ntif yi n g  a n y  h az ar ds  ne ar  t he  se-
lecte d  O S IR I S-R E x  s am ple  site  a n d  f or  e val u ati n g  t he  r a n ge  of  tilts  at  t he
s am pli n g site f or c om p aris o n a g ai nst t he c a p a bilities of t he s am ple ac q uisiti o n
d e vi c e.
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T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 3

1  I nt r o d u cti o n

1. 1   Missi o n   O ver view  a n d t he   R ole  of   O LA

T he  o bjecti ve  of   Ori gi ns,  S p ectr al I nter pret ati o n,   Res o urce I de nti fic ati o n  a n d
S e c u ri t y –Re g olit h  E x pl orer (O S IRI S-R E x) is t o ret ur n a s am ple fr om aster oi d
1 0 1 9 5 5   Be n n u  ( L a urett a  et  al.  2 0 1 7).  T he  i nstr ume nts  a b o ar d  t he  O S IR I S-
R E x  s p acecr aft  will  me as ure  t he  pr o p erties  of  t he  aster oi d  t o  s u p p ort  t he
i n vesti g ati o n of t he ge o p h ysic al a n d ge o c hemic al st ate of t his   B-cl ass aster oi d, a
s u b cl ass   wit hi n t he l ar ger gr o u p of   C-c om ple x aster oi ds, t h at   mi g ht b e or g a nic-
ric h.   At  a p pr o xim atel y  5 0 0   m i n  a ver a ge  di ameter (N ol a n et  al.  2 0 1 3),   Be n n u
is l ar ge e n o u g h t o ret ai n s u bst a nti al re g olit h  a n d  as  a n   A p oll o  aster oi d   wit h  a
l o w i ncli n ati o n ( 6◦),   Be n n u is t he   m ost accessi ble primiti ve ne ar- E art h aster oi d
( L a urett a  et  al.  2 0 1 5).

T he   O SIRI S-R E x s p acecr aft, l a u nc he d i n  Se ptem b er 2 0 1 6,   will re n dez v o us
wit h  aster oi d  1 0 1 9 5 5   Be n n u i n   mi d- 2 0 1 8. It   will  ultim atel y ret ur n s am ples  of
t he  aster oi d  b ac k  t o  t he  E art h,  t he  first   U. S.   missi o n  t o  d o  s o.   T he  ret ur ne d
s am ples   m a y  h ol d  cl ues t o t he  ori gi n  of t he s ol ar s ystem  a n d  p ossi ble  or g a nic
m olec ules t h at   m a y  h a ve see de d life  o n  E art h.

As p art  of  a  s uite  of  i nstr ume nts  o n  t he  O SIR I S-R E x  s p acecr aft,  t he
O S IR I S-R E x L aser   Altimeter (O LA) is t he   w orl d’s first sc a n ni n g l aser r a n ger fi n der
( or  li d ar)  t o  fl y  o n  a  pl a net ar y  missi o n.  Ot her  i nstr ume nts  t h at  m a ke  u p
t he  scie nti fic  p a yl o a d  i ncl u de  c amer as  (OCA M S)  (Riz k  2 0 1 7),  a  visi ble  a n d
ne ar-i nfr are d s p ectr ometer (OV IR S) (Re uter  et  al.  2 0 1 7),  a t herm al  emi s si o n
s p e c t r ometer  (OT E S)  (C hriste nse n  et  al.  2 0 1 7),  a n d  a n   X-r a y im a gi n g  s p ec-
t r ometer (R EXI S) (Bi nzel  2 0 1 7).

T he   O LA i nstr ume nt is ver y  fle xi ble i n its a bilit y t o c ollect  d at a  b ec a use of
its l o n g- a n d s h ort-r a n ge l aser tr a nsmitters a n d its sc a n ni n g   mirr or.   T his  fle xi-
bilit y is i de al f or c o nti n u o usl y im pr o vi n g t he fi delit y of t o p o gr a p hic al  pr o d ucts
ge ner ate d  b y   O LA  d uri n g t he  di ffere nt  p h ases  of t he   O SIR I S-R E x   missi o n,  as
t he  s p acecr aft  sl owl y  a p pr o ac hes  a n d  e ve nt u all y  t o uc hes  t he  aster oi d.  O LA
h as  a series  of scie nti fic  a n d   missi o n  o bjecti ves t h at c a n  b e  di vi de d i nt o  gl o b al
a n d s am ple-site-sc ale i n vesti g ati o ns.

At  a  gl o b al  sc ale,  O LA  will  me as ure  t he  s h a p e  of  Be n n u  t o  pr o vi de  i n-
si g hts  i nt o  t he  ge ol o gic al  ori gi n  a n d  e v ol uti o n  of  t he  aster oi d  b y,  f or  e x am-
ple, c o nstr ai ni n g its  b ul k  de nsit y t hr o u g h  precise  v ol ume   me as ureme nt.   C om-
bi ne d   wit h  a  c aref ull y  u n dert a ke n  ge o des y  c am p ai g n (M cM a h o n  et  al.  2 0 1 7),
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it y  of  Be n n u  a n d  he nce  pr o vi de  f urt her  cl ues  t o  its  ori gi n  a n d  s u bse q ue nt
c ollisi o n al e v ol uti o n.   T he   O LA- deri ve d  aster oi d s h a p e,   w he n c om bi ne d   wit h  a
m ass or gr a vit y   me as ureme nt,   will  pr o vi de gl o b al   m a ps of sl o p es,  ge o p ote nti al
ele vati o n  or  altit u de rel ati ve t o t he  aster oi d  ge oi d ( Sc heeres  et  al.  2 0 1 6),  a n d
vertic al  r o u g h ness  t h at   will  pr o vi de  q u a ntit ati ve i nsi g hts  (C he n g  et  al.  2 0 0 1;
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m or p h ol o gic al fe at ures  t h at  p ossess   me as ur a ble  t o p o gr a p h y  a n d  t heir  s p ati al
rel ati o ns hi ps  t o  ot her  ge ol o gic al  fe at ures,  s uc h  as  cr aters,   will  pr o vi de  a d di-
ti o n al c o nstr ai nts o n t he i nteri or str uct ure a n d ge o p h ysic al e v ol uti o n of   Be n n u
( M arc hi  et  al.  2 0 1 5).

O ver  t he  s am ple-site  (∼ 5 0   m  di ameter),   O LA   will  pr o vi de  det aile d i nf or-
m ati o n  o n t he  ge ol o gic al  a n d  ge o p h ysic al  pr o cesses t h at i n fl ue nce t he s urf ace
re g olit h  at  sc ales  (∼5  cm  a n d  gre ater)  rele va nt  t o  t he  s am ples  t h at   will  b e
c ollecte d.   Hi g h  res ol uti o n  (ce ntimeter-sc ale)  s p ati al  m e a s u r eme nts  of  s urf ace
t o p o gr a p hic sl o p es, ce nter of   m ass –refere nce d ele vati o n, a n d vertic al r o u g h ness
wit hi n t he s am ple elli pse   will  pr o vi de  d at a o n  pr o cesses s uc h as s urf ace gr a n u-
l ar  fl ows ( Mi y am ot o et  al.  2 0 0 7) t h at  h a ve i n fl ue nce d t he re g olit h  distri b uti o n
o n  t he  aster oi d.  T his  h as  im plic ati o ns  f or  t he  selecti o n  of  t he  O S IR I S-R E x
s am ple site.   O LA  d at a   will als o  b e  use d t o assess  h az ar ds a n d s am ple a bilit y at
a n y  pr o p ose d  s am ple  site.  S p eci fic all y,   O LA   will  pr o vi de  d at a t h at   will  all ow
t he  te am  t o  me as ure  t he  ge o p ote nti al  sl o p e  a n d  tilt  distri b uti o n   wit hi n  t he
s am ple elli pse  a n d c h ar acterize  b ac ksc atter r o u g h ness  at  or  b el ow t he sc ale  of
t he   O LA s p ot size.

O LA  als o  ser ves  t he f u ncti o n  of  a  b asic  r a n gi n g  de vice  b y  pr o vi di n g  pre-
cisi o n  r a n ges  t h at  are  use d  as  a  p art  of  t he  d at a  i n p ut  t o  t he  n a vi g ati o n
s ol uti o ns.   T hese f u n d ame nt al   me as ureme nts  pr o vi de i ncre ase d c o n fi de nce  a n d
f aster  n a vi g ati o n timeli nes, t here b y im pr o vi n g efficie nc y,  acc ur ac y  a n d  o ver all
missi o n s afet y.   A d diti o n all y, t he r a n ge   me as ureme nts  als o  all ow  ot her i nstr u-
me nt te ams t o im pr o ve t he sc ali n g  of t heir im a ges  or s p ectr al s am pli n g.

1. 2   O LA I nstr ume nt   O ver view

T he   C a n a di a n  S p ace   A ge nc y  (C SA)  c o ntri b ute d  O LA  t o  O S IRI S-R E x.   T he
i n s t r ume nt   w as b uilt f or t he   C SA b y   C a n a di a n firm   M acD o n al d,   Dettwiler a n d
Ass o ci ates (MDA),   wit h li d ar se ns ors  desi g ne d a n d  pr o vi de d  b y s u b c o ntr act or
Tele d y ne  O ptec h,  b ase d i n   Va u g h a n,  O nt ari o.   T he  O LA  scie nce  te am is le d
b y   Yor k   U ni versit y   wit h s u p p ort fr om t he   U ni versit y  of   Britis h   C ol um bi a  a n d
o ur   U nite d  St ates – b ase d  p art ners.

O LA   w as  de vel o p e d  usi n g  herit a ge  c om p o ne nts  a n d  a p pr o ac hes fr om  pre-
vi o us  s p ace fli g ht  missi o ns.   T he  sc a n ni n g  s ystem  a n d  l ow-e ner g y  tr a nsmi t t e r
s h are  herit a ge   wit h  t he  li d ar  use d  a b o ar d  t he  e x p erime nt al  X S S- 1 1  mi s si o n
( Ni m elm a n  et  al.  2 0 0 5).   T he  hi g h-e ner g y  l aser  is  a  m o di fie d  versi o n  of  t h at
use d i n t he   mete or ol o g y li d ar  o n t he  P h o e ni x  M ars  Missi o n (W hi t ew a y  et  al.
2 0 0 8 ).

T hese  herit a ge items   were  use d  t o  c o nstr ai n  t he  c o nce pt u al  desi g n i n  or-
der  t o  re d uce  de vel o pme nt  ris k.   A d diti o n al  c o nstr ai nts   were  t a ke n  fr om  t he
missi o n  c o nce pt  of  o p er ati o ns  disc usse d i n  Secti o n  2. 1  a n d i n  m ore  det ail i n
L a urett a  et  al.  ( 2 0 1 7).  Fr om  t hese  c o nstr ai nts,   we  de vel o p e d  a  set  of  s p eci fi-
c ati o ns f or t he   O LA i nstr ume nt (Ta ble  1).   T he i niti al  c o nce pt   w as  a tw o- b o x
desi g n   wit h  o ptics, l asers,  a n d  detect ors i n  o ne  e ncl os ure,  a n d  t he   m ai n  elec-N o
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T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 5

T a bl e  1O LA   w as  d e vel o p e d t o t h e f oll owi n g s umm ar y s et  of t e c h ni c al s p e ci fi c ati o ns,  pr o-
vi d e d  f or  t h e  Hi g h  a n d  L ow   E n er g y  Tr a n smitt ers  as  a p pr o pri at e.  S p e ci fi c ati o ns  ar e  b as e d
o n  p erf orm a n c e  t o  a  3%  L am b erti a n  r e fl e ct or

S p e ci fi c a ti o n Hi g h   E n er g y L ow   E n er g y

M a xim um   O p er ati o n al   R a n g e> 7 .4  km > 0 .7 5  km
Mi nim um   O p er ati o n al   R a n g e< 1 .0  km < 0 .4 7 5  km  ( <2 0 0  m  g o al)
R a n g e   A c c ur a c y  ( 1σ ) < 0 .5 m < 0 .3 m
R a n g e   Pr e cisi o n  ( 1σ ) < 0 .3 m < 0 .0 4  m
S c a n n er  Fi el d  of   R e g ar d ± 1 0o ( a zim u t h ),± 6o ( el e v a ti o n )
S c a n n er   Pr e cisi o n < 1 0 0µ r a d < 1 0 0µ r a d
L as er   Di ver g e n c e  ( 1 / e) 2 0 0µ r a d 1 0 0µ r a d

tr o nics i n  a sec o n d  o ne.   T his  a p pr o ac h  pr o vi de d  fle xi bilit y i n  acc omm o d a ti n g
t he i nstr ume nt  o n t he s p acecr aft.

T he   m a xim um re q uire d o p er ati o n al r a n ge of   O LA of ∼ 7 k m fr om t he aster-
oi d c om bi ne d   wit h t he 1   m J-cl ass  P h o e ni x l aser p ulse e ner g y a n d t he se nsiti vit y
of  t he   X S S- 1 1- deri ve d  c o nst a nt-fr acti o n  recei ver  set  t he  recei ver  a p ert ure  at
∼ 7 5   mm   wit h  a  3  dB li n k   m ar gi n.   T he  p ower- a p ert ure  pr o d uct  of t he l ow e n-
er g y l aser  pr o vi de d  a  7 5 0   m  o p er ati o n al r a n ge,  als o   wit h  a  3  dB li n k   m ar gi n.
To  ac hie ve  gl o b al  c o ver a ge  of   Be n n u  a n d  t o   m a ke  efficie nt  use  of  t he  1 0  kH z
m a xim um   me as ureme nt r ate of   O LA, a sc a n ni n g   mirr or is re q uire d.   To  u n der-
st a n d t he im p ort a nce of t his s ystem, it s h o ul d  b e  n ote d t h at t he gr o u n d-tr ac k
vel o cit y of t he s p acecr aft is of t he s ame or der as o ne s p ot  di ameter  p er sec o n d.
T heref ore,   wit h o ut  a n   O LA  sc a n ni n g  c a p a bilit y,  t h o us a n ds  of  m e a s u r em e nt s
p er  sec o n d   w o ul d  n ot  b e  efficie ntl y  pl ace d.  S p acecr aft  slewi n g  c o ul d im p r o v e
t he sit u ati o n,  b ut   m ost  of t he  hi g h   me as ureme nt-r ate c a p a bilit y   w o ul d  n ot  b e
e ff e c ti v e.

1. 3   C om p aris o n   wit h  Pre vi o us  Pl a net ar y  Li d ars

Ta ble  2  prese nts  a  c om p ar ati ve  s uite  of  pl a net ar y  li d ars.  O LA  di ffers  fr om
m a n y  of  t hese li d ars  b y its im pr o ve d  r a n ge  acc ur ac y,  res ol uti o n,  r a n ge  n oise,
hi g her   me as ureme nt r ates a n d t he  fle xi bilit y  pr o vi de d  b y its sc a n ni n g c a p a bil-
it y.   T he  pre vi o us  r a n ge fi n ders  all  o p er ate d   wit h  m e a s u r eme nt  r ates< 5 0   Hz.
O LA   will o p er ate at   me as ureme nt r ates of 1 0 0   Hz at r a n ges a b o ve 1 km a n d at
1 0  kHz  at l ower r a n ges.  M a n y  of t hese im p r o v eme nts  o ver  pre vi o us  pl a net ar y
li d ars  are   m a de  pr actic al  b y t he sm aller  o p er ati o n al r a n ges.

T he  hi g h  m e a s u r eme nt  r ate  a n d  sc a n ni n g  c a p a bilit y  h a ve  s ome  a d va n-
t a ges rel ati ve t o t y pic al  p oi nt li d ars, es p eci all y i n t he c o nte xt  of  a sm all- b o d y
missi o n   w here  s p acecr aft  gr o u n d-tr ac k  vel o cities  are  sm all.   T he  i ncl usi o n  of
t he  hi g h  m e a s u r eme nt  r ate  a n d  sc a n ner i n  O LA  m a ke it  p ossi ble  t o  s am pl e
l ar ge  p orti o ns of t he aster oi d s urf ace   wit h o ut s p e n di n g a s u bst a nti al time i n a
l o n g- p eri o d  or bit  t o  c ollect t he  re q uire d  d at a ( Fi g ure  1).   T his tim e- effi ci e n c y
a d va nt a ge  is  ke y  t o  e ns ure  t he  O S IR I S-R E x  missi o n  c a n  q uic kl y  o bt ai n  t he
gl o b al li d ar- b ase d s urf ace   me as ureme nts  nee de d t o  vali d ate  pri or im a g e- b a s e dN o
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6 M.G.   D al y  et  al.

Fi g.  1 Vi ew  of  c o ver a g e f or st ari n g li d ar r el ati ve t o   O LA’s s c a n ni n g  o pti o n f or   B e n n u  o ver
s am e  tim e  p eri o d  a n d  o p er ati n g   wit h  t h e  s am e  d ut y  c y cl e

T a bl e 2 A  c om p aris o n  of  O LA  t o  ot h er  pl a n et ar y  li d ars.  It  s h o ul d  b e  n ot e d  t h at  O LA
is  t h e  o nl y  li d ar  wit h  s elf-s c a n ni n g  c a p a bilit y.  M or e  d et ails  c a n  b e  f o u n d  i n  t h e  f oll owi n g:
MO LA ( Smit h  et  al.  2 0 0 1);  M LA ( C a v a n a u g h  et  al.  2 0 0 7);  LO LA ( Smit h  et  al.  2 0 1 0,  2 0 1 7);
N LR  (C ol e  et  al.  2 0 0 0);   H a y a b us a  (M u k ai  et  al.  2 0 0 2);   H a y a b us a  2  (Mi z u n o  et  al.  2 0 1 6)

I n s t ru m en t T a r g e t R an g e
( k m )

A c cu r a cy
( c m )

R e s o lu t i on
( c m )

D iv e r g en c e
( µ r a d )

Pu l s e
En e r gy

( m J )

Pu l s e
R a t e  (H z )

M OL A M a r s 2 0 0  - 7 8 7 1 0 0 3 7 . 5 4 2 0 4 8 1 0
ML A M e r cu ry < 1 5 0 0 1 0 0 1 1 5 5 2 0 8

L OL A M oo n < 1 5 0 1 0 ∼ 1 1 0 0 2. 5  ( 0. 5 × 5 ) 2 8
NL R E r o s 0 . 1 - 3 0 0 3 2 3 2 1 0 0 1 5 . 3 1 / 8 , 1 , 2 , 8

H a y ab u s a I t o k a w a ≤ 5 0 < 1 0 0 0 5 0 1 7 0 0x 7 0 0 1 0 . 5 1
H a y ab u s a 2 Ry u gu 0 . 0 3 - 2 5 < 5 5 0 5 0 2 4 0 0 1 5 1

OL A B en n u 0 . 0 1 - 7
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ye ars) t o c ollect s ufficie nt d at a fr om   m a n y or bits. I n t he c ase of   O LA, t he sc a n-
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Fi g. 2 T h e  O LA  o p er ati o n  p h as es.  O LA  st arts  o bs er vi n g  7  km  fr om  t h e  s urf a c e  of  t h e
ast er oi d a n d   w as d esi g n e d t o e xt e n d t o a 5 2 5   m r e c o n n aiss a n c e of t h e s am pli n g sit e.   H ow e v e r,
O LA  is  a bl e  t o  s u p p ort  r e c o n n aiss a n c e  o bs er v ati o ns  n e ar  2 0 0  m  a n d  l ower.  S om e  O r bi t al
P h as e   A  a cti vit y is  b ei n g  c o nsi d er e d   wit h  em p h asis  o n  p ol ar  o bs er v ati o ns

2   O p e r ati o n s

2. 1   O LA   C o nce pt  of   O p er ati o ns

T he   O LA c o nce pt  of  o p er ati o ns t h at c o nstr ai ne d t he i nstr ume nt  desi g n is  de-
ri ve d fr om t he series of o bser vati o n p h ases pl a n ne d b y t he   O SIRI S-R E x   missi o n
t e am ( Fi g.  2).   T he   missi o n  p h ases  are:  Prelimi n ar y  S ur ve y,   Or bit al  P h ase   A,
Det aile d  S ur ve y,   Or bit al  P h ase   B,  a n d   Rec o n n aiss a nce.  E ac h  of  t hese  p h ases
h as  a  di ffere nt r a n ge fr om t he  aster oi d  a n d  disti nct s p acecr aft   m oti o ns,  p oi nt-
i n g a n d l o c al time c o ver a ge. See L a urett a et al. ( 2 0 1 7) f or a det aile d descri pti o n
of t he   missi o n c o nce pt  of  o p er ati o ns.   T he  o p er ati o n al   missi o n  p h ases f or   O LA
h a ve f o ur disti nct r a n ges a n d o p er ati o n al   met h o ds t o c h ar acterize t he aster oi d.
L o c al time is  n ot a c o nstr ai nt f or   O LA o p er ati o ns.   O LA   m a kes  use of a  hi g hl y
c o n fi g ur a ble sc a n ner,  a n d its  a bilit y t o   me as ure r a n ges fr om  b e y o n d  7  km  a n d
as  cl ose  as∼ 1 0   m  at  tw o   me as ureme nt  r ates,  t o  o ptimize  c h ar acteriz ati o n  of
t he  aster oi d  d uri n g t hese   missi o n  p h ases.

I n t he  Prelimi n ar y S ur ve y  P h ase, t he aster oi d l o c ati o n rel ati ve t o t he s p ace-
cr aft is  p o orl y  k n ow n   wit h  res p ect  t o  t he  o bser vati o n  ge ometr y.   O LA,  t here-
f ore, is c o n fi g ure d i n  a c o arse  p us h br o om   m o de i n   w hic h t he sc a n ner  o p er ates
i n  a li ne ar  m a n ner  p er p e n dic ul ar  t o  t he  s p acecr aft  vel o cit y  vect or.   T he  sc a nN o
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a n gle is l ar ge  e n o u g h t o  acc omm o d ate t he  n a vi g ati o n al  u ncert ai nties  a n d  e n-
s ure  t he   Be n n u is i n  t he  fiel d  of  view  d uri n g  s ome  of  t he  o bser vati o n  p eri o d.
T he   me as ureme nt r ate is  1 0 0   Hz,  a n d t he∼ 1. 4   m- di ameter f o ot pri nts  are  dis-
p erse d  o ver  t he  s urf ace  s o  as  t o  e ns ure  ret ur n  si g n als  are  o bt ai ne d  gi ve n  t he
i niti al s p acecr aft tr aject or y u ncert ai nties, b ut   wit h s ufficie nt de nsit y t o b e a ble
t o i de ntif y t he l o c ati o n of ret ur ns i n s u p p orti n g   OCA M S im a gi n g.   As a res ult,
O LA  r a n ges  s u p p ort  n a vi g ati o n  a n d  pr o vi de  vali d ati o n f or  a n  aster oi d  s h a p e
m o del  o bt ai ne d  e arlier i n t he   missi o n  usi n g  c amer a- b ase d tec h ni q ues.

As t he s p acecr aft   m o ves  cl oser t o t he  aster oi d, t he   Det aile d  S ur ve y  P h ase
pr o vi des t he o p p ort u nit y f or t hree  ne ar-st ati o n ar y o bser vati o ns o ver t he e q u a-
t or  of t he  aster oi d   w hile t he  aster oi d r ot ates i n t he   me as ureme nt  fiel d  o ver its
4. 3  hr  p eri o d. I n t his  p h ase, t he s p acecr aft slews i n  a   N ort h – S o ut h  oscill ati o n
wit h  a  p eri o d  of  a p pr o xim atel y  8 0  s.  I n  or der  t o  m a ximize  t he  c o ver a ge  f or
O LA,  a n  acr oss-slew  li ne-sc a n  w as  selecte d.  I n  c o ntr ast  t o  t he P r elimi n a r y
S ur ve y  P h ase,  t he  sc a n is  n ot  s p arse  b ut   will  b e  c o n fi g ure d f or  1 0 0   Hz  m e a-
s u r eme nts  e ver y  2 0 0µ r a ds  of sc a n ni n g   m oti o n.   T he   wi dt h  of∼ 2 0   m f or  e ac h
sl ew is  n ot  a  critic al  p ar ameter  b ec a use  a t hree-slew  are al  c o ver a ge  o verl a p is
t y pic al f or   O LA i n t his  p h ase.   T he   B ase b all   Di am o n d o bser vati o ns, c o nsisti n g
of t w o  st ati o ns i n t he   N ort her n  hemis p here  a n d  a n ot her tw o i n t he  S o ut her n
h emis p here,   will all ow c o ver a ge  ne ar t he  p oles  u p t o± 7 5◦ l atit u de.  E ac h   O LA
f o ot pri nt   will   me as ure ∼1   m i n  di am e t e r.

I n  Or bit al P h ase  B,  t he  s p acecr aft  is∼ 7 5 0  m  fr om  t he  s urf ace  of  t he
aster oi d.   T his is t he   m ai n  gl o b al  d at a-c ollecti o n  p h ase f or   O LA,   wit h t he  g o al
of  e n a bli n g  t he  pr o d ucti o n  of  a  hi g h-res ol uti o n  gl o b al  di git al  terr ai n  m o d el.
I n t his  p h ase,   O LA is c o n fi g ure d t o  o p er ate i n  a   m a n ner simil ar t o  a n im a g e r.
Usi n g  sc a n  times  of  tw o  t o f o ur  mi n utes  a n d  a  m e a s u r eme nt  r ate  of  1 0  kH z,
O LA   will  t a ke  r aster  sc a ns  of  t he  s urf ace   w here  t he  m e a s u r eme nt  s p aci n g is
e q ui vale nt  t o  t he  b e am  di ver ge nce,  t here b y  pr o vi di n g  c o nti g u o us  s p ots,  e ac h
of ∼ 7. 5  cm.   A t y pic al  sc a n  size   will  b e  a b o ut  8 0   m× 8 0   m  o n t he  s urf ace  of
Be n n u.   T hesei m a g es are  o verl a p pi n g, t here b y  all owi n g  a f ull s h a p e   m o del t o
b e  c o nstr ucte d t hr o u g h r aster-t o-r aster re gistr ati o n.

I n t he   Rec o n n aiss a nce  P h ase,  det aile d t o p o gr a p h y is t he re q uire d  pr o d uct
f or  s am ple  c o nte xt  a n d  s afe  s am pli n g.  I n  t his  p h ase  t he  s p acecr aft   will  slew
acr oss-tr ac k i n  s u p p ort  of im a gi n g  a n d  s p ectr osc o p y.   O LA   will  p erf orm li ne-
sc a ns  al o n g t he s p acecr aft  gr o u n d-tr ac k  directi o n t o   m a ximize   O LA c o ver a ge.
T he  c o ver a ge  res ults i n  s u bst a nti al  o verl a p   wit h  a  n omi n al  t hree-times  s p ot
o v e r- s am pli n g  t here b y  pr o vi di n g  t he  p ote nti al  t o  im pr o ve  precisi o n  t hr o u g h
s p ati al  a ver a gi n g.   T he   O LA f o ot pri nts i n t his  p h ase   me as ure∼ 3  cm.
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Fi g.  3 O LA  c o nsists  of  tw o  s u b ass em bli es  —  T h e  o pti c al  h e a d  u nit  (ri g ht)  a n d  t h e  el e c-
tr o ni cs  u nit  (l eft)

T a bl e 3 O LA  as- b uilt  p erf orm a n c e  a n d  ke y  c h ar a ct eristi cs.  S p e ci fi c ati o ns  ar e  b as e d  o n
p e rf o rm a n c e  t o  a  3%  L am b erti a n  r e fl e ct or

S p e ci fi c a ti o n Hi g h   E n er g y L ow   E n er g y

M a xim um   O p er ati o n al   R a n g e 9 .0  k m 1 .2  km
Mi nim um   O p er ati o n al   R a n g e 0 .2 6  km 0 .0 3 6  km
R a n g e   A c c ur a c y  ( 1σ ) < 0 .3 1  m < 0 .0 6  m
R a n g e   Pr e cisi o n  ( 1σ ) < 0 .0 2 6  m < 0 .0 1 1  m
S c a n n er  Fi el d  of   R e g ar d ± 6 .7o , ± 5 .9o ± 6 .7o , ± 5 .9o

S c a n n er   Pr e cisi o n < 2 0 µ r a d < 2 0 µ r a d
L as er   Di ver g e n c e  ( 1 / e) 2 0 0 µ r a d 1 0 0 µ r a d
Fals e   Al arm s < 1 0− 6 < 1 0− 6

Pr o b a bilit y  of   D et e cti o n > 9 9 .9 9% > 9 9 .9 9%
Cl e ar   A p ert ur e 7 5  mm 7 5  mm
P uls e   E n er g y 0. 7  m J 1 0µ J
P uls e   D ur ati o n 5  ns 1 n s

M ass -   El e ctr o ni cs 7. 6  k g
M ass -   O pti c al   H e a d 1 3. 8  k g
P ower -   N omi n al 5 9  W
P ower -  St a n d b y 4 3  W
Di m e nsi o ns -   El e ctr o ni cs  (mm) 2 6 5  L  x  2 5 0  W  x  1 4 2   H
Di m e nsi o ns -   O pti c al   H e a d  (mm) 2 7 0  L  x  3 2 0  W  x  2 3 0   H

si g n als)  a n d  t he  m ai n  electr o nics  (w hic h  c o nt ai ns  all  of  t he  s ystem  a vi o nics
s uc h as si g n al  pr o cessi n g,  p ower, s p acecr aft c omm u nic ati o n, a n d tim e- of- fli g h t
circ uitr y).   T he   O LA  as- b uilt  p erf orm a nce is  o utli ne d i n   Ta ble  3.   C om p a ri s o n
wit h  Ta ble  1  s h ows  t h at  O LA  e xcee ds  its  s p eci fic ati o ns  i n  all  b utS c a n n e r
Fi el d  of   Reg ar d .   D uri n g t he  desi g n  p h ase,  a c om p r omise   w as   m a de t o i ncre ase
t he   mec h a nic al r o b ust ness of t he sc a n ni n g s ystem  a n d t he sc a n ni n g r a n ge   w as
re d uce d  i n  o ne  a xis  fr om± 1 0◦ t o ± 6◦.  T his  c h a n ge  d o es  n ot  c om p r omi s e
t he  utilit y  of   O LA i n  t he  missi o n  b ec a use  t he  c urre nt  c o nce pt  of  o p er ati o ns
re q uires  n o   m ore t h a n± 3◦ i n t his  a xis.N o
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T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 1 5

t h at t he  p ar ameters  are   wit hi n s p eci fie d limits.   A f ail ure  of t his  c hec k  c a uses
a   CA T 1  err or t h at l o gs t he  err or  a n d  c a uses  a tr a nsiti o n t o ID L E.

U p o n recei vi n g a c omm a n d t o e nter t he St a n d b y St ate,   O LA b e gi ns he ati n g
of  critic al  electric al  c om p o ne nts  t o  e ns ure  t h at  t he y  are   wit hi n  t heir  o p er a-
ti o n al tem p er at ure limits.   T his  n omi n all y t a kes 5   mi n utes.   T his   w arm- u p tim e
is   m a n a ge d  o p er ati o n all y t hr o u g h scri pt  p ar am e t e r s.

O nce  O LA  is  c omm a n de d  i nt o  t he  O p er ate  St ate,  vi a  a  Sc a n  c omm a n d
wit h   w arm- u p  a n d sc a n  d ur ati o n time- o ut  p ar ameters s p eci fie d, t he f oll owi n g
ste ps  o cc ur:

L a s e r— W a rm- u p,  n o  d at aTo  e ns ure  t h at  t he   O LA l aser is  o p er ati n g  at
p e a k p erf orm a nce, t he e ntire s ystem is first c omm a n de d t o o p er ate   wit h o ut
d at a  b ei n g  se nt.   T his is t o  ac hie ve t herm al  e q uili bri um  b etwee n t he t her-
m o electric  c o olers  a n d  t he  s urr o u n di n g  str uct ure).  W a rm- u p  time  s h o ul d
n omi n all y  b e  1 0 0 0 s.

S c a n  (O p e r a t e )F oll owi n g c om pleti o n of t he   w arm- u p p eri o d,   O LA pr o cee ds
t o sc a n t he   mirr or  a n d t o re p ort sc a n  d at a  as telemetr y,  pr o vi de d t he sc a n
ti me- o ut  p ar ameter s p eci fie d is  gre ater t h a n  zer o.

S c a n   Tim e o u tA  sc a n  d ur ati o n  time o ut is  se nt  as  a  p ar ameter   wit hi n  t he
Sc a n  c omm a n d,  a n d  sets  a  time  o ut  d ur ati o n  t o  tr a nsiti o n  b ac k  t o  t he
St a n d b y  St ate i n t he  e ve nt t h at:
– T he re q uire d c o nti n u o us sc a n  o p er ati o n time  h as e x pire d (f or e x am pl e,

a  c omm a n de d li ne ar sc a n f or   X   mi n utes).
– T he c omm a n de d time f or a si n gle sc a n  h as  b ee n e xcee de d (f or e x am pl e,

a si n gle r aster sc a n  of  k n ow n  d ur ati o n).
S / C  M o ni t o ri n g:T he  s p acecr aft  d o es  n ot  p arse  or  act  u p o n   O LA  scie nce

d at a,   wit h t he f oll owi n g tw o  e xce pti o ns:
S / C  C h e c k  O n e:O nce  O LA  is  c omm a n de d  i n  t he  O p er ate  St ate,  t he

O S IR I S-R E x s p acecr aft c hec ks f or t he rece pti o n of a n   O LA   Hi g h  Pri or-
it y  d at a  p ac ket. If t his c hec k f ails, t he s p acecr aft  attem pts t o rei niti ate
O LA  o p er ati o n ( as  determi ne d  b y t he  c omm a n d se q ue nce  or  bl o c k).

S / C  C h e c k   Tw o: T he  rece pti o n  of  a  SA F EM E  re q uest  fr om  O LA  t o
t he s p acecr aft c a uses   O LA t o  b e  decl are d  SA F E, a n d  p ower is rem o v e d
f r om t he i nstr um e nt.

T he s p acecr aft c a n access i n re al time s ome   O LA  d at a t h at is c o nt ai ne d i n
t he scie nce d at a he a der. I n p artic ul ar, t here is a n a ver a ge r a n ge fiel d ( b ase d o n
t he  5 0 0   me as ureme nts f or   w hic h t he  he a der  a p plies) t h at  c a n  b e  use d  b y t he
s p acecr aft f or c amer a f o c usi n g or f or ot her p ur p oses   w here 2 0   Hz   me as urem e nt s
of r a n ge t o t he s urf ace  are  nee de d.

3. 3. 2   O LA  S c a n   C o n fi g ur ati o n

T he   m ai n   O LA c omm a n d is aSt art  S c a nc omm a n d.   T he  ke y  p ar ameters f or a
sc a n  are s h ow n i n   Ta ble  4.   O LA sc a ns  c a n  b e   m a de   wit h  eit her t he   H E L T  or
t he  L E L T.   O nce  t he l aser  tr a nsmitter is  c h ose n,  t he   me as ureme nt  r ate is  set
b y t he f u n d ame nt al l aser re p etiti o n r ate.   A sc a n  d ur ati o n  pr o vi des t he le n gt hN o

t of r a n ge t o t he s urf ace  are  nee de d.

N o
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it y  d at a  p ac ket. If t his c hec k f ails, t he s p acecr aft  attem pts t o rei niti ate

Fi n
 a

l 
it y  d at a  p ac ket. If t his c hec k f ails, t he s p acecr aft  attem pts t o rei niti ate
O LA  o p er ati o n ( as  determi ne d  b y t he  c omm a n d se q ue nce  or  bl o c k).

Fi n
 a

l 
O LA  o p er ati o n ( as  determi ne d  b y t he  c omm a n d se q ue nce  or  bl o c k).

T he  rece pti o n  of  a  SA F EFi n
 a

l 
T he  rece pti o n  of  a  SA F EFi n

 a
l 

M E  re q uest  fr om  O LA  t oFi n
 a

l 
M E  re q uest  fr om  O LA  t o

t he s p acecr aft c a uses   O LA t o  b e  decl are d  SA F E, a n d  p ower is rem o v e dFi n
 a

l 

t he s p acecr aft c a uses   O LA t o  b e  decl are d  SA F E, a n d  p ower is rem o v e d

Ar c
 h

i v
 e

F oll owi n g c om pleti o n of t he   w arm- u p p eri o d,   O LA pr o cee ds

Ar c
 h

i v
 e

F oll owi n g c om pleti o n of t he   w arm- u p p eri o d,   O LA pr o cee ds
t o sc a n t he   mirr or  a n d t o re p ort sc a n  d at a  as telemetr y,  pr o vi de d t he sc a n

Ar c
 h

i v
 e

t o sc a n t he   mirr or  a n d t o re p ort sc a n  d at a  as telemetr y,  pr o vi de d t he sc a n

A  sc a n  d ur ati o n  time o ut is  se nt  as  a  p ar ameter   wit hi n  t he

Ar c
 h

i v
 e

A  sc a n  d ur ati o n  time o ut is  se nt  as  a  p ar ameter   wit hi n  t he
Sc a n  c omm a n d,  a n d  sets  a  time  o ut  d ur ati o n  t o  tr a nsiti o n  b ac k  t o  t he

Ar c
 h

i v
 e

Sc a n  c omm a n d,  a n d  sets  a  time  o ut  d ur ati o n  t o  tr a nsiti o n  b ac k  t o  t he

T he re q uire d c o nti n u o us sc a n  o p er ati o n time  h as e x pire d (f or e x am pl e,Ar c
 h

i v
 e

T he re q uire d c o nti n u o us sc a n  o p er ati o n time  h as e x pire d (f or e x am pl e,

T he c omm a n de d time f or a si n gle sc a n  h as  b ee n e xcee de d (f or e x am pl e,Ar c
 h

i v
 e

T he c omm a n de d time f or a si n gle sc a n  h as  b ee n e xcee de d (f or e x am pl e,



1 6 M.G.   D al y  et  al.

T a bl e  4 T h e  ke y  fi el ds i n  t h e   O LA  St art  S c a n  c omm a n d

Fi el d D e s c ri p ti o n V al u e

L as er  S el e ct S p e cif y  L as er HE L T  or  LE L T

S c a n   R e p etiti o n
E n a bl es a si n gl e p ass t hr o u g h a p att er n
or  r e p etiti ve  p ass es

si n gl e  or  c o nti n u o us

S p ot   A n g ul ar  S p a ci n g
A n g ul ar  s e p ar ati o n b e twe e n a dj a c e n t
s p o t s

0. 0 5 – 1 0  m r a d

S c a n   P att er n D e fi n e  m e a s u r em e nt  p att er n R ast er,  Li n e ar  or  Fi x e d
S c a n   Ori e nt ati o n  Dir e cti o n  of f ast  mirr or  tr a vel A zim ut h  or   El e v ati o n
Wi n d ow  Si z e Wi n d ow  si z e  (A zim ut h  or   El e v ati o n) 0 – 3 4 0  m r a d
Wi n d ow   C e nt er  C e nt er  of  s c a n  (A zim ut h  or   El e v ati o n) 0 – 3 4 0  m r a d
S c a n   D ur ati o n  D ur ati o n  of  s c a n 0 – 6 5 5 3 5  s
R e c ei ver  S etti n g  C h o os e  r e c ei ver  t hr es h ol d N omi n al  or  L ow
D e cim a ti o n C h o os e   D e cim a ti o n N o n e,  2× ,  1 0×,  1 0 0×,  1 0 0 0×

of t he sc a n  eit her  b y  p atter n re p etiti o n i n  aC o nti n u o u ssc a n  or  b y  pr o vi di n g
a   m a xim um  time- o ut  val ue i n  aSi n gl esc a n.   A l ower  recei ver  t hres h ol d  t h a n
t he  n omi n al  c a n  b e  set  t o im pr o ve   O LA’s  r a n ge  p erf orm a nce  at  t he  e x p e nse
of  a n i ncre ase d f alse- al arm r ate.   T he   m aj orit y  of t he rem ai ni n g  c o n fi g ur ati o n
rel ates t o t he sc a n ni n g   mirr or  p ar am e t e r s.

T he  O LA  sc a n ner  c a n  b e  c o n fi g ure d  i n  t hree  sc a n  p atter ns.  A Fi x e do r
st ari n g  p atter n  is  n ot  c urre ntl y  pl a n ne d  f or  fli g ht,  b ut  w as  im pl eme nte d  t o
s u p p ort test c o n fi g ur ati o ns.   T he tw o o p er ati o n al  p atter ns are aLi n e a ror li ne-
sc a n  p atter n  a n d  aR a st e ror  are a-sc a n  p atter n.  E ac h  of  t he  tw o  o p er ati o n al
p atter ns c a n  b e c o n fi g ure d   wit h t heir  prime  a xis i n t he  azim ut h al  or ele vati o n
directi o n.   T he  ce nter  of  t he  p atter n  c a n  b e  s p eci fie d   wit hi n  t he  all owe d  sc a n
wi n d ow  t o  all ow  ar bitr ar y  i nstr ume nt-le vel  p oi nti n g.  T he  sc a n ner  s p ee d  is
set  b y  s p ecif yi n g  t he  a n g ul ar  s p aci n g  b etwee n  s p ots.  T his  will  n orm all y  b e
set  at  0. 1mr a d f or c o nti g u o us s p ots f or t he  L E L T.   T he sc a n  p atter n  ge ner at or
i nter prets t his val ue as t he hi g hest   mirr or vel o cit y.   T he hi g hest   mirr or vel o cit y
o cc urs  at  t he  ce nter  of  t he  sc a n  a n d  t he  e xte nt  of  t his  re gi o n  varies   wit h  t he
sc a n  p atter n  as it is limite d  b y t he s p a n re q uire d t o  acceler ate  a n d  deceler ate
t he   mirr or.

O LA  pr o vi des t he  a bilit y t o  p arse  a n d  pri oritize its  d at a i n  or der t o  all ow
m a n a g eme nt  of   O LA  d at a  v ol umes,   w hic h  c a n  b e l ar ge  gi ve n   O LA’s  1 0  kH z
m e a s u r eme nt r ate. If   D at a   Decim ati o n is re q uire d, c o ntr ol is ac hie ve d t hr o u g h
t he  Sc a n c omm a n d   wit h t he  decim ati o n  p ar ameter s p eci fie d ( n omi n all y, 2, 1 0,
1 0 0,  or  1 0 0 0).  Sc a n   D at a   will t he n  b e  arr a n ge d i nt o   Decim ate d   D at a (t a g ge d
as   Hi g h  Pri orit y Scie nce   D at a) a n d   U n decim ate d   D at a (t a g ge d as  L ow  Pri orit y
Scie nce   D at a).  For e x am ple, a p pl yi n g a 1 0-f ol d  d at a  decim ati o n sc heme   w o ul d
res ult i n  1 sc a n  p oi nt i n  e ver y  1 0  b ei n g  p ut i nt o  a   Hi g h  Pri orit y  d at a  p ac ket,
w hile  all  1 0  sc a n  p oi nts   w o ul d  b e  p ut i nt o  a  L ow  Pri orit y  d at a  p ac ket.   T he
s p acecr aft  h as t he  o pti o n t o  n ot tr a nsmit t he  L ow  Pri orit y  p ac ket.N o

t m e a s u r eme nt r ate. If   D at a   Decim ati o n is re q uire d, c o ntr ol is ac hie ve d t hr o u g h

N o
t m e a s u r eme nt r ate. If   D at a   Decim ati o n is re q uire d, c o ntr ol is ac hie ve d t hr o u g h

t he  Sc a n c omm a n d   wit h t he  decim ati o n  p ar ameter s p eci fie d ( n omi n all y, 2, 1 0,

N o
t t he  Sc a n c omm a n d   wit h t he  decim ati o n  p ar ameter s p eci fie d ( n omi n all y, 2, 1 0,

1 0 0,  or  1 0 0 0).  Sc a n   D at a   will t he n  b e  arr a n ge d i nt o   Decim ate d   D at a (t a g ge d

N o
t 1 0 0,  or  1 0 0 0).  Sc a n   D at a   will t he n  b e  arr a n ge d i nt o   Decim ate d   D at a (t a g ge d

as   Hi g h  Pri orit y Scie nce   D at a) a n d   U n decim ate d   D at a (t a g ge d as  L ow  Pri orit y

N o
t as   Hi g h  Pri orit y Scie nce   D at a) a n d   U n decim ate d   D at a (t a g ge d as  L ow  Pri orit y

N o
t 

Scie nce   D at a).  For e x am ple, a p pl yi n g a 1 0-f ol d  d at a  decim ati o n sc heme   w o ul d

N o
t 

Scie nce   D at a).  For e x am ple, a p pl yi n g a 1 0-f ol d  d at a  decim ati o n sc heme   w o ul d
res ult i n  1 sc a n  p oi nt i n  e ver y  1 0  b ei n g  p ut i nt o  a   Hi g h  Pri orit y  d at a  p ac ket,

N o
t 

res ult i n  1 sc a n  p oi nt i n  e ver y  1 0  b ei n g  p ut i nt o  a   Hi g h  Pri orit y  d at a  p ac ket,
w hile  all  1 0  sc a n  p oi nts   w o ul d  b e  p ut i nt o  a  L ow  Pri orit y  d at a  p ac ket.   T he

N o
t 

w hile  all  1 0  sc a n  p oi nts   w o ul d  b e  p ut i nt o  a  L ow  Pri orit y  d at a  p ac ket.   T he
s p acecr aft  h as t he  o pti o n t o  n ot tr a nsmit t he  L ow  Pri orit y  p ac ket.N o

t 
s p acecr aft  h as t he  o pti o n t o  n ot tr a nsmit t he  L ow  Pri orit y  p ac ket.

f o
r o cc urs  at  t he  ce nter  of  t he  sc a n  a n d  t he  e xte nt  of  t his  re gi o n  varies   wit h  t he

f o
r o cc urs  at  t he  ce nter  of  t he  sc a n  a n d  t he  e xte nt  of  t his  re gi o n  varies   wit h  t he

sc a n  p atter n  as it is limite d  b y t he s p a n re q uire d t o  acceler ate  a n d  deceler ate

f o
r sc a n  p atter n  as it is limite d  b y t he s p a n re q uire d t o  acceler ate  a n d  deceler ate

O LA  pr o vi des t he  a bilit y t o  p arse  a n d  pri oritize its  d at a i n  or der t o  all ow

f o
r 

O LA  pr o vi des t he  a bilit y t o  p arse  a n d  pri oritize its  d at a i n  or der t o  all ow
m a n a g eme nt  of   O LA  d at a  v ol umes,   w hic h  c a n  b e l ar ge  gi ve n   O LA’s  1 0  kH zf o

r 
m a n a g eme nt  of   O LA  d at a  v ol umes,   w hic h  c a n  b e l ar ge  gi ve n   O LA’s  1 0  kH z
m e a s u r eme nt r ate. If   D at a   Decim ati o n is re q uire d, c o ntr ol is ac hie ve d t hr o u g hf o

r 
m e a s u r eme nt r ate. If   D at a   Decim ati o n is re q uire d, c o ntr ol is ac hie ve d t hr o u g h
t he  Sc a n c omm a n d   wit h t he  decim ati o n  p ar ameter s p eci fie d ( n omi n all y, 2, 1 0,f o

r 
t he  Sc a n c omm a n d   wit h t he  decim ati o n  p ar ameter s p eci fie d ( n omi n all y, 2, 1 0,
1 0 0,  or  1 0 0 0).  Sc a n   D at a   will t he n  b e  arr a n ge d i nt o   Decim ate d   D at a (t a g ge df o

r 
1 0 0,  or  1 0 0 0).  Sc a n   D at a   will t he n  b e  arr a n ge d i nt o   Decim ate d   D at a (t a g ge d

Fi n
 a

l T he  O LA  sc a n ner  c a n  b e  c o n fi g ure d  i n  t hree  sc a n  p atter ns.  A

Fi n
 a

l T he  O LA  sc a n ner  c a n  b e  c o n fi g ure d  i n  t hree  sc a n  p atter ns.  A
st ari n g  p atter n  is  n ot  c urre ntl y  pl a n ne d  f or  fli g ht,  b ut  w as  im pl eme nte d  t o

Fi n
 a

l st ari n g  p atter n  is  n ot  c urre ntl y  pl a n ne d  f or  fli g ht,  b ut  w as  im pl eme nte d  t o
s u p p ort test c o n fi g ur ati o ns.   T he tw o o p er ati o n al  p atter ns are a

Fi n
 a

l 
s u p p ort test c o n fi g ur ati o ns.   T he tw o o p er ati o n al  p atter ns are aLi n e a r

Fi n
 a

l 
Li n e a r

or  are a-sc a n  p atter n.  E ac h  of  t he  tw o  o p er ati o n al

Fi n
 a

l 
or  are a-sc a n  p atter n.  E ac h  of  t he  tw o  o p er ati o n al

p atter ns c a n  b e c o n fi g ure d   wit h t heir  prime  a xis i n t he  azim ut h al  or ele vati o n

Fi n
 a

l 
p atter ns c a n  b e c o n fi g ure d   wit h t heir  prime  a xis i n t he  azim ut h al  or ele vati o n
directi o n.   T he  ce nter  of  t he  p atter n  c a n  b e  s p eci fie d   wit hi n  t he  all owe d  sc a n

Fi n
 a

l 
directi o n.   T he  ce nter  of  t he  p atter n  c a n  b e  s p eci fie d   wit hi n  t he  all owe d  sc a n
wi n d ow  t o  all ow  ar bitr ar y  i nstr ume nt-le vel  p oi nti n g.  T he  sc a n ner  s p ee d  is

Fi n
 a

l 
wi n d ow  t o  all ow  ar bitr ar y  i nstr ume nt-le vel  p oi nti n g.  T he  sc a n ner  s p ee d  is
set  b y  s p ecif yi n g  t he  a n g ul ar  s p aci n g  b etwee n  s p ots.  T his  will  n orm all y  b e

Fi n
 a

l 
set  b y  s p ecif yi n g  t he  a n g ul ar  s p aci n g  b etwee n  s p ots.  T his  will  n orm all y  b e
set  at  0. 1mr a d f or c o nti g u o us s p ots f or t he  L E L T.   T he sc a n  p atter n  ge ner at or

Fi n
 a

l 
set  at  0. 1mr a d f or c o nti g u o us s p ots f or t he  L E L T.   T he sc a n  p atter n  ge ner at or
i nter prets t his val ue as t he hi g hest   mirr or vel o cit y.   T he hi g hest   mirr or vel o cit yFi n

 a
l 

i nter prets t his val ue as t he hi g hest   mirr or vel o cit y.   T he hi g hest   mirr or vel o cit yFi n
 a

l 

o cc urs  at  t he  ce nter  of  t he  sc a n  a n d  t he  e xte nt  of  t his  re gi o n  varies   wit h  t heFi n
 a

l 

o cc urs  at  t he  ce nter  of  t he  sc a n  a n d  t he  e xte nt  of  t his  re gi o n  varies   wit h  t he
sc a n  p atter n  as it is limite d  b y t he s p a n re q uire d t o  acceler ate  a n d  deceler ateFi n

 a
l 

sc a n  p atter n  as it is limite d  b y t he s p a n re q uire d t o  acceler ate  a n d  deceler ate

Ar c
 h

i v
 e

sc a n  or  b y  pr o vi di n g

Ar c
 h

i v
 e

sc a n  or  b y  pr o vi di n g
sc a n.   A l ower  recei ver  t hres h ol d  t h a n

Ar c
 h

i v
 e

sc a n.   A l ower  recei ver  t hres h ol d  t h a n
t he  n omi n al  c a n  b e  set  t o im pr o ve   O LA’s  r a n ge  p erf orm a nce  at  t he  e x p e nse

Ar c
 h

i v
 e

t he  n omi n al  c a n  b e  set  t o im pr o ve   O LA’s  r a n ge  p erf orm a nce  at  t he  e x p e nse
of  a n i ncre ase d f alse- al arm r ate.   T he   m aj orit y  of t he rem ai ni n g  c o n fi g ur ati o n

Ar c
 h

i v
 e

of  a n i ncre ase d f alse- al arm r ate.   T he   m aj orit y  of t he rem ai ni n g  c o n fi g ur ati o n

T he  O LA  sc a n ner  c a n  b e  c o n fi g ure d  i n  t hree  sc a n  p atter ns.  A Ar c
 h

i v
 e

T he  O LA  sc a n ner  c a n  b e  c o n fi g ure d  i n  t hree  sc a n  p atter ns.  A Fi x e dAr c
 h

i v
 e

Fi x e d
st ari n g  p atter n  is  n ot  c urre ntl y  pl a n ne d  f or  fli g ht,  b ut  w as  im pl eme nte d  t oAr c

 h
i v

 e

st ari n g  p atter n  is  n ot  c urre ntl y  pl a n ne d  f or  fli g ht,  b ut  w as  im pl eme nte d  t o
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Parameters 

T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 1 7

C ali b r a ti o n s. p n g

Fi g.  8 T h e   O LA  mirr or  c omm a n d  a n d  p oi nti n g  c orr e cti o n  a p pr o a c h

3. 3. 3   M e as urem e nt   D at a

T he  ke y  c o nte nts  of  a n   O LA   me as ureme nt  p oi nt  c o nsist  of  a  r a n ge  (mm  res-
ol uti o n),  a time ( 1µ s res ol uti o n),   mirr or  a n gles ( 0. 0 2 5   mr a d res ol uti o n),  a n d
i n c omi n g  a n d  o ut g oi n g  i nte nsities  ( 1 4- bit  val ues).  A  re d uce d  d at a  rec or d  is
s h ow n i n   Ta ble  5.   T hese  val ues  u n der g o  a series  of  c ali br ati o ns i n t he  gr o u n d
pr o cessi n g  s oftw are  ( Fi g ures  8  a n d  9).   As  s h ow n i n  Fi g ure  8,   O LA  h as  a  set
of i de al  mirr or  p ar ameters  t h at  are  p ol y n omi als  rel ati n g  c omm a n de d  mi r r o r
dri ver  v olt a ges t o  desire d  c o or di n ates i n  azim ut h  a n d  ele vati o n.   A simil ar set
of  p ol y n omi als  pr o vi de  a n g ul ar   mirr or  p ositi o ns fr om   mirr or  p ositi o n  v olt a ge
re a di n gs.   A series of gr o u n d- b ase d c orrecti o ns are re q uire d t o f urt her c ali br ate
t hese  p ositi o ns.   T he  first  of t hese re q uires  a  p ositi o n i nter p ol ati o n  a n d timi n g
c orrecti o n  t o  acc o u nt  f or  electr o nic  timi n g  di ffere nces  b etwee n  mirr or  p osi-
ti o ns  a n d  t he l aser  p ulse  timi n g.  For   O LA,  t his  timi n g  di ffere nce is∼ 1 3 0µ s
or  a p pr o xim atel y  1. 3  m e a s u r eme nt  times  w he n  usi n g  t he  L E L T  a n d∼ 9 6 5 0
µ s f or  t he   H E L T.   T hese  re p orte d  p ositi o ns  are f urt her  c orrecte d  t hr o u g h  1 5
c o efficie nt c orrecti o n  p ol y n omi als t h at are f u ncti o ns of t he re p orte d azim u t h al
a n d  ele vati o n  c o or di n ates.

R a n ge  d at a  c orrecti o ns  ( Fi g ure  9)  re q uire  a  r a n ge  o ffset  t h at is∼ 0. 7 5  m
a n d  a r a n ge-i nte nsit y  c orrecti o n.   T he r a n ge-i nte nsit y  c orrecti o n is   mi n or ( ∼2
c m)  o ver   m ost  of t he  d y n amic r a n ge  of   O LA,  as   w o ul d  b e e x p ecte d f or  a   well-
desi g ne d  C FD- b ase d  recei ver.  For  t he  l owest  3%  of  t he  d y n amic  r a n ge,  t heN o

t or  a p pr o xim atel y  1. 3  m e a s u r eme nt  times  w he n  usi n g  t he  L E L T  a n d

N o
t or  a p pr o xim atel y  1. 3  m e a s u r eme nt  times  w he n  usi n g  t he  L E L T  a n d

s f or  t he   H E L T.   T hese  re p orte d  p ositi o ns  are f urt her  c orrecte d  t hr o u g h  1 5

N o
t s f or  t he   H E L T.   T hese  re p orte d  p ositi o ns  are f urt her  c orrecte d  t hr o u g h  1 5

c o efficie nt c orrecti o n  p ol y n omi als t h at are f u ncti o ns of t he re p orte d azim u t h al

N o
t c o efficie nt c orrecti o n  p ol y n omi als t h at are f u ncti o ns of t he re p orte d azim u t h al

N o
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1 8 M.G.   D al y  et  al.

Fi g.  9 O LA  r a n g e  c orr e cti o n

T a bl e  5 T h e  ke y  fi el ds i n  t h e   O LA  d at a  r e c or d

Fi el d D e s c ri p ti o n V al u e

S c a n ID U ni q u e s c a n i d e nti fi er p ass e d b a c k
f r o m  c omm a n d

u ni q u e i nt e g er

Ti m e  S y n c  Fi el ds
Fi el ds  r e q uir e d  t o  r ef er e n c e  a  s c a n  t o
s p a c e cr aft  tim e s

v a ri o u s

R a n g e I nt e g er  r a n g e i n  mm 0  t o  1 6 7 7 7 2 1 5  mm
A zim u t h M e as ur e d  mirr or  a zim u t h – 1 7 0  t o   + 1 7 0  mr a d  ( 0. 0 2 5  m r a d )
El e v a ti o n M e as ur e d  mirr or  el e v ati o n – 1 7 0  t o   + 1 7 0  mr a d  ( 0. 0 2 5  m r a d )
I nt e nsit y  t 0  O ut g oi n g  p uls e  am pli t u d e 0  t o  1 6 3 8 3  ( ar b.  u nits)
I nt e nsit y  tr I n c omi n g  p uls e  am pli t u d e 0  t o  1 6 3 8 3  ( ar b.  u nits)
Fl a g A s s e s sm e nt  of  v ali d  r et ur n Vali d,   Vali d  (O v e r fl ow),   N ull

c orrecti o n i ncre ases  t o  as  m uc h  as  8  cm  f or  t he l owest  am plit u de  detecti o n.
A d diti o n al  det ail is  pr o vi de d i n  Secti o n  4. 3.

4  I n st r um e nt  C ali b r ati o n  a n d  C h a r a c t e ri z a ti o n

4. 1   O LA   Test  a n d   C ali br ati o n  Facilities

O LA test  a n d c ali br ati o ns t o o k  pl ace  at t hree   m aj or f acilities.   T he r a n ge c ali-
br ati o ns,   mirr or c ali br ati o ns, a n d t he vi br ati o n tests   were c o n d ucte d at   MDA’ s
B r am pt o n,   O nt ari o,   C a n a d a, f acilit y.   T he   O LA-s p eci fic f acilit y i ncl u des  a c al-
i br ati o n   w all at a r a n ge of 2 7   m ( Fi g ure 1 0).   T his   w all  h as a series of s ur ve ye d
t ar gets t o  all ow t he  c om p ut ati o n  of t he   mirr or  c orrecti o n  p ol y n omi als.   T hese
t ar gets  are  s ur ve ye d  rel ati ve  t o  a  test  st a n d  t h at  pr o vi des  a  k n ow n  a n d  re-
p e at a ble  p ositi o n f or   O LA test  a n d  c ali br ati o ns.  S ur ve y  err ors  of  e ac h t ar get
rel ati ve t o t he test st a n d  h a ve  b ee n  determi ne d  b y t he s ur ve y te am t o  b e  n or-N o
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2 2 M.G.   D al y  et  al.

T a bl e  6T h e   m e as ur e d  d e vi ati o ns  b etwe e n t h e   m e as ur e d  a n d  a ct u al t ar g et  c e ntr oi ds t a ke n
d uri n g  t h e   O LA  am bi e nt  a n g ul ar  mirr or  c ali br ati o n

L E L T A zim ut h  (µ r a d)  El e v ati o n  (µ r a d)

Mi nim um – 1 1 9 – 1 7 2
M a xim um 1 2 8 1 5 0
St a n d ar d   D e vi ati o n 4 1 4 7

HE L T A zim ut h  (µ r a d)  El e v ati o n  (µ r a d)

Mi nim um – 1 1 0 – 7 1
M a xim um 1 0 5 6 9
St a n d ar d   D e vi ati o n 4 4 2 7

4. 3   Am bie nt   R a n ge   C ali br ati o n

B ot h  L E L T  a n d   H E L T  r a n ge  c ali br ati o ns   were  p erf orme d  at  t he  MDA f acil-
ities.  R a n ge  c ali br ati o ns   were  d o ne  i n  a  st ari n g  m o de  t o  a  s ur ve ye d  t ar get.
O LA   w as   m o u nte d t o a s ur ve ye d st a n d as s h ow n i n  Fi g ure 1 1.   T he r a n ge   me a-
s u r eme nt  precisi o n  of  a si n gle   me as ureme nt is   well  c h ar acterize d  b y  a  n orm al
distri b uti o n  of st a n d ar d  de vi ati o n  of  1. 1  cm f or t he  L E L T  a n d  2. 6  cm f or t he
H E L T.   T he  c ali br ati o n  c o nsiste d  of  determi ni n g t he r a n ge  o ffset  b etwee n t he
re p orte d r a n ge  a n d t he  act u al r a n ge.   Alt h o u g h t his  val ue c o ul d  h a ve  b ee n i n-
te gr ate d i nt o t he i nstr ume nt, t he  decisi o n   w as   m a de t o i nc or p or ate t his  val ue
i nt o t he  gr o u n d- b ase d c ali br ati o n  pi p eli ne.   T he r a n ge  o ffsets  are  – 8 6 9   mm f or
t he  L E L T  a n d  – 1 2 6 9   mm f or t he   H E L T.

A n  a d diti o n al  r a n ge-i nte nsit y  c orrecti o n   w as  determi ne d  usi n g  a  vari a ble
ne utr al  de nsit y  filter t o  c orrect f or  a sm all r a n ge  de p e n de nce ( ∼8  cm)  o n t he
m a g nit u de  of  t he  recei ve d  si g n al.   T his  c orrecti o n  is  sm all  a n d   well  b e h a ve d
f or  t he  u p p er  9 7%  of  t he  d y n amic  r a n ge  of  t he i nstr ume nts  (∼2  cm f or  b ot h
t he   H E L T  a n d  t he  L E L T).  For  t he l ower  3%  of  t he  d y n amic  r a n ge,  t his  c or-
recti o n  c a n  a p pr o ac h  1 2  t o  1 5  cm  f or  t he  sm allest  detect a ble  si g n als.  T hi s
b e h a vi or is   well- k n ow n f or c o nst a nt-fr acti o n  discrimi n at ors.   T his c orrecti o n is
i m pl eme nte d i n t he  gr o u n d  d at a  pr o cessi n g s ystem.

4. 4   A d diti o n al   R a n ge   C ali br ati o n   C o nsi der ati o ns

D uri n g testi n g  of   O LA, it   w as  n ote d t h at t he  L E L T e x hi bits  a  d u al-m o de  b e-
h a vi or, i n   w hic h t he   T 0 si g n als  var y s h ot t o s h ot.   T his e ffect   w as  o bser ve d  o n
ot her  l aser  u nits  a n d  a p p e ars  f u n d ame nt al  t o  t he  desi g n  of  t hese  mi c r o c hi p
l asers  a n d  is  pr o b a bl y  d ue  t o  tw o  s p ati al  m o des  b ei n g  e xcite d  i n  t he  l aser.
E ac h  of t hese   m o des  h as  a sm all  am plit u de  a n d  p ulse  d ur ati o n  di ffere nce  a n d
t heref ore re q uires   mi n or  di ffere nces i n c ali br ati o n.   T hese tw o   m o des  are i nter-
le a ve d a n d c om bi ne d pr o d uce t he 1 0 kHz   me as ureme nt r ate of   O LA. I n testi n g,
t he l aser  o p er ates st a bl y   wit h t his i nterle a ve d  b e h a vi or f or   m a n y   mi n utes  a n d
o nl y  r arel y  se q ue nti all y  re p e ats  a  m o de.  T he  d at a  fr om  t he  r a n ge-i nte nsit y
c orrecti o n  w as  se p ar ate d  i nt o  t he  tw o  m o des  a n d  a n al yze d  se p ar atel y.  T h eN o
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T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 2 3

Fi g.  1 4 L E L T  d y n ami c  s c a ns  of  t h e   Tas k   Ar e a  t ar g et   w all

c o nse q ue nces  of  n ot  a p pl yi n g  t hese  c ur ves  is  t y pic all y  2 – 3  mm  b ut  c a n  b e
hi g her i n  t he l owest  3%  of  t he i nstr ume nt’s  d y n amic  r a n ge.  E ac h  m o de   will
h a ve its  ow n r a n ge-i nte nsit y  c ur ve  a p plie d i n t he   O LA  c ali br ati o n  pi p eli ne.

4. 5  L o n g-R a n ge   Test

R a n ge  tests  t o  vali d ate  t he l o n g-r a n ge  p erf orm a nce  of  O LA  a n d  t o  vali d ate
t he l o n g-r a n ge  ali g nme nt   were  c o n d ucte d  at f acilities  ne ar   Yor k   U ni versit y i n
A pril 2 0 1 5.   T he y als o pr o vi de a n e xcelle nt e x am ple of   O LA’s sc a n ni n g c a p a bil-
ities.   A t o p  fl o or (mezz a ni ne)   wi n d ow all owe d access t o t ar gets of o p p ort u nit y
i n  t he  imme di ate  nei g h b or h o o d.  Fi g ure  1 3  s h ows  t he  t ar gets  use d  f or  t hese
tests (i nsi de re d circle):   T he   Yor k   U ni versit y c o ncrete sm o ke st ac k (refere nce d
as   YU  Sm o ke  St ac k t ar get),  at t he  ce nter  of t he  pict ure, is r o u g hl y  8 9 0   m i n
r a n ge fr om t he a p pr o xim ate p ositi o n of   O LA.   A st u de nt resi de nce, c o nstr ucte d
l ar gel y of c o ncrete, is ∼3 0 0   m  b e hi n d t he sm o ke st ac k, (refere nce d as   B uil di n g
b e hi n d   YU  Sm o ke  St ac k t ar get), or r o u g hl y 1 2 0 0   m i n r a n ge fr om   O LA.  Fore-
gr o u n d f oli a ge  a n d  a  p orti o n  of  t he  t o p  of  a  b uil di n g imme di atel y  acr oss  t he
street   were als o sc a n ne d  d uri n g t hese tests. 3D  p oi nt cl o u ds of t he t ar get   wit h
b ot h t he  L E L T  a n d   H E L T   were  ac q uire d  d y n amic all y  b y r aster sc a n ni n g t he
mirr or ( Fi g ure  1 5  a n d  Fi g ure  1 6, res p ecti vel y).   T hese sc a ns  are ill ustr ati ve  of
t he rel ati ve r a n ge  a n d res ol uti o n  p erf orm a nce  of t he tw o tr a nsmi t t e r s.

D at a  p oi nts  re prese nt ati ve  of  e ac h  t ar get, f or  b ot h  t he  L E L T  a n d   H E L T,
were  selecte d  a n d  use d  t o get her   wit h  a n  a n al ytic al  r a n ge  p erf orm a nce   m o del
t o  dem o nstr ate t he  fli g ht-r a n ge c a p a bilit y  of   O LA.   T he  p erf orm a nce   m atc he d
t he  pre dicti o n   wit hi n  e x p erime nt al  err or.N o
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b ot h t he  L E L T  a n d   H E L T   were  ac q uire d  d y n amic all y  b y r aster sc a n ni n g t hef o

r 
b ot h t he  L E L T  a n d   H E L T   were  ac q uire d  d y n amic all y  b y r aster sc a n ni n g t he
mirr or ( Fi g ure  1 5  a n d  Fi g ure  1 6, res p ecti vel y).   T hese sc a ns  are ill ustr ati ve  off o

r 
mirr or ( Fi g ure  1 5  a n d  Fi g ure  1 6, res p ecti vel y).   T hese sc a ns  are ill ustr ati ve  of

Fi n
 a

l h a ve its  ow n r a n ge-i nte nsit y  c ur ve  a p plie d i n t he   O LA  c ali br ati o n  pi p eli ne.
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ities.   A t o p  fl o or (mezz a ni ne)   wi n d ow all owe d access t o t ar gets of o p p ort u nit y
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i n  t he  imme di ate  nei g h b or h o o d.  Fi g ure  1 3  s h ows  t he  t ar gets  use d  f or  t heseFi n
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i n  t he  imme di ate  nei g h b or h o o d.  Fi g ure  1 3  s h ows  t he  t ar gets  use d  f or  t hese
tests (i nsi de re d circle):   T he   Yor k   U ni versit y c o ncrete sm o ke st ac k (refere nce dFi n
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tests (i nsi de re d circle):   T he   Yor k   U ni versit y c o ncrete sm o ke st ac k (refere nce d
as   YU  Sm o ke  St ac k t ar get),  at t he  ce nter  of t he  pict ure, is r o u g hl y  8 9 0   m i nFi n
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as   YU  Sm o ke  St ac k t ar get),  at t he  ce nter  of t he  pict ure, is r o u g hl y  8 9 0   m i n
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c o nse q ue nces  of  n ot  a p pl yi n g  t hese  c ur ves  is  t y pic all y  2 – 3  mm  b ut  c a n  b e
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h a ve its  ow n r a n ge-i nte nsit y  c ur ve  a p plie d i n t he   O LA  c ali br ati o n  pi p eli ne.Ar c
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h a ve its  ow n r a n ge-i nte nsit y  c ur ve  a p plie d i n t he   O LA  c ali br ati o n  pi p eli ne.



w
p
”

‚•

• ™™ • • • •
• • • • ¥ž •Š Š ’ •†•

• • • ’ •- •
• • ‚ •

• • ™• • ’ •œ •• •
• ¥ž • Š Š• • • • ’ •  ‚

ƒ •• • • • ¥ž • Š Š‚
• ‚ • •

• • •
• ‚

•• ¥ž •Š Š•
• • œ•• •‚ Œ •

œ •¬ • • •
ƒ • •• ‚ ••

• • š ‚ ƒ •
• • • • • ••

¨•› • Œ

ƒ • ƒ ƒ
• ‚ Œ • ••

• • • Š
• • •

‚ • ƒ •
• •

’ ™• •
• ’ ™•• •

••- •‚ • ƒ ƒ Š ƒ •
’ ••- •‚ • ƒ

• ‚ ƒ •
• ¦ • ••• …“Œ ƒ •

‰ƒ ƒ • • • • ‚
• ƒ ‹ Ž •

ƒ ‘ ƒ •

¨•† ƒ •

• ˆ • ƒ •
• ƒ • ‚ • ƒ • •

… • ‹• •
• • •

• ƒ • ‚
• • ƒ

• • • • •• •

N
o
t 

• ˆ • ƒ •

N
o
t 

• ˆ • ƒ •

N
o
t • ƒ • ‚ • ƒ • •

N
o
t • ƒ • ‚ • ƒ • •

… • ‹• •

N
o
t … • ‹• •
• • •

N
o
t • • •

• ƒ • ‚

N
o
t 

• ƒ • ‚
• • ƒ

N
o
t 

• • ƒ
• • • • •• •

N
o
t 

• • • • •• •

f 
o
 r
  ‰ƒ ƒ • • • • ‚

f 
o
 r
  ‰ƒ ƒ • • • • ‚

• ƒ ‹ Ž •

f 
o
 r
  

• ƒ ‹ Ž •
ƒ ‘ ƒ •

f 
o
 r
  

ƒ ‘ ƒ •

¨•† ƒ •

f 
o
 r
  

¨•† ƒ •

• ˆ • ƒ •f 
o
 r
  

• ˆ • ƒ •
• ƒ • ‚ • ƒ • •f 

o
 r
  

• ƒ • ‚ • ƒ • •

F
in
a
l 

• • • Š

F
in
a
l 

• • • Š
• • •

F
in
a
l 

• • •
‚ • ƒ •

F
in
a
l ‚ • ƒ •

• •

F
in
a
l • •

• ’ ™•• •

F
in
a
l 

• ’ ™•• •
••- •‚ • ƒ ƒ Š ƒ •

F
in
a
l 

••- •‚ • ƒ ƒ Š ƒ •
’ ••- •‚ • ƒ

F
in
a
l 

’ ••- •‚ • ƒ
• ‚ ƒ •

F
in
a
l 

• ‚ ƒ •
• ¦ • ••• …“Œ ƒ •

F
in
a
l 

• ¦ • ••• …“Œ ƒ •
‰ƒ ƒ • • • • ‚F

in
a
l 

‰ƒ ƒ • • • • ‚
• ƒ ‹ Ž •F

in
a
l 

• ƒ ‹ Ž •

A
rc

h
iv
e

ƒ • ƒ ƒ

A
rc

h
iv
e

ƒ • ƒ ƒ
• ‚ Œ • •• A

rc
h
iv
e

• ‚ Œ • ••
• • • ŠA

rc
h
iv
e

• • • Š
• • •A

rc
h
iv
e

• • •



T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 2 5

Fi g. 1 5 A  LE L T  r ast er  s c a n  i n  t h e  mirr or  fr am e  of  r ef er e n c e.  T h e  c ol or  s c al e  r e pr es e nts
t h e  r a n g e- c orr e ct e d  n orm ali z e d  r et ur n i nt e nsit y

stre n gt he ni n g t he  c h assis t hr o u g h t he re desi g n  of t he  o ptic al  he a d  u nit  c o ver
t h at se p ar ates t hese res o n a nces, a n d t his desi g n c h a n ge res ulte d i n a s uccessf ul
vi br ati o n  test.   T his  desi g n  c h a n ge  c a n  b e  see n i n  Fi g ure  3   w here  t he   w affl e d
c o ver is  a p p are nt.

O LA t herm al  vac u um testi n g  c o nsiste d  of t y pic all y s h a p e d t herm al  c ycles
wit h  e xtrem a  set  b y   missi o n  t herm al   m o delli n g  c om bi ne d   wit h  a  si n gle  c ycle
wit h 5◦C  b ase pl ate tem p er at ure ste ps fr om − 5◦C t o3 0◦C.   T hese tem p e r a t u r e
ste ps   were use d t o vali d ate t he   O LA s p eci fic ati o ns o ver tem p er at ure.   O LA   w as
m o u nte d  ne ar  a   wi n d ow  at  o ne  e n d  of  t he  c h am b er  ( Fi g ure  1 2) i n  view  of  a
t ar get   w all  at  a n  8  m  dist a nce   wit h  a  series  of  t ar gets  of  t he  s ame  size  a n d
s h a p e  as t h ose  use d  o n t he  c ali br ati o n   w alls  at t he   MDA f acilities.N o

t c o ver is  a p p are nt.

N o
t c o ver is  a p p are nt.

O LA t herm al  vac u um testi n g  c o nsiste d  of t y pic all y s h a p e d t herm al  c ycles

N o
t O LA t herm al  vac u um testi n g  c o nsiste d  of t y pic all y s h a p e d t herm al  c ycles

wit h  e xtrem a  set  b y   missi o n  t herm al   m o delli n g  c om bi ne d   wit h  a  si n gle  c ycle

N o
t wit h  e xtrem a  set  b y   missi o n  t herm al   m o delli n g  c om bi ne d   wit h  a  si n gle  c ycle

wit h 5

N o
t wit h 5◦

N o
t ◦C  b ase pl ate tem p er at ure ste ps fr om

N o
t C  b ase pl ate tem p er at ure ste ps fr om

ste ps   were use d t o vali d ate t he   O LA s p eci fic ati o ns o ver tem p er at ure.   O LA   w as

N o
t 

ste ps   were use d t o vali d ate t he   O LA s p eci fic ati o ns o ver tem p er at ure.   O LA   w as
m o u nte d  ne ar  a   wi n d ow  at  o ne  e n d  of  t he  c h am b er  ( Fi g ure  1 2) i n  view  of  a

N o
t 

m o u nte d  ne ar  a   wi n d ow  at  o ne  e n d  of  t he  c h am b er  ( Fi g ure  1 2) i n  view  of  a
t ar get   w all  at  a n  8  m  dist a nce   wit h  a  series  of  t ar gets  of  t he  s ame  size  a n d

N o
t 

t ar get   w all  at  a n  8  m  dist a nce   wit h  a  series  of  t ar gets  of  t he  s ame  size  a n d
s h a p e  as t h ose  use d  o n t he  c ali br ati o n   w alls  at t he   MDA f acilities.N o

t 
s h a p e  as t h ose  use d  o n t he  c ali br ati o n   w alls  at t he   MDA f acilities.

f o
r t h e  r a n g e- c orr e ct e d  n orm ali z e d  r et ur n i nt e nsit y

f o
r t h e  r a n g e- c orr e ct e d  n orm ali z e d  r et ur n i nt e nsit y

stre n gt he ni n g t he  c h assis t hr o u g h t he re desi g n  of t he  o ptic al  he a d  u nit  c o ver

f o
r stre n gt he ni n g t he  c h assis t hr o u g h t he re desi g n  of t he  o ptic al  he a d  u nit  c o ver

t h at se p ar ates t hese res o n a nces, a n d t his desi g n c h a n ge res ulte d i n a s uccessf ul

f o
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t h at se p ar ates t hese res o n a nces, a n d t his desi g n c h a n ge res ulte d i n a s uccessf ul
vi br ati o n  test.   T his  desi g n  c h a n ge  c a n  b e  see n i n  Fi g ure  3   w here  t he   w affl e df o
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vi br ati o n  test.   T his  desi g n  c h a n ge  c a n  b e  see n i n  Fi g ure  3   w here  t he   w affl e d
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O LA t herm al  vac u um testi n g  c o nsiste d  of t y pic all y s h a p e d t herm al  c ycles
wit h  e xtrem a  set  b y   missi o n  t herm al   m o delli n g  c om bi ne d   wit h  a  si n gle  c yclef o
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wit h  e xtrem a  set  b y   missi o n  t herm al   m o delli n g  c om bi ne d   wit h  a  si n gle  c ycle
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A  LE L T  r ast er  s c a n  i n  t h e  mirr or  fr am e  of  r ef er e n c e.  T h e  c ol or  s c al e  r e pr es e ntsFi n
 a

l 
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T h e   O SIR I S-RE x  L as er   Altim et er  (O LA) I n vesti g ati o n  a n d I nstr um e n t 2 7

Fi g.  1 8 A n   O LA  p oi nt  cl o u d  of   Yor k   U ni versit y  St a c k  s e c urit y  c am er a is  s h ow n  e d g e  o n

Fi g.  1 9 A   Gri d d e d s urf a c e s h owi n g t h e  air cr aft   w ar ni n g li g hts  a n d s e c urit y c am er a s c a n n e d
b y  t h e  LE L T  at  a  r a n g e  of  9 0 0  m

T hese  t ar gets  were  use d  al o n g  wit h  a n  e xter n al  refere nce  t o  assess  t he
p oi nti n g c h a n ges  of   O LA  o ver tem p er at ure.   T here   w as  n o si g ni fic a nt tre n d i n
t he ele vati o n a xis f or t he   H E L T or t he  L E L T   wit h t he   me as ureme nts f oll owi n g
a li ne ar tre n d a n d b o u n de d b y a n∼ 1 0 0µ r a d c h a n ge o ver t he 3 5◦C o p er ati o n al
r a n ge. I n t he ele vati o n  a xis, t he  p erf orm a nce f or t he  L E L T   w as  b o u n de d  b y  a
∼ 2 5 0µ r a d  c h a n ge  a n d t he   H E L T  b y  a l ar ger∼ 6 0 0µ r a d  c h a n ge.   All  of t hese
c h a n ges  are r o u g hl y li ne ar  a n d   well  b e h a ve d. It s h o ul d  b e  n ote d t h at  all   O LA
o bser vati o ns  a n d  t heir  s u bse q ue nt  d at a  pr o cessi n g  d o  n ot  ass ume l o n g-term
a bs ol ute  p oi nti n g st a bilit y  b ut  o nl y s h ort-term rel ati ve  p oi nti n g st a bilit y.N o

t p oi nti n g c h a n ges  of   O LA  o ver tem p er at ure.   T here   w as  n o si g ni fic a nt tre n d i n

N o
t p oi nti n g c h a n ges  of   O LA  o ver tem p er at ure.   T here   w as  n o si g ni fic a nt tre n d i n

t he ele vati o n a xis f or t he   H E L T or t he  L E L T   wit h t he   me as ureme nts f oll owi n g

N o
t t he ele vati o n a xis f or t he   H E L T or t he  L E L T   wit h t he   me as ureme nts f oll owi n g

a li ne ar tre n d a n d b o u n de d b y a n

N o
t a li ne ar tre n d a n d b o u n de d b y a n

r a n ge. I n t he ele vati o n  a xis, t he  p erf orm a nce f or t he  L E L T   w as  b o u n de d  b y  a

N o
t r a n ge. I n t he ele vati o n  a xis, t he  p erf orm a nce f or t he  L E L T   w as  b o u n de d  b y  a

∼

N o
t 

∼ 2 5 0

N o
t 

2 5 0µ

N o
t 

µ r a d  c h a n ge  a n d t he   H E L T  b y  a l ar ger

N o
t 

r a d  c h a n ge  a n d t he   H E L T  b y  a l ar ger
c h a n ges  are r o u g hl y li ne ar  a n d   well  b e h a ve d. It s h o ul d  b e  n ote d t h at  all   O LA

N o
t 

c h a n ges  are r o u g hl y li ne ar  a n d   well  b e h a ve d. It s h o ul d  b e  n ote d t h at  all   O LA
o bser vati o ns  a n d  t heir  s u bse q ue nt  d at a  pr o cessi n g  d o  n ot  ass ume l o n g-term

N o
t 

o bser vati o ns  a n d  t heir  s u bse q ue nt  d at a  pr o cessi n g  d o  n ot  ass ume l o n g-term
a bs ol ute  p oi nti n g st a bilit y  b ut  o nl y s h ort-term rel ati ve  p oi nti n g st a bilit y.N o

t 
a bs ol ute  p oi nti n g st a bilit y  b ut  o nl y s h ort-term rel ati ve  p oi nti n g st a bilit y.
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f o
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b y  t h e  LE L T  at  a  r a n g e  of  9 0 0  m

f o
r b y  t h e  LE L T  at  a  r a n g e  of  9 0 0  m

T hese  t ar gets  were  use d  al o n g  wit h  a n  e xter n al  refere nce  t o  assess  t hef o
r 

T hese  t ar gets  were  use d  al o n g  wit h  a n  e xter n al  refere nce  t o  assess  t he
p oi nti n g c h a n ges  of   O LA  o ver tem p er at ure.   T here   w as  n o si g ni fic a nt tre n d i nf o
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p oi nti n g c h a n ges  of   O LA  o ver tem p er at ure.   T here   w as  n o si g ni fic a nt tre n d i n
t he ele vati o n a xis f or t he   H E L T or t he  L E L T   wit h t he   me as ureme nts f oll owi n gf o

r 
t he ele vati o n a xis f or t he   H E L T or t he  L E L T   wit h t he   me as ureme nts f oll owi n g
a li ne ar tre n d a n d b o u n de d b y a nf o

r 
a li ne ar tre n d a n d b o u n de d b y a n
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2 8 M.G.   D al y  et  al.

Fi g.  2 0 A  p h ot o gr a p h  of  t h e   O LA  st e p  c h ar a ct eri z ati o n  e x p erim e nt al  a p p ar at us

Fi g.  2 1 T h e   O LA st e p c h ar a ct eri z ati o n   R es ults.   T h e r es ults (t hi c k  bl a c k li n e)  d em o n s t r a t e
t h at  f or  sm all  st e ps,  t h e  r e p ort e d  r a n g e  tr a nsiti o ns  gr a c ef ull y  b etwe e n  t h e  t o p  a n d  b as e
m e a s u r em e nts.   T h e r e p ort e d r a n g e is a p pr o xim at el y a p h ot o n-wei g ht e d a ver a g e of t h e r a n g es
of  t h e  o bj e cts  s am pl e d  b y  t h e i n ci d e nt  b e am

A   m ore im p ort a nt assessme nt of  p oi nti n g f or   O SIR I S-R E x is a n e val u ati o n
of rel ati ve p oi nti n g.   T his c a n b e t h o u g ht of as a fiel d dist orti o n i n c amer a term s
a n d is im p ort a nt  b ec a use t he   m aj orit y  of t he   O LA  d at a  a n al ysis is  de p e n de nt
o n  t hese  d at asets  c ollecte d  o ver  mi n utes  a n d  are less  de p e n de nt  o n  a bs ol ute
p oi nti n g  k n owle d ge.  Rel ati ve  p oi nti n g   w as  b o u n de d  d uri n g  t he   TV AC  tests
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R a n ge  m e a s u r eme nts  c h a n ges   were  als o  s h ow n  t o  b e  sl owl y  var yi n g  a n d
b o u n de d  b y  4. 9  cm f or t he  L E L T  a n d  2 9 5   mm f or t he   H E L T.  Si nce t he   O LA
d at a pr o cessi n g al g orit hms d o n ot rel y o n l o n g-term st a bilit y b ut o nl y st a bilit y
o ver  s h ort  s p a ns  (i.e.,  i n di vi d u al  slews  i n  Det aile d  S ur ve y  or  si n gle  O r bi t al
P h ase   B  sc a ns),  it  is  e x p ecte d  t h at  i n- fli g ht  t o p o gr a p hic al  p erf orm a nce   will
a p pr o ac h t h at  of t he i n here nt i nstr ume nt  n oise  of  1. 1  cm  a n d  2. 6  cm.

5  S umm a r y

O LA is  a  new  cl ass  of  pl a net ar y  e x pl or ati o n li d ar t h at  pr o vi des   me as urem e nt
r ates  1 0 0 t o  1 0, 0 0 0 times t h ose  of  pre vi o us li d ars  a n d  pr o vi des  a  fle xi ble sc a n-
ni n g  s ystem  t h at  all ows  a  sl ow   m o vi n g  s p acecr aft  t o   m a ke  use  of  t hese   me a-
s u r eme nt  r ates.   T he i ncre ase d   me as ureme nt  r ate  a n d  sc a n ner  all ows   O LA  t o
me as ure t he s h a p e  of t he  e ntire  aster oi d   wit h o ut s p e n di n g  a n  e xtremel y l o n g
ti me i n  or bit.   T his  time  a d va nt a ge is  ke y t o  e ns ure  t he   O SIRI S-R E x   missi o n
c a n q uic kl y o bt ai n t he s urf ace t o p o gr a p h y   me as ureme nts nee de d t o verif y pri or
i m a ge- b ase d s h a p e   m o dels,  a n d t o  b e  a ble s u p p ort  h az ar d  assessme nt f or t he
critic al s am pli n g acti vit y.   O LA is e x p ecte d t o   m a p t he s urf ace of   Be n n u   wit h 7
c m precisi o n gl o b all y, t here b y pr o vi di n g u n prece de nte d t o p o gr a p h y of a n aster-
oi d.   O LA als o pr o vi des precise r a n ges f or s p acecr aft n a vi g ati o n, t here b y a d di n g
c o n fi de nce  a n d im pr o vi n g t he efficie nc y  of  n a vi g ati n g  a s p acecr aft  ar o u n d t his
s m all  b o d y.

A c k n owl e d g em e n t sT h er e  ar e  m a n y im p ort a nt  c o ntri b ut ors   w h o  c o ul d  n ot  b e i n cl u d e d
i n  t h e  a ut h or list.   T h es e  c o ntri b ut ors i n cl u d e  st a ff  at  MDA,   Tel e d y n e  O pt e c h,   C SA,  Y o r k
U ni versit y,   U ni versit y  of   Britis h   C ol um bi a,   U ni versit y  of   Ari z o n a,  J o h ns   H o p ki ns   U ni versit y
A p pli e d   P h ysi cs  L a b or at or y,  L o c k h e e d  M arti n  a n d   NA SA   G o d d ar d  S p a c e fli g ht   C e nt er.   T h e
i n s t r um e nt  b uil d  a n d   C a n a di a n  s ci e n c e  s u p p ort   w as  pr o vi d e d  b y  a  c o ntr a ct   wit h t h e   C a n a-
di a n  S p a c e  A g e n c y.  T h e  U nit e d  St at es  t e am  c o ntri b uti o n  w as  s u p p ort e d  b y  t h e  N a ti o n al
A er o n a uti cs  a n d  S p a c e   A dmi nistr ati o n  u n d er   C o ntr a ct   NN M 1 0A A 1 1C  a n d   NNG 1 2F D 6 6C
iss u e d  t hr o u g h  t h e   N ew  Fr o nti ers   Pr o gr am.
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R. S.  Z ell ar,  C.  C olt h ar p,  J.  C o n n ell y,  R.B.  K at z,  I.  Kl e y n er,   P.  Lii v a,  A.  M a t u s z e s ki,
E. M.  M a z ari c o,  J.F.  M cG arr y,   A.-M.   N o v o-Gr a d a c,  M.N.   Ott,   C.   Pet ers,  L.A.   R am o s-
I z q ui er d o,  L.   R ams e y,   D.D.   R owl a n ds,  S.  S c hmi dt,   V. S.  S c ott,   G.B.  S h aw,  J.C.  Smi t h,
J.- P.  Swi ns ki,  M.H.   Torr e n c e,   G.   U n g er,   A.W.   Y u,   T.W.  Z a gw o d z ki,   T h e  L u n ar   Or bit er
L as er   Altim et er I n vesti g ati o n  o n t h e  L u n ar   R e c o n n aiss a n c e   Or bit er  Missi o n.  S p a c e  S ci-
e n c e   R e vi ew s1 5 0 ,  2 0 9  ( 2 0 1 0)

D.E.  Smit h,  M.T.  Z u b er,   G.A.   N e um a n n,   E.  M a z ari c o,  F.G.  L em oi n e,  J.W.   H e a d III,   P.G.
L u c e y,   O.   A h ar o ns o n,  M. S.   R o bi ns o n,   X.  S u n,  M.H.   Torr e n c e,  M.K.   B ar ker,  J.   O b erst,
T. C.   D u x b ur y,   D.  M a o,   O. S.   B ar n o ui n,   K.  J h a,   D.D.   R owl a n ds,  S.   G o oss e ns,   D.   B a ker,
S.   B a u er,   P.   Gl ¨as er,   M.  L em eli n,   M.   R os e n b ur g,   M.M.  S ori,  J.  W hitt e n,   T.   M c cl a n a h a n,
S umm ar y  of t h e r es ults fr om t h e l u n ar  or bit er l as er  altim et er  aft er s e ve n  ye ars i n l u n ar
or bit. I c ar us2 8 3 ,  7 0 – 9 1  ( 2 0 1 7)

J.  W hi t ew a y,   M.   D al y,   A.   C arswell,   T.   D u c k,   C.   Di c ki ns o n,  L.   K om g u em,   C.   C o o k,  Li d ar  o n
t h e   P h o e ni x   missi o n t o   M ars.  J o ur n al  of   G e o p h ysi c al   R es e ar c h:   Pl a n ets1 1 3 (E 3) ( 2 0 0 8)

N o
t f 

or
 F

i n
 a

l I z q ui er d o,  L.   R ams e y,   D.D.   R owl a n ds,  S.  S c hmi dt,   V. S.  S c ott,   G.B.  S h aw,  J.C.  Smi t h,

Fi n
 a

l I z q ui er d o,  L.   R ams e y,   D.D.   R owl a n ds,  S.  S c hmi dt,   V. S.  S c ott,   G.B.  S h aw,  J.C.  Smi t h,
J.- P.  Swi ns ki,  M.H.   Torr e n c e,   G.   U n g er,   A.W.   Y u,   T.W.  Z a gw o d z ki,   T h e  L u n ar   Or bit er

Fi n
 a

l J.- P.  Swi ns ki,  M.H.   Torr e n c e,   G.   U n g er,   A.W.   Y u,   T.W.  Z a gw o d z ki,   T h e  L u n ar   Or bit er
L as er   Altim et er I n vesti g ati o n  o n t h e  L u n ar   R e c o n n aiss a n c e   Or bit er  Missi o n.  S p a c e  S ci-

Fi n
 a

l L as er   Altim et er I n vesti g ati o n  o n t h e  L u n ar   R e c o n n aiss a n c e   Or bit er  Missi o n.  S p a c e  S ci-

D.E.  Smit h,  M.T.  Z u b er,   G.A.   N e um a n n,   E.  M a z ari c o,  F.G.  L em oi n e,  J.W.   H e a d III,   P.G.

Fi n
 a

l 
D.E.  Smit h,  M.T.  Z u b er,   G.A.   N e um a n n,   E.  M a z ari c o,  F.G.  L em oi n e,  J.W.   H e a d III,   P.G.

L u c e y,   O.   A h ar o ns o n,  M. S.   R o bi ns o n,   X.  S u n,  M.H.   Torr e n c e,  M.K.   B ar ker,  J.   O b erst,

Fi n
 a

l 
L u c e y,   O.   A h ar o ns o n,  M. S.   R o bi ns o n,   X.  S u n,  M.H.   Torr e n c e,  M.K.   B ar ker,  J.   O b erst,
T. C.   D u x b ur y,   D.  M a o,   O. S.   B ar n o ui n,   K.  J h a,   D.D.   R owl a n ds,  S.   G o oss e ns,   D.   B a ker,

Fi n
 a

l 
T. C.   D u x b ur y,   D.  M a o,   O. S.   B ar n o ui n,   K.  J h a,   D.D.   R owl a n ds,  S.   G o oss e ns,   D.   B a ker,
S.   B a u er,   P.   Gl ¨as er,   M.  L em eli n,   M.   R os e n b ur g,   M.M.  S ori,  J.  W hitt e n,   T.   M c cl a n a h a n,

Fi n
 a

l 
S.   B a u er,   P.   Gl ¨as er,   M.  L em eli n,   M.   R os e n b ur g,   M.M.  S ori,  J.  W hitt e n,   T.   M c cl a n a h a n,
S umm ar y  of t h e r es ults fr om t h e l u n ar  or bit er l as er  altim et er  aft er s e ve n  ye ars i n l u n ar

Fi n
 a

l 
S umm ar y  of t h e r es ults fr om t h e l u n ar  or bit er l as er  altim et er  aft er s e ve n  ye ars i n l u n ar

Fi n
 a

l 
J.  W hi t ew a y,   M.   D al y,   A.   C arswell,   T.   D u c k,   C.   Di c ki ns o n,  L.   K om g u em,   C.   C o o k,  Li d ar  o n

Fi n
 a

l 
J.  W hi t ew a y,   M.   D al y,   A.   C arswell,   T.   D u c k,   C.   Di c ki ns o n,  L.   K om g u em,   C.   C o o k,  Li d ar  o n

t h e   P h o e ni x   missi o n t o   M ars.  J o ur n al  of   G e o p h ysi c al   R es e ar c h:   Pl a n ets

Fi n
 a

l 
t h e   P h o e ni x   missi o n t o   M ars.  J o ur n al  of   G e o p h ysi c al   R es e ar c h:   Pl a n ets

Ar c
 h

i v
 e

t e n gill,  R. J.  P hilli ps,  S.C.  S ol om o n,  H. J.  Zw all y,  W.B.  B a n er dt,  T. C.  D u x b ur y,  M.P.

Ar c
 h

i v
 e

t e n gill,  R. J.  P hilli ps,  S.C.  S ol om o n,  H. J.  Zw all y,  W.B.  B a n er dt,  T. C.  D u x b ur y,  M.P.
G ol om b e k,  F.G.  L em oi n e,  G.A.  N e um a n n,  D.D.  R owl a n ds,  O.  A h ar o ns o n,   P.G.  For d,

Ar c
 h

i v
 e

G ol om b e k,  F.G.  L em oi n e,  G.A.  N e um a n n,  D.D.  R owl a n ds,  O.  A h ar o ns o n,   P.G.  For d,
A.B. I v a n o v,   C. L.  J o h ns o n,   P. J.  M cG o ver n,  J.B.   A bs hir e,   R. S.   Af z al,   X.  S u n,  M ars   Or-

Ar c
 h

i v
 e

A.B. I v a n o v,   C. L.  J o h ns o n,   P. J.  M cG o ver n,  J.B.   A bs hir e,   R. S.   Af z al,   X.  S u n,  M ars   Or-
bit er  L as er  Al ti m et er:  E x p e rim e nt  s umm ar y  aft er  t h e  first  ye ar  of  gl o b al  m a p pi n g  of

Ar c
 h

i v
 e

bit er  L as er  Al ti m et er:  E x p e rim e nt  s umm ar y  aft er  t h e  first  ye ar  of  gl o b al  m a p pi n g  of

D.E.  Smit h,  M.T.  Z u b er,   G.B.  J a c ks o n,  J.F.   C a v a n a u g h,   G.A.   N e um a n n,   H.   Riris,   X.  S u n,

Ar c
 h

i v
 e

D.E.  Smit h,  M.T.  Z u b er,   G.B.  J a c ks o n,  J.F.   C a v a n a u g h,   G.A.   N e um a n n,   H.   Riris,   X.  S u n,
R. S.  Z ell ar,  C.  C olt h ar p,  J.  C o n n ell y,  R.B.  K at z,  I.  Kl e y n er,   P.  Lii v a,  A.  M a t u s z e s ki,

Ar c
 h

i v
 e

R. S.  Z ell ar,  C.  C olt h ar p,  J.  C o n n ell y,  R.B.  K at z,  I.  Kl e y n er,   P.  Lii v a,  A.  M a t u s z e s ki,
E. M.  M a z ari c o,  J.F.  M cG arr y,   A.-M.   N o v o-Gr a d a c,  M.N.   Ott,   C.   Pet ers,  L.A.   R am o s-Ar c

 h
i v

 e

E. M.  M a z ari c o,  J.F.  M cG arr y,   A.-M.   N o v o-Gr a d a c,  M.N.   Ott,   C.   Pet ers,  L.A.   R am o s-
I z q ui er d o,  L.   R ams e y,   D.D.   R owl a n ds,  S.  S c hmi dt,   V. S.  S c ott,   G.B.  S h aw,  J.C.  Smi t h,Ar c

 h
i v

 e

I z q ui er d o,  L.   R ams e y,   D.D.   R owl a n ds,  S.  S c hmi dt,   V. S.  S c ott,   G.B.  S h aw,  J.C.  Smi t h,
J.- P.  Swi ns ki,  M.H.   Torr e n c e,   G.   U n g er,   A.W.   Y u,   T.W.  Z a gw o d z ki,   T h e  L u n ar   Or bit erAr c

 h
i v

 e

J.- P.  Swi ns ki,  M.H.   Torr e n c e,   G.   U n g er,   A.W.   Y u,   T.W.  Z a gw o d z ki,   T h e  L u n ar   Or bit er
L as er   Altim et er I n vesti g ati o n  o n t h e  L u n ar   R e c o n n aiss a n c e   Or bit er  Missi o n.  S p a c e  S ci-Ar c

 h
i v

 e

L as er   Altim et er I n vesti g ati o n  o n t h e  L u n ar   R e c o n n aiss a n c e   Or bit er  Missi o n.  S p a c e  S ci-


