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I. I nt r o d u cti o n  

T his  d o c u m e nt  o utli n es  ali g n m e nt  t ests a n d  pr eli mi n ar y  a n al ysis p erf or m e d  o n t h e D L R E  
i nstr u m e nt b ef or e  d eli v er y  t o  L R O.    T h e  p ur p os e  is  t o  d o c u m e nt  t h e  t ests  p erf or m e d  t o  d at e  a n d  t o 
v erif y  ali g n m e nt  r e q uir e m e nts.    Aft er  ali g n m e nt  of  t h e  i nstr u m e n t  t o  t h e  s p a c e cr aft,  f urt h er  a n al ysis 
will d et er mi n e D L R E p oi nti n g wit h r es p e ct t o t h e L R O s p a c e cr aft a x es a s a f u n cti o n of a zi m ut h a n d 
el e v ati o n  p ositi o n.    D uri n g  t h e  c o m missi o ni n g  p h as e  of  t h e  missi o n , s c a ns  of  t h e  l u n ar  h ori z o n  a n d 
c o m p aris o n t o L R O C a n d L O L A d at a will pr o vi d e a d diti o n al ali g n m e nt i nf or m ati o n t h at c a n b e u s e d 
t o r efi n e t h e p oi nti n g k n o wl e d g e. 

II. R el e v a nt D o c u m e nts  

L R O P oi nti n g a n d Ali g n m e nt S p e c G S F C 4 3 1- S P E C - 0 0 0 1 1 3 
D L R E F u n cti o n al R e q uir e m e nts D o c u m e nt J P L D- 3 2 3 7 5 
D L R E U nit Hist or y L o g # 5 ( T h e o d olit e M e as ur e m e nts) 
J P L AI D S 3 0 3 7 3 9 ( T h e o d olit e M e as ur e m e nts) 
D L R E U nit Hist or y L o g 7 J P L D -4 3 2 0 4 ( L as er Tr a c k er M e as ur e m e nt s)  
J P L AI D S 3 0 4 1 9 4 ( L a s er Tr a c k er M e as ur e m e nts) 
 

III.  R e q ui r e m e nts t o b e V e rifi e d  

D L R E -MI S C -
N E W  

Di vi n er s h all st a y wit hi n its p oi nt i n g a c c ur a c y all o c ati o n a s st at e d i n T a bl e 5-1 of t h e L R O 
P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1 -S P E C -0 0 0 1 1 3) . 

D L R E -MI S C -
N E W  

Di vi n er s h all st a y wit hi n its p oi nti n g k n o wl e d g e all o c ati o n as st at e d i n T a bl e 5 -2 of t h e L R O 
P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1 -S P E C -0 0 0 1 1 3) . 

D L R E -MI S C -
N E W  

Di vi n er s h all st a y wit hi n its p oi nti n g c ali br ati o n all o c ati o n a s st at e d i n T a bl e 5 -2 of t h e L R O 
P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1 -S P E C -0 0 0 1 1 3) . 

D L R E -F R D -6 2  Ali g n m e nt c o ntr ol r e q uir e m e nts f or t h e b or esi g ht s of t el es c o p es A a n d B r el ati v e  t o t h e 
i nstr u m e nt a x es s h all b e b ett er t h a n ± 2. 0 mr a d i n pit c h, y a w, a n d r oll ( ± 1/ 3r d I F O V of a pi x el 
c o m p o s e d of t w o n ei g h b ori n g d et e ct or s).  

D L R E -F R D -6 3 a  T h e ori e nt ati o n of t h e a zi m ut h a xis r el ati v e t o t h e ali g n m e nt c u b e s h all b e m e as ur e d t o a n 
a c c ur a c y of ± 0. 1 mr a d.  

D L R E -F R D -6 3 b  T h e ori e nt ati o n of t h e el e v ati o n a xi s r el ati v e t o t h e ali g n m e nt c u b e s h all b e m e as ur e d t o a n 
a c c ur a c y of ± 0. 1 mr a d.  

D L R E -F R D -6 3 c  F or a si n gl e ori e nt ati o n i n a zi m ut h a n d a n o mi n all y 9 0º ori e nt ati o n i n el e v ati o n, ali g n m e nt of t h e 
b or esi g ht of t el es c o p es A r el ati v e t o t h e ali g n m e nt c u b e s h all b e m e a s ur e d t o b ett er t h a n 
± 0. 6 mr a d.  

D L R E -F R D -6 3 d F or a si n gl e ori e nt ati o n i n a zi m ut h a n d a n o mi n all y 9 0º ori e nt ati o n i n el e v ati o n, ali g n m e nt of t h e 
arr a y a x es r el ati v e t o t h e i nstr u m e nt a x es s h all b e m e as ur e d t o b ett er t h a n ± 6 mr a d.  T h e a xis of 
a n arr a y is d efi n e d b y t h e b est fit li n e t hr o u g h t h e p e a ks of all t h e d et e ct or s i n t h at arr a y.  

D L R E -F R D -2 4 0  T h e pl a n e of t h e s ol ar c ali br ati o n t ar g et s h all b e i n cli n e d 1 5 ° a b o v e t h e s p a c e cr aft X Y pl a n e  

T a bl e 1.  D L R E ali g n m e nt r e q ui r e m e nt s.  
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T a bl e 2.  D L R E p oi nti n g a c c u r a c y all o c ati o n.  T a bl e 5 -1 f r o m L R O P oi nti n g a n d Ali g n m e nt S p e c G S F C 

4 3 1- S P E C - 0 0 0 1 1 3.  

 

 
 
T a bl e 3.  D L R E p oi nti n g k n o wl e d g e all o c ati o n.  T a bl e 5- 2 f r o m L R O P oi nti n g a n d Ali g n m e n t S p e c G S F C 

4 3 1- S P E C - 0 0 0 1 1 3.  

T h e o d olit e  6. 0 2 9 5º  



D L R E Ali g n m e nt R e p ort   

 4  

I V. N o mi n al C o nfi g u r ati o n 

Fi g ur e 1 s h o ws s c h e m ati c all y t h e D L R E i nstr u m e nt  i n its st o w e d p ositi o n wit h r el e v a nt a x es a n d 
v e ct ors.  T h e ali g n m e nt c u b e is fi x e d t o t h e b as e, s o c a n n ot r ot at e wit h r e s p e ct t o t h e s p a c e cr aft a x es.  
N o mi n all y t h e a zi m ut h a xis is p ar all el t o t h e s p a c e cr aft Z a xis, t h e el e v ati o n a xis is p er p e n di c ul ar t o 
t h e a zi m ut h a xis a n d, w h e n t h e i nstr u m e nt is st o w e d, is p ar all el t o t h e c u b e f a c e 2 n or m al v e ct or .  T h e 
c u b e f a c e 1 n or m al v e ct or is p er p e n di c ul ar t o b ot h  t h e a zi m ut h a xis a n d t o c u b e f a c e 2 .  T a bl e 4 lists 
t h e n o mi n al u nit v e ct ors wit h r es p e ct t o t h e s p a c e cr aft a x es. 
 

 
 
Fi g u r e 1.  S c h e m ati c of D L R E i nst r u m e nt i n its st o w e d p ositi o n, s h o wi n g r el e v a nt v e ct o rs a n d a x es.   T h e 

a z i m ut h a xi s a n d t h e s p a c e c r aft Z a xi s p oi nt u p o ut of t h e p a g e.  

 
S p a c e c r aft A xis  A zi m ut h 

R ot ati o n A xis  
El e v ati o n R ot ati o n 

A xis  
( St o w e d P o siti o n) 

N o r m al t o C u b e 
F a c e 1  

N o r m al t o C u b e 
F a c e 2  

X  0  -si n( 3 0º)  =  -0. 5  -c o s( 3 0º)  =  -0. 8 6 6 0  -si n( 3 0º)  =  -0. 5  
Y  0  c o s( 3 0º)  =  0. 8 6 6 0  -si n( 3 0º)  =  -0. 5  c o s( 3 0º)  =  0. 8 6 6 0  
Z  1  0  0  0  

T a bl e 4.  N o mi n al u nit v e ct o rs  r el ati v e t o t h e s p a c e c r aft a x es . 

V.  L as e r T r a c k e r M e as u r e m e nts of R ot ati o n A x es a n d S ol a r C ali b r ati o n T a r g et 

A l as er tr a c k er w as us e d t o m e as ur e t h e t w o r ot ati o n a x es a n d t h e n or m al t o t h e s ol ar c ali br ati o n 
t ar g et  s urf a c e,  all wit h  r es p e ct  t o  t h e  ali g n m e nt  c u b e.    T h e  c u b e  f a c e u nit n or m al  v e ct ors  w er e 
d et er mi n e d  as  s h o w n  i n  Fi g ur e 2 .    T ar g ets  w er e  p ositi o n e d  s u c h  t h at  t h e  l as er  tr a c k er  c o ul d  s e e  t h e 
t ar g et r efl e ct e d i n t h e c u b e f a c e as w ell as dir e ctl y.  B y d et er mi ni n g t h e t w o v e ct ors t o e a c h t ar g et, t h e 
r efl e cti n g c u b e f a c e ori e nt ati o n c o ul d b e d et er mi n e d. 

X  

Y  • Z  

• 

A zi m ut h  
A xi s  

) 

El e v ati o n  
A xi s  

N o r m al t o 
C u b e F a c e 2  

N o r m al t o 
C u b e F a c e 1  S p a c e c r aft  

A x es  
S ol a r C al  
T a r g et  

Ali g n m e nt  
C u b e  
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Fi g u r e 2.  L as e r t r a c k e r m e as u r e m e nt  of c u b e f a c e n o r m al v e ct o rs.  

T h e r ot ati o n a x es w e r e d et er mi n e d b y pl a ci n g a t ar g et i n a n a p pr o pri at e s p ot o n t h e D L R E str u ct ur e 
a n d r ot ati n g D L R E a b o ut t h e r el e v a nt a xis.  T h e el e v ati o n a xis w as m e as ur e d w h e n t h e a zi m ut h a xis 
w as i n  st o w e d  p ositi o n ( 0º,  a zi m ut h  a ct u at or  st e p  1 0 0 0).    T h e  n or m al  v e ct or  t o t h e  s ol ar  c ali br ati o n 
t ar g et  pl a n e  w as  d et er mi n e d  b y  t o u c hi n g  a  t ar g et  t o  e a c h  of  t h e  f o ur  c or n ers  of  t h e  s ol ar  c ali br ati o n 
t ar g et t o p s urf a c e a n d m e as uri n g t h e t ar g et l o c ati o n i n e a c h c as e.  T h e r el ati v e u nit n or m al v e ct ors t h us 
d et er mi n e d ar e gi v e n i n T a bl e 5. 

 
A xis  A zi m ut h 

R ot ati o n A xis  
El e v ati o n 

R ot ati o n A xis  
N o r m al t o C u b e 

F a c e 1  
N o r m al t o C u b e 

F a c e 2  
N o r m al t o S ol a r 

C ali b r ati o n 
T a r g et S u rf a c e  

I 0. 0 0 2 4 2 1 6 1  -0. 0 0 2 7 6 6 0 7  -1. 0 0 0 0 0 0 0 0  -0. 0 0 0 2 0 1 2 0  -0. 2 5 4 0 1 0 6 0  
J  -0. 0 1 6 3 0 5 3 1  0. 9 9 9 8 6 9 6 0  0. 0 0 0 0 0 1 4 6  0. 9 9 9 9 9 9 9 8  -0. 0 2 2 4 5 5 0 8  
K  0. 9 9 9 8 6 4 1 3  0. 0 1 5 9 0 9 8 2  0. 0 0 0 0 0 0 5 2  0. 0 0 0 0 0 0 0 2  0. 9 6 6 9 4 0 7 3  

T a bl e 5.  R el ati v e u nit v e ct o rs d et e r mi n e d b y l as e r t r a c k e r m e as u r e m e nt s.  

Aft er ali g n m e nt t o t h e L R O s p a c e cr aft, w e will w a nt all ali g n m e nt m e as ur e m e nts t o b e d es cri b e d i n 
t er ms of t h e s p a c e cr aft a x es.  I n t hi s pr eli mi n ar y a n al ysis, w e w ill r ot at e t h e fr a m e of r ef er e n c e s u c h 
t h at  t h e  a zi m ut h  a xis  is  p oi nt e d  al o n g  + Z  a n d  t h e  el e v ati o n  a xis  is  p oi nt e d,  t o  t h e  gr e at est  e xt e nt 
p ossi bl e, i n t h e X -Y pl a n e a n d r ot at e d 3 0º fr o m + Y t o w ar ds t h e – X a xi s.   T his r ot ati o n c a n b e o bt ai n e d 
b y m ulti pl yi n g t h e ori gi n al u nit v e ct ors b y t h e r ot ati o n m atri x:  
 

















−

−−

9 9 9 8 6 4 1 3.00 1 6 3 0 5 3 1.00 0 2 4 2 1 6 1.0

0 1 2 9 3 8 5 0.08 6 7 3 0 8 9 8.04 9 7 6 0 1 9 8.0

0 1 0 2 1 3 8 4.04 9 7 5 0 3 0 4.00. 8 6 7 4 0 2 1 0

 

 
M ulti pli c ati o n b y t his r ot ati o n m atri x r es ults i n t h e u nit v e ct ors gi v e n i n T a bl e 6. 

 

Ali g n m e nt 
C u b e F a c e 

 

L a s e r  
T r a c k e r  

Ali g n m e nt 
C u b e F a c e 
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A xis  A zi m ut h 
R ot ati o n A xis  

El e v ati o n 
R ot a ti o n A xis 

N o r m al t o C u b e 
F a c e 1  

N o r m al t o C u b e 
F a c e 2  

N o r m al t o S ol a r 
C ali b r ati o n 

T a r g et S u rf a c e  
I´ 0. 0 0 0 0 0 0 0 0  -0. 4 9 9 9 9 9 9 6  -0. 8 6 7 4 0 2 8 3  -0. 4 9 7 6 7 7 5 5  -0. 2 1 9 0 3 4 0 3  
J ´ 0. 0 0 0 0 0 0 0 0  0. 8 6 6 0 2 5 3 3  -0. 4 9 7 6 0 0 7 1  0. 8 6 7 2 0 8 8 4  -0. 1 3 3 3 6 0 9 1  
K ´ 1. 0 0 0 0 0 0 0 0  -0. 0 0 0 4 0 2 2 2  -0. 0 0 2 4 2 1 1 1  -0. 0 1 6 3 0 5 7 8  0. 9 6 6 5 6 0 3 7  

T a bl e 6.  L as e r t r a c k e r u nit v e ct o rs aft e r r ot ati o n.  

 

VI.  T h e o d olit e M e as u r e m e nt F r o m Ali g n m e nt C u b e t o T a r g et P r oj e ct o r Slit  

Fi g ur e  3  s h o ws  t h e  g e o m etr y  f or  t h e  t h e o d olit e  m e as ur e m e nts.    T hr e e  t h e o d olit e  p ositi o ns  w er e 
us e d. A P orr o pris m, fi x e d i n p ositi o n t hr o u g h o ut t h e m e as ur e m e nts, pr o vi d e d a r ef er e n c e a n gl e.  T a bl e 
7 lists all t h e o d olit e m e as ur e m e nts.  Wit h t h e t h e o d olit e i n p ositi o n A , c u b e f a c e 1 a n d t h e P orr o pris m 
w er e  m e as ur e d.    Wit h  t h e  t h e o d olit e  i n  p ositi o n B ,  c u b e  f a c e 2  a n d  t h e  P orr o  pris m  w er e  m e as ur e d.   
Wit h t h e t h e o d olit e i n p o siti o n C, t h e t ar g et pr oj e ct or slits a n d t h e P orr o pris m w er e m e as ur e d.  T h e slit 
a n g ul ar  p ositi o n s er e  d et er mi n e d  b y  l o o ki n g  i nt o  t h e  c olli m at e d  b e a m  fr o m  t h e  t ar g et  pr oj e ct or.    A 
fl as hli g ht ill u mi n at e d t h e slits t o m a k e t h e m visi bl e t hr o u g h t h e t h e o d olit e. 
 
 

 
 

Fi g u r e 3 .  S c h e m ati c di a g r a m of ali g n m e nt s et u p, s h o wi n g p ositi o ns of t h e D L R E ali g n m e nt c u b e, t h e 
t a r g et p r oj e ct o r t a r g et, t h e P o r r o p ris m, a n d t h e t h r e e t he o d olit e p ositi o ns.  

P o r r o  
P ris m  

Di vi n e r  
T a r g et 

P r oj e ct o r  

T h e o d olit e 
P o siti o n A  

T h e o d olit e 
P o siti o n B  

Ali g n m e nt 
C u b e F a c e 1  

Ali g n m e nt 
C u b e F a c e 2  T h e o d olit e 

P o siti o n C  
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M e a s u r e m e nt 
N u m b e r  

M e a s u r e m e nt  T h e o d olit e 
P o siti o n  

A zi m ut h 
A n gl e (º)  

El e v ati o n 
A n gl e (º)  

1  C u b e F a c e 1  A  1 0. 0 0 0 1  
1 0. 0 0 0 4  
1 0. 0 0 0 3  
1 0. 0 0 0 8  
9. 9 9 9 9  

9 0. 2 3 2 8  
9 0. 2 3 2 8  
9 0. 2 3 2 4  
9 0. 2 3 3 6 
9 0. 2 3 2 4  

2  P o r r o P ris m  A  3 5 3. 9 7 0 8  
3 5 3. 9 7 0 8  
3 5 3. 9 7 0 9  
3 5 3. 9 7 0 7 
3 5 3. 9 7 1 0  

 

3  C u b e F a c e 2  B  1 0. 0 0 0 0  
1 0. 0 0 2 0  
1 0. 0 0 1 5  
1 0. 0 0 0 9  
1 0. 0 0 0 6  

9 0. 6 2 3 1  
9 0. 6 2 2 6  
9 0. 6 2 3 3  
9 0. 6 2 3 1  
9 0. 6 2 3 2  

4  P o r r o P ris m  B  2 6 3. 9 7 0 1  
2 6 3. 9 7 0 2  
2 6 3. 9 7 0 5  
2 6 3. 9 7 0 4  
2 6 3. 9 6 9 8  

 

5  V e rti c al Slit i n T a r g et P r oj e ct o r,  I nst r u m e nt R e m o v e d  C  3 3 6. 0 8 0 0   
6  P o r r o P ris m  C  2 1 4. 7 0 4 3  

2 1 4. 7 0 4 1  
2 1 4. 7 0 4 5  
2 1 4. 7 0 4 2  
2 1 4. 7 0 4 4  

 

7  V e rti c al Slit i n T a r g et P r oj e ct o r, I nst u m e nt R e m o v e d  C  3 3 6. 0 7 9 5   
8  H o ri z o nt al Slit, R e p o siti o n slit b et w e e n m e a s u r e m e nt s  C   8 8. 7 2 8 1  

8 8. 7 1 6 0  
9  V e rti c al Slit, R e p o siti o n slit b et w e e n m e a s u r e m e nt s  C  3 3 6. 0 4 5 0  

3 3 6. 0 8 6 4  
 

T a bl e 7 .  S u m m a r y of t h e o d olit e m e as u r e m e nt s. 

T h e t h e o d olit e s p e cifi e d  a c c ur a c y is 0. 5 ar cs e c.   M ar k  T h o m ps o n, t h e m etr ol o gist w h o m a d e t h e 
m e as ur e m e nt s, f e els t h at a m or e pr a cti c al n u m b er f or a c c ur a c y is 2 ar cs e c.  T h e m e as ur e m e nt wit h t h e 
m ost s c att er ( c u b e f a c e 2) h as a s c att er of 0. 0 0 2 d e gr e es or 7 ar cs e c.  It s e e ms r e as o n a bl e, t h er ef or e, t o 
c o n cl u d e  t h at  t h e  a c c ur a c y  of  t h es e  m e as ur e m e nts  is  at  l e ast  b ett er  t h a n  ± 1 0  ar cs e c  ( ± 0. 0 0 3º,  ± 0. 0 5 
mr a d.  

T h e t ar g et pr oj e ct or slits ar e i n a st e p p er -m ot or c o ntr oll e d w h e el.  It w as f o u n d t h at t h e slit w h e el 
di d n ot al w a ys st o p at t h e s a m e p ositi o n f or a gi v e n slit.  B et w e e n t h e v ari o us m e as ur e m e nt s of e a c h 
slit, t h e slit w as r e p ositi o n e d b y r ot ati n g t h e slit w h e el at l e ast o n r e v ol uti o n.  T h e e xtr e m es of t h e slit 
p ositi o ns w er e f o u n d a n d i n cl u d e d i n t h es e m e as ur e m e nts.  T h e slit p ositi o n w as t a k e n as t h e mi d p oi nt 
of t h es e e xtr e m e m e as ur e d v al u es.  T h us, fr o m t h e o d olit e p ositi o n C t h e slit c e nt er is 3 3 6. 0 6 6 ± 0. 0 2 1º 
i n a zi m ut h a n d 8 8. 7 2 2 ± 0. 0 0 6º i n el e v ati o n. 

M e as ur e m e nts 1 a n d 2 gi v e a n a zi m ut h a n gl e b et w e e n c u b e f a c e 1 a n d t h e P orr o pris m of 1 6. 0 2 9 5º  
( Fi g ur e 4).  M e as ur e m e nt 1 s h o ws t h at c u b e f a c e 1 h as a n a n gl e of 8 9. 8 6 0 0 wit h r es p e ct t o gr a vit y. 
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Fi g u r e 4 .  R el ati o ns hi p b et we e n c u b e f a c e 1 a n d t h e P o r r o p ri s m.  

 

M e as ur e m e nt s  3  a n d  4  gi v e  a n  a zi m ut h  a n gl e  b et w e e n  c u b e  f a c e  2  a n d  t h e  P orr o  pris m  of 
1 0 6. 0 3 0 8º ( Fi g ur e 5).  M e as ur e m e nt 3 s h o w s t h at c u b e f a c e 2 h as a n a n gl e wit h r es p e ct t o gr a vit y of 
9 0. 6 2 3 1º. 

 
 

Fi g u r e 5 .  R el ati o ns hi p b et w e e n c u b e f a c e 2 a n d t h e P o r r o p ri s m. 

 

T h e  m e as ur e d  a zi m ut h  a n gl e  b et w e e n  c u b e  f a c es  1  a n d  2  is  t h er ef or e  1 0 6. 0 3 0 8º - 1 6. 0 2 9 5º  = 
9 0. 0 0 1 3º.   

M e as ur e m e nts 5, 6,  7, a n d 9 gi v e a n a zi m ut h a n gl e b et w e e n t h e t ar g et pr oj e ct or sli t a n d t h e P orr o 
pris m of 1 2 1. 3 6 8º ( Fi g ur e 6).   

P o r r o  
P ris m  

Di vi n e r  
T a r g et 

P r oj e ct o r  

T h e o d olit e 
P o siti o n A  

1 6. 0 2 9 5º  

P o r r o  
P ris m  

Di vi n e r  
T a r g et 

P r oj e ct o r  

T h e o d olit e 
P o siti o n B  

1 0 6. 0 3 0 8º  
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Fi g u r e 6 .  R el ati o ns hi p b et w e e n t h e t a r g et p r oj e ct o r slit a n d t h e P o r r o p ri s m. 

 
M e as ur e m e nt 8 gi v es a n a n gl e b et w e e n t h e t ar g et pr oj e ct or slit a n d gr a vit y of 8 8. 7 2 2º.  A s u m m ar y of 
t h e t h e o d olit e r es ults is gi v e n i n T a bl e 8. 
 

A n gl e  A zi m ut h A n gl e (º)  El e v ati o n 
A n gl e (º)  

C u b e F a c e 1 t o P o r r o P ris m  1 6. 0 2 9 5 ± 0. 0 0 3   
C u b e F a c e 2 t o P o r r o P ris m  1 0 6. 0 3 0 8 ± 0. 0 0 3   
T a r g et P r oj e ct o r Slit t o P o r r o P ris m  1 2 1. 3 6 8 ± 0. 0 2 1   
C u b e F a c e 1 t o G r a vit y   8 9. 8 6 0 ± 0. 0 0 3  
C u b e F a c e 2 t o G r a vit y   9 0. 6 2 3 ± 0. 0 0 3  
T a r g et P r oj e ct o r Slit t o G r a vit y   8 8. 7 2 2 ± 0. 0 0 6  

T a bl e 8 .  S u m m a r y of t h e o d olit e m e as u r e m e nt s. 

W e  ar bitr aril y  d efi n e  a  z er o  a zi m ut h  a n gl e  a s 4 6 º  fr o m  t h e  P orr o  pris m,  wit h  p ositi v e  a n gl e 
c o u nt er cl o c k wis e  i n  t h e  fi g ur es.     T his  p uts  t h e  z er o  i n  a zi m ut h  r o u g hl y  p ar all el  t o  t h e  s p a c e cr aft  X 
a xis.   T h e  z er o  i n  el e v ati o n  a n gl e  is s et t o  9 0º fr o m t h e gr a vit y v e ct or, wit h p ositi v e a n gl es  u p w ar d.  
T h e r es ulti n g a n gl es ar e s u m m ari z e d i n T a bl e 9. 
 

A n gl e  A zi m ut h A n g l e (º) El e v ati o n 
A n gl e (º)  

N o r m al t o C u b e F a c e 1  2 0 9. 9 7 0 5  0. 2 3 2 8  
N o r m al t o C u b e F a c e 2  1 1 9. 9 6 9 2  0. 6 2 3 1  
T a r g et P r oj e ct o r Slit  2 8 4. 6 3 2  -1. 2 7 8  

T a bl e 9 .  S u m m a r y of t h e o d olit e m e as u r e m e nt s. 

A s et of u nit v e ct ors s u m m ari zi n g t h e t h e o d olit e m e as ur e m e nts  is sh o w n i n T a bl e 1 0. 
 

A xis  C u b e F a c e 1 
N o r m al  

C u b e F a c e 2 
N o r m al  

T a r g et P r oj e ct o r 
Slit  

i -0. 8 6 6 2 7 5 5 7  -0. 4 9 9 5 0 4 8 5  0. 2 5 2 5 4 6 9 5  
j -0. 4 9 9 5 4 9 9 2  0. 8 6 6 2 4 2 8 3  -0. 9 6 7 3 2 7 5 5  
k  0. 0 0 4 0 6 3 1 2  0. 0 1 0 8 7 4 9 3  -0. 0 2 2 3 0 3 4 6  

T a bl e 1 0 .  U n r ot at e d u nit v e ct o rs. 

T o  p ut  t h es e  v e ct ors  i n  t h e  s a m e  fr a m e  of  r ef er e n c e  as  t h e  l as er  tr a c k er  m e as ur e m e nt s,  t h e y  c a n  b e 
m ulti pli e d b y t h e r ot ati o n m atri x : 
 

P o r r o  
P ris m  

Di vi n e r  

T a r g et  
P r oj e ct o r  

1 2 1. 3 6 8º  

T h e o d olit e  
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















−

−

−

9 9 9 6 0 8 4 3.00 2 0 3 3 0 8 0.00 1 9 2 2 6 0 7.0

0 2 0 3 7 2 4 5.09 9 9 7 9 0 5 1.00 0 1 9 7 2 8 4.0

0 1 9 1 8 1 9 4.00 0 2 3 6 3 7 5.09 9 9 8 1 3 2 2.0

 

 
T h e r es ulti n g u nit v e ct or s d e d u c e d fr o m t h e t h e o d olit e m e as ur e m e nts ar e  list e d i n T a bl e 1 1. 
 

A xis  C u b e F a c e 1 
N o r m al  

C u b e F a c e 2 
N o r m al  

T a r g et P r oj e ct o r 
Slit  

i´ -0. 8 6 7 3 7 2 5 2  -0. 4 9 7 5 7 2 5 7  0. 2 5 0 6 4 1 0 8  
j´ -0. 4 9 7 6 5 3 4 7  0. 8 6 7 2 6 8 3 6  -0. 9 6 8 0 7 7 5 2  
k´  -0. 0 0 2 4 3 7 3 0 3 0  -0. 0 1 6 3 4 4 2 5  0. 0 0 2 2 2 7 3 1  

T a bl e 1 1 .  R ot at e d u nit v e ct o rs d et e r mi n e d f r o m t h e o d olit e m e as u r e m e nt s . 

As  a  p arti al  c h e c k  of  t h e  m e as ur e m e nt s  a n d  a x es  r ot ati o ns,  t h e  c u b e  f a c e  u nit  v e ct ors  c a n  b e 
c o m p ar e d.  T h e a n gl e b et w e e n t w o u nit v e ct ors is t h e ar c c osi n e of t h e d ot pr o d u ct of a n y t w o v e ct ors. 
T h e l as er tr a c k er d at a fr o m T a bl e 6 i n di c at es t h at t h e t w o c u b e f a c es diff er fr o m a 9 0º s e p ar ati o n b y  
2 0 0  μr a d.    T h e  t h e o d olit e  d at a  fr o m  T a bl e  1 1  i n di c at es  t h at  t h e  t w o  c u b e  f a c es  diff er  fr o m  a  9 0º 
s e p ar ati o n  b y  2 1  μr a d.    T h es e  r es ults  gi v e  s o m e  i n di c ati o n  of  t h e  a c c ur a c y  of  t h e  t w o  t y p e s  of 
m e as ur e m e nt s - ± 1 0 0 μr a d f or t h e l as er tr a c k er a n d ± 1 0 μr a d f or  t h e t h e o d olit e. 

Aft er r ot ati o n, t h e t w o c u b e f a c e 1 v e ct ors, m e as ur e d wit h t h e l as er tr a c k er a n d t h e t h e o d olit e,  ar e 
6 3 μr a d a p art.  A ft er r ot ati o n t h e t w o c u b e f a c e 2 v e ct ors ar e 1 2 5 μr a d a p art.  T h us t h e r ot ati o ns us e d 
ali g n e d t h e m e as ur e m e nt t o wit hi n t h e l as er tr a c k er a c c ur a c y. 
 

VII.  E r r o rs i n Ali g n m e nt K n o wl e d g e w it hi n t h e D L R E I n st r u m e nt 

T a bl e 1 2 lists v al u es f or t h e pri m ar y ali g n m e nt err or s o ur c es wit hi n t h e D L R E i nstr u m e nt. 
 

E r r o r S o u r c e  E r r o r  
(º) 

E r r o r  
( a r c-s e c) 

E r r o r  
( m r a d) 

A c c u r a c y  of  ali g n m e nt  m e a s u r e m e nt s  (l a r g est 
i n c o nsi st e n c y  is  o rt h o g o n alit y  of  c u b e  f a c es  i n  l a s e r 
t r a c k e r m e a s u r e m e nt). 

0. 0 0 6  4 1  0. 1 0 

U n c e rt ai nt y i n p o siti o n  of t a r g et p r oj e ct o r slit  0. 0 2 1  7 0  0. 3 7  
A c c u r a c y a n d r e p e at a bilit y of a zi m ut h a ct u at o r p o siti o n 
(f r o m D L R E  A ct u at o r  V e rifi c ati o n  S u m m a r y  J P L  D -
4 1 5 5 9 ) 

0. 0 2 0 7 0  0. 3 5  

A c c u r a c y a n d r e p e at a bilit y of el e v ati o n a ct u at o r p o siti o n 
(f r o m D L R E  A ct u at o r  V e rifi c ati o n  S u m m a r y  J P L  D -
4 1 5 5 9 ) 

0. 0 2 0 7 0  0. 3 5  

T ot al e r r o r d u e t o a ct u at o rs ( r ms of p r e vi o us t w o r o w s, 
si n c e e r r o rs a r e o rt h o g o n al)  

0. 0 2 8  9 9  0. 4 9  

E r r o r  d u e  t o  pi x el  I F O V  d et e r mi n ati o n  (f r o m D L R E 
F O V  T e st  R e p o rt  J P L  D -4 2 9 5 6  S e cti o n  X,  e x cl u di n g 
a ct u at o r p o rti o n t o a v oi d d o u bl e c o u nti n g of t his e r r o r ) 

0. 0 4 0  1 4 4  0. 7 

S u m of e r r o rs  0. 0 9 5  
 

3 5 4  1. 7 

R M S of e r r o rs  0. 0 5 4  1 9 4  0. 9 4  

T a bl e 1 2.  E r r o rs i n ali g n m e nt k n o wl e d g e.  
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VIII.  E r r o rs i n Ali g n m e nt K n o wl e d g e Aft e r I n -Fli g ht C ali b r ati o n  

D uri n g  t h e  c o m missi o ni n g  p h as e  of  t h e  missi o n,  s c a ns  of  t h e  l u n ar  h ori z o n  a n d  c o m p aris o n  t o 
L R O C a n d L O L A d at a will b e us e d as a c ali br ati o n of D L R E ali g n m e nt.  T h e fi n al D L R E ali g n m e nt 
k n o wl e d g e a n d a c c ur a c y will b e li mit e d b y t h e  a c c ur a c y of  t his c ali br ati o n, of v ari ati o ns i n D L R E’s 
ali g n m e nt  wit h  t h e  s p a c e cr aft  (s p a c e cr aft  t h er m al  dist orti o n,  jitt er,  et c.),  a n d  D L R E’s  i nt er n al 
v ari ati o ns  i n  ali g n m e nt.    C ar ef ul  i n -fli ght  c ali br ati o n  s h o ul d  pr o vi d e  b ett er  t h a n  ± 1/ 1 0  pi x el 
( ± 0. 6 mr a d) a c c ur a c y at t h e ti m e of c ali br ati o n.  T his c ali br ati o n will r e m o v e m a n y of t h e s o ur c es of 
err or list e d i n T a bl e 1 2, s u c h as u n c ert ai nt y i n t h e slit p ositi o n d uri n g F O V m e as ur e m e nts a n d s o m e of 
t h e u n c ert ai nt y i n I F O V d et er mi n ati o ns.  T his c ali br ati o n will als o r e m o v e a n y a d diti o n al F O V s hifts 
d uri n g l a u n c h.  C o ntri b uti o ns t o D L R E’s i nt er n al ali g n m e nt v ari ati o n ar e li st e d i n T a bl e 1 3. 

 
E r r o r S o u r c e  

 
E r r o r  
( m r a d) 

A c c u r a c y a n d r e p e at a bilit y of a zi m ut h a ct u at o r p o siti o n 
(f r o m D L R E  A ct u at o r  V e rifi c ati o n  S u m m a r y  J P L  D -
4 1 5 5 9 ) 

 
0. 3 5  

A c c u r a c y a n d r e p e at a bilit y of el e v ati o n a ct u at o r p o siti o n 
(f r o m D L R E  A ct u at o r  V e rifi c ati o n  S u m m a r y  J P L  D -
4 1 5 5 9 ) 

 
0. 3 5  

T ot al e r r o r d u e t o a ct u at o rs ( r ms of p r e vi o us t w o r o w s, 
si n c e e r r o rs a r e o rt h o g o n al)  

 0. 4 9  

T e m p e r at u r e d e p e n d e n c e of I F O Vs wit h r es p e ct t o b a s e 
of  i nst r u m e nt  ( s e e  D L R E  F O V  T est  R e p o rt,  J P L  D -
4 2 9 5 6, S e cti o n I X).  

 
0. 5 3  

R M S of e r r o rs  
 0. 7 2  

T a bl e 1 3.  C o nt ri b uti o ns t o D L R E’ s i nt e r n al ali g n m e nt v a ri ati o n. 

 

I X.  V e rifi c ati o n of Ali g n m e nt R e q ui r e m e nts  

 
D L R E -MI S C -N E W:   Di vi n er s h all st a y wit hi n its p oi nti n g a c c ur a c y all o c ati o n as st at e d i n T a bl e 5 -1 
of t h e L R O P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1- S P E C - 0 0 0 1 1 3). 
 
T a bl e 1 2 s h o ws t h at t h e u n c ert ai nt y i n p oi nti n g a c c ur a c y is  n o w ors e t h a n 1. 7 mr a d, c o m p ar e d t o t h e 
2. 0 mr a d s h o w n i n T a bl e 2 ( T a bl e 5- 1 of t h e L R O P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1- S P E C - 0 0 0 1 1 3)). 
 
 
D L R E -MI S C -N E W:   Di vi n er s h all st a y wit hi n its p oi nti n g k n o wl e d g e all o c ati o n as st at e d i n T a bl e 5 -
2 of t h e L R O P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1- S P E C - 0 0 0 1 1 3). 
D L R E -MI S C -N E W:   Di vi n er s h all st a y wit hi n its p oi nti n g c ali br ati o n all o c ati o n as st at e d i n T a bl e 5-
2 of t h e L R O P oi nti n g a n d Ali g n m e nt S p e c ( 4 3 1- S P E C - 0 0 0 1 1 3). 
 
Aft er ali g n m e nt t o s p a c e cr aft, Di vi n er’s p oi nti n g k n o wl e d g e ( 1 7 0 0 μr a d p er T a bl e 1 2) will e x c e e d t h e 
r e q uir e m e nt  ( 6 0 0  μr a d  p er  T a bl e  3).   I n-fli g ht  c ali br ati o n,  h o w e v er,  will  al m ost  bri n g  t h e  ali g n m e nt 
k n o wl e d g e ( 7 2 0 μr a d p er T a bl e 1 3) i n li n e wit h  t h e r e q uir e m e nt.  T his s m all er e x c e d e n c e  c o ns u m es 
a b o ut 1/ 3 of t h e u n all o c at e d m ar gi n i n T a bl e 3.  T h us, if t h e s p a c e cr aft d o es n’t e x c e e d its all o c ati o n 
si g nifi c a ntl y, t h e o v er all ali g n m e nt k n o wl e d g e aft er i n -fli g ht c ali br ati o n will b e wit hi n s p e cifi c ati o ns. 
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D L R E -F R D - 6 3 a:   T h e  ori e nt ati o n  of  t h e  azi m ut h  a xis  r el ati v e  t o  t h e  ali g n m e nt  c u b e  s h all  b e 
m e as ur e d t o a n a c c ur a c y of ± 0. 1 mr a d. 
D L R E -F R D - 6 3 b:   T h e  ori e nt ati o n  of  t h e  el e v ati o n  a xis  r el ati v e  t o  t h e  ali g n m e nt  c u b e  s h all  b e 
m e as ur e d t o a n a c c ur a c y of ± 0. 1 mr a d. 
 

T h e a x es’ ori e nt ati o ns r el ati v e t o t h e ali g n m e nt c u b e w er e m e as ur e d wit h t h e l as er tr a c k er.  L as er 
tr a c k er m e as ur e m e nt s of t h e t w o c u b e f a c es s u g g e st a n a c c ur a c y of a b o ut ± 0. 1 mr a d.  
 
 
D L R E -F R D - 6 3 c:  F or  a si n gl e ori e nt ati o n i n azi m ut h a n d a  n o mi n all y 9 0º ori e nt ati o n i n el e v ati o n, 
ali g n m e nt  of  t h e  b or esi g ht  of t el es c o p e  A  r el ati v e  t o  t h e  ali g n m e nt  c u b e s h all  b e  m e as ur e d  t o  b ett er 
t h a n ± 0. 6 mr a d. 
 
T h e fi el d -of -vi e w m e as ur e m e nt s r e pr es e nt a s m all r a n g e of a zi m ut h p ositi o ns a n d  a n el e v ati o n p ositi o n 
of r o u g hl y 9 0º.  T a bl e 1 2 lists t h e u n c ert ai nt y i n p oi nti n g of a si n gl e pi x el of 1. 7 mr a d.  T h e b or esi g ht 
i s d et er mi n e d s o m e w h at b ett er t h a n t his as it is a n a v er a g e of all pi x els i n e a c h f o c al pl a n e.  Aft er i n-
fli g ht c ali br ati o n, t his err or d e cr e as es t o 0. 7 2 mr a d or l ess p er T a bl e 1 3.  As st at e d a b o v e, t his p oi nti n g 
k n o wl e d g e will all o w Di vi n er’s hi g h er-l e v el p oi nti n g r e q uir e m e nts t o b e m et. 
 
 
D L R E -F R D - 6 3 d:  F or a si n gl e ori e nt ati o n i n azi m ut h a n d a n o mi n all y 9 0º ori e nt ati o n i n el e v ati o n, 
ali g n m e nt of t h e arr a y a x es r el ati v e t o t h e i nstr u m e nt a x es s h all b e m e as ur e d t o b ett er t h a n  ± 6 mr a d.  
T h e a xis of a n arr a y is d efi n e d b y t h e b est fit li n e t hr o u g h t h e p e a ks of all t h e d et e ct ors i n t h at arr a y. 
 
Fi g ur e 1 2 of t h e D L R E  F O V  T est  R e p ort  J P L  D - 4 2 9 5 6 s h o ws all t h e pi x el p ositi o ns i n a zi m ut h a n d 
el e v ati o n st e ps.  T his d at a is t a k e n fr o m t h e l o w -r es ol uti o n fi el d- of-vi e w m e as ur e m e nt s .  E a c h si n gl e 
m e as ur e m e nt  is  a c c ur at e  t o  1. 7  mr a d ( 0. 9 6  a ct u at or  st e ps) i n  e a c h  a xis  ( T a bl e  1 2).    E a c h  d at a  p oi nt 
r e pr es e nts a n a v er a g e of a b o ut f o ur si n gl e m e as ur e m e nts, a n d t h er e ar e 2 1 d at a p oi nt s f or e a c h c h a n n el.  
T h e li n e ar fits s h o w n i n t his Fi g ur e h a v e a n u n c ert ai nt y i n y v al u e ( a zi m ut h p ositi o n) of a b o ut 1. 7 mr a d 
/( 4 * 2 1) = 0. 2 mr a d, a n d a n u n c ert ai nt y i n sl o p e of a b o ut 0. 2 mr a d/1 5 = 1 3 μr a d ( 1 5 is r o u g hl y t h e r ms 
v al u e of el e v ati o n p ositi o n a b o ut its m e a n).  T h us t h e sl o p es ar e d et er mi n e d t o m u c h b ett er t h a n t h e 
r e q uir e d  ± 6 mr a d. 
 
 
D L R E -F R D - 2 4 0:  T h e pl a n e of t h e s ol ar c ali br ati o n t ar g et s h all b e i n cli n e d 1 5 ° a b o v e t h e s p a c e cr aft 
X Y pl a n e. 
 
O n c e m o u nt e d o n t h e s p a c e cr aft, t h e a zi m ut h a xis will b e n e arl y p a r all el t o t h e s p a c e cr aft Z a xis ( c a n 
b e  c o ntr oll e d  t o  6  mr a d  or  0. 3 4º  p er  T a bl e  2) .    T h e  a n gl e  of  t h e  s ol ar  c ali br ati o n  t ar g et  a b o v e  t h e 
s p a c e cr aft  X Y  pl a n e  is  t h e  s a m e  as  t h e  a n gl e  b et w e e n  t h e  s ol ar  c ali br ati o n  t ar g et  n or m al  a n d  t h e 
s p a c e cr aft Z a xis.  T his a n gl e c a n b e c al c ul at e d b y t a ki n g t h e ar c c osi n e of t h e d ot pr o d u ct of t h e s ol ar 
c ali br ati o n t ar g et u nit n or m al v e ct or a n d t h e a zi m ut h u nit n or m al v e ct or.  Usi n g v al u es fr o m T a bl e 5 
gi v es a n a n gl e of 1 4. 8 6º. 
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