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A HAND-HELD SEXTANT QUALIFIED FOR SPACE FLIGHT 

By Bedford A. Lampkin and Donald W .  Smith 

Ames Research Center 

SUMMARY 

A hand-held s e x t a n t  has  been developed and f a b r i c a t e d  f o r  use  i n  space 
naviga t ion .  The instrument  is  space - f l i gh t  r a t e d .  Experienced opera tors  may 
ob ta in  measurement d a t a  having an accuracy of b e t t e r  than  10 seconds of  arc .  

The mechanical, o p t i c a l ,  and e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t h e  i n s t r u 
ment a r e  descr ibed  i n  d e t a i l .  A synopsis  of  t h e  r e s u l t s  o f  t h e  environmental 
tes ts  t o  which t h e  instrument  was subjec ted  and a mechanical e r r o r  model of 
t h e  instrument  are p resen ted .  Measurement d a t a  and a n a l y s i s  are  presented  
which i n d i c a t e  t h e  ope ra t iona l  accuracy of t h e  s e x t a n t .  

INTRODUCTION 


For over  200 yea r s ,  t h e  s e x t a n t  has provided nav iga to r s  with a means f o r  
determining t h e  he igh t  o f  c e l e s t i a l  bodies  above t h e  l o c a l  h o r i z o n t a l  p l ane .  
The c h a r a c t e r i s t i c s  of  r e l i a b i l i t y ,  accuracy, and independence o f  e x t e r n a l  
e l e c t r i c a l  power which have made t h e  s e x t a n t  u se fu l  i n  t h e  p a s t  a l s o  enhance 
i t s  usefu lness  as a device f o r  space naviga t ion .  

In  t h e  p a s t  30 yea r s ,  most advancements t o  s e x t a n t  technology have been 
appl ied  t o  t h e  instruments  used i n  a e r i a l  naviga t ion .  The measurement accu
racy expected of  t h e s e  instruments  i s  approximately 1 minute of a r c .  More 
r e c e n t l y ,  t h e  p o s s i b i l i t y  of u s ing  a hand-held s e x t a n t  i n  space naviga t ion  
has  been examined. This use  r equ i r ed  an advance i n  s e x t a n t  measurement accu
racy  and i n  t h e  a b i l i t y  of  t h e  instrument  t o  wi ths tand  a h o s t i l e  environment. 
Reference 1 i s  one of  t h e  e a r l i e s t  r e p o r t s  desc r ib ing  a hand-held s e x t a n t  t h a t  
might be  used i n  space nav iga t ion .  The measurement accuracy o f  t h i s  i n s t r u 
ment was approximately 40 seconds of arc .  Reference 2 descr ibes  a more 
advanced vers ion  o f  t h i s  same instrument  and i n  r e fe rence  3 an i n t e r e s t i n g  
concept of a photographic  s e x t a n t  f o r  space naviga t ion  i s  examined. 

To explore  t h e  p o s s i b i l i t y  o f  u s ing  a s e x t a n t  i n  space naviga t ion ,  an 
experiment was designed which could be  conducted on-board a Gemini spacec ra f t  
i n  e a r t h  o r b i t .  The primary purpose of  t h e  experiment w a s  t o  eva lua te  t h e  
e f f e c t  o f  t h e  space environment on t h e  measurement performance of  t h e  a s t r o 
n a u t .  The experiment was designed t o  s imula te  a midcourse naviga t ion  



measurement t a s k .  The impl i ca t ion  of t h i s  assumption was t h a t  t h e  accuracy 
goal o f  measurement performance was 10 a r c s e c  as suggested i n  r e fe rence  4. 

A t  t h e  o u t s e t  t h e  instrument  descr ibed  i n  r e fe rences  1 and 2 was no t  
a v a i l a b l e ,  and it was determined exper imenta l ly  t h a t  no commercially a v a i l a b l e  
s e x t a n t  would meet both t h e  accuracy and environmental  requirements of  t h e  
experiment.  Therefore ,  an instrument  was designed and f a b r i c a t e d  s p e c i f i c a l l y  
f o r  t h e  experiment.  The most s t r i n g e n t  requirements on t h e  design of t h e  
s e x t a n t  concerned t h e  accuracy and th.e  ope ra t ing  environment of  t h e  i n s t r u 
ment. The s i g n i f i c a n c e  of t h e  ope ra t ing  environment i s  t h a t  t h e  s e x t a n t  must 
be  s p a c e - f l i g h t  r a t e d  and must be small and l igh tweight  s o  t h a t  it can be  
s t o r e d  and opera ted  wi th in  t h e  s p a c e c r a f t .  An a b s t r a c t  of t h e  s p e c i f i c a t i o n s  
f o r  procuring t h e  s e x t e n t  i s  presented  i n  appendix A.  

The purpose of t h i s  r e p o r t  i s  t o  document a summary of c h a r a c t e r i s t i c s  
and q u a l i f i c a t i o n s  of  a sex tan t  which r e p r e s e n t s  a s i g n i f i c a n t  advance i n  
t h e  s t a t e  o f  t h e  a r t .  The instrument  i s  unique, not because of  any one f ea 
t u r e ,  bu t  because a l l  of i t s  elements have been designed and f a b r i c a t e d  t o  
produce a s e x t a n t  t h a t  combines s t r u c t u r a l  i n t e g r i t y ,  minimum s i ze  and weight ,  
and ope ra t iona l  accuracy and convenience, making i t  well s u i t e d  f o r  space 
naviga t ion .  

Included i n  t h e  r e p o r t  i s  a d e s c r i p t i o n  of t h e  s e x t a n t  and i t s  ope ra t ing  
procedures and a summary of  t h e  environmental  tes ts  performed i n  q u a l i f y i n g  
the  instrument  f o r  space f l i g h t .  More d e t a i l e d  information concerning t h e s e  
i tems may be found i n  re ferences  5 and 6 ,  r e s p e c t i v e l y .  An e r r o r  model of t h e  
opera t ing  components of t h e  s e x t a n t  i s  p re sen ted .  Tes ts  have v e r i f i e d  t h e  
func t iona l  e f f e c t i v e n e s s  and ope ra t iona l  accuracy of t h e  s e x t a n t  , and d a t a  
from these  t e s t s  a r e  included i n  t h e  r e p o r t .  

DESCRIPTION OF THE SEXTANT 

The d e s c r i p t i o n  of t h e  s e x t a n t  inc ludes  a summary o f  t h e  mechanical,  
o p t i c a l  and e l e c t r i c a l  p r o p e r t i e s  o f  t h e  ins t rument .  The c a l i b r a t i o n  pro
cedures and instrument  accuracy s p e c i f i c a t i o n s  are summarized i n  appendix A .  
The s e x t a n t  and i t s  opera t ion  a r e  descr ibed  i n  d e t a i l  i n  r e fe rence  5,  and the  
t es t  procedures t o  q u a l i f y  t h e  s e x t a n t  f o r  t h e  s p e c i f i c a t i o n  i n  appendix A 
are descr ibed i n  r e fe rence  6 .  

Mechanical P rope r t i e s  

The s e x t a n t  i s  equipped with a normal eye r e l i e f  and a long eye r e l i e f  
eyepiece.  The normal eye r e l i e f  eyepiece permi ts  normal opera t ion  of t h e  
s e x t a n t  with t h e  eyepiece placed aga ins t  t h e  o p e r a t o r ’ s  eye socke t .  The long 
eye r e l i e f  eyepiece permi ts  opera t ion  of  t h e  s e x t a n t  with t h e  s p a c e s u i t  p res 
su r i zed  and i t s  v i s o r  i n  p o s i t i o n  between t h e  s e x t a n t  and t h e  s e x t a n t  oper
a t o r .  Each eyepiece conta ins  i t s  own focus ing  mechanism and d i o p t e r  s c a l e .  
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Figure 1.- Hand-held space sextant .  
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Figure 2.- Schematic diagram of gear t r a i n  f o r  
scanning cont ro l  and data  readout. 

The normal eye r e l i e f  eyepiece has  a 
rubber  eyeguard contoured t o  f i t  com
f o r t a b l y  aga ins t  t h e  o p e r a t o r ' s  eye 
socke t .  The long eye r e l i e f  eyepiece 
conta ins  a f l e x i b l e  c i r c u l a r  eyeguard 
t h a t  a d j u s t s  t o  t h e  curva ture  of t h e  
s p a c e s u i t  v i s o r .  

Table I gives  t h e  nominal dimen
s i o n s  and weight of t h e  s e x t a n t  with 
e i t h e r  eyepiece toge the r  wi th  dimen
s i o n a l  o u t l i n e  drawings of t h e  sex
t a n t .  Photographs of t h e  s e x t a n t  a r e  
shown i n  f i g u r e  1 with t h e  ope ra t ing  
c o n t r o l s  noted.  Figure 2 i s  a 
schematic  diagram of t h e  gear  t r a i n  
which l i n k s  t h e  scanning mi r ro r  and 
readout  device .  

The s e x t a n t  is  equipped with an 
event  timer swi tch .  This bu t ton  
switch provides  a t iming p u l s e  on t h e  
s p a c e c r a f t  record ing  system a t  t h e  
t i m e  of s e x t a n t  angle  measurements. 

The s e x t a n t  measured angle  i s  
d isp layed  on t h e  "counter" below t h e  
eyepiece.  The l e a s t  count of t h e  
d i s p l a y  i s  0.001".  Two minia ture  r ed  
lamps i l l u m i n a t e  t h e  counter .  

The scanning con t ro l  uses  t h e  
gear  t r a i n  ( f i g .  2) t o  p o s i t i o n  t h e  
scanning mi r ro r  and readout  counter .  
Both t h e  f i n e  and coarse con t ro l  a r e  
mounted concent r ic  t o  t h e  same s h a f t  
and are geared s o  t h a t  a f u l l  revo
l u t i o n  of t h e  coarse  con t ro l  r o t a t e s  
t h e  mi r ro r  2.5'  (equiva len t  t o  5"  
measured a n g l e ) .  Rotat ing t h e  f i n e  
con t ro l  one f u l l  revolu t ion  r o t a t e s  
t h e  scanning mir ror  0 .5"  (equiva len t  
t o  1"  measured a n g l e ) .  

There a r e  f i l t e r  con t ro l s  f o r  
each l i n e  of s i g h t .  Choices of  
n e u t r a l  dens i ty  f i l t e rs  a r e  a v a i l a b l e  
and may be  i n s e r t e d  i n t o  each l i n e  
o f  s i g h t  t o  reduce t h e  t r a n s m i t t e d  
l i g h t  i n t e n s i t y .  I n  t h e  f i x e d  l i n e  
of s i g h t ,  e i t h e r  f i l t e r  ND-1.0 o r  
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ND-1.6 i s  used t o  reduce t h e  t r ansmi t t ed  l i g h t  by a f a c t o r  of 10 o r  40, 
r e s p e c t i v e l y .  I n  t h e  scanning l i n e  of s i g h t ,  e i t h e r  f i l t e r  ND-1.0 o r  ND-1.3 
i s  used t o  reduce t h e  t r a n s m i t t e d  l i g h t  by a f a c t o r  of  10 o r  20, r e s p e c t i v e l y .  

A con t ro l  i s  provided f o r  a d j u s t i n g  t h e  t e l e scope  r e t i c l e  i l l umina t ion .  
The "counter" i l l u m i n a t i o n  con t ro l  i s  a l s o  provided  with a spr ing-loaded 
on-off swi tch .  The b a t t e r y  ope ra t ing  t h e  r e t i c l e  and readout l i g h t s  i s  
recessed i n t o  t h e  bottom of t h e  s e x t a n t .  The b a t t e r y  may be  rep laced  by 
removing i t s  cover p l a t e .  

Opt ica l  P rope r t i e s  

Funct iona l ly ,  t h e  s e x t a n t  i s  d iv ided  i n t o  two o p t i c a l  systems: t h e  t e l e 
scope and t h e  t a r g e t  a c q u i s i t i o n  o p t i c a l  system. A s  i n  any t e l e scope ,  t h e  
e s s e n t i a l  o p t i c a l  elements a r e  an o b j e c t i v e  l ens  wi th  t h e  func t ion  of  forming 
an image of o b j e c t  space a t  t h e  p r i n c i p a l  focus,  and an eyepiece through which 
the  observer  views t h i s  image. The p r i n c i p a l  o r  normal eye r e l i e f  eyepiece 
i s  a wide angle  eyepiece of  t h e  E r f l e  type with a 25.4-mm foca l  l eng th .  I t  
provides a magni f ica t ion  of 8 . 0 .  The second eyepiece with long eye r e l i e f  i s  
mechanically in te rchangeable  with t h e  f i rs t  and i s  necessary when t h e  a s t r o 
naut takes  s e x t a n t  measurements with h i s  helmet v i s o r  i n  p l a c e .  This eyepiece 
provides  a magnifying power of 4 .6 .  The t r u e  f i e l d  of view of t h e  t e l e scope  
i s  7 O  with e i t h e r  eyepiece.  The two mir rors  and pr ism i n  t h e  s e x t a n t  t e l e 
scope permit packaging of t h e  instrument  i n  a small volume and s e r v e  t o  e r e c t  
t he  images observed by t h e  a s t r o n a u t .  

Long eye relief 

Normal eye relief 

Beam splitter 
50% transmission 
50% reflection 

Figure 3.- Optical schematic diagram of sextant. 


A r e t i c l e  p a t t e r n  i s  engraved i n  
a t h i n  g l a s s  p l a t e  a t  t h e  p r i n c i p a l  
focus of t h e  o b j e c t i v e  l e n s .  The 
r e t i c l e  p a t t e r n  may be observed i n  
t h e  t e l e scope  f i e l d  of view because 
of l i g h t  r e f l e c t e d  by t h e  engraved 
l i n e s  from a l i g h t  source provided by 
t h e  s e x t a n t  e l e c t r i c a l  system. 

The t a r g e t  a c q u i s i t i o n  o p t i c a l  
system inc ludes  t h e  fol lowing o p t i c a l  
e lements:  A beam s p l i t t e r ,  a scan
ning mi r ro r ,  and four  f i l t e r s  , two of  
which may be s e l e c t e d  f o r  each l i n e  
of  s i g h t .  The beam s p l i t t e r  i s  
coated t o  provide approximately 
50-percent t ransmiss  ion  through each 
l i n e  of s i g h t .  The scanning mir ror  
is  designed t o  r e f l e c t  t h e  scanning 
l i n e  of s i g h t  through a range o f  76".  

Table I inc ludes  var ious o p t i c a l  
c h a r a c t e r i s t i c s  of t h e  s e x t a n t .  Fig
u r e  3 i s  a schematic diagram of t h e  
s e x t a n t  o p t i c a l  system. 

4 




E l e c t r i c a l  P rope r t i e s  

The e l e c t r i c a l  system of  t h e  hand-held s e x t a n t  i l l umina te s  t h e  readout  
counter  and i l l u m i n a t e s  t h e  r e t i c l e  l i n e s  s o  t h a t  they are e a s i l y  d i s c e r n i b l e  
i n  a darkened environment. The schematic diagram of t h e  e l e c t r i c a l  system i s  
shown i n  f i g u r e  4 .  The energy source  f o r  t h e  i l l umina t ion  c i r c u i t  i s  

.Switch. rotary 	 Switch. push 
button, SPST 
/

I------ 1 

Connector JI 
Switch. push 
button, SPST 

Lamp incandescent 
2 .5V .066A 

Figure 4.- Electrical schematic diagram of sextant. 

se l f - con ta ined  and c o n s i s t s  of  a dual  c e l l  rechargeable ,  n-ckel-cadmium 
b a t t e r y  q u a l i f i e d  f o r  space f l i g h t .  The r e t i c l e  i l l umina t ion  c i r c u i t  c o n s i s t s  
of two p a r a l l e l  lamps and a fou r -pos i t i on  r o t a r y  swi tch .  The switch is  used 
t o  a d j u s t  t h e  l e v e l  of i l l u m i n a t i o n  and a l s o  has an "off" p o s i t i o n  t o  open t h e  
c i r c u i t .  Two r e t i c l e  lamps provide even i l l umina t ion  and inc rease  r e l i a b i l 
i t y .  The c i r c u i t  t h a t  i l l umina te s  t h e  readout  counter  c o n s i s t s  of a p a i r  o f  
r ed  lamps t h a t  a r e  a c t i v a t e d  by a push-button swi tch .  

The t iming c i r c u i t ,  a l s o  shown i n  f i g u r e  5 ,  c o n s i s t s  of  a push-button 
switch and a connector  t o  t h e  s p a c e c r a f t  time record ing  system. 

ENVIRONMENTAL QUALIFICATION TESTS 

Upon assembly, s e x t a n t  s e r i a l  no. 2 was sub jec t ed  t o  t h e  series of  t e s t s  
s p e c i f i e d  i n  appendix A and t h e  s p a c e - f l i g h t  q u a l i f i c a t i o n  tests ( t a b l e  11) 
requi red  by t h e  Gemini Program Office. The f l i g h t  q u a l i f i c a t i o n  t e s t s  are 
descr ibed  i n  r e fe rence  6 .  

5 



The f l i g h t  q u a l i f i c a t i o n  requirements of  t h e  s e x t a n t  involved sub jec t ing  
t h e  instrument  t o  two d i f f e r e n t  series o f  tests.  The first s e r i e s  of tes ts  
s imula ted  t h e  launch and f l i g h t  environment i n  which t h e  instrument  was 
r equ i r ed  t o  maintain i t s  c a l i b r a t i o n  accuracy. The second s e r i e s  were over
s t r e s s  tes ts  i n  which t h e  major goal  was t o  expose design d e f i c i e n c i e s .  

The f irst  s e r i e s  of  t es t s  included t h e  fol lowing environments.  

1. Shock 

2 .  Acoustic n o i s e  

3 .  Accelera t ion  

4 .  Random v i b r a t i o n  

5 .  S inusoida l  v i b r a t i o n  

Af te r  each environment, t h e  instrument  was inspec ted  i n  accordance with an 
abbrevia ted  tes t  procedure ( r e f .  5) and c a l i b r a t e d  i n  accordance with t h e  
s p e c i f i c a t i o n  requirements .  No s i g n i f i c a n t  changes occurred i n  t h e  pe r fo r 
mance c a l i b r a t i o n  o r  conf igura t ion  of t h e  instrument  as a r e s u l t  of t h e s e  
t e s t s .  

I n  t h e  second s e r i e s  of  t e s t s  t h e  instrument  was sub jec t ed  t o  t h e  follow
i n g  environments. 

1. Temperature/pressure cyc l ing  

2 .  Decompression 

3 .  Low temperature  

4 .  High temperature/100 percent  oxygen atmosphere 

5 .  Shock 

6 .  Humidity 

After exposure t o  each environment, t h e  instrument  was sub jec t ed  t o  v isua l  
and func t iona l  t e s t i n g  t o  d e t e c t  changes i n  instrument  performance and opera
t i o n .  Only i n  t h e  humidity t e s t  was t h e r e  a s i g n i f i c a n t  change i n  instrument  
performance. 

The humidity t e s t  was t h e  l a s t  t e s t .  Inspec t ion  a f t e r  a 24-hour exposure 
t o  t h e  humidity and e l eva ted  temperature environment revea led  a b inding  condi
t i o n  i n  t h e  scanning mi r ro r  d r i v e  system. The cause of t h e  f a i l u r e  was found 
t o  be a hygroscopic p l a s t i c  t h a t  had been used i n  t h e  f a b r i c a t i o n  of a d a t a  
readout gear .  The gear  was rep laced  wi th  a gear  i d e n t i c a l  i n  conf igura t ion  
bu t  f a b r i c a t e d  from a ma te r i a l  l e s s  s u s c e p t i b l e  t o  moisture  swe l l ing .  The 
instrument  was then r e t e s t e d  f o r  func t iona l  ope ra t ion  and resubmit ted t o  t h e  
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humidity environment. The t e s t  l a s t e d  240 hours with in t e rmed ia t e  func t iona l  
i n spec t ions  a f t e r  each 24 hours .  Af t e r  each in te rmedia te  pe r iod ,  and upon 
completion of t h e  f u l l  t e s t ,  t h e  instrument  success fu l ly  passed t h e  func t iona l  
examinations.  

SEXTANT ACCURACY 

Ca l ib ra t ion  Resul ts  

The requirements f o r  t h e  o p t i c a l  c a l i b r a t i o n s  of t h e  s e x t a n t ' s  mechanical 
gear  t r a i n  a r e  given i n  paragraph 9 .0  of appendix A .  The d a t a  from t h e s e  
c a l i b r a t i o n s  may be found i n  r e fe rence  6 .  The c a l i b r a t i o n  as d i c t a t e d  i n  
paragraph 9 .0 (a )  of  appendix A i n d i c a t e s  t h a t  t h e  s t anda rd  dev ia t ion  ( 0 )  of 
t h e  zero p o s i t i o n  r e p e a t a b i l i t y  of t h e  scanning mir ror  i s  0 . 4  a rc sec .  Typical  
r e s u l t s  of t h e  c a l i b r a t i o n  as d i c t a t e d  i n  paragraph 9 .0(b)  of appendix A a r e  
given i n  t a b l e  111. I t  can be seen  t h a t  t h e  c a l i b r a t i o n  e r r o r s  a r e  contained 
wi th in  a 20 a rc sec  envelope and a r e  r epea tab le  t o  wi th in  6 a rc sec .  The C a l i 

b r a t i o n  d a t a  obta ined  as s p e c i f i e d  i n  paragraph 9.O(c) of  appendix A a r e  given 
i n  t a b l e  IV. These d a t a  a r e  contained wi th in  a 10 a r c s e c  envelope afid a r e  
repea tab le  t o  wi th in  2 a r c s e c .  Paragraph 9.O(c) of appendix A s p e c i f i e s  a 
c a l i b r a t i o n  between 31" and 32" a t  0 . 1 "  i n t e r v a l s .  The e r r o r  c h a r a c t e r i s t i c s  
determined during t h i s  c a l i b r a t i o n  are  superimposed upon t h e  gross  c a l i b r a t i o n  
r e s u l t s  from t h e  1 .0"  i n t e r v a l  c a l i b r a t i o n .  One f u l l  r o t a t i o n  of t h e  v e r n i e r  
con t ro l  knob w i l l  change t h e  measured angle  1 " .  I t  i s  assumed t h a t  t h e  e r r o r  
c h a r a c t e r i s t i c s  of t h e  0.1' i n t e r v a l  c a l i b r a t i o n  w i l l  r epea t  during each 1" 
i n t e r v a l  throughout t he  measurement range. 

The requirements f o r  t h e  r e so lv ing  power of t h e  s e x t a n t  t e l e scope  a r e  
given i n  paragraph 3 . 0  of appendix A .  Each t e l e scope  was t e s t e d  and o p t i c a l  
r e s o l u t i o n  with t h e  normal eye r e l i e f  eyepiece was a t  l e a s t  7 .5  a rc sec  and 
with the  long eye r e l i e f  eyepiece a t  l e a s t  13  a rc sec .  

A de te rmina t ion  of t h e  zero b i a s  of each o p t i c a l  f i l t e r  i s  s p e c i f i e d  i n  
paragraph 9 .0 (d )  of  appendix A .  Typical zero b i a s  d a t a  f o r  t h e  i n s t a l l e d  
o p t i c a l  f i l t e r s  i s  given i n  t a b l e  V .  

Sextan t  E r ro r  Model 

The e r r o r  model i n  f i g u r e  5 was used by t h e  c o n t r a c t o r  i n  t h e  design 
ana lys i s  of t h e  s e x t a n t  s o  t h a t  components c o n t r i b u t i n g  r e l a t i v e l y  l a r g e  
e r r o r s  could be  de t ec t ed  and improved. The sources  of e r r o r s  a r e  inaccurac i e s  
developed i n  t h e  information cha in .  The ind iv idua l  e r r o r  sources  are  analyzed 
i n  appendix B .  In  f i g u r e  5,  t h e  block diagram i n d i c a t e s  t h e  sequence of 
e r r o r s  i n  t h e  information chain and t h e  va lue  of t h e  measurement e r r o r  asso
c i a t e d  with each e r r o r  source .  

I t  i s  assumed t h a t  f o r  t h i s  a n a l y s i s ,  t h e  e r r o r  sources  are independent 
and the  t o t a l  measurement e r r o r  i s  i n d i c a t e d  by t h e  square  roo t  of  t h e  sum o f  
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Figure 5.- Sextant error model. 

t h e  ind iv idua l  e r r o r s  squared. I n  t h e  fo l lowing  t a b u l a t i o n ,  t h e  maximum 
value of each i n d i v i d u a l  e r r o r  obtained i n  t h e  a n a l y s i s  of appendix B and t h e  
r e s u l t i n g  t o t a l  e r r o r  a r e  p re sen ted .  The t o t a l  RMS va lue  is  8 .6  a r c s e c ,  i n d i 
c a t i n g  t h a t  from t h e  assumptions t h e  maximum e r r o r  va lue  t h a t  may b e  c o n t r i b 
u ted  t o  t h e  mechanical components of t h e  s e x t a n t  i s  expected t o  be  8 .6  a rc sec .  

Source of e r r o r  Maximum e r r o r  , (Maximum 
a r c s e c  e r r o r )  

A. Optical  E r ro r  . . . . . . . . . . . . . . . .  N/A 
B .  E c c e n t r i c i t y  o f  mi r ro r  mounting . . . . . . .  N/A 
C .  Sec to r  gear  t o o t h  t o  t o o t h  spacing e r r o r  . . 5 .6  31.36 
D .  Worm s h a f t  mounting e c c e n t r i c i t y  . . . . . .  1 . 4  1.96 
E .  Worm s h a f t  d e v i a t i o n  from h e l i c a l  pa th  . . .  2 . 8  7.84 
F .  Worm s h a f t  a x i a l  p l a y  . . . . . . . . . . . .  5 .6  31.36 
G. Spur gears indexing  e r r o r  (92/46 gea r  r a t i o ) .  1 . 0  1.oo 
H .  Spur gears indexing  e r r o r  (94/47 gear  r a t i o ) .  0 . 4  0.16 
I .  Spur gears  indexing  e r r o r  (90/18 gear  r a t i o ) .  0 .2  0.04 
J. Bevel gears  indexing e r r o r  (42/42 gear  r a t i o )  0 . 1  0 .01  
K .  Counter d i a l  readout e r r o r  . . . . . . . . .  0.9  0.81 

To ta l  18 .O 74.54 

RSS va lue  = ~ 7 4 . 5 4= 8 .6  
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FUNCTIONAL V E R I F I C A T I O N  TESTS 

The c o n t r a c t o r  conducted a func t iona l  v e r i f i c a t i o n  t e s t  us ing  s e x t a n t  
ser ia l  no. 1 t o  v e r i f y  t h e  ope ra t iona l  accuracy of  t h e  s e x t a n t  as s p e c i f i e d  i n  
appendix A paragraph 8 .0 .  The t e s t  was made on fou r  consecut ive  n igh t s  a t  t h e  
Steward Observatory of t h e  Univers i ty  of  Arizona. Each n i g h t  var ious  s i g h t i n g  
measurements were obta ined .  During each s i g h t i n g  s e s s i o n ,  10 consecut ive mea
surements were obta ined  by one of  f o u r  opera tors  u s ing  t h e  same s i g h t i n g  t a r 
g e t s .  Measurements were obta ined  f o r  t a r g e t  combinations of  a s t a r  and a 
s t a r ,  a s ta r  and luna r  limb, and a luna r  limb and oppos i t e  l una r  limb. 

The backgrounds of t h e  f o u r  ind iv idua l s  who obta ined  t h e  measurement da t a  
d i f f e r e d .  However, each w a s  employed i n  a t echn ica l  capac i ty .  Subjec ts  1, 3 ,  
and 4 had s u b s t a n t i a l  exper ience  i n  us ing  a two- l ine-of -s ight  marine s e x t a n t .  
Subject  2 had no previous experience i n  us ing  a s e x t a n t .  

From each s i g h t i n g  s e s s i o n ,  t h e  s tandard  dev ia t ion  and t h e  mean measure
ment e r r o r  of t h e  10 measurements were computed. The s t anda rd  dev ia t ion  
ind ica t ed  t h e  d i s t r i b u t i o n  o f  t h e  10 measurements about t h e  mean va lue .  The 
mean measurement e r r o r  was t h e  mean measured angle  less t h e  computed t a r g e t  
ang le .  The computed angle  was computed f o r  each t ime a t  which a measured 
angle  was obta ined .  The computed angle  was co r rec t ed  f o r  annual a b e r r a t i o n  
and atmospheric r e f r a c t i o n .  Atmospheric r e f r a c t i o n  w a s  computed f o r  a s t a n 
dard  atmosphere based on condi t ions  a t  t h e  s i g h t i n g  s t a t i o n .  For t h i s  pur
pose,  t h e  temperature  a t  t h e  t e s t  s i t e  was recorded a t  hour ly  i n t e r v a l s  and 
t h e  barometr ic  p re s su re  was e s t a b l i s h e d  from t h e  l o c a l  weather bureau.  The 
computing program ( r e f .  6 )  used t o  p r e d i c t  t h e  measured angle  i s  expected t o  
be accu ra t e  t o  wi th in  1 a r c s e c .  The program has been compared favorably with 
similar programs and has  been used ex tens ive ly  f o r  va r ious  c e l e s t i a l  t a r g e t s  
and s i g h t i n g  cond i t ions .  

An e l e c t r o n i c  clock was used t o  e s t a b l i s h  t h e  p r e c i s e  t ime a t  which each 
measurement was taken .  The s e x t a n t  event timer switch w a s  connected t o  t h e  
clock p r i n t o u t  c i r c u i t  and w a s  used a t  each measurement. I t  i s  es t imated  t h a t  
t he  recorded time was accu ra t e  t o  wi th in  kO.5 s e c .  

-20 - The measurement d a t a  were cor
u 
II) 

000 
00 r e c t e d  f o r  t h e  s e x t a n t  c a l i b r a t i o n  

u 

0 0 0  0 ~ 

o ( f i g .  6) t h e  f i l t e r  c a l i b r a t i o n  

m- IO- 0 0 ( t a b l e  V(a)) and t h e  zero b i a s  d a t a  
c 

-u 0 
0 0& OO00 

o0 0 of t h e  instrument  ( t a b l e  VI) .  The 
f 

0 p 0A080 0 0  s e x t a n t  and f i l t e r  c a l i b r a t i o n  d a t a  


-E 01 
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I 
were supp l i ed  by t h e  c o n t r a c t o r ,  

0 
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e- t h r e e  of f o u r  n i g h t s  of t h e  t e s t  
V 
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same s t a r  i n  both  l i n e s  of s i g h t .  The zero p o s i t i o n  was de tec t ed  by a d j u s t i n g
t h e  scanning l i n e  o f  s i g h t  u n t i l  t h e  two images were e f f e c t i v e l y  superimposed 
i n  t h e  t e l e scope  f i e l d  o f  view. A t  t h i s  t ime,  t h e  measured angle  was recorded.  
To f a c i l i t a t e  t h i s  measurement, t h e  s e x t a n t  had been ad jus t ed  a t  assembly s o  
t h a t  when t h e  two l i n e s  of s i g h t  were p a r a l l e l ,  t h e  two images i n  t h e  t e l e 
scope f i e l d  of view were d i sp laced  l a t e r a l l y  r a t h e r  than  be ing  superimposed. 
In  previous experiments ,  it had been determined t h a t  t h e  two s e x t a n t  l i n e s  of 
s i g h t  could be ad jus t ed  p a r a l l e l  more a c c u r a t e l y  by b r ing ing  t h e  two s ta r  
images (each image rece ived  from a s i n g l e  l i n e  of  s i g h t )  t o  t h e  same he igh t  
i n  t h e  t e l e scope  f i e l d  of  view r a t h e r  than  superimposing s t a t i c a l l y  one s t a r  
image over  t h e  o t h e r .  The l a t e r a l  displacement was s l i g h t  enough t h a t  a t  t h e  
zero p o s i t i o n ,  t h e  two images could be i n d i v i d u a l l y  reso lved .  Five measure
ments were recorded when t h e  scanning l i n e  of  s i g h t  was ad jus t ed  i n  t h e  pos i 
t i v e  d i r e c t i o n  and f i v e  measurements were obta ined  with t h e  adjustment i n  t h e  
nega t ive  d i r e c t i o n .  In  each case ,  t h e  f i v e  measurements were averaged and 
t h e  appropr i a t e  zero b i a s  c o r r e c t i o n  was app l i ed  t o  t h e  angle  measurements. 
The average zero b i a s  va lue  i n  t a b l e  V I  i s  approximately -8 a rc sec ,  i n d i c a t i n g  
t h a t  t y p i c a l l y ,  t h e  measured angle  must be  inc reased  by 8 a r c s e c  t o  be  c o r r e c t .  
In p r a c t i c e ,  zero b i a s  d a t a  a r e  obtained by each ind iv idua l  and app l i ed  t o  
h i s  measurement d a t a .  

Measurement d a t a  obta ined  during t h e  func t iona l  v e r i f i c a t i o n  t e s t s  a r e  
presented  i n  t a b l e  VII .  The appropr i a t e  c o r r e c t i o n s  a r e  app l i ed .  The uncor
r ec t ed  measurement e r r o r  i s  def ined  as t h e  measured angle  l e s s  t h e  computed 
angle .  The uncorrec ted  mean e r r o r  i s  t h e  average uncorrected measurement 
e r r o r  ob ta ined  dur ing  a s i n g l e  s i g h t i n g  s e s s i o n .  The CI value  is  def ined  as 
t h e  s tandard  dev ia t ion  of t h e  ind iv idua l  measurement e r r o r s  about t h e  mean 
e r r o r .  

In  f i g u r e  7, t h e  s tandard  dev ia t ion  sco res  f o r  each s u b j e c t  a r e  shown f o r  
the  sequence of s i g h t i n g  se s s ions  between t h e  fol lowing t a r g e t  p a i r s :  a s t a r  
and a s t a r ,  a s t a r  and a luna r  limb, and a luna r  limb and a luna r  limb. The 
measurement s co res  o f  a l l  s u b j e c t s  with each t a r g e t  p a i r  combination reached 
t h e  s p e c i f i e d  l i m i t  (appendix A) of 10 a r c s e c  by t h e  f i n a l  day o f  t h e  t e s t  
pe r iod .  Apparently t h e  l e s s  experienced ope ra to r s  underwent a l ea rn ing  
process  e a r l y  i n  t h e  t e s t  pe r iod .  However, by t h e  f i n a l  t e s t  day, a l l  t h e  
s u b j e c t s  performed with similar measurement accuracy.  

In  f i g u r e  8 ,  t h e  average of t h e  mean e r r o r s  (F) and t h e  average s t anda rd  
dev ia t ion  (T) obta ined  during t h e  f i n a l  two days are presented  f o r  measure
ments between a s ta r  and a s t a r ,  a luna r  limb and a luna r  limb, a s t a r  and a 
nea r  l una r  limb, and a s t a r  and a f a r  luna r  limb. These d a t a  a r e  f o r  a l l  
ope ra to r s ,  and, i n  each case ,  t h e  s t anda rd  dev ia t ion  i s  wel l  below t h e  spec i 
f i c a t i o n  l i m i t  of  10 a r c s e c .  The l a r g e s t  mean e r r o r  o f  approximately 
1 2 . 3  a r c sec  was obta ined  between a s t a r  and a f a r  lunar  limb. The mean e r r o r  
between t h e  s t a r  and near  lunar  limb was approximately 0 . 7  a r c s e c .  

I r r ad iance  i s  suspected as be ing  r e spons ib l e  f o r  a po r t ion  o f  t h e  measure
ment e r r o r  when t h e  lunar  limb i s  used as a s i g h t i n g  t a r g e t ,  f o r  i t  causes 
b r i g h t  o b j e c t s  a g a i n s t  a dark background t o  appear l a r g e r  than they  t r u l y  are .  
A s  t h e  c o n t r a s t  between t h e  b r i g h t  o b j e c t  and t h e  dark background i n c r e a s e s ,  
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r e spec t ive ly .  For  each type of measurement, t h e  b i a s  e r r o r s  have la rge  va r i a 
t i o n s  between s i g h t i n g  sessions and between s u b j e c t s .  I t  was expected t h a t  
t he  b i a s  e r r o r s  would be symmetrical about t h e  moon, bu t  f i g u r e  9 shows t h a t  
t he  average e r r o r  between t h e  s t a r  and fa r  limb measurements i s  l a r g e r  than 
the  average e r r o r  between t h e  s tar  and near limb measurements. 
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CONCLUSIONS 


A hand-held s e x t a n t  designed f o r  use  i n  space naviga t ion  and r ep resen t ing  
a s i g n i f i c a n t  advance i n  t h e  s t a t e  of  t h e  ar t  has been descr ibed .  A synopsis  
of  t h e  environmental tests undergone by t h e  instrument  and t h e  r e s u l t s  of t h e  
f l i g h t  q u a l i f i c a t i o n  tests are presented .  Functional v e r i f i c a t i o n  t e s t  d a t a  
are presented  and an e r r o r  model based upon an i n i t i a l  design a n a l y s i s  is  
descr ibed .  An a b s t r a c t  from t h e  s e x t a n t  con t r ac t  s p e c i f i c a t i o n s  i s  presented  
i n  appendix A. The fo l lowing  conclusions are based on t h e  measured 
performance. 

1 .  The instrument  descr ibed  h e r e i n  meets t h e  s p e c i f i c a t i o n s  of 
appendix A .  

2 .  Measurement d a t a  accu ra t e  wi th in  10 arcsec may be  obta ined  by an 
experienced ope ra to r .  

3 .  The instrument  has s u c c e s s f u l l y  undergone t h e  necessary environmental 
tests t o  be s p a c e - f l i g h t  r a t e d .  

4 .  An inexperienced ope ra to r  may be  t r a i n e d  t o  use  t h e  s e x t a n t  with nea r  
optimum performance i n  a 4-day pe r iod .  

5 .  When t h e  moon i s  used as a s i g h t i n g  t a r g e t ,  t h e  apparent i r r ad iance  
may in t roduce  a s i g n i f i c a n t  measurement e r r o r  and would appear t o  be t h e  
proper  s u b j e c t  of f u r t h e r  i n v e s t i g a t i o n .  

Ames Research Center 
National Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e ld ,  C a l i f . ,  94035, Feb. 20 ,  1968 
125- 17-02- 10-00-21 
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APPENDIX A 

ABSTRACT FROM SEXTANT CONTRACT SPECIFICATIONS 

1.0 General 

The b a s i c  requirement i s  t h e  des ign ,  development and manufacture 
of a t o o l  f o r  measuring t h e  angle  between t h e  l i n e s  o f  s i g h t  t o  two 
known s tars ,  a s t a r  and a luna r  limb o r  landmark, o r  two oppos i t e  
lunar  l imbs. Such measurements a r e  t o  be made through t h e  window of 
a Gemini spacec ra f t  which w i l l  b e  i n  o r b i t  about t h e  e a r t h .  The oper
a t o r  of t h e  instrument  w i l l  be wearing e i t h e r  a p re s su re  s u i t  with a 
helmet,  t h e  v i s o r  o f  which may be open o r  c losed ,  o r  an i n f l a t e d  
p res su re  s u i t  with t h e  v i s o r  c losed .  

The instrument  must combine r e l i a b i l i t y ,  e a s e  of ope ra t ion  and 
readout ,  accuracy of  measurement, and minimum volume and weight.  The 
ope ra to r  w i l l  be r e l i e d  upon f o r  instrument  ope ra t ion  inc luding  t a r g e t  
a c q u i s i t i o n  and supe rpos i t i on ,  angle  readout ,  and ope ra t ion  of t iming 
equipment. 

2 . o  Me ch an i  c a l  Des ign
~ _ _  -~ 

The s e x t a n t  s h a l l  be a hand-held instrument  dur ing  a c t u a l  opera
t i o n  i n  t h e  s p a c e c r a f t .  When t h e  ope ra to r  i s  s e a t e d  i n  t h e  Gemini 
s p a c e c r a f t ,  t h e  d i s t a n c e  along t h e  l i n e  of s i g h t  between t h e  i n n e r  
s u r f a c e  of t h e  window and t h e  o u t e r  s u r f a c e  of t h e  helmet v i s o r  i s  
8 inches .  With t h e  v i s o r  up, t h e  dimension between t h e  a s t r o n a u t ' s  
eye and window i n n e r  su r face  along t h e  l i n e  of s i g h t  i s  10 inches .  
The instrumented components arranged i n  t h e  l i n e  of s i g h t  a r e  s t r i c t l y  
l imi t ed  by these  dimensions.  The window i s  i n c l i n e d  approximately 45' 
t o  t h e  l i n e  of s i g h t ;  t h e r e f o r e ,  t h e  l i n e - o f - s i g h t  dimension i s  not 
t he  l i m i t i n g  dimension when t h e  volume of t h e  instrument  i s  taken i n t o  
account.  The maximum d i s t ance  between t h e  two l i n e s  of  s i g h t  where 
they pass  through t h e  window i s  l i m i t e d  t o  6 inches .  The design goal 
of instrument  weight i s  5 pounds and w i l l  no t  exceed 8 pounds. The 
instrument  must be operable  while  t h e  a s t ronau t  i s  wearing t h e  p re s 
s u r e  s u i t  e i t h e r  i n f l a t e d  o r  u n i n f l a t e d .  

The instrument  w i l l  be  r equ i r ed  t o  ope ra t e  s a t i s f a c t o r i l y  i n  a 
p a r t i a l  vacuum (3 .5  p s i a )  i n  a weight less  condi t ion  a f t e r  be ing  
exposed t o  a p re s su re  of mm Hg f o r  48 hours .  The instrument  i s  
a l s o  requi red  t o  ope ra t e  s a t i s f a c t o r i l y  i n  an o r b i t  a l t i t u d e  vacuum 

mm Hg). 

The mechanical design s h a l l  be such t h a t  t h e  instrument  w i l l  be 
p ro tec t ed  from damage due t o  contac t  with wal l ,  windows, and o t h e r  
l i k e  p i eces  of hardware during t y p i c a l  handl ing exe rc i se s  i n  t h e  
s p a c e c r a f t .  

1 4  

I 



The instrument  must b e  f l i g h t - r a t e d  i n  accordance with t h e  tes t 
ing  schedule  shown i n  t a b l e  11. A t  t h e  completion of t h e  f l i g h t  rat
i n g  t e s t s ,  t h e  instrument dur ing  c a l i b r a t i o n  must perform w i t h i n  a 
1 G e r r o r  of 6 arcsec based on a c a l i b r a t i o n  p r i o r  t o  t h e  f l i g h t  
q u a l i f i c a t i o n  tes ts .  If packaging is  r equ i r ed  t o  f l i g h t  q u a l i f y  t h e  
instrument ,  i t  s h a l l  be  provided and it w i l l  add a minimum volume and 
weight t o  t h e  b a r e  ins t rument .  I t  should be  recognized t h a t  stowage 
volume on t h e  Gemini v e h i c l e  i s  a t  a premium and every e f f o r t  should 
be made t o  keep t h e  package small. Only one instrument must be  sub
j e c t e d  t o  t h e s e  tests and i f  success fu l ,  a l l  i d e n t i c a l  instruments  may 
be considered s p a c e - f l i g h t  r a t e d .  

Telescope 

The t e l e scope  i s  r equ i r ed  t o  have a magni f ica t ion  of 8 power with
out eye r e l i e f  o p t i c s  and a minimum f i e l d  of view of 7 " .  At tachable  
eye r e l i e f  o p t i c s  must b e  provided i n  a d d i t i o n  t o  the  b a s i c  t e l e scope  
i n  o rde r  t o  u t i l i z e  t h e  maximum f i e l d  of  view when t h e  a s t ronau t  i s  
wearing t h e  p re s su re  helmet with t h e  v i s o r  down i n  which case  t h e  eye 
i s  2 t o  2 - 1 / 2  inches behind t h e  f r o n t  face  of  t h e  v i s o r .  In  e i t h e r  
case,  t h e  e x i t  pup i l  diameter  must be equal t o  o r  g r e a t e r  than 4 mm.  

A t e l e scope  r e t i c l e  must be  provided c o n s i s t i n g  of two v e r t i c a l  
re fe rence  l i n e s  approximately 1" a p a r t  arranged symmetrically about 
t h e  measurement p lane  wi th in  20.1".  The r e t i c l e  must be l i g h t e d .  The 
i n t e n s i t y  of  l i g h t  on t h e  r e t i c l e  must be v a r i a b l e  i n  t h r e e  d i s c r e t e  
s t e p s .  A fou r  p o s i t i o n  switch w i l l  provide an "off" p o s i t i o n  and 
t h r e e  success ive  l e v e l s  of i l l u m i n a t i o n  t o  t h e  r e t i c l e .  Provis ions  
must be made s o  t h a t  t h e s e  l e v e l s  of i l l umina t ion  may be v a r i e d  t o  
more d e s i r a b l e  l e v e l s  a f t e r  t h e  s e x t a n t  i s  pu t  i n t o  ope ra t ion .  

The o p t i c s  of t h e  t e l e scope  s h a l l  be of  as t ronomical  q u a l i t y .  
I f  t he  human eye is  assumed t o  have a r e so lv ing  power of 1 minute of 
a r c ,  t h e  product  of t h e  t e l e scope  magni f ica t ion  power and t h e  t e l e 
scope angular  r e so lv ing  power must be  1 minute of a r c  o r  l e s s .  The 
angular  r e s o l u t i o n  of t h e  t e l e scope  w i l l  be p red ic t ed  upon i t s  a b i l i t y  
t o  r e so lve  t h e  l i n e  p a t t e r n s  of t h e  Nat ional  Bureau of Standards Test  
Chart of 1952 ( r e fe rence :  Nat ional  Bureau of  Standards C i r c u l a r  533, 
Method f o r  Determining t h e  Resolving Power of Photographic l e n s e s ) .  
The t e l e scope  must be of t h e  e r e c t  image type .  Coated o p t i c s  w i l l  be 
used i n  t h e  t e l e scope  and throughout t h e  instrument  t o  provide maximum 
l i g h t  t ransmiss ion  and c o n t r a s t .  

4 . 0  Re f l ec t ing  Surfaces  

I t  i s  expected t h a t  a minimum of two r e f l e c t i n g  su r faces  w i l l  be  
u t i l i z e d .  These o p t i c a l  elements s h a l l  be mounted s o  t h a t  no d i sce rn 
i b l e  deformation i s  caused by t h e  a t t i t u d e  of  t h e  instrument  i n  e i t h e r  
a 1 g f i e l d  o r  a 0 g f i e l d .  The r e f l e c t i n g  su r faces  w i l l  be  a l i n e d  
s o  t h a t  t h e  a s t ronau t  can make zero b i a s  measurements whi le  looking 
a t  a s i n g l e  s ta r  through both l i n e s  of s i g h t .  
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The q u a l i t y  of  a l l  su r faces  of  o p t i c a l l y  a c t i v e  elements s h a l l  
be s u f f i c i e n t  t o  prevent  degradat ion o f  t h e  s p e c i f i e d  t e l e scope  reso
l u t i o n  and s p e c i f i e d  instrument  accuracy.  The indexing o p t i c a l  ele
ment should  r e f l e c t  nominally 100 pe rcen t  of  i t s  inc iden t  l i g h t  while  
t he  hor izon  o p t i c a l  element should ref lect  and pass  equal p a r t s  
(50 pe rcen t )  o f  i t s  i n c i d e n t  and r e f l e c t e d  l i g h t .  

5 .O Opt ica l  F i l t e r s  
~ 

Opt ica l  f i l t e r s  s h a l l  be provided f o r  p o s s i b l e  use  i n  both l i n e s  
of s i g h t .  The d e n s i t y  of  t h e  f i l t e r s  w i l l  b e  s p e c i f i e d  a t  a l a t e r  
da t e ;  however, t h e i r  purpose is t o  provide t h e  proper  i l l umina t ion  
and c o n t r a s t  between t a r g e t  p a i r s  of s ta r  and s tar ,  s t a r  and luna r  
limb o r  landmark, and lunar  limb and limb. The e n t i r e  s u r f a c e  of  bo th  
s i d e s  of t h e  f i l t e r s  s h a l l  be s u f f i c i e n t l y  f l a t  t o  prevent  degradat ion 
of t h e  s p e c i f i e d  t e l e scope  r e s o l u t i o n  o r  s p e c i f i e d  instrument  accu
racy .  The wedge angle  between t h e  two s i d e s  of  t h e  f i l t e r s  s h a l l  be  
5 arcsec o r  l e s s ,  and t h e  f i l t e r  o r i e n t e d  t o  provide  minimum measure
ment e r r o r s .  

~ Drive6 .O Indexing Mirror  __ -

The r o t a t i n g  index mir ror  o r  prism s h a l l  have a minimum range of 
r o t a t i o n  from -3" t o  +35' which i s  equiva len t  t o  a sex tan t  angle  of 
-6" t o  +70° .  A g r e a t e r  range of measurement i s  d e s i r a b l e  i f  o t h e r  
design requirements  a r e  not  compromised. 

Rapid adjustment of  t h e  mi r ro r  s h a l l  be  provided t o  reduce t h e  
time requ i r ed  f o r  measuring and a f i n e  adjustment  s h a l l  be provided 
commensurate wi th  t h e  p r e c i s i o n  requirements of t h e  instrument .  

7 .0  Angle Readout Display 

The measured angle  readout must be i l l umina ted  and e a s i l y  read .  
The l e a s t  count d i sp l ay  must be 0.001 a r c s e c .  

_.8 .0  Operator - Instrument Accuracy -Requirements 

The accuracy requirements f o r  t h e  experienced operator- instrument  
combinations i s  a 1 cr of  10 a rc sec  o r  less. This requirement i s  f o r  
use i n  space ,  b u t  w i l l  be  construed as t h e  requirements f o r  t h e  
opera tor - ins t rument  combination, f i x e d  r e l a t i v e  t o  t h e  e a r t h ,  s i g h t i n g  
through t h e  atmosphere bu t  not through a window. 

The f u l f i l l m e n t  of t h i s  requirement w i l l  be demonstrated by t h e  
c o n t r a c t o r  i n  t h r e e  s t e p s  : 

(a)  	 He w i l l  make a s e r i e s  of angle  measurements between two 
known s t a r s .  He w i l l  compare t h e  measured angle  and t h e  
angle  obta ined  from an ephemeris co r rec t ed  f o r  atmospheric 
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r e f r a c t i o n  and annual a b e r r a t i o n ,  and t h e  d i f f e r e n c e  i n  
values  s h a l l  meet t h e  1 IS value  of  10 a rc sec .  

He w i l l  measure t h e  angle  between a s ta r  and t h e  moon limb 
a t  known times. The time of  t h e  measurements s h a l l  b e  accu
r a t e l y  determined t o  0 . 1  sec. H e  w i l l  p l o t  t h e  d a t a  
obta ined .  A quadra t i c  curve f i t t e d  t o  t h e s e  d a t a  by least  
squares  techniques s h a l l  be  considered t h e  mean. The s t an 
dard dev ia t ion  from t h i s  mean must meet t h e  1 cs c r i t e r i o n .  

H e  w i l l  make p r e c i s i o n  measurements of  t h e  moon d i sk  diam
e t e r  a t  f u l l  moon by superimposing one moon limb on i t s  
oppos i t e  limb. The 1 0 c r i t e r i o n  must be  m e t .  

9 . 0  Optic a l  C a l i b r a t i o n  Requirements 

An o p t i c a l  c a l i b r a t i o n  of each instrument  w i l l  be  conducted by 
t h e  con t r ac to r .  This c a l i b r a t i o n  w i l l  b e  observed by a proper ly  
q u a l i f i e d  person des igna ted  by the  Contract ing O f f i c e r  and t h e  C a l i 
b r a t i o n  d a t a  w i l l  accompany t h e  de l ive ry  of  each ins t rument .  The cal
i b r a t i o n  t o o l s  w i l l  b e  commensurate with c a l i b r a t i o n  accuracy of  
2 1  a r c sec .  The c a l i b r a t i o n  w i l l  be  composed of  t h r e e  b a s i c  components 
as fo l lows:  

The fol lowing c a l i b r a t i o n  i s  r equ i r ed  t o  determine t h e  
e f f e c t i v e n e s s  of t h e  readout  mechanism. With t h e  angular  
p o s i t i o n  of t h e  indexing mir ror  determined, poss ib ly  by a 
co l l ima to r ,  t h e  v e r n i e r  con t ro l  w i l l  b e  s e t  a t  zero.  The 
v e r n i e r  c o n t r o l  w i l l  then be turned  away from zero by a 
minimum of 30 minutes of a r c ,  then  r e tu rned  t o  zero .  The 
p o s i t i o n  of  t h e  mir ror  w i l l  then  be noted.  This t ype  of 
s e t t i n g  w i l l  b e  obta ined  20 t imes by each of  3 ind iv idua l s  
f o r  a t o t a l  of  60 s e t t i n g s .  The s tandard  dev ia t ion  ( 1  0 )  

of  t h e  r e p e a t a b i l i t y  of t h e  mir ror  p o s i t i o n  must be wi th in  
2 a r c sec .  

A l l  components, with t h e  poss ib l e  except ion  of t h e  t e l e scope  
and f i l t e r s ,  w i l l  b e  used t o  c a l i b r a t e  t h e  t o t a l  measurement 
range ( - 6 "  t o  270") i n  1" increments .  The c a l i b r a t i o n  w i l l  
be  repea ted  t h r e e  t imes .  A l l  d a t a  with zero b i a s  removed 
w i l l  r epea t  w i th in  6 a r c s e c  ( t o t a l ) .  The measured and read
out  angles  w i l l  agree  wi th in  a 20 arcsec envelope. 

A l l  components, with the  p o s s i b l e  except ion of  t h e  t e l e scope  
and f i l t e r s ,  w i l l  be  used t o  c a l i b r a t e  t h e  measurement range 
of 32' t o  33O i n  0.1"  increments.  This  c a l i b r a t i o n  w i l l  be 
repea ted  t h r e e  t imes .  The d a t a  w i l l  be  recorded and sub
mi t t ed  wi th  t h e  instrument  documentation. 

Zero b i a s  o f  each f i l t e r  w i l l  b e  determined. 
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~~10.0 Pressure  Evacuation. Tes t ing  

To i n s u r e  t h a t  t h e  instrument  w i l l  opera te  proper ly  a t  p a r t i a l  
atmospheric p re s su res  (3 .5  p s i a  and above) a f t e r  be ing  sub jec t ed  t o  a 
hard vacuum, t h e  instrument  w i l l  be  t e s t e d  as fo l lows .  The complete 
instrument  w i l l  be sub jec t ed  t o  a p r e s s u r e  of mm Hg f o r  48 hours .  
The instrument  w i l l  then  b e  examined f o r  proper  mechanical ope ra t ion  
and f o r  damage t o  t h e  o p t i c a l  components. The instrument  must a l s o  
comply wi th  t h e  requirements contained i n  paragraph 2 .O . 

TABLE A -	 PRELIMINARY FLIGHT RATING TEST SCHEDULE 
OF A HAND-HELD SPACE SEXTANT 

Opt ic a1 Ca 1ib r a t  ion 

Opt ica l  c a l i b r a t i o n  w i l l  c o n s i s t  o f  t hose  i tems included i n  para
graph 2 .0 (b ) ,  except  t h a t  c a l i b r a t i o n  increments w i l l  be  2 " .  A l l  o p t i c a l  
c a l i b r a t i o n  d a t a  obta ined  dur ing  t h e  f l i g h t  r a t i n g  t e s t s  with zero b i a s  
removed must be r epea tab le  wi th in  6 a rc sec  ( t o t a l ) .  The measured and readout  
angles  w i l l  agree  wi th in  + l o  a rc sec .  

Vibrat ion Tests 

A l l  t e s t s  a r e  t o  be  performed a t  t h e  g l e v e l ,  frequency, and amplitude 
ind ica t ed  below. The s e x t a n t  i s  a l s o  t o  be instrumented with accelerometers  
f o r  a resonance search  about t h r e e  axes.  The v i b r a t i o n  t e s t s  a r e  t o  be  
appl ied  t o  t h r e e  or thogonal  s e x t a n t  axes .  

Approximate 

load in g 


-~ 

Oscillation Double amplitude 
mode, cps 


2,000 

300 
500 
100 

100 
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of oscillation, in. 

~ 

0.00004 

.0006 

.0004 

.oog 
.006 

.2 


Accelera t ion  Tes ts  

A l l  a c c e l e r a t i o n  is  t o  be i n  t h e  p lus  and minus d i r e c t i o n s  along t h e  axes 
and with t h e  g l e v e l  as ind ica t ed .  

Longi tudinal :  1-9.86 g varying l i n e a r l y  over  326 s e c  
20.4 g f o r  30 s e c  du ra t ion  

Lateral : 9.86 g f o r  1 s e c  
6.12 g f o r  30 sec dura t ion  
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Shock Tests 

A l l  shock t e s t s  t o  b e  performed i n  t h e  p lus  and minus d i r e c t i o n  a long  t h e  
axes and a t  50 percent  of t h e  g l e v e l ,  as i n d i c a t e d  below. The ins t rument  
i s  then  t o  be  v i s u a l l y  in spec ted ,  and i f  t h e r e  is no s i g n i f i c a n t  damage, t h e  
shock tests a r e  t o  be  performed a t  100 percent  of t h e  ind ica t ed  g l e v e l  i n  
t h e  p lus  and minus d i r e c t i o n  along t h e  i n d i c a t e d  axes.  

Longi tudinal :  40 .8  g a r b i t r a r y  p u l s e  du ra t ion ,  h a l f  s i n e  
20.4 g f o r  a 11 msec dura t ion  

Lateral : 20.4  g f o r  a 11 msec dura t ion  

Note: The tes ts  i n  Table A were conducted concurren t ly  with t h e  s p a c e - f l i g h t  
q u a l i f i c a t i o n  t e s t  s p e c i f i e d  by t h e  Gemini Program Of f i ce .  
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E r r o r s :  

-- 

-- 

APPENDIX B 

ERROR MODEL ANALYSIS 

I n  t h i s  a n a l y s i s ,  t h e  ind iv idua l  sources  f o r  t h e  e r r o r  model of f i g u r e  5 
are discussed.  This  a n a l y s i s  inc ludes  only those  e r r o r s  which vary  wi th  t h e  
magnitude of t h e  measured angle  and do no t  i nc lude  b i a s  e r r o r s  t h a t  have a 
cons tan t  e f f e c t  throughout t h e  measurement range.  

During t h e  des ign  phase of  t h e  s e x t a n t ,  t h e  e r r o r  sources  were analyzed 
i n  t h e  fol lowing manner. 

A.  Opt ica l  ~ _ _ - In  genera l ,  e r r o r s  in t roduced  by misalinement of t h e  
o p t i c a l  s u r f a c e s  w i l l  be  f i x e d  b u t  w i l l  b e  reduced t o  an i n s i g n i f i c a n t  
va lue  by c a r e f u l  alinement procedures .  The f l a t n e s s  and i r r e g u l a r i t y  of 
t h e  scanning mi r ro r  w i l l  be  c o n t r o l l e d  t o  a q u a r t e r  wavelength o r  b e t t e r .  

B .  E c c e n t r i c i t y  _ _ _ _ ~Mounting: An o f f - a x i s  condi t ion  of bea r ing~ _ _ _of  Mirror  ~~ -. 

mounting su r faces  of t h e  scanning mi r ro r  w i l l  be a d j u s t e d  a t  assembly so 
t h a t  i t s  e r r o r  c o n t r i b u t i o n  i s  n e g l i g i b l e .  Lateral s h i f t  of t h e  scanning 
mir ror  a long i t s  mounting a x i s  does not  c o n t r i b u t e  an e r r o r  t o  t h e  
system. 

. -. E r r o r :  The s e c t o r  gear  r ad ius  isC .  Sec to r  Gear Tooth t o  Tooth -Spacing  _ _ _  
~ 

1.9 inches .  The maximum too th  t o  too th  spac ing  e r r o r  i s  + 2 5 ~ 1 0 - ~inch ,  
r e s u l t i n g  i n  a s h a f t  angular  e r r o r  of  approximately k 2 . 8  a rcsec .  Since 
the  r a t i o  of t h e  change i n  i n d i c a t e d  angle  t o  t h e  r o t a t i o n  of t h e  mir ror  
i s  2/1, t h e  s e c t o r  gear  e r r o r  w i l l  be magnified by a f a c t o r  of 2 .  The 
t o t a l  con t r ibu t ion  of t h e  s e c t o r  gear  t oo th  spac ing  e r r o r  i s  'r5.6 a r c s e c .  

~~ -~~D.  Worm Shaf t  Mounting E c c e n t r i c i t y :  The magnitude of  t h e  mounting 
e c c e n t r i c i t y  i s  a combination of t h e  e r r o r s  in t roduced  by r a d i a l  eccen
t r i c i t i e s  i n  t h e  worm s h a f t  bear ings  and c o n c e n t r i c i t y  e r r o r s  between t h e  
p i t c h  c i r c l e  of t h e  worm and t h e  bea r ing  j o u r n a l .  During f a b r i c a t i o n ,  
each of  t h e  c o n t r i b u t i n g  f a c t o r s  was c o n t r o l l e d  t o  5 0 ~ 1 0 - ~inch .  How
ever ,  during assembly, t h e  components were a l i n e d  s o  as t o  minimize t h e  
t o t a l  e f f e c t ;  consequent ly ,  a f t e r  assembly, t h e  e c c e n t r i c i t y  was 

inch .  This produced a c y c l i c  maximum e r r o r  of  t - 2 5 ~ 1 0 - ~5 0 ~ 1 0 - ~  i n c h .  
With a p re s su re  angle  of 14.5' of worm gear  p r o f i l e ,  t h e  ? 2 5 ~ 1 0 - ~inch 
e c c e n t r i c i t y  i s  reduced by a f a c t o r  of  t h e  tangent  of 14.5' and r e s u l t i n g  
s e c t o r  gear  con tac t  p o i n t  e r r o r  i s  6 . 2 5 ~ 1 0 - ~inch .  With a s e c t o r  gear  
r ad ius  of  approximately 1.9 inches ,  t h e  angular  e r r o r  i s  equal  t o  

= 0 . 76 . 2 5 ~ 1 0 - ~ / 1 . 9 ~ 4 . 8 5 ~ 1 0 - ~  a rc sec .  Since t h e  worm gear  e r r o r  w i l l  be 
t r ansmi t t ed  through t h e  s e c t o r  gear ,  and t h e  s e c t o r  gear  e r r o r s  a r e  mag
n i f i e d  by a f a c t o r  of  2 ,  t h e  t o t a l  e r r o r  due t o  t h e  worm s h a f t  mounting 
e c c e n t r i c i t y  i s  1 . 4  a rc sec .  

E .  Worm Shaf t  Deviat ion From He l i ca l  Path:  The dev ia t ion  of t h e  worm 
gear  t h read  from t h e  t r u e  hel ical-path- w i l l  b e  c o n t r o l l e d  t o  
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& 2 5 ~ 1 0 - ~inch .  This  e r r o r  w i l l  have t h e  same e f f e c t  as t h e  s e c t o r  gear  
too th  t o  too th  spac ing  e r r o r  except f o r  an averaging f a c t o r  which i s  a 
func t ion  of t h e  number of  contac t  p o i n t s  between t h e  worm and t h e  s e c t o r  
gear .  Experimental d a t a  i n d i c a t e  t h a t  t h e  e r r o r  due t o  t h e  worm s h a f t  
dev ia t ion  from a t r u e  h e l i c a l  pa th  was reduced by a f a c t o r  of  2 because 
of t h e  averaging e f fec t ,  and t h e  f i n a l  maximum e r r o r  was k2.8 arcsec o r  
one h a l f  t h e  s e c t o r  gear  t o o t h  t o  too th  spac ing  e r r o r .  

F. Worm Shaf t  Axial  P lay :  Any motion of t h e  worm s h a f t  i n  t h e  d i r e c t i o n  
of i t s  c e n t r a l  a x i s  in t roduces  an instrument  e r r o r  ecluivalent t o  a too th  
spacing o r  h e l i c a l  pa th  dev ia t ion  e r r o r .  This motion i s  gene ra l ly  con
s t r a i n e d  by t h e  c l o s e  con t ro l  of t h e  a x i a l  p l a y  o f  t h e  worm bea r ing  and 
t h e  an t ibacklash  s p r i n g  load of t h e  gear  on t h e  worm s h a f t .  To reduce 
t h i s  e r r o r  f u r t h e r ,  t h e  con t r ac to r  chose a p a r t i c u l a r  bea r ing  out of  
s e v e r a l  on t h e  b a s i s  of  minimum a x i a l  p l ay  and o r i e n t e d  t h e  bea r ing  t o  
reduce t h e  a x i a l  p l ay .  The c o n t r a c t o r ' s  measured d a t a  i n d i c a t e  t h a t  
t he  worm s h a f t  a x i a l  p l ay  i s  approximately + 2 5 ~ 1 0 - ~inch .  Therefore ,  t h e  
a x i a l  play maximum e r r o r  was s imilar  t o  t h e  s e c t o r  gear  t o o t h  t o  too th  
e r r o r  and was k5.6 a rc sec .  

G .  Spur Gears Indexing Er ro r  (92/46 Gear Ra t io ) :  The indexing e r r o r  f o r  
both t h e 9 2  t o o t h  s p u r  gear  and t h e  46 too th  spu r  gear  i s  2 0 0 ~ 1 0 - ~inch .  
The 92 too th  spu r  gear  diameter  i s  1.0 inch and i t s  angular  e r r o r  i s  
2 0 0 ~ 1 0 - ~ / 0 . 5  4 0 0 ~ 1 0 - ~= rad ian  = 82.7 a rc sec .  The r a t i o  of spur  gear  
r o t a t i o n  t o  scanning mi r ro r  r o t a t i o n  is  360" t o  1". This means t h a t  when 
the  gear  s h a f t  i s  r o t a t e d  360°, t h e  scanning mi r ro r  s h a f t  changes by 1 " .  
Therefore ,  t h e  e f f e c t i v e  e r r o r  of t h e  92 too th  s p u r  gea r  i s  
2/360x82.7 = 0 . 5  a r c s e c .  The 46 too th  spu r  gear  d iameter  i s  approximately 
0 . 5  inch and has  s h a f t  angular  e r r o r  of 8 0 0 ~ 1 0 - ~rad ian  o r  165 a rc sec .  
The r a t i o  of t h e  46 too th  spur  gear  s h a f t  r o t a t i o n  t o  scanning mir ror  
s h a f t  r o t a t i o n  i s  720" t o  1". Therefore ,  t h e  e f f e c t i v e  e r r o r  of  t h e  
46 too th  spur  gear  i s  1/360x165 = 0 . 5  a rcsec .  The maximum t o t a l  e r r o r  of 
t hese  gears  i s  1 .0  a r c s e c .  

H .  Spur Gears Indexing Er ro r  (94/47 Gear Ra t io ) :  A s  i n  t h e  previous 
spu r  gear  a n a l y s i s ,  t h e  indexing e r r o r s  of t h e  94 too th  and 47 too th  
spur  gears  a r e  each assumed t o  be 2 0 0 ~ 1 0 - ~inch .  The indexing e r r o r s  a r e  
a d d i t i v e .  With t h e  94 t o o t h  gear  diameter  of 1 .0  inch ,  t h e  s h a f t  angular  
e r r o r  i s  82.7 a r c s e c .  The r a t i o  of gear  r o t a t i o n  t o  scanning mi r ro r  
r o t a t i o n  is  720"/1° and t h e  measurement e r r o r  i s  0.2 a rc sec .  

The 47 too th  s p u r  gear  diameter  i s  0 . 5  inch  and t h e  s h a f t  angular  
e r r o r  i s  165.4 arcsec. The r a t i o  of gear  r o t a t i o n  t o  scanning mir ror  
r o t a t i o n  i s  720°/0.5" and t h e  r e s u l t a n t  measurement e r r o r  i s  0 .2  arcsec. 
The maximum e r r o r  i s  0 .4  arcsec. 

I .  Spur Gears Indexing Er ro r  (90/18 Gear Ra t io ) :  The indexing e r r o r s  of 
t h e  90 t o o t h  and 18 t o o t h  s p u r  gears  are each 2 0 0 ~ 1 0 - ~inch .  The 
90 too th  gear  diameter  is  approximately 1.0 inch .  The s h a f t  angular  
e r r o r  is 82.7 arcsec. The r a t i o  of gear  r o t a t i o n  t o  scanning mi r ro r  
r o t a t i o n  is 72Oo/0.5O, and t h e  e f f e c t i v e  e r r o r  i s  0 . 1  a rc sec .  
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The 18 too th  s p u r  g e a r  diameter  is  approximately 0 .2  inch  and t h e  
s h a f t  angular  e r r o r  i s  413 arcsec. The r a t i o  of gear  r o t a t i o n  to scan
n ing  mi r ro r  r o t a t i o n  is 72O0/O.l0, and t h e  e f f e c t i v e  e r r o r  i s  0 . 1  arcsec. 
The maximum e r r o r  would be 0 .2  arcsec. 

J .  Bevel Gears Indexing Er ro r  (42/42 Gear Ra t io ) :  The bevel  gears  are 
assumed t o  have a maximum indexing e r r o r  of 2 0 0 ~ 1 0 - ~inch.  The p i t c h  
diameter o f  t h e  gears  i s  approximately 0 .4  inch .  The r a t i o  of gear  r o t a 
t i o n  t o  scanning mir ror  r o t a t i o n  i s  72O0/O.l0. The same a n a l y s i s  as t h a t  
appl ied  t o  t h e  spu r  gears  shows t h e  e f f e c t i v e  e r r o r  of t h e  beve l  gears  i s  
approximately 0 . 1  a r c s e c .  

K .  Counter Dial Readout E r ro r :  The readout  d i a l  of t h e  s e x t a n t  i s  marked 
t o  a least  count of  3.6- arcse-c (O.O0lo). The s e x t a n t  ope ra to r s  are 
requi red  t o  read  t o  t h e  n e a r e s t  1 / 2  d i v i s i o n  o r  1 . 8  a r c s e c .  The e s t i 
mated maximum e r r o r  dur ing  normal ope ra t ion  i s  0 .9  a r c s e c .  

L .  Overal l  Accuracy: In  t h i s  a n a l y s i s ,  t h e  s e x t a n t  accuracy i s  assumed 
t o  be the  squa re  roo t  o f  t h e  sum of  t h e  i n d i v i d u a l  e r r o r s  squared.  This 
RSS va lue  is  8 .6  a r c s e c .  
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TABLE I .- GENERAL CHARACTERISTICS O F  SEXTANT 

Characteri s t i c  Normal eye relief Long eye r e l i e f  
eyepiece eyepiece 

. .  

63 1l eng th  X 6 - ~ 7 ~ x 6 F6 a x 7 $ x 6 - 3Size  
X height ,  i n .  64 64 

51  
64 

Weight, kg 2.778 
. - ... - -

Magnificat ion 8 .ox 4.6~ 
- . - -

Fie ld  of view, deg 7 7 
. _ - -

E x i t  pupi l ,  mm 4 7 
~ . .  . .  

Eye r e l i e f ,  mm 59.7 
. -

Diopter adjustment -3 t o  3 
. .- ..-~ 

Resolution, a rcsec  1 3.o 
-- .  ~ 

Image 
~~ _- -

Erect  

Measurement range, deg 76 
. 

Reticle 
For mox diopter 

illumination 
odiustment ,540 

cant rol out 

-5 
8 dia 

Counter 

illumination 

switch 41; bong eye relief eyepiece 


p y l g 4  imer 

2 %  t--
Connector (Bendix )  
No PTOICP- 8-4- P(SR1 

dm 

) . . I  -
I Short eye relief eyepiece 
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TABLE 11.- SUMMA.RY OF ENVIRONMENTAL TESTS 


Test -

1 Shock 

2 Vibrat ion 

-

3 Ac ce l e r a t  ion 

4 Acoustic noise  

5 Humidity 

~~ 

6 Temperature/pressure cyc ing 
and decompression 

7 LOWtemperature 

8 High temperature/lOO% oxygen 
atmosphere 

9 Noxious odors and CO t es t  

Longitudinal: +30 g 
Lateral: approximately +ll g along 

two remaining axes 

Sinusoidal:  30 min each axis a t  f r e 
quencies from 3 t o  2.000 cps 

Random t e s t s :  13 min 
~-

Longitudinal:  1-10 g f o r  326 sec ,  
20 g f o r  30 sec 

Latera l :  10g f o r  1 sec ,  6 g/30 sec 

130 dB f o r  10 min i n  l i n e  with opt i 
c a l  axis ;  repea t  with noise  source 
i n  l i n e  with remaining two axes 

Humidity 95$, 160° F max, t o t a l  t e s t  
time i s  240 h r ,  a t  each 24 h r  
per iod v i s u a l  inspect ion and check 
f o r  smooth operat ion 

16 cyc les  where each cycle  has a max. 
pressure  = 1.47x10-8 p s i a ,  max. 
temp. = 200O F, min. temp. = OO F 

Oo F f o r  2 h r ,  v e r i f y  smooth cont ro l  
operat ion a t  t he  t e s t  environment 

100% 02 a t  5.5 p s i a  and temp. of 
160° F f o r  48 h r .  For 30 min temp. 
of 200° F, r e t u r n  slowly t o  ambient 
condi t ions 

Exposed t o  O2 a t  l / 3  atmosphere and 
135' F f o r  72 hr - cooled and pres
sur ized  O2 t o  1atmosphere, t e s t e d  
f o r  CO and noxious odors 
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TABLE 111.- SEXTANT, SERIAL NO. 2,  CALIBRATION DATA 
OVER TOTAL-MEASUREDENT FUUIGE 
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TABLE IV.- SEXTANT, 
 SERIAL NO. 2 , CALIBRATION DATA 

. -

Calc-da tion o f  
Sextant I b i a s  e r r o r .  a rcsecangle I 
s e t t i n g  I F i r s t  Second Third 

32 .o 
32.1 

3 
0 

2 
1 

4 
0 

32.2 -2 -1 0 
32 -3 -1 0 -2 
32.4 -1 0 -I 
32 -5 -1 0 1 
32.6 1 1 
32.7 3 2 
32.8 8 6 
32.n 6 
33 -0  7 

I N  0 .lo INCREMENTS 

V .- OPTICAL FILTER CORRECTION DATA 

.. 

(a) Sextant s e r i a l  number 1 

F i l t e r  Neutral  Correction value,  
density arcsec 

Fixed 1.o 1 
l i n e  of s igh t  1.6 -5 

_.  

Scanning 1.o 4 
l i n e  of s igh t  1.3 -3 
. - .

( b )  Sextant s e r i a l  number 2 
_. . .. .. 

Fixed 1.o -4 
l i n e  of s igh t  1.6 -3 

. . -

Scanning 1.o -5 
l i n e  of s i g h t  1 .3  -2 
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TABLE V I  .- ZERO BIAS DATA 

Pos i t ive  d i r ec t ion  Negative d i r ec t ion  

e r r o r ,arcsec arcsec arcsec 

1.8 1 2.9 5.9 

2 5.7 4.3 1 3.0


-5.o 4.1 1 .7 , 4.0 

4.7 -12.2 I 4.1 

6.7 -1.7-3 6.4 


1 2 ' -6.5 5.9 -6.5 i 8.2
I 


3 . -15.8 3*2 -14.4 I 2.3 
; 4 -11.5 3*o  -11.5 6*9 

I 1.4 2.o -3.6 ' 3.6 
! 21 l 

' 	 -7.9 3 -0 0 I 3.6 
-5 .O 4.1 -4.3 I 4.7 

I' i I! -4.3 5.9 -4.3 I 5-9 
I 1 I -0.7 I 5-3 I 

I 2 
I 3 I -10.8 2.6 

4 0.7 6.9 
1 1  -10.o 4.O 

-173 1-7.2 I 7.6 
I -9.o 3*2 7.8 

4 -12.2 I 7.5 -16.6 5.5 
I 

I 1 ~ -12.2 ' 2.0 ' -5.0 3.2 
I 2 I -13.7 1.6 -19.4 6.o 
I 1 

I 3 I -20.9 4.7 -16.6 
-16.6 

392 
6.0 

3 i -13.7 4.O -12.2 I 3.2 

'Beginning of session 
I 

11 I 
~ 

'Beginning of session 

(End of session 

\I/ 
Long eye r e l i e f  

I 
o p t i c s  

I 

d/I Beginning of session 
I 

End of session I 



TABLE VI1.- FUNCTIONAL VERIFICATION TEST DATA 


[ A l l  d a t a  i n  seconds of a r c  unless otherwise noted. Zero bias correct ions a r e  t h e  average of the  
predata  and postdata measurements and are appropriate  t o  t h e  pos i t ive  o r  negative d i r e c t i o n  of 
scanning mirror dr ive  d i r ec t ion .  ] 

Day Operator Targets 

3 Spica and Arcturus 

4 

1 

3 Phecda and Dubhe 

2 

4 Polar i s  and Alioth 

1 

2 


Far limb1 and Denebola 
4 
3 

V 2 
1 Polar i s  and Alioth 

2 

3

4 

1 Regulus and 

near limb 
2 

3

4 


Far limb1 and Denebola 
3 

2 

4 

1 .mar l i m b  and l i m b  

3 

2 

4 

1 jpica and Arcturus 

3 

2 


V 	 4 
1 ' o la r i s  and Alioth 
2 

3

4 

1 Regulus and 

near limb 
2 

3

4 


Nominal Uncorrected Corrections t o  da ta  Corrected 
angle ' Ofmeasured measurements mean e r r o r  Remarks 

Cal ibrat ion F i l t e r  Zero b i a s  mean error 

3e048' ll.4 -v.5 

32048' 14.O -12.5 data  avai lable  
10026' 
10'25' 

8.4 
18.7 

-2.o 
-2.o 

on t h i s  day 

340421 8.4 -16.O 
34O42 
340k2' 

11.0 
24.6 

-16.O 
-16.0 

29O18' 11.9 -8.4 -4.O 

32'48 9.0 -v.5 No zero b i a s  


Both f i l t e r s  
2g013' 4.1 -8.4 -4.O in primary 

29O 7'
34042' 

24.4 
13.o 

-8.4 
-16.o 

-4.0 
-0.9 

34O42' 
34042' 
34042' 

19.8 
6.2 
13-7 

-16.o 
-16.0 
-16.O 

0 
5.O 
7.9 

8050 ' 8.0 -1.7 1.o -.9 Both f i l t e r s  
8O55' 
8059' 

16.1 
7.5 

-1.7 
-1.7 

1.0 
1.o 

0 
5-0 

i n  scanning 
l i n e  of s igh t  

29O11' 6.6 -8.4 -4.O l i n e  of s igh t  

90 2' 6.1 -1.7 1.o 7.9 
3

15'32' 4.7 -4.2 -4.0 -2.9 -6.4 
Both f i l ters

15O2Bt 5.7 -4.2 -4.0 -.7 4.0 ) in primary
15O22' 15.3 -4.2 -4.O -4.3 -8.9 l i n e  of s igh t
15018' 4.6 -4.2 -4.0 12.2 17.1 
0'33' 7.7 0 5.0 -2.9 3.9' ND 1.0 f i l t e r0'33' 4.3 0 5 -.7 4.8 
OO33' 4.5 0 5*O -4.3 -.5' i n  both l i n e s  

0'33' 4.4 0 5*O 12.2 18.6, of s igh t  
32'48' 11.6 ' 25.7 -l2.5 --9
32O48' 5.9 16.i -l2.5 5*O 
32048 ' 14.2 12.5 -12.5 0 
32'48' 7.3 21.5 -12..5 7.9
34O42' 4.7 14.2 -16.o 4.7
34042 13.7 6.1 -16.O 7.2
34O42' 3.4 11.2 -16.o 10.4 
34042' 6.1 9.5 -16.0 7.9 
22O19' 6.4 1.2 -5.8 1.o 4.7 Both f i l t e r s  
22022' 11.7 -16.7 -5.a 1.0 7-2 i n  secondary
22O26' 9-6 -.6 -5.a 1.0 10.4 l i n e  of s igh t
22028' 7.3 -4.7 -5.8 1.o 7.9 
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w TABLE V I 1 . - FUNCTIONAL VERIFICATION TEST DATA - Concluded
0 

Nominal ~ of Uncorrected Corrections t o  da t a  Corrected RemarksDay Operator Targets 
angle 

measurements mean e r r o r  Cal ibrat ion F i l t e r  Zero b i a s  mean error 

-l 

Spica and 
3 1 f a r  limb 32O18' 12.7 2.9 -11.8 1.o 10.5 2*6 Both f i l t e r s  

2 32'14' 5 .O 4.0 -11.8 1.0 3.3 -3.5' i n  secondary 
3 32O10' 4.4 15.z  -11.8 1.o 9.4 ' 13.8 l i n e  of s igh t
4 32' 7' 12.a 23.3 I -11.8 I 1.0 7.9 20.4 
1 Lunar limb and limb 0°33' 4.9 -10.2 0 5* O  10.5 5.3' ND 1.0 f i l t e rI 	 2 0'33' 7.5 -11.o 0 5.O 3.3 1 i n  both l i n e s  
3 0'33' 16.9 -25 .o 0 5 -0 9.4 

3.9; of s igh t4 0'33' 7.2 -9.0 0 5 .O 7.9 

\/ 

1 
3 

32O48' 
32O48I 

22.9 
13.9 

3.3 
7.4 

-12.5
-12.5 

_ _ _  _ _ _  .7
10.8 

-8.51
5.7 

r e l i e f  op t i c s  

2 
3
4 

18O22' 
18020'
18O17' 

8.1 
9.5
9.6 

3.4 
10.7 
7.6 

-L .a  
-4.8 
-4.8 

1.o 
1 .0  
1.0 

18.4 
14.4 
16.6 

21.3 
20.4 

in scanning 
l i n e  of s igh t  

1 Lunar limb and limb 0'33' 3.8 -31.2 0 5.0 6.1 -20.1 ND 1.0 f i l t e r  
2 0'33' 3.5 -24.4 0 5.0 18.4 i n  both l i n e s  
3 0'33' 4.a -13-3 0 5.0 14.4 -.5 of s igh t  

Near limb 
and Denebola 17O15' 7.7 .7 -4.6 -4.0 J ll.2 Both f i l t e r s  

4 Spica and Arcturus 32'48' 13.1 -3.7 -12.5 _ _ _  -.7 -16.9 Long eye 

4 0'33' 7.0 -22.I 0 5.0 16.6 


2 17O17' 6.5 2.5 -4.6 -4.0 ; 11.4 i n  primary 
3 170211 4.3 -6.9 -4.6 -4.0 17.3 1.8 l i n e  of s igh t
4 17O23' 10.6 -9.3 -4.6 , -4.0 11.9 -6.O 
1 Pola r i s  and Alioth , 34O42' 5.2 13.8 -16.o _ _ _  11.2 9.0 
2 34O42' 6.6 10.4 -16.o _ _ _  11.4 5.8 
3 34O42' ' 8.1 13.2 -16.o -_- 17.3 14.5 ,

4 34O42' 4.9 16.3 -16.o -__ 11.9 12.2 
1 Dubhe and Phecda , 10~26' 6.1 -2.4 -2.1 -__ 11.2 6.7 
2 10~26' 10.3 -8.4 -2.1 _ _ _  11.4 .9 
3 3.096 11.1 3.9 -2.1 _ _ _  17.3 19.1 

\I Alioth and Alkaid 10°28' 7.4 -4.9 -2.1 - _ _  11.9 , 4.9 

N 
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