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DETAILS OF TOVS-BSU OPTICAL DESIGN 

1 .o INTRODUCTION 

A d e t a i l e d  d e s c r i p t i o n  of t he  f i n a l  o p t i c a l  des ign  i s  p resen ted  i n  t h i s  Appendix. 

This  f i n a l  o p t i c a l  des ign  c o n f i g u r a t i o n  was developed through the  e x t e n s i v e  use 

of computer r a y - t r a c e  ana lyses  t o  op t imize  r a d i a n t  t r a n s f e r  e f f i c i e n c y ,  r a d i o -  

me t r i c  s e n s i t i v i t y  and accuracy ,  and t h e  long-term s t a b i l i t y  and r e l i a b i l i t y  o f  

t h e  r ad iomete r .  Some of t h e  f e a t u r e s  of t h i s  f i n a l  o p t i c a l  des ign  a r e  t h e s e :  

1.  Up t o  e i g h t  s e p a r a t e  Casseg ra in i an  t e l e s c o p e s  may be used t o  image 

the  same angu la r  f i e ld -o f -v i ew on c i r c u l a r  f i e l d  s t o p s  a t  each of 

t h e i r  prime image p l anes .  Four of t h e  t e l e s c o p e s  have a primary 

m i r r o r  d iameter  of roughly 80 mm, and t h e  o t h e r  f o u r  t e l e s c o p e s  

a r e  o p t i c a l l y  s c a l e d  down t o  a pr imary mi r ro r  d iameter  of roughly  

61 mm. A d i c h r o i c  f i l t e r  b e a m s p l i t t e r  fo l lows  t h e  f i e l d  s t o p  of 

each t e l e scope  and s p l i t s  t h e  r a d i a t i o n  i n t o  two s e p a r a t e  d e t e c t o r  

channe l s ,  and each d e t e c t o r  channel  c o n s i s t s  o f ,  i n  o r d e r ,  two 

s p e c t r a l  bandpass f i l t e r s ,  a doub le t  l e n s ,  a window fo r  s e a l i n g  the  

d e t e c t o r ,  and f i n a l l y  t h e  d e t e c t o r .  

2 .  The primary and secondary m i r r o r s  of t h e  Casegra in i an  t e l e s c o p e s  

have s p h e r i c a l  s u r f a c e s ,  The o p t i c a l  a b e r r a t i o n s  produced by such 

a double-sphere form of Casseg ra in i an  t e l e scope  a r e  l a r g e r  than those  

produced by s e v e r a l  o t h e r  forms of t h e  Casseg ra in i an  te lesc-ope.  Tlow- 

e v e r ,  even though t h e  o p t i c a l  a b e r r a t i o n s  a r e  r e l a t i v e l y  l a r g e ,  t h e  

a c t u a l  angular  f i e ld -o f -v i ew r a d i a n t  d i s t r i b u t i o n  f u n c t i o n  f o r  this 

double-sphere t e l e s c o p e  des ign  meets t he  r e q u i r e d  f i e ld -o f -v i ew 

s p e c i f i c a t i o n s .  F u r t h e r ,  t h e  s p h e r i c a l  mi r ro r  s u r f a c e s  can be 

manufactured t o  h igh  q u a l i t y  and accuracy  cons ide rab ly  more 

economica l ly  than  can a s p h e r i c  m i r r o r  s u r f a c e s .  Mi r ro r s  of high 

q u a l i t y  and accuracy  a r e  ve ry  necessa ry  t o  o b t a i n  both tl-ic angular  

f i e l d - o f - v i e w  matching between a l l  t he  t e l e scopes  and the  low l e v e l  

of s t r a y  r a d i a t i o n  r e q u i r e d  by the  s p e c i f i c a t i o n s .  
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3 .  

4 .  

5 .  

The secondary mi r ro r  of each t e l e scope  i s  made the  a p e r t u r e  s t o p  of 

i t s  t e l e scope  by imaging i t  d i r e c t l y  on t h e  d e t e c t o r s  of both channels  

which fo l low i t  by use  of t h e  doub le t  l e n s  of each channel .  The s e n s i -  

t i v e  a r e a  of t he  d e t e c t o r  i s  designed t o  be very  s l i g h t l y  sma l l e r  than 

t h e  secondary mi r ro r  image upon i t .  A p e r f e c t  match between t h e  

secondary mi r ro r  image and the  d e t e c t o r  a r e a  would mean t h a t  t he  

d e t e c t o r  r e c e i v e s  t h e  maximum r a d i a t i o n  from t h e  t e l e scope  f i e l d - o f -  

view, but  does not  r e c e i v e  any by-passing r a d i a t i o n  from o u t s i d e  t h e  

secondary mi r ro r .  This o p t i c a l  des ign  f e a t u r e  can in su re  t h a t  each 

of t h e  rad iometer  channels  w i l l  have very  low s t r a y - r a d i a t i o n  l e v e l s .  

I t  a l s o  permi ts  t he  secondary mi r ro r  t o  have a minimum phys ica l  diam- 

e ter  which i n c r e a s e s  the  t e l e scope  acceptance a r e a  and reduces i t s  

d i f f r a c t i o n  a b e r r a t i o n s .  

The double t  l e n s  of each d e t e c t o r  channel  r e p r e s e n t s  the  minimum 

number of l e n s  e lements  t h a t  a r e  p r a c t i c a l .  The ind iv idua l  o p t i c a l  

e lements  of each of the  double t  l enses  have a l s o  been kept  t o  a min- 

imum t h i c k n e s s .  Germanium lenses a r e  used f o r  channels  I through 11, 

whi le  s i l i c o n  l enses  a r e  used f o r  channels  1 2 ,  13 .  and 14.  

A s i n g l e  r o t a t i n g  o p t i c a l  chopper d i s c  s e r v e s  a l l  the  t e l e s c o p e s ,  

I t s  p lane  of r o t a t i o n  i s  loca ted  immedia t e ly  be fo re  the  f i e l d  s t o p s  

of each t e l e s c o p e .  The chopper s u r f a c e  f ac ing  each f i e l d  s t o p  i s  a 

t o r o i d a l  mi r ro r  which images both d e t e c t o r s  which fo l low i t  i n t o  a 

blackbody r e f e r e n c e  c a v i t y ,  A s e p a r a t e  blackbody r e f e r e n c e  c a v i t y  

i s  provided f o r  each f i e l d  s t o p  and i s  loca ted  between the  chopper 

and the f i e l d  s t o p .  These blackbody r e f e r e n c e  c a v i t i e s  require  

only  a r e l a t i v e l y  smal l  a r e a  opening i n  comparison t o  t h e i r  i n t e r n a l  

s u r f a c e  a r e a  which i n s u r e s  a h igh  e m i s s i v i t y .  The f i e l d  s t o p s  f o r  

t he  80-mm te l e scopes  a r e  loca t ed  on a d i f f e r e n t  r a d i u s  than the 

f i e l d  s t o p s  f o r  t h e  61-mm t e l e s c o p e ;  so  the  80- and 61-mm te l e scopes  

a c t u a l l y  use d i f f e r e n t  t o r o i d a l  s u r f a c e s .  However, t hese  two t o r -  

o i d a l  s u r f a c e s  a r e  p a r t  of t he  same chopper s t r u c t u r e .  Each to ro id  

s u r f a c e  has  fou r  windows which a r e  180 degrees  out  of phase wi th  

each o t h e r ,  so  each channel  i s  provided w i t h  four  chopping cyc le s  

per  chopper r o t a t i o n .  
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The optical ray-trace analysis which was used to develop and define the final 

optical design for this radiometer involves pure mathematical model-building 
techniques which permitted quick, accurate comparisons of all possible optical 

design approaches, and then permitted the optimization of the preferred design 
approach. Finally, the ray-trace analysis was used to define all of the optical 
element parameters, image characteristics, and tolerances for construction 
planning and for in-service error analysis. 
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2 .o RAY-TRACE DESCRIPTION 

The computer ray-trace analyses which have been performed for this study are 
mathematical model-building procedures, wherein exact mathematical equations 

are used to express each optical surface and each light ray. Each optical 
surface is mathematically defined in a separate three-dimensional axis-system 
which may have any linear or angular orientation to the previous axis-system, 
and the light rays may.have any orientation to the axis-systems. All mathe- 
matical calculations are exact, and no mathematical approximations are required. 

All the ray-trace computations are performed by an IBM 360 Model 65 Computer in 
double precision. The computed coordinate accuracy for each ray-surface inter- 

cept in its three-dimensional axis-system is given to an accuracy of mm, 

and the computed direction cosine accuracy for each ray in its three-dimensional 
axis-system is given to an accuracy of 10-8. 

Table 2-1 defines the dimensional parameters which are required by every ray- 

trace,which transform axis systems, describe surface shapes, etc. Table 2-2 
defines the coordinates of the resultant ray-surface intercepts and gives the 

terminology used for an image analysis at any surface. Table 2 - 3  defines the 

three-direction cosines of the rays at the resultant ray-surface intercepts 
and gives the terminology used for an angular image analysis. The "mathe- 
matical axis systems," which are occasional.ly used, facilitate only in 
defining the orientation and location of the next optical surface. 

FR-1110 - 104 2-1 



TABLE 2-1 (SHEET 1 of 2 ) .  DEFINITIONS FOR RAY-TRACE 
DIMENSIONAL PARAMETERS 

The following coefficients define each optical surface in its own axis system, 
and define its own axis system relative to the previous axis system: 

I. Each successive optical surface in an optical system is defined by a 

separate three-dimensional, right-handed axis system (Xn Y, Zn) which 
carries a progressive set of subscripts which run from 1 to m, where 

m is the number of the surface being ray-traced, and the following 

dimensional parameters define the linear and the rotational axis 

transformations from the (Xn-l,Yn-l '&,-I) axis system of the previous 

optical surface to the (X 
traced: 

? 9  

9 

Y, Zn) axis system of the surface being ray- ", I 

An 

Bn 

Cn 

an 

o n  

The Xn-l coordinate for the origin of the (Xn,Yn,Zn) axis system 

measured in the (Xn-l,Yn-l,Zn-l) axis system. 

The Yn-l coordinate for the origin of the (Xn Yn Zn) axis system 

measured in the (Xn-l,Yn-l,Zn-l) axis system. 
9 9  

The Zn-] coordinate for the origin of the (X, Y, Z,) axis system 
measured in the (Xn-l Yn-l,Zn-l) axis system. 

9 9  

9 

The angular displacement of the Xn-axis in the Xn-Z, plane, which 

is positive when the positive Xn-axis is moved toward the positive 
Zn-axis, and negative when the positive Xn-axis is moved toward 
the negative Zn-axis. 

The angular displacement of the Xn-axis in the Xn-Y, plane, which 

is positive when the positive Xn-axis is moved toward the positive 

Yn-axis, and negative when the positive Xn-axis is moved toward 

the negative Yn-axis, 

- -- 

FR - 1 1 10 - 104 2 - 2  



TABLE 2-1 (SHEET 2 of 2). DEFINITIONS FOR RAY-TRACE 
DIMENSIONAL PARAMETERS 

I 
~ ~ ~ ~~~~ ~~ ~ _ _ _  -~ ~ 

~ 

~ 

yn The angular displacement of the Zn-axis in the Yn-Zn plane, which 
is positive when the positive Zn-axis is moved toward the positive 
Yn-axis, and negative when the positive Zn-axis is moved toward 
the negative Yn-axis. 

The three angular transformations, Q~,P,, yn are operative only after 
the linear transformations, An, Bn, Cn have been completed. The three 
angular transformations may be defined in any order, but each trans- 
formation must be completed before the next becomes operative. 

and Rn may define any conic surface, 
yDnjEn, 

11. The dimensional parameters Fn 

since they are the coefficients of the following general equation: 

111. A plane optical surface is always the Yn-Zn plane. 

IV. Nn The index of refraction of the optical medium immediately following 
the optical surface which is defined in the (Xn Yn Zn) axis system. 

, Y  
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TABLE 2-2 (SHEET 1 of  2 ) .  DEFINITIONS FOR THE RESULTANT 
RAY-SURFACE INTERCEPTS AND THE TERMINOLOGY FOR 
THE RESULTANT LATERAL IMAGE CHARACTERISTICS 

Xn 

zn 

Dn 

Cent ro id  X, 

Cent ro id  Yn 

Cent ro id  Z, 

The X, coo rd ina te  of a s i n g l e  r a y  i n t e r c e p t  w i th  t h e  o p t i c a l  

s u r f a c e  i n  the  (X, Y, Zn) a x i s  system, 
9 9  

The Y, coo rd ina te  of a s i n g l e  r a y  i n t e r c e p t  w i th  t h e  o p t i c a l  

s u r f a c e  i n  t h e  ( X  Yn Zn) a x i s  system. 
"9 P 

The Z, coo rd ina te  of  a s i n g l e  r a y  ' 1.tercept wi th  t h e  o p t i c a l  

s u r f a c e  i n  the  (Xn Y Zn) a x i s  system. 
9 "9 

The o p t i c a l  d i s t a n c e  a s i n g l e  r a y  t r a v e l s  between two s u c c e s s i v e  

s u r f a c e s ,  This  i s  de f ined  a s  t h e  t r u e  d i s t a n c e  between t h e  r ay -  

i n t e r c e p t s  (Xn-l,Yn-l Z n - l )  and (Xn Y, Z n )  m u l t i p l i e d  by N n , l .  
9 9  

The mathematical  c e n t r o i d  f o r  t h e  Xn va lues  f o r  a l l  r a y s  from 

a s i n g l e  fami ly  of r a y s .  

The mathematical  c e n t r o i d  f o r  t h e  Y, va lues  f o r  a l l  r a y s  from 

a s i n g l e  fami ly  of  r a y s .  

The mathematical  c e n t r o i d  f o r  t h e  Zn va lues  f o r  a l l  r a y s  from 

a s i n g l e  fami ly  o f  r a y s .  

The maximum mathematical  d i f f e r e n c e  f o r  a l l  X, va lues  f o r  a 

s i n g l e  fami ly  of r a y s .  

The maximum mathematical  d i f f e r e n c e  f o r  a l l  Yn va lues  f o r  a 

s i n g l e  fami ly  of r a y s .  
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TABLE 2-2 (SHEET 2 of 2 ) .  DEFINITIONS FOR THE RESULTANT 
RAY-SURFACE INTERCEPTS AND THE TERMINOLOGY FOR 
THE RESULTANT LATERAL IMAGE CHARACTERISTICS 

A Z, The maximum mathematical difference for all Z, values for 
a single family of rays. 

7 5% ax, The smallest maximum mathematical difference for any 75% of 
the X, values from a single family of rays. 
approximation for the half-power spread for all the X, 
values of the family of rays, 

This is an 

7 5% AYn The smallest maximum mathematical difference for any 75% of 
the Y, values from a single family of rays. This is an 
approximation for the half-power spread for all the Y, 
values of the family of rays. 

75% az, The smallest maximum mathemati.ca1 difference for any 75% of 
the Z, values from a single family of rays. 
approximation for the half-power spread for all the Z, 
values of the family of rays. 

This is an 
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TABLE 2-3 (SHEET 1 of 2 ) .  DEFINITIONS FOR THE RESULTANT 
RAY DIRECTION COSINES AND THE TERMINOLOGY FOR 
THE RESULTANT ANGULAR IMAGE CHARACTERISTICS 

‘in 

Eta, 

Ze tan 

Centroid Xin 

Centroid Etan 

The direction cosine component on the Xn-axis for a ray 
departing from the ray-surface intercept of the (Xn,Yn,Zn) 

axis system. 

The direction cosine component on the Y,-axis for a ray 
departing from the ray-surface intercept of the (Xn,Yn,Zn) 

axis system. 

The direction cosine component on the Zn-axis for a ray 
departing from the ray-surface intercept of the (Xn,Yn,Zn) 

axis system. 

The mathematical centroid for the Xi, values for all rays 
from a single family of rays. 

The mathematical centroid for the Eta, values for all rays 

from a single family of rays. 

Centroid Zeta, The mathematical centroid for the Zeta, values for all rays 

from a single family of rays. 

Axi, The maximum mathematical difference for all Xi, values for 

a single family of rays, 

AEta, The maximum mathematical difference for all Eta, values for 
a single family of rays. 

.--. 
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TABLE 2-3 (SHEET 2 of 2 ) .  DEFINITIONS FOR THE RESULTANT 
RAY DIRECTION COSINES AND THE TERMINOLOGY FOR 
THE RESULTANT ANGULAR IMAGE CHARACTERISTICS 

&etan 

75% Axin 

75% AEta, 

7 5% Azeta, 

The maximum mathematical difference for all Zeta, values 
for a single family of rays. 

The smallest maximum mathematical difference for any 75% of 
the Xi, values from a single family of rays. 
approximation for the half-power spread for all the Xin 
values of the family of rays. 

This is an 

The smallest maximum mathematical difference for any 75% of 
the Eta, values from a single family of rays. 
approximation for the half-power spread for all the Eta, 
values of the family of rays. 

This i s  an 

The smallest maximum mathematical difference for any 75% of 
the Zeta, values from a single family of rays. 
approximation for the half-power spread for all the Zeta, 
values of the family of rays. 

This is an 

Note: When the direction cosine values are sufficiently 
small, they may be dimensioned as radian values. 
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3 .O TELESCOPE DESIGN 

3.1 

The radiometer  can use  up t o  e i g h t  Cassegra in ian  t e l e s c o p e s ,  each of which 

meets t h e  fo l lowing  angular  f ie ld-of -v iew performance s p e c i f i c a t i o n s :  

Te le s cope Requirement s 

Angular Diameter of a 
Desc r ip t ion  of S p e c i f i c a t i o n  C i r c u l a r  Field-of-View 

The half-power angular  f i e l d - o f -  

view diameter  f o r  each of t he  14 

channels  s h a l l  be less than 
1.200 degrees  (maximum) 
1.125 degrees  ( g o a l )  

3 . 2  

99% of the  r a d i a t i o n  r ece ived  by 

each channel  must a r r i v e  from 

w i t h i n  an angular  f ie ld-of -v iew 

diameter  of 

The r ad iomet r i c  energy c e n t r o i d  

f o r  t he  measured angular  f i e l d -  

of-view diameter  f o r  each of t h e  

o t h e r  channels  s h a l l  match t h a t  

of channel  4 w i t h i n  

Choice of Telescope Type 

1.250 degrees  

1 pe rcen t  of t h e  angular  
f i e ld -o f -v i ew diameter  f o r  
channel  4 

A form of Casseg ra in i an  t e l e scope  has  been s e l e c t e d  f o r  t h i s  rad iometer ,  s i n c e  

the  phys ica l  l eng th  of a Cassegra in ian  t e l e scope  can be cons ide rab ly  s h o r t e r  

t han  i t s  f o c a l  l e n g t h ,  A long f o c a l  l eng th  t e l e scope  expands the image of t h e  

small  1.125-degree angular  f i e ld -o f -v i ew s u f f i c i e n t l y  t o  be d e f i n e d  bv a 

reasonably-s ized  f i e l d  s t o p  f o r  t he  f i l t e r s  and the  d e t e c t o r  l e n s e s .  The most 
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common type of Cassegrainian telescope uses a paraboloid primary mirror and 
a hyperboloid secondary mirror. Such a telescope, theoretically, has zero 
optical aberrations on its optical axis for an object at infinity, but 
aberrations increase as the field-of-view angle is increased from 0 degree. 

Other types of Cassegrainian telescopes use ellipsoidal or other higher-degree 
aspheric surfaces for the primary and/or the secondary mirrors. 

The most economical type of Cassegrainian telescope to construct is, certainly, 
one using spherical mirror surfaces for both the primary and secondary mirrors. 

The optical aberrations on the optical axis for such a double-sphere Casse- 

grainian telescope are too large for many applications, but these already- 

large aberrations on the optical axis increase only very slightly with 

increased field-of-view angle. The TOVS-BSU radiometer does not require any 
specific image resolution capability within its field-of-view. The actual 

half-power angular aberrations for the double-sphere Cassegrainian telescope 

under investigation, it turns out, are sufficiently small that both the speci- 

fied half-power angular field-of-view and the 99-percent radiation field-of- 
view diameter are met. For these reasons, the double-sphere Cassegrainian 

telescope has been selected for final design study. 

3 . 3  A Comparative Analysis of a Double-Sphere Cassegrainian Telescope 
and a Paraboloid-Hyperboloid Cassegrainian Telescope 

A comparative analysis of the angular field-of-view aberrations in object 

space was performed for the ITPR double-sphere Cassegrainian telescope vs. 

a paraboloid-hyperboloid Cassegrainian telescope for the ITPR telescope 

design study. The two telescopes have roughly the same numerical aperture 
and focal length, and 100-ray families were traced from starting points both 
at the center and the edge of their field stops to object space. Each family 

of rays intersected its telescope secondary mirror, making it the telescope 

aperture stop in a uniform area array. 

1 

The angular ficld-of-view spread 

‘Optical Analysis Report, by B.D. Henderson, Contract No. E-80-70-N, Nov. 1970 
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c h a r a c t e r i s t i c s  f o r  each 100 r a y s  were then  analyzed i n  o b j e c t  space .  

Table  3-1 shows these  r e s u l t s  u s ing  t h e  nomenclature de f ined  i n  Table 2-3.  

It  i s  seen  t h a t  t h e  paraboloid-hyperboloid t e l e s c o p e  i s  s t i l l  t en - fo ld  b e t t e r  

a t  t h e  edge o f  t h e  f ie ld-of -v iew than  t h e  ITPR double-sphere t e l e s c o p e .  How- 

ever, t h e  double-sphere a b e r r a t i o n s  a r e  cons ide rab ly  less than  t h e  c e n t r o i d  

Eta3  v a l u e ,  t h e  angu la r  r a d i u s  of t h e  f ie ld-of -v iew.  

3 . 4  Dimensional Parameters  f o r  t h e  80- and 61-mm OD TOVS-BSU Telescopes 

F igure  3-1 i s  an a c c u r a t e  computer p l o t  of  s e l e c t e d  r a y s ,  which inc lude  t h e  

f o u r  t e l e scope  boundary r a y s  i n  t h e  X-Y p lane ,  t r a c e d  through the  80-mm OD 

double-sphere t e l e s c o p e .  The a x i s  systems shown i n  F igu re  3 - 1  were used t o  

r a y - t r a c e  both t h e  80- and 61-mm OD t e l e s c o p e s .  Table  3-2 d e s c r i b e s  t h e  

o p t i c a l  e lements  which a r e  s p a c i a l l y  loca t ed  by each a x i s  system of F igure  3-1.  

Tables  3-3 and 3-4 l i s t  t h e  dimensional  parameters  f o r  the  80- and 61-mm OD 

t e l e s c o p e s ,  r e s p e c t i v e l y .  The d e f i n i t i o n s  f o r  t h e  nomenclature used i n  

Tables  3-2, 3-3, and 3-4 a r e  found i n  Table  2-1. 

3 . 5  Angular Field-of-View Image C h a r a c t e r i s t i c s  f o r  t he  61- and 80-mm OD 
Telescopes 

A computer r a y - t r a c e  a n a l y s i s  was performed t o  determine the  q u a l i t y  o f  t h e  

angu la r  f i e ld -o f -v i ew image f o r  t h e  61- and 80-mm OD t e l e s c o p e s  i n  o b j e c t  

space .  This  r a y  t r a c e  s t a r t e d  from p o i n t s  both a t  t h e  c e n t e r  and a t  t h e  edge 

of t he  f i e l d  s t o p  of each t e l e s c o p e .  A fami ly  of 200 r a y s  was t r a c e d  from 

each  of  t h e s e  s t a r t i n g  p o i n t s .  Each fami ly  of 200 r a y s  i n t e r c e p t e d  i t s  te le -  

scope secondary mi r ro r  i n  p r e c i s e l y  t h e  same uniform a r e a  c i r c u l a r  a r r a y  of  

p o i n t s ,  which f i l l  t h e  d iameter  of t h e  secondary m i r r o r .  Such a r a y - p a t t e r n  

s e l e c t i o n  makes t h e  secondary mi r ro r  t he  a p e r t u r e  s t o p  of  t h e  t e l e s c o p e  s i n c e  

t h e  same a r e a  of t h e  secondary mi r ro r  i s  used f o r  a l l  f i e ld -o f -v i ew a n g l e s .  

Each fami ly  of 200 r a y s  was r a y - t r a c e d  from i t s  s t a r t i n g  p o i n t s  on t h e  f i e l d  

s t o p  t o ,  s u c c e s s i v e l y ,  t h e  secondary m i r r o r ,  t h e  primary m i r r o r ,  and f i n a l l y  

t h e  Y3-Z3 p l ane  i n  o b j e c t  space .  The angu la r  f i e ld -o f -v i ew a b e r r a t i o n s  f o r  

each fami ly  of 200 r a y s  were analyzed by u s i n g  t h e  e t a 3  and z e t a 3  d i r e c t i o n  

cos ines  i n  t h e  (X3,Y3,Z3) a x i s  system. 

a r e  sma l l ,  t h e  E ta3  and Zeta3 va lues  are  numer i ca l ly  e q u i v a l e n t  t o  r a d i a n  u n i t s  

f o r  most p r a c t i c a l  purposes .  

S ince  t h e  r a y  a n g l e s  about  t he  X3-axis 
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TABLE 3-1. COMPARATIVE ANGULAR FIELD-OF-VIEW CHARACTERISTICS FOR TFiE TTPR DOUBLE-SPHERE 
CASSEGRAINIAN TELESCOPE, AND A PARABOLOID-HYPERBOLOID CASSEGRAINIAN TELESCOPE 
OF THE SAME S I Z E  

Type of 
Casseg ra in i an  

Te le s cope 

Parabolo id-  
Hyperboloid 

w 
I c 

S t a r t i n g  P o i n t  i s  Center S t a r t i n g  P o i n t  i s  Edge of 
of F i e l d  S top  F i e l d  S top  on Yo-axis 

Centr'oid 75% Cent ro id  
E t a 3  A E t a 3  Azeta3 AEta3  Eta3  

0 0 0 0 .01239 

.00266 

~ 

AEta, 

.00193 

.0003 

* 00291 

I 75% 
A ~ e t a 3  I A E t a 3  

I 
.00012 .0002 

I 
Note: A l l  va lues  are i n  d i r e c t i o n  cos ine  u n i t s ;  however? for  t h e s e  small  magnitudes, 

they may a l s o  be taken  a s  r a d i a n  u n i t s .  



TOVS DOJ8LE SPHERE TELESCOPE. Fr’3.82, 286.000 !IMFL--80 Hfl BO a- 14-72 
x :  Y 0.0787U : 1 

x 3 

r 1 1 1 1 1 1 1 1 1 1 1 
-130.0 -120.3 -110.0 -too.o -90.0 -8o.o -70.0 -60.0 -50.0 -40.0 -30.0 -20.0 - ? t o  

Figure  3-1. Ray-Trace Axis System f o r  t h e  80-nrm OD Double-Sphere 
Te l e  s cope 



TABLE 3-2. DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS FOR 
BOTH THE 80- AND 61-MM OD DOUBLE-SPHERE 
CASSEGRAINIAN TELESCOPES 

The same a x i s  systems a r e  used t o  r a y - t r a c e  both t h e  80- and 61-mm OD double-  

sphere  Casseg ra in i an  t e l e s c o p e s .  Ray-trace s t a r t i n g  p o i n t s  a r e  loca t ed  on t h e  

f i e l d  s t o p ,  and t h e  r a y s  a r e  t r a c e d  t o ,  s u c c e s s i v e l y ,  t h e  secondary m i r r o r ,  

primary m i r r o r ,  and then  t o  o b j e c t  space .  

(XO, yo 9 zo)  F i e l d  Stop: t h e  f i e l d  s t o p  l ies i n  t h e  Yo-Zo p l a n e .  

0 1  t y 1 9 q )  Secondary Mi r ro r :  t h i s  mi r ro r  has  a r e f l e c t i n g  s p h e r i c a l  

s u r f a c e .  

system, and i t s  c e n t e r  l i e s  on t h e  nega t ive  X1-axis. 

I t s  apex i s  a t  t h e  o r i g i n  of t he  (X1,Y1,Z1) a x i s  

(5 ,y* 9 3 )  Primary Mir ror :  This  m i r r o r  has  a r e f l e c t i n g  s p h e r i c a l  

s u r f a c e .  

system, and i t s  c e n t e r  l i e s  on the  nega t ive  X2-axis .  

I t s  apex i s  a t  t he  o r i g i n  on the  (X2,Y2,Z2) a x i s  

(X3 J 3 ,  z3) Image P lane :  t h i s  i s  a t r a n s m i t t i n g  p lane  s u r f a c e  i n  t he  

Y3-Z3 p l a n e .  

t h e  r a y  d i r e c t i o n  cos ines  i n  o b j e c t  space .  

I t  i s  used t o  measure both r a y  p o s i t i o n s  and 
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~ ~ 

Axis 

Script 
(n) 

Sub- 

1 

2 

3 

O p t i c a l  
Function 

o f  
Surface 

Secondary 
Mirror 

Primary 

TABLE 3-3. DIMENSIONAL PARAMETERS FOR 80 MM OD TELESCOPE 

4l 
(m) 

-98.440 

62.600 

Image -63.000 
Plane 

c, 
-- 

Surface 
Shape 

Sphere 

Sphere 

Plane 

Dn 

1.0 

1.0 

R, 

103.200 

194.500 

Nn 
(m) 

1.0000 

1.0000 

1.0000 



Axis 
Sub-  

S c r i p t  
(d 

1 

2 

3 

Optical 
Function 

of 
Surface 

Secondarj 
Mirror 

Primary 
Mirror 

Image 
Plane 

TABLE 3-4. DIMENSIONAL PARAMETERS FOR 61 MM OD TELESCOPE 

A, 
( m d  

-74.86C 

47.70( 

-48.00( 

Surf ace 
Shape 

Sphere 

Sphere 

P l a n e  

Dn 

1.0 

1.0 

En 

1.0 

1.0 

R, 

-78.700 

148.200 

NIl 
(=) 

1 .ooo 

1 .ooo 

1.0000 



Table 3-5 summarizes t h e  r e s u l t a n t  angular  f i e ld -o f -v i ew a b e r r a t i o n  c h a r a c t e r -  

i s t i c s  f o r  t he  80- and 61-mm OD t e l e s c o p e s .  Table  2 - 3  d e f i n e s  the  terminology 

used f o r  t he  angular  image a n a l y s i s  i n  Table 3-5. The c e n t r o i d  Eta3 va lues  of 

Table 3-5 a r e ,  of course ,  ze ro  when the  s t a r t i n g  p o i n t  i s  Yo = 0 ,  the  c e n t e r  

of t he  f i e l d  s t o p .  The c e n t r o i d  Zeta3 va lues  a r e  not  given because they a r e  

always z e r o ,  s i n c e  Zo = 0 f o r  both the  center and edge of t he  f i e l d  s t a r t i n g  

p o i n t s .  The angular  f i e ld -o f -v i ew a b e r r a t i o n  c h a r a c t e r i s t i c s  f o r  the  ITPR 

double-sphere t e l e scope ,  shown i n  Table 3-1, a r e  roughly the  same magnitude 

a s  those  f o r  TOVS-BSU shown i n  Table 3-5. The d i f f e r e n c e  i s  due t o  the 

l a r g e r  angular  f i e ld -o f -v i ew f o r  the  ITPR t e l e s c o p e s ,  1.250 degrees .  

F igure  3-2 shows the  s p o t  diagrams f o r  the  two f a m i l i e s  of rays f o r  both the  

80- and 61-mm OD t e l e s c o p e s .  These angular  f i e l d  a b e r r a t i o n s  a r e  i d e n t i c a l  

f o r  both the  80- and 61-nun OD t e l e s c o p e .  

I n  o p e r a t i o n ,  only the  image q u a l i t y  a t  the  d e f i n i n g  edge of the f i e l d  s t o p  

i s  of importance t o  the  rad iometer ,  s o  only  those  a b e r r a t i o n  va lues  f o r  t he  

edge of t he  f i e l d  s t o p  should be cons ide red .  The c e n t r o i d  E ta3  va lue  f o r  

both the  80-mm OD t e l e scope  when Yo = 2.815 and 2, = 0 ,  and f o r  the 61-mm 

OD t e l e scope  when Yo = 2.141 and 2, = 0,  i s  

180 degrees = 0.560 degree 0.00977 r a d i a n s  x R 

The half-power angular  f i e ld -o f -v i ew f o r  t he  f u l l  f i e l d  s t o p  diameter i s  then  

0.560 degree x 2 = 1.120 degrees  

T h i s  i s  w i t h i n  the  d e s i r e d  1.125-degree maximum half-power angu la r  f i e l d - o f -  

view.  Now, the  maximum angular  a b e r r a t i o n  spread f o r  a l l  E ta3  va lues  i s  

180 degrees  
n 0.0109 r a d i a n s  x 

and the  maximum angular  spread f o r  a l l  r ays  i s  then 

0.624 degree ,  

0.624 degree x 2 1.248 degrees  
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TABLE 3 - 5 .  ANGULAR FIELD-OF-VIEW CHARACTERISTICS FOR THE 80- AND 61-MM OD 
DOUBLE-SPHERE CASSEGRAINIAN TEIESCOPES 

S t a r t i n g  Po in t  

Yo = 0 ;  zo = 0 

Centroid 7 5% 
Eta3 AEta3 A ~ e t a 3  AEta3 

0 0.00208 0.00208 0.00142 

0 0.00208 0.00208 0.00142 

I S t a r t i n g  Po in t  

Yo = -2.815; Zo = 0 (80-UIUI OD) 

Yo = -2.141; Zo = 0 (61-UEII OD) 

Centroid 75% 
Eta3 AEta3 AZeta3 AEta3 

0.00977 0.00286 0.00222 0.00135 

0.00977 0.00287 0.00222 0.00135 

TOVS -BSU 
Cassegrainian 

Telescope 

I I W 

F 
0 

~ O - U I U I  OD 

61-IMII OD 

Note: A l l  values a r e  in d i r e c t i o n  cosine u n i t s ;  however, f o r  t hese  small  magnitudes, 
they may a l s o  be taken a s  r ad ian  u n i t s .  Yo and Zo values a r e  i n  millimeters (mm). 



T O W  DOUBLE SPHERE TELESCOPE, F/3.82, 286.709 MMFL--80 MM OD 8-111-72 

ETA 

\ 

\ 
\ 

99% RADIATION 
FIIILD-OF-VIEW E---[ 1. . \ RADIUS - 0.625 DEBCREK 

MRX MIN 
ZETA HRLF RXIS LENGTH 0.01200 ZETA = 0.0011 -0.0011 SURFRCE NO. 
ETR HRLF A X I S  LENGTH 0.01200 ETA = 0.0109 0.0081 3 

Figure 3-2. Angular Field-of-View 200-Ray Diagrams 
f o r  Ray S t a r t i n g  Po int s  a t  Edge and 
Center of F i e l d  Stop 
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Thus, the total field-of-view for all rays passing through the field stop, 
including the rays with the maximum optical aberrations, is within the 1.250 

degrees for which more than 99 percent of the radiant flux must arise. This 
ray-trace analysis, however, has ignored the image aberrations due to 

diffraction, which will cause a small percentage of the rays to pass through 

the field stop which arrive from outside a 1.250-degree field-of-view. This 

will occur mostly for the long wavelength channel 14. 

The foregoing image analysis shows that both the 80- and 61-mm OD double-sphere 

Cassegrainian telescopes can meet the angular field-of-view requirements for 

this radiometer, Furthermore, there is no need for better angular resolution 

within the field-stop area, since the only purpose of each radiometer channel 
is to measure the spectral radiant flux that passes through its field stop. 

3.5 The 80- and 61-mm OD Double-Sphere Telescope Specifications 

The dimensions and optical performance characteristics for the 80- and 61-mm 

OD double-sphere telescopes are given along with those for the I T P R  telescope 
in Table 3-6. 

3 . 6  Light Shield for a Casseprainian Telescope 

A tubular light shield is usually positioned between the primary and secondary 

mirrors of a Cassegrainian telescope, and supported by, or through, the hole 

in the primary mirror. This light shield prevents light bypassing the primary 

and secondary mirrors and falling directly on the prime focal plane of the 

telescope. Such a light shield is necessary when photography or  photometry 

is performed at the prime focus of the telescope. Without this shield, the 
telescope image is washed out or reduced in contrast by the background 

illumination. 

To make a light shield effective, the secondary mirror must generally be 
larger in diameter than i s  needed to produce the required field-of-view. 

This increase in size of the secondary mirror reduces optical efficiency 

and increases diffraction effects. 
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TABLE 3-6. TOVS-BSU AND ITPR DOUBLE-SPHERE TELESCOPE SPECIFICATIONS 

Primary Mir ror  Radius of Curvature  

Secondary Mir ror  Radius of Curvature  

Primary-Secondary Mir ror  Spacing 

Secondary Mir ror -Fie ld-Stop  Spacing 

Secondary Mir ror  OD 

Primary Mir ror  OD 

Primary Mir ror  Used Area OD 

Focal  Length 

F i e l d  S top  Diameter 

Half-Power Angular Field-of-View 

Numerical Aperture  (NA) a t  F i e l d  
S top ,  Neglec t ing  L igh t  Obscurat ion 

R e l a t i v e  Aper ture  a t  F i e l d  S top ,  
Neglec t ing  L i g h t  Obscura t ion  

T o t a l  Area of Acceptance,  Neg lec t ing  
Obscura t ion  

Area of Obscura t ioq  by Secondary 

Area of Obscura t ion  by t h e  Three 

T o t a l  Area of Obscura t ion  

T o t a l  Area of Acceptance,  I n c l u d i n g  
Losses of Spider  and Secondary 
Mir ror  

D i  ame t er ( D i  f f r ac  t ion  N e  g le  c t e d  ) 

Mirror  

Sp ide r s  

Percent  Obscura t ion  
~~~ ~~ ~ ~~~ 

>k For image a t  c e n t e r  of f i e ld -o f -v i ew 
*J( For image a t  edge of f i e ld -o f -v i ew 

TOVS 

1-mm OD 
~~ 

148.20 

78.70 

47.70 

74.86 

19.52 

61  .O 
58.452 

218.062 

4.282 

1.120 

0.131sk 
0.128** 

€13.84 

24.40 

2.99 

.54 

3.53 

20.87 

14.46 
_I-- 

TOVS 

80-mm OD 

194.50 

103.20 

62.60 

98.44 

25.60 

80 .O 
76.658 

286,709 

5.630 

1.120 

0.131* 
0.128** 
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Such t u b u l a r  l i g h t  s h i e l d s  a r e  not  necessary  f o r  t he  TOVS-BSU te l e scopes  

because pho tode tec t ion  i s  not  performed a t  t he  prime focus of t h e  t e l e s c o p e s ,  

which i s  the  l o c a t i o n  of t he  f i e l d  s t o p .  Detec tor  l enses  a r e  pos i t i oned  a f t e r  

each t e l e scope  f i e l d  s t o p  t o  image t h e  t e l e scope  secondary mi r ro r  d i r e c t l y  on 

t h e  d e t e c t o r  s e n s i t i v e  a r e a .  The o u t s i d e  d iameter  of t he  d e t e c t o r  i s  j u s t  

s l i g h t l y  sma l l e r  than t h e  diameter  of t he  image of t h e  secondary mirror. This  

means t h a t  a l l  those  r a y s  which bypass the  t e l e scope  primary and secondary 

mi r ro r s  and pass  d i r e c t l y  through t h e  f i e l d  s t o p  w i l l  be imaged o u t s i d e  of 

the o u t e r  diameter  of the  s e n s i t i v e  d e t e c t o r  a r e a .  

This  method of c o n t r o l l i n g  s t r a y  l i g h t  by "image c o n t r o l "  i s  g e n e r a l l y  more 

e f f e c t i v e  i n  a compound o p t i c a l  system such a s  used i n  t h i s  rad iometer  than  

a r e  b a f f l e s  and s h i e l d s .  Of c o u r s e ,  i n  a s i m p l e  o p t i c a l  s y s t e m  which has bu t  

a s i n g l e  image, b a f f l e s  a r e  u s u a l l y  a n e c e s s i t y  f o r  s t r a y  l i g h t  c o n t r o l .  

3.7 Dimple i n  Center of Telescope Secondary Mir ror  

A s p h e r i c a l  concave dimple i s  ground and pol i shed  i n t o  the  c e n t r a l  p o r t i o n  of 

a l l  t e l e scope  secondary m i r r o r s .  This dimple i s  a c c u r a t e l y  loca t ed  t o  cover 

t h a t  zone of i t s  own blockage of e n t e r i n g  r a y s .  

e x a c t l y  equal  t o  the  spac ing  between t h e  secondary mir ror  and t h e  f i e l d  s t o p ,  

t h a t  i s ,  

The r a d i i  of t hese  dimples i s  

Dimple Radius = 98.44 mm f o r  t he  80-mm OD t e l e s c o p e s ,  

Dimple Radius = 74.86 mm f o r  t h e  61-mm OD t e l e s c o p e s .  

The dimple reimages t h e  f i e l d  s t o p  on i t s e l f ,  and f o r  the d e t e c t o r  des ign  

w h i c h  is u s e d  t h e  d e t e c t o r  image is  r e tu rned  to  i t s e l f  by t h e  dimple m i r r o r .  

This  means t h e  d e t e c t o r  can r e c e i v e  chopped thermal r a d i a t i o n  from the  f i l t e r s  

and l enses  of t he  d e t e c t o r  o p t i c a l  system. The re fo re ,  i t  i s  necessary  t h a t  

t hese  elements  have only  a very  smal l  temperature  change between c a l i b r a t i o n  

cyc le s  . 

1.8 E r r o r  Analys is  f o r  t he  Double-Sphere Telescopes 

The purpose of t h i s  e r r o r  a n a l y s i s  i s  t o  ga in  an  unders tanding  of the manu- 

f a c t u r i n g  and assembly t o l e r a n c e s  which a r e  necessary  o r  d e s i r a b l e  for t h e  
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TOVS-BSU t e l e s c o p e s .  Only t h e  61-mm OD t e l e s c o p e  was r ay - t r aced  f o r  t h e  

e r r o r  a n a l y s i s  s i n c e  i t  i s  a d imens iona l ly  sma l l e r  system and, t hus ,  i t s  pe r -  

formance c h a r a c t e r i s t i c s  w i l l  be more a f f e c t e d  by a given mechanical t o l e r a n c e .  

F igu re  3-3 shows t h e  r a y - t r a c e  a x i s  system and two s t a r t i n g  r a y s ,  which were 

used r e p e a t e d l y  f o r  d i f f e r e n t  e r r o r  c o n d i t i o n s  w i t h i n  t h e  t e l e s c o p e .  

system d e f i n e s  t h i s  same t e l e s c o p e  a s  de f ined  by F igu re  3-1 and Table  3 - 4 ,  bu t  

i n  t h e  reverse d i r e c t i o n .  Table  3-7 d e f i n e s  t h e  dimensional  parameters  f o r  t h i s  

e r r o r  a n a l y s i s .  

This  a x i s  

The two r a y s  a r e  p a r a l l e l  and a r r i v e  from a h a l f - a n g u l a r  f ie ld-of -v iew of 

0.5625 degree and a r e  imaged near  t h e  edge of t he  f i e l d  s t o p .  These r a y s  

t r a v e l  comple te ly  i n  X-Y p lanes  of each a x i s  system f o r  each e r r o r  a n a l y s i s .  

The re fo re ,  t h e  two-ray image i s  a t  Z3 = 0 a t  a l l  times. 

Table 3-8  d e s c r i b e s  t h e  e r r o r  performance of t h e  61-mm OD t e l e s c o p e  f o r  f i f t e e n  

d i f f e r e n t  e r r o r  c o n d i t i o n s ,  bes ides  i t s  z e r o  e r r o r  c o n d i t i o n .  I n  o r d e r  t o  ga in  

an unders tanding  of how each type  of  e r r o r  can a f f e c t  t he  t e l e scope  focus  

( l o n g i t u d i n a l  e r r o r )  and i t s  l a t e r a l  image p o s i t i o n  ( l a t e r a l  e r r o r ) ,  on ly  one 

type and magnitude of e r r o r  i s  i n s e r t e d  i n t o  the  t e l e s c o p e s  dimensional  param- 

e te rs  a t  a time. Then a r a y - t r a c e  i s  made wi th  t h e  same two-input r a y s ,  With 

each r a y  t r a c e ,  t he  computor a u t o m a t i c a l l y  a d j u s t s  A3, t h e  spac ing  between t h e  

secondary m i r r o r  and t h e  f i e l d  s t o p  u n t i l  the  two r a y s  p r e c i s e l y  focus on t h e  

Y3-23 p lane ,  o r  j u s t  t h e  Y3-axis, s i n c e  Z3 

t he  focused A3 and Y3 va lues  f o r  t he  z e r o  e r r o r  and t h e  f i f t e e n  o t h e r  e r r o r  

c o n d i t i o n s .  

Parameter r e l a t i v e  t o  i t s  ze ro  e r r o r  magni tude.  

0 f o r  t h i s  s t u d y ,  Table 3-8 g ives  

The columns fo l lowing  both A3 and Y3 show t h e  change i n  t h a t  

The types  of e r r o r s  desc r ibed  i n  Table 3-8 are t h e  spac ing  between t h e  primary 

and secondary m i r r o r s ,  A2;  l a t e r a l  s h i f t s  of one s p h e r i c a l  m i r r o r  r e l a t i v e  t o  

t h e  next  s u r f a c e ,  B 1 ,  B 2 ,  and B3; and changes i n  s p h e r i c a l  m i r r o r  r a d i i ,  R 1  

and R 2 ,  

cover ing  two decades,  0.0025 mm, 0.0250 mm, and 0.250 m m ,  which a r e  roughly  

e q u i v a l e n t ,  r e s p e c t i v e l y ,  t o  0.0001 i n c h ,  0,0010 i n c h ,  and 0.0100 i n c h .  

Each type  of e r r o r  was r a y - t r a c e d  f o r  t h r e e  d i f f e r e n t  magnitudes,  
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Axis 
Sub- 
# c r i p t  
(n) 

1 

2 

3 

I 
Ip t i ca l  
?uric t ion  

h r f a c e  
of 

Primary 
e r r o r  

Secondarj 
!Error 

Field 
stop 

TABLE 3-7. DIMENSIONAL PARAMETERS FOR 61 MM OD TELESCOPE ERROR ANALYSIS 

I 
An 

100.000 

-47.700 

74.860 

c, :=> 
Surface 
Shape 

Sphere 

Sphere 

Plane 

Dn :=> 

L.0 

L.0 

En 

L. 0 

L.0 

R, 
(=> 

-148.20 

-78.70 

Nn ' - 
L.  0000 

L.0000 

L.0000 



TABLE 3-8. ERROR ANALYSIS FOR 61-MM TELESCOPE 

Des cr i p  t i on 

Zero Error 

A2 = -47.6975 

A2 = -47.6750 

A2 = -47.500 
B1 = 0.0025, B2 = -0.0025 

B1 = 0.0250, B2 = -0.0250 

B1 = 0.2500, B2 = -0.2500 
B2 = 0.0025, B3 = -0.0025 
B2 = 0.0250. B3 = -0.0250 
B2 = 0.2500, B3 = -0.2500 

R1 = -148.1975 
R1 = -148.1750 

R1 = -147.9500 
R2 - - 78.6975 
R2 = - 78 -6750 
R2 = - 78.4500 

A3 

72.696970 

72.717747 

72.905086 
74.813190 
72.697316 

72.700806 
72.728710 
72.696803 
72.695263 
72.676167 
72.686543 
72.592789 
7 1.663662 
72.701240 
72.739704 
73.127795 

g-0 
A3 

-0.020777 

-0.2081 16 
-2.116220 
-0.000346 

-0.003836 
-0.031740 
0.000167 
0.001707 
0.020803 
0.010427 
0.104181 

1.033308 
-0.004270 
-0.0427 34 
-0.43082 5 

y3 

-2.175992 
-2.176381 

-2.179887 
-2.215600 
-2.168949 

-2.105566 
-1.471478 
-2.180365 
-2.219723 
-2.613198 

-2.175763 
-2.173707 
-2.153328 
-2.176116 
-2.177236 
-2.188534 

0.000389 

0.003895 
0.039608 
-0.007043 

-0.070426 
-0.704514 
0.004373 
0.043731 
0.437206 

-0.000229 
-0.002285 

-0.022664 
0.000124 
0.001244 
0.012542 



Figure  3-4 i s  a p l o t  of a l l  the  e r r o r s  from Table 3-8.  I ts  log- log  p r e s e n t a t i o n  

of parameter e r r o r  magnitude ve r sus  A A ~  and AYs shows t h a t  a l l  of t he  e r r o r s  are  

n e a r l y  l i n e a r  over two decades.  

by3, may be e i t h e r  added t o ,  o r  s u b t r a c t e d  from, each  o t h e r ,  

Thus, d i f f e r e n t  types  of e r r o r  va lues ,  AA3 o r  

F igure  3-4 i s  now used t o  d e f i n e  the  t o l e r a n c e  t h a t  may be placed on each param- 

e t e r  e r r o r .  Two h o r i z o n t a l  l i n e s  a r e  drawn on F igure  3-4--one a t  a AY3 value  of 

0.0428 mm, which is  1 pe rcen t  of t h e  diameter  of t he  f i e l d  s t o p ,  and the  o t h e r  

a t  ,4A3  va lue  of 0.1712 mm, which r e p r e s e n t s  a b l u r  c i r c l e  due t o  defocus ing  of 

t he  f / 4  t e l e scope  image equal  t o  1 p e r c e n t  of t h e  f i e l d  s t o p  d iameter .  

Table 3-9 l i s t s ,  now, the  e r r o r  magnitude f o r  t h e  i n t e r s e c t i o n  of each of t h e  

two decade e r r o r  p l o t s  wi th  the  r e s p e c t i v e  l-percentL\A3 ( f o c a l  e r r o r ) ,  and 

1-percentAY3 ( l a t e r a l  e r r o r )  l i n e s  on F igure  3 - 4 .  

e r r o r s  i n  both mm and inches .  Some of t h e  e r r o r s  a r e  >0 .25-mi l l imeter  o r  

) o . O l ' V )  i nch .  This  means these  w i l l  have very  l i t t l e  e f f e c t  on f o c a l  o r  l a t e r a l  

image e r r o r s .  

i s  s u f f i c i e n t  t o  produce a l -pe rcen t  l a t e r a l  f i e l d  s t o p  e r r o r ,  and B2 i s  n e a r l y  

as s e n s i t i v e .  

Table 3-9 shows the  r e s u l t a n t  

On t h e  o t h e r  hand, a l a t e r a l  s h i f t  of B1 = 0.0151 mm o r  0.0006 i n ,  
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TABLE 3 -9 .  DIMENSIONAL TOLERANCES FOR ONE -PERCENT 
FIELD STOP ERROR FOR 61-11~n OD TELESCOPE 

~ ~ - -~ 

FOCAL ERROR LATERAL ERROR - 

DESCRIPTION MM INCHES MM INCHES 
F 

A2 0.020 0.0008 >0.250 >o .0100 

B1 >O .250 >o ,0100 0.0151 0.0006 

>O .250 >o .0100 0.025 0.0010 

0.040 .0016 >O .250 >o .0100 

0.100 .0040 >O .02 50 >o .0100 

B2 

R1 

R2 
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4 .O DETECTOR OPTICAL SYSTEM 

4 .1  

Each of t h e  TOVS-BSU double-sphere Casseg ra in i an  t e l e s c o p e s ,  whether i t  be an 

80- o r  61-mm OD t e l e scope ,  i s  followed by two s e p a r a t e  d e t e c t o r  channels ,  

o p t i c a l l y  s p l i t  by a d i c h r o i c  f i l t e r  b e a m s p l i t t e r ,  a s  i l l u s t r a t e d  i n  F igu re  

4-1. The b e a m s p l i t t e r  i s  mounted a t  45 degrees  t o  t h e  t e l e s c o p e  o p t i c a l  a x i s  

so  t h a t  t h e  a x i s  of t h e  r e f l e c t i v e  channel  i s  a t  90 degrees  t o  t h e  t r a n s -  

m i t t i v e  channel  which remains p a r a l l e l  t o  t h e  t e l e s c o p e  o p t i c a l  a x i s .  A l l  

f o u r t e e n  d e t e c t o r  channels ,  whether i n  t h e  r e f l e c t i v e  o r  t r ansmiss ive  l o c a t i o n  

have t h e  same f u n c t i o n a l  e lements  from t h e  d i c h r o i c  f i l t e r  t o  the  d e t e c t o r ,  

namely, two bandpass f i l t e r s  f o r  s p e c t r a l  bandpass s e l e c t i o n ,  a double t  l e n s  

f o r  imaging t h e  t e l e s c o p e  secondary m i r r o r  on t h e  d e t e c t o r  s u r f a c e ,  and a win- 

dow t o  s e a l  t h e  d e t e c t o r  and i t s  su r round ings ,  Both because of t h e  l a r g e  

s p e c t r a l  range covered by d i f f e r e n t  channels ,  and because two d i f f e r e n t - s i z e d  

t e l e s c o p e s  a r e  used,  two d i f f e r e n t  l e n s  m a t e r i a l s  a r e  u s e d  and t h r e e  d i f f e r e n t  

doub le t  l e n s  des igns  a r e  r e q u i r e d .  

O p t i c a l  Arrangement and Funct ion  of De tec to r  Opt ics  

4 .2  Design of De tec to r  Op t i c s  f o r  Each of t he  Four teen  Channels 

Doublet  l e n s e s  have been used i n  each of  t h e  f o u r t e e n  channels  because a 

s i n g l e t  l e n s  cannot  produce an image of  t h e  secondary m i r r o r  of  good-enough 

q u a l i t y  on t h e  d e t e c t o r .  The r a y - t r a c e  a x i s  systems which were used f o r  

des ign ing  and ana lyz ing  t h e  doub le t  l e n s  used i n  each of t h e  f o u r t e e n  channels  

i s  shown i n  F i g u r e  4-2.  F igu re  4-2 i s  an a c c u r a t e  computer p l o t  of s e l e c t e d  

r a y s  i n c l u d i n g  t h e  boundary r a y s  f o r  bo th  channel  1 1 ,  a r e f l e c t i v e  channe l ,  and 

channel  8 ,  a t r ansmiss ive  channe l .  Table  4-1 d e s c r i b e s  the  r a y - t r a c e  a x i s  s y s -  

tems t o  be u s e d  f o r  a l l  o t h e r  r e f l e c t i v e  channe l s ,  and Tables  4-2 through 4-8 
give  t h e  d imens iona l  parameters  used f o r  t h e  r a y  t r a c e s  of r e f l e c t i v e  channels  

1 ,  2, 3 ,  4 ,  11, 12, and 13,  r e s p e c t i v e l y .  
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TABLE 4-1 (SHEET 1 OF 3 ) .  DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS 
USED FOR ALL REFLECTIVE DETECTOR CHANNELS 

The ray-trace s t a r t i n g  po in t s  are loca ted  on the  te lescope  secondary 

mi r ro r ,  and r ays  are t r aced  success ive ly  t o  the  f i e l d  s top ,  d i c h r o i c  fil- 

ter beamsp l i t t e r ,  s p e c t r a l  bandpass f i l t e r s ,  d e t e c t o r  doublet  l e n s  and 

the  d e t e c t o r  s e n s i t i v e  area. 

Telescope Secondary Mirror--The apex of t he  secondary 

mir ror  su r face  i s  loca ted  a t  the  o r i g i n  of t he  (Xo, 
Y ,Z ) a x i s  system. However, t h e  secondary mir ror  is  

n o t  a c t i v e  i n  t h i s  r a y  trace. It  i s  used only as the  

s t a r t i n g  s u r f a c e  f o r  t h i s  ray trace, s i n c e  i t  is  imaged 

on the  d e t e c t o r .  

0 0  

Fie ld  Stop--The f i e l d  s top  l i es  i n  t h e  Y1-Z1 p lane,  and 

performs the  func t ion  of a p e r t u r e  s t o p  f o r  t he  d e t e c t o r  

o p t i c a l  system. Thus each family of r ays  s t a r t i n g  from 

a poin t  on the  t e l e scope  secondary mir ror  must i n t e r -  

s e c t  t h e  c i r c u l a r  area of t he  f i e l d  s t o p  i n  p r e c i s e l y  

t h e  same uniform area a r r a y  of po in t s .  

F i r s t  Surface of Dichroic  F i l t e r  Beamspli t ter--This  i s  

a r e f l e c t i n g  p lane  s u r f a c e  i n  t h e  Y2-Z2 p lane which is  

r o t a t e d  45’ about t h e  Z -axis from t h e  Y -Z p lane .  1 1 1  

Mathematical Axis System--This a x i s  sys tem f a c i l i t a t e s  

l o c a t i n g  the  (X Y Z ) a x i s  system. 4’ 4’ 4 

F i r s t  Surface of  F i r s t  F i l t e r - - T h i s  i s  a r e f r a c t i n g  

p lane  s u r f a c e  i n  t h e  Y - Z  p lane.  4 4  

Second Surface of F i r s t  F i l t e r - - T h i s  is  a r e f r a c t i n g  

p lane  s u r f a c e  i n  t h e  Y 5 - Z 5  p lane.  
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TABLE 4-1 (SHEET 2 OF 3)  DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS 
USED FOR ALL REFLECTIVE DETECTOR CHANNELS 

(x6,y6,z6) F i r s t  Su r face  of  Second F i l t e r - - T h i s  is a r e f r a c t i n g  

p l ane  s u r f a c e  i n  t h e  Y6-Z6 plane .  

(X7J7 ,Z7)  Second Sur face  of  Second F i l t e r - - T h i s  is a r e f r a c t i n g  

p l ane  s u r f a c e  i n  t h e  Y -Z  p lane .  7 7  

(‘8 ‘8 9 ‘8) F i r s t  Su r face  of  F i r s t  Lens--This is a r e f r a c t i n g  

s p h e r i c a l  s u r f a c e  w i t h  i t s  apex a t  t h e  o r i g i n  of  t h e  

(X8,Y8,Z8) axis system and i t s  c e n t e r  on t h e  p o s i t i v e  

x -axis. 8 

(X9 ,yg 9 z9> Second Sur face  of  F i r s t  Lens--This i s  a r e f r a c t i n g  

s p h e r i c a l  s u r f a c e  wi th  i t s  apex a t  t h e  o r i g i n  o f  t h e  

(X9,Y9,Z9) a x i s  system and i t s  c e n t e r  on t h e  p o s i t i v e  

X - a x i s .  9 

(X1o,Y1o,Z1o) F i r s t  Su r face  of  Second Lens--This is  a r e f r a c t i n g  

s p h e r i c a l  s u r f a c e  w i t h  i t s  apex a t  t h e  o r i g n  of t h e  

(X1o,Y1oyZ1o) a x i s  system and i ts  c e n t e r  on t h e  

p o s i t i v e  Xl0-axis. 

Z ) Second Sur face  of Second Lens--This i s  a r e f r a c t i n g  ( x l l ~ y l l ~  11 
s p h e r i c a l  s u r f a c e  wi th  i t s  apex a t  t h e  o r i g i n  of  t h e  

(Xll,Yll,Zll) a x i s  system and i t s  c e n t e r  on t h e  p o s i t i v e  

Xl1=axis. 

Z ) F i r s t  Su r face  of De tec to r  Window--This is  a r e f r a c t i n g  
(x12’y12’ 12 

p l ane  s u r f a c e  i n  t h e  Y 12 -Z12 p lane .  

Z ) Second Sur face  of De tec to r  Window--This i s  a r e f r a c t i n g  (x13’y13y 1 3  
p l ane  s u r f a c e  i n  t h e  Y -Z  p lane .  1 3  1 3  

FR 1110-104 4-5 



TABLE 4-1 (SHEET 3 OF 3 ) .  DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS 
USED FOR ALL REFLECTIVE DETECTOR CHANNELS 

Z ) Detector Surface--This i s  a plane surface  i n  the (x14’y14’ 14 
plane.  I t  is  used t o  measure ray l o c a t i o n s  ‘14”14 

a t  the detector  s e n s i t i v e  sur face .  

FR 1110-104 4-6 
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TABLE 4-2 (SHEET 1 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 1 (REFLECTIVE) 

O p t i c a l  
Funct ion  

of 
Surf  ace 

Fov s t o p  

Dichro ic  
Ref l e c -  
t ion 

M a t  hema t - 
i c a l  a i d  

F i r s t  
Sur .  
F i r s t  
F i l t e r  

Second 
Sur  
F i r s t  
F i l t e r  

F i r s t  
Sur.  
Second 
F i l c e r  

9.000 

9.000 

1.000 

0.250 

-45.0 

L35.0 

Sur face  
Shape 

Plane  

P lane  

P lane  

P lane  

P lane  

P lane  

1.0000 

1.0000 

1.0000 

4.0270 

1.0000 

1.6875 



A x i s  
Sub- 

S c r i p t  
(n 

7 

8 

9 

10 

11 

12 

TABLE 4-2 (SHEET 2 OF 3 ) .  DIMENTIONAL PARAMETERS FOR CHANNEL 1 (REFLECTIVE) 

3p t i c a l  
Function 

of 
Surf ace 

Second 
Sur .  
Second 
F i l t e r  

F i r s t  
Sur .  
First 
Lens 

Second 
S u r .  
F i r s t  
Lens 

F i r s t  
Sur .  
Second 
Lens 

Second 
S u r .  
Second 
Lens 

F i r s t  
Sur .  
Window 

An 
( m d  

1.000 

1.250 

1.550 

0.100 

1.550 

5.000 

S u r f a c e  
Shape 

P l a n e  

Sphere  

Sphere 

Sphere  

Sphere  

P l a n e  

Dn 
(m> 

1.0 

1.0 

1.0 

1.0 

En 
(m) 

1.0 

1.0 

1.0 

1.0 

Fn 
(=I 

1.0 

1.0 

1.0 

1.0 

%I 

(=I 

18.476 

30.570 

9.055 

9.843 

Nn 

1.0000 

4.0270 

1.0000 

4.0270 

1.0000 

4.0270 



Axis 
Sub- 

S c r i p t  
(n) 

13 

14  

TABLE 4-2 (SHEET 3 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 1 (REFLECTIVE) 

O p t i c a l  
Funct ion  

of 
Surf  ace 

Second 
Sur. 
Window 

De tec to r  
Surf ace 

0.380 

1.014 

Surf  ace 
Shape 

Plane  

P lane  

1.0000 

1.0000 



Axis 
Sub- 

i c r i p t  
(n ) 

-7 Surface  I 

Shape 

P l a n e  

P l a n e  

P lane  

P lane  

P l a n e  

P lane  

TABLE 4-3 (SHEET 1 OF 3). DIMENSIONAL PARAMETERS FOR CHANNEL 2 (REFLECTIVE) 

l p t i c a l  
Function 

of 
Surf ace 

FOV Stop  

Dichroic 
R e  flec- 
t ion 

!fat hema t - 
ical a i d  

First 
Sur. 
First 
Filter 

Second 
Sur. 
F i r s t  
F i  1 t er 

First 
Sur.  
Second 
F i l t e r  

I 

A, 
(4 

38.440 

9.000 

9.000 

1.000 

0.250 

,45 .O 

35.0 

Nn 

L.0000 

I. 0000 

1.0000 

4.0220 

1.0000 

1 .6637  



Axis 

Script 
Sub- 

(n) 

7 

8 

9 

10 

11 

TABLE 4-3  (SHEET 2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 2 (REFLECTIVE) 

Ipt i ca l  
'unction 

of 
surface 

Second 
Sur. 
Second 
Filter 

First 
sur. 
First 
,ens 

Second 
Sur. 
First 
Lens 

First 
Sur. 
Second 
Lens 

Second 
Sur. 
Second 
Lens 

An 
(=> 

1.000 

1.250 

1 .550  

0.100 

1.550 

Bn :=> 
Surface 

Shape 

Plane 

Sphere 

Sphere 

Sphere 

Sphere 

Dn 
(=I 

1.0 

1.0 

1.0 

1.0 

En 

1.0 

1.0 

1.0 

1.0 

Fn 
(=I 

1.0 

1.0 

1.0 

1.0 

% 
(4 

17.456 

23.685 

10.128 

11.567 

1.0000 

4.0220 

1.0000 

4.0220 

1.0000 



Axis 
Sub- 

S c r i p t  
(n) 

12 

13 

14 

TABLE 4-3 (SHEET 3 OF 3). DIMENSIONAL PARAMETERS FOR CHAN'NEL 2 (REFLECTIVE) 

3ptical 
Function 

of 
Surf ace 

First 
Sur. 
Hindow 

Second 
Sur. 
Hindow 

Detector 
Surf ace 

5.000 

0.380 

2.003 

Cn 

Plane 

Plane 

Plane 

Fn :=> 



Axis 

s c r i p t  
Sub- 

(n 1 

1 

2 

3 

4 

5 

6 

TABLE 4-4 (SHEET 1 OF 3). DIMENSIONAL PARAMETERS FOR CHANNEL 3 (REFLECTIVE) 

&t ica l  
'unction 

of 
Surf ace 

M3v s t o p  

Dichroic 
Reflec- 
t i o n  

%themat- 
Lcal a i d  

F i r s t  
Sur. 
F i r s t  
Filter 

Second 
S u r .  
F i r s t  
F i l t e r  

F i r s t  
Sur. 
Second 
F i l t e r  

43 
(=I 

14.860 

9.000 

9.000 

1.000 

0.250 

c, 
:=> 

n 
3eg)  

-45.0 

-35 .O 

Surf ace 
Shape 

Plane 

Plane 

Plane 

Plane 

Plane 

Plane 

Nn 

L . 0000 
L . 0000 

L.0000 

4.0032 

1.0000 

2.2023 



Axis 
Sub- 

S c r i p t  
(4 

7 

8 

9 

10 

11 

TABLE 4-4 (SHEET 2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 3 (REFLECTIVE) 

Optical 
F u n c t i o n  

of 
S u r f  ace 

kn 

Second 1.000 

Second 
F i l t e r  

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur .  
F i r s t  
Lens 

First 
Sur. 
Second 
Lens  

Second 
Sur. 
Second 
Lens 

1.250 

1.550 

0.100 

1.550 

S u r f a c e  
Shape 

P l a n e  

Sphere  

Sphere  

Sphere  

Sphere  

Dn 
(4 

1.0 

1.0 

1.0 

1.0 

En 
(a) 

1.0 

1.0 

1 . 0  

1.0 

Fn 
(m) 

1.0 

1.0 

1 .0  

1.0 

R, 
-- 

18.476 

30.570 

9.055 

9.843 

1.0000 

4.0032 

1.0000 

4.0032 

1.0000 



Axis 

k r i p t  
Sub- 

(n) 

12 

13 

14 

TABLE 4-4 (SHEET 3 OF 3 ) .  DIMENSIONAL PARAMETERS FOR C E L  3 (REFLECTIVE) 

lptical 
hmc t ion 

of 
iurf ace 

Tirst 
sur. 
Jindow 

second 
sur. 
Jindow 

ktector  
Surface 

-. 

%l 
(mm> 

5,000 

0.380 

1.078 

~- 

Surf ace 
Shape 

Plane 

Plane 

Plane 

Dn 
:=I 

En 
:mm> 

Nn 
(=> 

1.0032 

L. 0000 

L.0000 



Axis 
Sub- 

s c r i p t  
(n 1 

1 

2 

3 

4 

5 

6 

TABLE 4-5 (SHEET I OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 4 (REFLECTIVE) 

)p t ical  
Function 

of 
Surface 
1 

mv s t o p  

Dichroic 
Reflec- 
ti on 

Mathemat- 
ical  Aid 

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur. 
F i r s t  
F i l t e r  

F i r s t  
Sur. 
Second 
F i l t e r  

An 

74.860 

9 .ooo 

9.000 

1.000 

0.250 

~ 4 5 . 0  

.35 .o 

Surf ace 
Shape 

Plane 

P l a n e  

P lane  

Plane 

Plane 

Plane 

Fn :=> N n  
(=> 

1.0000 

1.0000 

1.0000 

4.0026 

1.0000 

2.1825 



Axis 
Sub- 

S c r i p t  
(n) 

7 

8 

9 

10 

11 

TABLE 4-5 (SHEET 2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 4 (REFLECTIVE) 

l p t i c a l  
Function 

of 
Surf ace 

Second 
Sur .  
Second 
Filter 

F i r s t  
Sub. 
F i r s t  
Lens 

Second  
Sur .  
F i r s t  
Lens 

F i r s t  
S u r .  
Second  
Lens 

Second 
Sur .  
Second  
Lens  

- 

A, 
(mm) 

1.000 

1.250 

1.550 

0.100 

1.550 

S u r f  ace 
Shape 

P l a n e  

Sphere  

Sphere  

Sphere  

Sphere  

Dn 
(-1 

1.0 

1.0 

1.0 

1.0 

E, 
(4 

1.0 

1.0 

1.0 

1.0 

Fn 
(mm) 

1.0 

1.0 

1.0 

1.0 

18.476 

30.570 

9.055 

9.843 

Nn 
(a) 

1.0000 

4.0024 

1.0000 

4.0026 

1.0000 



Axis 
Sub- 

S c r i p t  
(n) 

12 

13  

14 

TABLE 4-5 (SHEET 3 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 4 (REFLECTIVE) 

- 

O p t i c a l  
F u n c t i o n  

of 
S u r f  ace 

F i r s t  
Sur .  
Window 

Second 
Sur. 
Window 

Detector 
Surf ace 

5.000 

0.380 

1.079 

~ 

Surf ace 
Shape 

P l a n e  

P l a n e  

P l a n e  

- 

Nn 
(m) 

4.0260 

1.0000 

1.0000 



~ 

Axis 
Sub- 

Script 
(4 

TABLE 4-6 (SHEET 1 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 11 (REFLECTIVE) 

Optical 
Function 

of 
Surf ace 

Fov stop 

Dichroic 
Ref lec- 
t ion 

Mathemat- 
ical Aid 

F i r s t  
Sur. 
F i r s t  
Filter 

Second 
Sur. 
F i r s t  
Filter 

First 
Sur. 
Second 
Filter 

A 
<& 

38.440 

9.000 

9.00 

1.001 

0.251 

Bn C 
:& Bn 

:deg) 

-45.0 

135.0 

Surf ace 
Shape 

Plane 

Plane 

P lane  

Plane 

Plane 

Plane 

E N 
<&> 

1.0000 

1.0000 

1.0000 

4.0016 

1.0000 

2.3703 



Axis 

S c r i p t  
Sub- 

(n) 

7 

8 

9 

10 

11 

12 

TABLE 4-6 (SHEET 2 OF 3). DIMENSIONAL PARAMETERS FOR CHANNEL 11 (REFLECTIVE) 

~ ~~ 

O p t i c a l  
Funct ion  

of 
Surf  ace 

Second 
Sur. 
Second 
F i l t e r  

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur .  
F i r s t  
Lens 

F i r s t  
Sur .  
Second 
Lens 

Second 
Sur .  
Second 
Lens 

F i r s t  
Sur. 
Window 

1.750 

0.500 

1.550 

0.100 

1.550 

5.000 

S u r f a c e  
Shape 

P l a n e  

Sphere 

Sphere 

Sphere 

Sphere 

P l a n e  

Dn 
(=I 

1.0 

1.0 

1.0 

1.0 

En 
(mm> 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Rn 
(=I 

17.456 

23.685 

10.128 

11.567 

. 

I. 0000 

4.0016 

1.0000 

4.0016 

1.0000 

4.0016 



Axis 
Sub- 

s c r i p t  
(n) 

13 

1 4  

TABLE 4-6 (SHEET 3 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 11 (REFLECTIVE) 

O p t i c a l  
Funct ion  

of 
S u r f a c e  

Second 
Sur .  
Window 

Detect o r  
Surf ace 

4-l 
(=> 

0.380 

2.065 

Sur face  
Shape 

Plane  

P lane  

1.0000 

1.0000 



A x i s  
Sub- 

S c r i p t  
(n> 

1 

2 

3 

4 

5 

6 

TABLE 4-7 (SHEET 1 OF 3 ) .  DIMENSIONAL PARAMETERS EOR CHANNEL 12 (REFLECTIVE) 

O p t i c a l  
F u n c t i o n  
of 

Surf ace 

mv s t o p  

Dichroic 
Reflec- 
t ion 

Mathemat- 
ica l  Aid  

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur .  
F i r s t  
F i l t e r  

F i r s t  
Sur.  
Second 
Filter 

A, 
(=I 

98.440 

9 .ooo 

9.000 

1.000 

0.250 

Bn 

-45 .O 

135 .O 

Surf ace 
Shape 

P l a n e  

P l a n e  

P l a n e  

P l a n e  

P l a n e  

P l a n e  

Nn 
(d 

1.0000 

1.0000 

1.0000 

3.4140 

1.0000 

2.6470 



5 c 

w 

I Axis 
Sub- 

s c r i p t  
(d 

7 

8 

9 

10 

11 

TABLE 4-7 (SHEET 2 OF 3). DIMENSIONAL PARAMETERS FOR CHANNEL 1 2  (REFLECTIVE) 

Opt ica l  
Function 

of 
Surf ace 

Second 
Sur. 
Second 
F i l t e r  

F i r s t  
Sur. 
First 
Lens 

Second 
Sur. 
F i r s t  
Lens 

F i r s t  
Sur. 
Second 
Lens 

Second 
Sur. 
Second 
Lens 

1.750 

0.500 

1.550 

0.100 

1.550 

Surf ace 
Shape 

Plane 

Sphere 

Sphere 

Sphere 

Sphere 

Dn 

1.0 

1.0 

1 .0  

1.0 

En 

1.0 

1.0 

1.0 

1.0 

Fn 
(mm) 

1.0 

1.0 

1.0 

1.0 

15.677 

t1.325 

8.921 

10.500 

1.0000 

3.4140 

L.0000 

3.4140 

1.0000 



Axis 

S c r i p t  
Sub- 

(n> 

12 

13 

14 

TABLE 4-7 (SHEET 3 O F  3). DILWNSIONAL PARAMETERS FOR CHANNEL 1 2  (REFLECTIVE) 

-- 
O p t i c a l  
Function 

of 
Sur face  

F i r s t  
Sur. 
Window 

Second 
Sur. 
Window 

Detect o r  
Surface  

A, 
(=> 

5.000 

0.380 

2.097 

Surface  
Shape 

Plane 

Plane 

Plane 

Nn 
(=> 

3.4140 

1.0000 

1.0000 



Axis 
Sub- 
Icr ipt  
(n) 

1 

2 

3 

4 

5 

6 

7 

TABLE 4-8 (SKEET 1 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 13 (REFLECTIVE) 

I p t i c a l  
Function 

surf ace 
of 

FOV Stop 

Dichroic 
Ref lec- 
t ion 

Ma themat - 
ical  Aid 

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur. 
F i r s t  
F i l t e r  

F i r s t  
Sur. 
Second 
F i l t e r  

Second 
Sur. 
Second 
F i l t e r  

1 
A, 

38.440 

9.000 

9.000 

1.000 

0.250 

1.750 

cn Bn 
deg) 

45 .O 

35 .O 

Surf ace 
Shape 

Plane 

Plane 

P l a n e  

Plane 

P l a n e  

P l a n e  

P l a n e  

Nn 
( m d  

L.0000 

L.0000 

1.0000 

3.4124 

1.0000 

2.6360 

1.0000 



%I a 
+ 
I- + 

TABLE 4-8 (SHEET 2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 1 3  (REFLECTIVE) 

f 
h) 
Q\ 

Axis 

S c r i p t  
(n) 

Sub- 

8 

9 

10 

11 

12 

O p t i c a l  
Funct ion 

of 
Surf  ace 

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur. 
F i r s t  
Lens 

F i r s t  
Sur .  
Second 
Lens 

Second 
Sur .  
Second 
Lens 

F i r s t  
Sur. 
Window 

0.500 

1.550 

0.100 

1.550 

5.000 

Bn S u r f a c e  
Shape 

Sphere 

Sphere 

Sphere 

Sphere 

P l a n e  

"n 

1.0 

1.0 

1.0 

1.0 

En 
(-1 

1.0 

1.0 

1.0 

1.0 

Fn 
(-1 

1.0 

1.0 

L.0 

1.0 

% 
(mm) 

15.677 

21.325 

8.912 

10.500 

3.4124 

1.0000 

3.4124 

1.0000 

3.4124 



Axis 
Sub- 

S c r i p t  
(n> 

13 

14 

TABLE 4-8 (SHEET 3 OF 3). DIMENSIONAL PARAMETERS FOR CHANNEL 1 3  (REFLECTIVE) 

O p t i c a l  
Funct ion  

of 
S u r f a c e  

Second 
Sur.  
Window 

De tec to r  
S u r f a c e  

0.380 

2.103 

Surf ace 
Shape 

P lane  

P lane  

*n 
(=> 

1.0000 

1.0000 



Table 4-9 d e s c r i b e s  t h e  r a y - t r a c e  a x i s  system t o  be used wi th  a l l  t r ansmiss ive  

channels ,  and Tables  4-10 through 4-16 g ive  t h e  dimensional  parameters  used 

f o r  t h e  r a y - t r a c e  t r a n s m i s s i v e  channels  5 ,  6,  7 ,  8, 9 ,  10, and 14, r e s p e c t i v e l y .  

4 . 3  Design and Performance of  t h e  De tec to r  Doublet Lenses 

The f o u r t e e n  d e t e c t o r  channels  r e q u i r e  t h r e e  d i f f e r e n t  l e n s  des igns  f o r  t h e  

d e t e c t o r  doub le t .  Channels 1, 3, 4 ,  5, 6 ,  and 7 use  two germanium elements  

w i th  t h e i r  r a d i i  opt imized f o r  t h e  61-mm OD t e l e s c o p e .  Channels 2 ,  8, 9 ,  10 ,  

and 11 a l s o  use two germanium elements, bu t  w i t h  r a d i i  opt imized f o r  t h e  80-mm 
OD t e l e s c o p e ,  F i n a l l y ,  channels  12, 13, and 14 use  two s i l i c o n  elements  which 

a r e  opt imized f o r  t h e  80-mm OD t e l e s c o p e .  

Table  4-17 summarizes p e r t i n e n t  d e s i g n  f e a t u r e s  f o r  each of  t h e  f o u r t e e n  

d e t e c t o r  channels .  The l a s t  seven columns of  Table 4-17 l i s t  t h e  r e s u l t a n t  

image c h a r a c t e r i s t i c s  a t  t h e  d e t e c t o r  f o r  r a y - t r a c e s  us ing  200-ray f a m i l i e s  

from s t a r t i n g  p o i n t s  a t  t h e  t o p  and bottom edges of t h e  t e l e s c o p e  secondary 

m i r r o r .  

t i v e l y ,  i n  F i g u r e  4-2, s o  2, = 0. 

t h e  c i r c u l a r  f i e l d  s t o p  i n  t h e  same uniform a r e a  a r r a y .  Thus,  t he  f i e l d  s t o p  

i s  t h e  a p e r t u r e  s t o p  of  t h e  d e t e c t o r  o p t i c s .  The image of  t h e  s t a r t i n g  p o i n t  

f o r  each 200-ray f ami ly  from t h e  edge of t h e  t e l e s c o p e  secondary mi r ro r  i s  

focused on t h e  d e t e c t o r  s u r f a c e .  To produce each 200-ray image a t  t h e  

d e t e c t b r  s u r f a c e ,  t h e  computer a u t o m a t i c a l l y  modif ied t h e  d e t e c t o r  a x i a l  

l o c a t i o n :  

u n t i l  t he  200-ray image had a minimum l e a s t  squa re  spread  measured r a d i a l l y  

t o  t h e  s e n s i t i v e  d iameter  of t h e  d e t e c t o r ,  o r  a long  t h e  Y 
of t h e  d e t e c t o r  i n  t h e  r e f l e c t i v e  and t r ansmiss ive  channels ,  r e s p e c t i v e l y .  

These two s t a r t i n g  p o i n t s  a re  on t h e  -I-Yo-axis and -Y - a x i s ,  r e spec -  
0 

Each 200-ray fami ly  was r e q u i r e d  t o  f i l l  

A14 f o r  r e f l e c t i v e  channe l s ,  and A15 f o r  t r ansmiss ivQ channels  

o r  Y15 c o o r d i n a t o r  14 

The back f o c a l  d i s t a n c e  l i s t e d  i n  Table  4-17 i s  t o  t o t a l  focused d i s t a n c e  from 

t h e  l a s t  s u r f a c e  of t h e  doub le t  l e n s  t o  the  d e t e c t o r  s u r f a c e .  This  i nc ludes  

t h e  window i n  t h i s  d i s t a n c e .  The c e n t r o i d  Y va lue  i n  Table 4-17 i s  t h e  h a l f -  

power r a d i u s  of t h e  d e t e c t o r  which j u s t  matches the  t e l e scope  secondary m i r r o r  

image. Cent ro id  2 i s  z e r o  i n  a l l  c a s e s .  

FR-1110-104 4-28 



TABLE 4-9  (SHEET 1 OF 3 ) .  DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS 
USED FOR ALL TRANSMISSIVE DETECTOR CHANNELS 

The r a y  trace s t a r t i n g  p o i n t s  are l o c a t e d  on t h e  t e l e s c o p e  secondary m i r r o r ,  

and r a y s  are t r a c e d  s u c c e s s i v e l y  t o  t h e  f i e l d  s t o p ,  d i c h r o i c  f i l t e r  beam- 

s p l i t t e r ,  s p e c t r a l  bandpass f i l t e r s ,  d e t e c t o r  doub le t  l e n s  and t h e  d e t e c t o r  

s e n s i t i v e  area. 

Telescope Secondary Mirror--The apex of t h e  secondary 

0, 
m i r r o r  s u r f a c e  i s  l o c a t e d  a t  t h e  o r i g i n  of  t h e  (Xo,Y 
Z ) a x i s  system. However, t h e  secondary m i r r o r  is n o t  

active i n  t h i s  ray  trace. I t  is  used only as t h e  

s t a r t i n g  s u r f a c e  f o r  t h i s  r a y  trace, s i n c e  i t  i s  imaged 

on t h e  d e t e c t o r .  

0 

F i e l d  Stop--The f i e l d  s t o p  l ies  i n  t h e  Y - Z  plane ,  and 

performs t h e  f u n c t i o n  o f  a p e r t u r e  s t o p  f o r  t h e  d e t e c t o r  

o p t i c a l  s y s t e m .  Thus each fami ly  of  r a y s  s t a r t i n g  from 

a p o i n t  on t h e  t e l e s c o p e  secondary m i r r o r  must i n t e r -  

s e c t  t h e  c i r c u l a r  area of t h e  f i e l d  s t o p  i n  p r e c i s e l y  

t h e  same uniform area array of p o i n t s .  

1 1  

F i r s t  Su r face  o f  D ich ro ic  F i l t e r  B e a m s p l i t t e r - - T h i s  i s  

a r e f r a c t i n g  p l a n e  s u r f a c e  i n  t h e  Y 2 - Z 2  p lane  which is 

r o t a t e d  4 5  0 about  t h e  Z -axis from t h e  Y1-Z1 p lane .  1 

Second Sur face  of Dichro ic  F i l t e r  Beamsp l i t t e r - -Th i s  is 

a r e f r a c t i n g  p l ane  s u r f a c e  i n  t h e  Y - Z  plane .  3 3  

Mathematical  Axis System--This a x i s  system f a c i l i t a t e s  i n  

l o c a t i n g  t h e  (X Y Z ) Axis System. 5' 5' 5 

F i r s t  Su r face  of F i r s t  F i l t e r - - T h i s  i s  a r e f r a c t i n g  

p l ane  s u r f a c e  i n  t h e  Y - Z  p lane .  5 5  

FR 1110-104 4-29  



TABLE 4-9 (SHEET 2 OF 3 ) .  DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS 
USED FOR ALL TRANSMISSIVE DETECTOR C-LS 

(‘6 ’‘6 9 ‘6) Second Sur face  of  F i r s t  F i l t e r - - T h i s  i s  a r e f r a c t i n g  

p l a n e  s u r f a c e  i n  t h e  Y - Z  p lane .  6 6  

(X7,Y7’Z7) F i r s t  Su r face  of  Second F i l t e r - - T h i s  i s  a r e f r a c t i n g  

p l ane  s u r f a c e  i n  t h e  Y -Z plane.  7 7  

(x8 ’‘8 P z8) Second Sur face  of  Second F i l t e r - - T h i s  i s  a r e f r a c t i n g  

p l ane  s u r f a c e  i n  t h e  Y - Z  p l ane .  8 8  

(Xg ’Yg 9 Zg) F i r s t  Su r face  of  F i r s t  Lens--This i s  a r e f r a c t i n g  spher -  

i ca l  s u r f a c e  wi th  i t s  apex a t  t h e  o r i g i n  of t h e  (X ,Y 

Z ) a x i s  system and i t s  center on t h e  p o s i t i v e  X - ax i s .  
9 9’ 

9 9 

Z ) Second Sur face  of F i r s t  Lens--This i s  a r e f r a c t i n g  sphe r -  

i c a l  Sur face  wi th  i t s  apex a t  t h e  o r i g i n  of  t h e  (Xlo,Ylo9 

Z ) a x i s  system and i t s  c e n t e r  on t h e  p o s i t i v e  Xlo-axis. 

(xlo’ylo’  10  

10  

Z ) F i r s t  Su r face  of  Second Lens--This is  a r e f r a c t i n g  spher -  

i c a l  s u r f a c e  wi th  i t s  apex a t  t h e  o r i g i n  of  t h e  (X 

Z ) a x i s  system and i t s  c e n t e r  on t h e  p o s i t i v e  X - a x i s .  

( x l l ’ y l l ’  11 

ll’yll’ 

11 11 

(X12,Y12,Z12) Second Sur face  of  Second Lens--This i s  a r e f r a c t i n g  

s p h e r i c a l  s u r f a c e  wi th  i t s  apex a t  t h e  o r i g i n  of  t h e  

(X12 ,Y12, Z12) a x i s  s y s  tern. and i t s  c e n t e r  on t h e  p o s i t i v e  

X12 - a x i s .  

Z ) F i r s t  Su r face  of De tec to r  Window--This i s  a r e f r a c t i n g  
(x13’y13’ 13 

p lane  s u r f a c e  i n  t h e  Y13-Z13 p l ane .  

FR 1110-104 4-30 



TABLE 4-9 (SHEET 3 OF 3 ) .  DESCRIPTION OF THE RAY-TRACE AXIS SYSTEMS 
USED FOR ALL TRANSMISSIVE DETECTOR CHANNELS 

Z ) Second Surface  of  Detec tor  Window--This is a r e f r a c t i n g  (x14’y14’ 14  
p lane  s u r f a c e  i n  t h e  Y 14-Z14 plane.  

Detec tor  Surface--This  i s  a p lane  s u r f a c e  i n  t h e  Y 

plane.  It is used t o  measure ray  l o c a t i o n s  

a t  t h e  d e t e c t o r  sensi t ive s u r f a c e .  

15-’15 Z ) (x15’y15’ 15 

FR 1110-104 4-31 



Axis 

S c r i p t  
Sub- 

(d 

1 

2 

3 

4 

5 

6 

7 

TABLE 4-10 (SHEET 1 O F  3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 5 (TRANSMISSIVE) 

O p t i c a l  
Function 

of 
Surf ace 

Fov s t o p  

F i r s t  
Sur.  
Dichro ic  

Second 
Sur. 
Dichro ic  

Mathemat. 
i ca l  Aid 

F i r s t  
Sur.  
F i r s t  
F i l t e r  

Second 
Sur.  
F i r s t  
F i l t e r  

F i r s t  
Sur. 
Second 
F i l t e r  

74.860 

9.000 

1.000 

-1.000 

10.000 

1.000 

0.250 

Bn 
(mm> 

-0.58 

Surf ace 
Shape 

Plane  

P lane  

P lane  

P lane  

P lane  

P lane  

P lane  

R, Nn 
(4 

1.0000 

4.0018 

1.0000 

1.0000 

4.0018 

1.0000 

2.3832 



Axis 

S c r i p t  
Sub- 

(n> 

8 

9 

10 

11 

12 

TABLE 4-10 (SHEET 2 O F  3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 5 (TRANSMISSIVE) 

O p t i c a l  
Func t i o r  

of 
Surf  ace 

Second 
Sur.  
Second 
F i l t e r  

F i r s t  
Sur .  
F i r s t  
Lens 

Second 
Sur .  
F i r s t  
Lens 

F i r s t  
Sur.  
Second 
Lens 

Second 
Sur. 
Second 
Lens 

An 
(m> 

1.750 

0.500 

1.550 

0.100 

1.550 

Surf  ace 
Shape 

P lane  

Sphere 

Sphere 

Sphere 

Sphere 

Dn 
(mm> - 

1 .0  

1 .0  

1.0 

L.0 

En 
(m> 

1.0  

1.0 

1.0 

1.0 

Fn 
(a> - - 

1.0 

1.0 

-. 0 

. .o 

R, 
(m) 

18.476 

30.570 

9.055 

9.843 

Nn 
(mm> 

1.0000 

4.0018 

1.0000 

$. 0018 

- .oooo 



Axis 
Sub- 

S c r i p t  
(n> 

t- 
W c 

13  

14 

15 

TABLE 4-10 (SHEET 3 O F  3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 5 (TRANSMISSIVE) 

3 p t i c a l  
Function 

Surf ace 
of 

F i r s t  
Sur. 
Jindow 

S econd 
Sur. 
Jindow 

l e t e c t o r  
h r f  ace 

An 
(=> 

5.000 

0.380 

1.083 

c, :=> 
Surf ace 

Shape 

P lane  

P 1 ane 

P lane  

Dn 
(=> 

Nn 
(mm> 

4.0018 

1.0000 

1.0000 



Axis 

S c r i p t  
Sub- 

(n 

1 

2 

3 

4 

5 

6 

TABLE 4-11 (SHEET 1 O F  3 ) .  DIMENSIONAL PARAIQTERS FOR CHANNEL 6 (TRANSMISSIVE) 

O p t i c a l  
Funct ion 

of 
Surface 

FOV Stop 

F i r s t  
Sur.  
Dichro ic  

Second 
Sur.  
Dichro ic  

Ha  thema t - 
i ca l  Aid 

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur. 
First 
Fi l ter  

74.860 

9.000 

1.000 

-1.000 

!O. 000 

1.000 

Bn 
(m) 

-0.58 

.45.0 

45 .0  

Surf ace 
Shape 

Plane 

P lane  

P lane  

P lane  

P lane  

P lane  

Nn 
(m> 

1.0000 

4.0018 

1.0000 

1.0000 

4.0018 

1.0000 



~ 

Axis 

S c r i p t  
Sub- 

(n) 

7 

8 

9 

1 0  

11 

TABLE 4-11 (SHEET 2 O F  3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 6 (TRANSMISSIVE) 

O p t i c a l  
Funct ion 

of 
Surface  

F i r s t  
Sur.  
Second 
F i l t e r  

Second 
Sur.  
Second 
F i l t e r  

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur.  
F i r s t  
Lens 

F i r s t  
Sur. 
Second 
Lens 

An 
(mm) 

0.250 

1.750 

0.500 

1.550 

0.100 

Surf ace 
Shape 

Plane 

P lane  

Sphere 

Sphere 

Sphere 

Dn 
(mm) 

1 . 0  

1.0 

1.0 

En 
(mm> 

1.0 

1.0  

1 . 0  

Fn 
(mm> 

1 . 0  

1.0 

1 . 0  

Rn 

18.476 

30.570 

9.055 

2.3815 

1.0000 

4.0018 

1.0000 

4.0018 



~- 

Axis 

S c r i p t  
Sub- 

(n> 

12  

13 

14 

15 

TABLE 4-11 (SHEET 3 OF 3 ) .  DMENSIONAL PARAMETERS FOR CHANNEL 6 (TRANSMISSIVE) 

Op t i ca l  
Function 

of 
Surf ace 

Second 
Sur.  
Second 
Lens 

F i r s t  
Sur. 
Window 

Second 
Sur. 
Window 

Detect or  
Sur face  

An 

1.550 

5.000 

0.380 

1.083 

~ 

Surface 
Shape 

Sphere 

P lane  

Plane 

Plane 

Dn 
(mm) 

1.0 9.843 

N, 
(mm> 

1.0000 

4.0018 

1.0000 

1.0000 



Axis 

S c r i p t  
Sub- 

(n 1 

1 

2 

3 

4 

5 

6 

TABLE 4-12 (SHEET 1 OF 3). DIMENSIONAL PARAMETERS FOR C W L  7 (msMIssma 

~~ 

O p t i c a l  
Funct ion 

of 
Surf  ace 

FOV Stop 

F i r s t  
Sur. 
Dichro ic  

Second 
Sur.  
Dichro ic  

?-la t hemat - 
i c a l  Aid 

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur.  
F i r s t  
F i l t e r  

A, 
(-1 

74.860 

9.000 

1 .ooo 

-1.000 

10.000 

1 - 000 

Bn 
(-> 

-0.5f 

Sur face  
Shape 

Plane  

P lane  

P lane  

P lane  

P lane  

P lane  

1.0000 

4.0017 

1 .oooo 

1.0000 

4.0017 

1.0000 



r w 
F 
c.’ 
F 

I 
F 

0 

0 c 

c 
I 
w 
W 

Axis 
Sub- 

S c r i p t  
(n 1 

7 

8 

9 

10 

11 

TABLE 4-12 (SHEET 2 O F  3 ) .  DIMENSIONAL PARAMETERS FOR CIIANNEL 7 (TRANsMIsslvE) 

O p t i c a l  
Funct ion  

of 
S u r f a c e  

~~ 

F i r s t  
Sur .  
Second 
F i l t e r  

Second 
Sur .  
Second 
F i l t e r  

F i r s t  
Sur.  
F i r s t  
Lens 

Second 
Sur .  
F i r s t  
Lens 

F i r s t  
Sur .  
Second 
Lens 

A, 
(mm> 

0.250 

1.750 

0.500 

1.550 

0.100 

S u r f a c e  
Shape 

P l a n e  

P l a n e  

Sphere 

Sphere 

Sphere 

Dn 
(a> 

1.0 

1.0 

1.0 

En 
(4 

1.0 

1.0 

L.0 

- 

Fn 
(4 

1.0 

1.0 

1.0 

R l l  
(mm> 

18.476 

30.570 

9.055 

Nn 
(=) 

2.3780 

1.0000 

4.0017 

1.0000 

4.0017 



TABLE 4-12 (SHEET 2 OF 3 ) .  DDENSIONAL PARAMETERS FOR C m L  7 (TRANSMISSIVE) 

Funct ion  
S c r i p t  

(n 1 

12 

13 

1 4  

15 

o f  
S u r f  ace 

Second 
Sur .  
Second 
Lens 

F i r s t  
Sur .  
Window 

Second 
Sur .  
Window 

D e t e c t o r  
S u r f a c e  

k, 
(m> 

1.550 

5.000 

0.380 

1.083 

S u r f a c e  
Shape 

Sphere 

P l a n e  

P l a n e  

P l a n e  

Dn 
(mm> 

1.0 

En (d 

1 . 0  

R, 
(m> 

9.843 

Nn 
(mm) 

1.0000 

4.0017 

1.0000 

1.0000 



Axis 

Scrip! 
Sub- 

(n 1 

1 

2 

3 

4 

5 

6 

7 

TABLE 4-13 (SHEET 1 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 8 (TRANSMISSIVE) 

7 
O p t i c a l  
Funct io  

of 
Surface  

FOV Sto]  

F i r s t  
Sur.  
Dichroic 

Second 
Sur. 
Dichroic 

Mathemat 
i ca l  A i d  

F i r s t  
Sur .  
F i r s t  
F i l t e r  

Second 
Sur.  
F i r s t  
F i l t e r  

F i r s t  
Sur.  
Second 
F i l t e r  

A, 
(mm) 

98.440 

9.000 

1.000 

-1.000 

10.000 

1.000 

0.250 

Bn 
(=> 

-.58 

Surf  acc 
Shape 

Plane  

P lane  

P lane  

P lane  

P lane  

P lane  

P lane  

4.001; 

l . O O O (  

1. oooc 

4.0017 

1. oooc 

2.3756 



Axis 

S c r i p t  
Sub- 

(n 1 

8 

9 

10 

11 

1 2  

TABLE 4-13 (SHEET 2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 8 (TRANSMISS-) 

O p t i c a l  
Funct ion 

of 
Sur face  

Second 
Sur.  
Second 
F i l t e r  

F i r s t  
Sur .  
F i r s t  
L e n s  

Second 
Sur .  
F i r s t  
Lens 

F i r s t  
Sur .  
Second 
Lens 

Second 
Sur.  
Second 
Lens 

1.750 

0.500 

1.550 

0.100 

1.550 

Surface  
Shape 

Plane 

Sphere 

Sphere 

Sphere 

Sphere 

D* 
(mm> 

1.0 

1.0 

1.0 

1 .o 

En 
(W 

1.0 

1 .0  

1.0 

1 .o 

Fri 
(mm> 

1 .o 

1.0 

1.0 

1.0 

17.456 

23.685 

10.128 

11.567 

Nn 
(=> 

1.0000 

4.0017 

1.0000 

4.0017 

1.0000 



Axis 
Sub- 

S c r i p t  
(n 1 

13 

14 

15 

TABLE 4-13 (SEIEET 3 O F  3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 8 (TRANSMISSIVE) 

O p t i c a l  
Funct ion 

of 
Sur face 

___ 

F i r s t  
Sur. 
Window 

Second 
Sur. 
Window 

Detec tor  
Surf  ace 

A, 
(=> 

5.000 

0.380 

2.063 

~ 

Surface  
Shape 

Plane  

P lane  

P lane  

Nn 
(m1 

4.0017 

1.0000 

1.0000 



Axis 
Sub- 

S c r i p t  
(n 1 

1 

2 

3 

4 

5 

6 

TABLE 4-14 (SHEET 1 O F  3 ) .  DIMENSIONAL PARAMETERS FOR cHAlWJ3L 9  TRANSMI MISSIVE) 

O p t i c a l  
Function 

of 
Surface  

FOV Stop 

F i r s t  
Sur. 
Dichroic  

Second 
Sur. 
Dichro ic  

Ma t hema t . 
i ca l  Aid 

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur. 
F i r s t  
Filter 

98.440 

9.000 

1.000 

-1.000 

10.000 

1.000 

-45.0 

45.0 

Surface  
Shape 

Plane 

Plane 

Plane 

Plane 

Plane 

Plane 

Dn Fn N n  
(mm> 

1.0000 

4.0017 

1.0000 

1.0000 

4.0017 

1.0000 



%I w 
I- 
I- 
I- 
0 
I 
F 
0 c 

c 
I c cn 

Axis 

S c r i p t  
Sub- 

(n 1 

7 

8 

9 

1 0  

11 

TABLE 4-14 (SHEEII 

O p t i c a l  
Function 

of 
Surf  ace 

F i r s t  
Sur.  
Second 
F i l t e r  

Second 
Sur.  
Second 
F i l t e r  

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur.  
F i r s t  
Lens 

F i r s t  
Sur.  
Second 
Lens 

An 
(mm) 

0.25C 

1.750 

0.500 

1.550 

0.100 

2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 9 (TRANSMISSIVE) 

Surface 
Shape 

Plane  

Plane 

Sphere 

Sphere 

Sphere 

Dn 
(m) 

1 . 0  

1 . 0  

1.0 

En 
(mm) 

1 . 0  

1 . 0  

1.0 

Fn 
(mm) 

1 . 0  

1 . 0  

1.0 

17.456 

23.685 

10.128 

Nn 
(mm> 

2.3741 

1.0000 

4.0017 

1.0000 

4.0017 



Axis 
Sub- 

S c r i p t  
(n 1 

12 

13 

1 4  

15  

O p t i c a l  
Function 

of 
Surface  

Second 
Sur. 
Second 
Lens 

F i r s t  
Sur.  
Window 

Second 
Sur. 
Window 

TABLE 4-14 (SHEET 3 OF 3) .  DIMENSIONAL PARAMETERS FOR CHANNEL 9 ( ~ S ~ S s I ~ )  

% 
(mm) 

1.550 

5.000 

0.380 

Detec tor  
Surf ace 

2.063 

Surface  
Shape 

Sphere 

Plane 

P lane  

Plane 

Dn 

1 . 0  

En 
(4 
= 

1.0 

Fn 
(a) 

1.0 11.567 

Nn 
(mm) 

1.0000 

4.0017 

1.0000 

1.0000 



~ 

Axis 

S c r i p t  
Sub- 

(n> 

1 

2 

3 

4 

5 

6 

TABLE 4-15 (SHEET 1 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 10 (TRANSmSSIVE) 

Opt i ca l  
Function 

of 
Surf ace 

FOV Stop 

F i r s t  
Sur. 
Dichroic  

Second 
Sur.  
Dichroic  

Mathemat- 
i c a l  Aid 

F i r s t  
Sur.  
F i r s t  
F i l t e r  

Second 
Sur. 
F i r s t  
F i l t e r  

98.440 

9.000 

1.000 

-1.000 

10.000 

1.000 

B, 
(m> 

-0.58 

Surf ace 
Shape 

Plane  

Plane 

P lane  

Plane 

Plane 

Plane 

NIl 
(mm> 

1.0000 

4.0016 

1.0000 

1.0000 

4.0016 

1.0000 



Axis 
Sub- 

S c r i p t  
(n 

7 

a 

9 

10 

11 

TABLE 4-15 (SHEET 2 OF 3) .  DIMENSIONAL PARAMETERS FUR CHANNEL 10 ( ~ S ~ S S ~ )  

O p t i c a l  
Funct ion 

o f  
Surface  

F i r s t  
Sur.  
Second 
F i l t e r  

Second 
Sur. 
Second 
F i l t e r  

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur. 
F i r s t  
Lens 

F i r s t  
Sur.  
Second 
Lens 

0.250 

1.750 

0.500 

1.550 

0.100 

Cn Surface  
Shape 

Plane  

P lane  

Sphere 

Sphere 

Sphere 

Dn 
(mm) 

1 . 0  

1 . 0  

1.0 

En 
(mm) 

1 . 0  

1 . 0  

1 . 0  

Fn 
(mm) 

1 . 0  

1 . 0  

1 . 0  

17.456 

23.685 

10.128 

2.3716 

1.0000 

4.0016 

1.0000 

4.0016 



Axis 

S c r i p t  
Sub- 

(n> 

12 

13  

1 4  

15  

TABLE 4-15 (SHEET 3 OF 3). DIMENSIONAL PARAMETERS FOR CHANNEL 1 0  (TRANSMISSIVE) 

Opt ica l  
Function 

of 
Surface  

Second 
Sur. 
Second 
Lens 

F i r s t  
Sur. 
Window 

Second 
Sur. 
EJindow 

l e t e c t o r  
Surface 

1.550 

5.000 

0.380 

2.064 

Surface 
Shape 

Sphere 

Plane 

P lane  

P lane  

Dn 
( m d  

1 .0  

E, 
(4 

1 . 0  

Fn 
(mm) 

1 .0  11.567 

Nn 
(mm) 

1.0000 

4.0016 

1.0000 

1.0000 



Axis 
Sub- 

S c r i p t  
(n 1 

1 

2 

3 

4 

5 

6 

TABLE 4-16 (SHEET 1 OF 3) .  DIMENSIONAL PARAMETERS FOR CHANNEL 1 4  (TRANSMISSIVE) 

O p t i c a l  
Funct ion 

of 
Surf  ace 

FOV Stop 

F i r s t  
Sur. 
D i c h r  o i c 

Second 
Sur.  
Dichro ic  

Mat hema t - 
i c a l  Aid 

F i r s t  
Sur. 
F i r s t  
F i l t e r  

Second 
Sur. 
F i r s t  
F i l t e r  

98.440 

9.000 

1 .000  

-1.000 

10.000 

1 .000  

Sur face  
Shape 

Plane 

P lane  

P lane  

P lane  

P lane  

P lane  

NIl 
(mm) 

1.0000 

3.4100 

1.0000 

1.0000 

3.4100 

1.0000 



Axis 

S c r i p t  
Sub- 

(n ) 

7 

8 

9 

1 0  

11 

TABLE 4-16 (SHEET 2 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 1 4  (TRANsMIsSm) 

i 
O p t i c a l  
Funct ion  

of 
Surf  ace 

F i r s t  
Sur.  
Second 
F i l t e r  

Second 
Sur. 
Second 
F i l t e r  

F i r s t  
Sur. 
F i r s t  
Lens 

Second 
Sur.  
F i r s t  
Lens 

F i r s t  
Sur. 
Second 
Lens 

p'n 
(=> 

0.250 

1 .000  

1.250 

1.550 

0.100 

Sur face  
Shape 

Plane  

P lane  

Sphere 

Sphere 

Sphere 

Dn 
(m> 

1.0 

1 .0  

1 .0  

En 
(m> 

1.0  

1 . 0  

1 .0  

Fn 
(m> 

1.0 

1 . 0  

1 . 0  

R, 
(=> 

15.677 

21.325 

8.912 

Nn 
(=> 

3.4100 

1.0000 

3.4100 

1.0000 

3.4100 



Axis 

S c r i p t  
Sub- 

(n 1 

12 

13 

14 

15  

TABLE 4-16 (SHEET 3 OF 3 ) .  DIMENSIONAL PARAMETERS FOR CHANNEL 1 4  (TRANSMISSIVE) 

O p t i c a l  
Funct ion 

of  
Surface  

Second 
Sur. 
Second 
Lens 

F i r s t  
Sur.  
Window 

Second 
Sur. 
Window 

Detec tor  
Surface 

II ,  
(mm> 

1 .550 

5.000 

0.380 

2 . l o9  

Surface  
Shape 

Sphere 

Plane 

P lane  

Plane 

Dn 
(mm) 

1 .0  

E, 
(-1 

1.0 

*n 
(mm1 

1 . 0  10.500 

Nn 
(mm> 

1.0000 

3.4100 

1.0000 

1.0000 



TABLE 4-17. SUMMARY O F  THE D E S I G N  AND PERFORMANCE OF THE SIXTEEN 
DETECTOR CHANNELS 

- 

3 i a n x  
SO. - 

1 

7 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

I4 

- 

A 
&'I - 

3.71 

5.26 

9.71 

1.13 

3.35 

3.61 

1.00 

5.30 

i. 50 

i .84 

i.96 

3 . 8 0  

3.13 

3.40 

relescope 
I i ane te r  

(m) 

61  

80 

61 

61 

61 

61 

61 

80 

80 

80 

80 

80 

80 

80 

Rl 
i...) - 

18.476 

1 7  .$56 

18.476 

18.476 

18.476 

18.476 

18.476 

17.456 

17.456 

17.456 

17.456 

15.677 

15.677 

15.677 

Lens Rad i i ,  m 

(m) 

30.570 

23.685 

30.570 

30.570 

30.570 

30.570 

30.570 

23.685 

23.685 

23.685 

23.685 

21.325 

21.325 

21.325 

R3 
(m) - 

9.055 

0.128 

9.055 

9.055 

9.055 

9.055 

9.055 

0.128 

0.128 

0.128 

0.128 

8.912 

8.912 

8.912 

RI, 
im) 

9.8<3 

11.567 

9.843 

9.843 

9.843 

9.843 

9.843 

11.567 

11.567 

11.567 

11.567 

10.500 

10.500 

10.500 

;eamspl i t t e r  
Thickness/ 
Pia t e r  i a  1 

Indes- 
Refract ion 

1.00 mn 
GE 

4.0018 

1.00 mn 
GE 

4.0018 

1.00 arm 
GE 

4.0017 

1.00 w 
GE 

4.0017 

1.00 w 
GE 

4.0017 

1.00 mn 
GE 

4.0016 

1.00 rran 
S i  

3.6100 

F i l t e r  ;:I 
I5icknes.l 
'la t e r  i a 1 
Indeu- 

P r i r ac i iun  

1.00 nm 
GE 

4.0270 

1.00 m 
GE 

4.0220 

1.00 mn 
GE 

4.0032 

1.00 w 
GE 

4.0026 

1.00 mn 
GE 

4,0018 

1.00 m 
GE 

4.0018 

1.00 mn 
GE 

4,0017 

1.00 mn 
G E  

4.0017 

1.00 rrm 
GE 

4.0017 

1.00 mn 
GE 

4.0016 

1.00 nun 
GE 

4.0016 

1.00 m 
Si  

3.4140 

1.00 mn 
S i  

3.4124 

1.00 mn 
Si 

3.4100 

.-ilicr -:2 
rh i r  kneaa 
la t e r i a  1 
Indes- 

<e f r ac  t ion 

1.00 m 
Sapphire 
1.6875 

1.00 m 
Sa pp h i r e  
1.6637 

1.00 m 
I r t r a n  a 2  
2.2023 

1.00 m 
I r t r a n  ai2 
2.1825 

1 . 7 5  m 
I r t r a n  it4 
2.3832 

1 .75  m 
Ir  t ran "4 
2.3815 

1.75 m 
I r t r a n  +4 
2.3780 

l . i 5  m 
I r t r a n  <:4 
2.3756 

1.75 
I r t r a n  "4 
2.3740 

1.75 m 
I r t r a n  1k4 
2.3716 

1.75 w 
I r t r a n  W4 
2.3703 

1.75 mm 
I r t r a n  B6 
2.6470 

1.75 mn 
I r t r a  n 9'6 
2.6360 

1.00 m 
S i  

3.4100 

Hack 
Focal 

I is tancea 
(4 

6.394 

7.  383 

6.458 

6.459 

6.463 

6.463 

6.463 

7.443 

7.443 

7.444 

7.445 

7.477 

7.487 

7 .  489 

:en:ruid 

(mf 

0.7855 

0.9500 

0.7936 

0.7938 

0.7958 

0.7958 

0.7959 

0.9597 

0.9597 

0.9597 

0.9622 

0.9825 

0.9832 

0.9785 

?laximum 
Radial 

iberrat ioi  
A 1. 

f m) 

0.0153 

0.0196 

0.0142 

0.0142 

0.0147 

0.0147 

0.0147 

0.0198 

0.0198 

0.0198 

0.0206 

0.0099 

0.0099 

0.0094 

s t ima ted 
a1 f -Power 
b e r r a t i o r  

757 AI' 
Cm) 

0.0076 

0.0100 

0.0073 

0.0073 

0.0073 

0.0073 

0.0073 

0.0096 

0.0096 

0.0096 

0.0098 

0.0049 

0.0047 

0.0046 

angent i a l  
be r r a t ion  

Az 
(m) 

0.0294 

0.0197 

0.0290 

0.0290 

0.0297 

0.0297 

0.0297 

0.0193 

0.0193 

0.0193 

0.0197 

0.0402 

0.0404 

0.0392 

Est imn t ed 
ia1 i-Power 
%ber ra t io r  

i 5 , '  i Z  
( mm) 

0.0115 

0.0129 

0.0119 

0.0119 

0.0108 

0.0108 

0.0108 

0.0130 

0.0130 

0.0130 

0.0134 

0.0331 

0.0322 

0.0324 

(Ratio) 
2 Y  

757. AY 

207:l 

190:l 

217:l 

217:l 

218:l 

218:l 

218:l 

200 : 1 

mo:1 

200 :I 

197:l 

401:l 

419: l  

425:l 

(1) Disrance from second l e n s  t o  image, inc1udir.g 0.38 m cover p l a t e .  
A l l  va lves  a r e  negat ive i n  r ay - t r ace .  



The maximum r a d i a  spread f o r  a l l  200 r a y s  of a fami ly  of r a y s  i s  given by AY 

and t h e  maximum t a n g e n t i a l  spread f o r  a l l  200 r ays  i s  given by A Z .  

mate half-power r a d i a l  and t a n g e n t i a l  spreads  a r e  then  75 pe rcen t  AY and 75 

pe rcen t  A Z ,  r e s p e c t i v e l y .  F i n a l l y ,  t h e  l a s t  column of  Table 4-17 shows how 

many times l a r g e r  t h e  c e n t r o i d  diameter  of t h e  d e t e c t o r  i s  than  i t s  r a d i a l  h a l f -  

power a b e r r a t i o n s .  It i s  seen  t h a t  t h e  image on every  d e t e c t o r  has  a half-power 

spread of less than  0.5 percent  of t h e  d e t e c t o r  d iameter .  This means t h a t  t he  

d e t e c t o r  can be made only  very  s l i g h t l y  sma l l e r  than the  image of  t h e  secondary 

mi r ro r  so  a s  t o  r e c e i v e  maximum r a d i a t i o n  from t h e  t e l e scope  f ie ld-of -v iew 

wi thout  r e c e i v i n g  the  r a d i a t i o n  which by-passes the  t e l e scope  secondary mi r ro r .  

The e s t i -  

A second type  of r a y - t r a c e  shown i n  F igu re  4-3 was performed t o  s tudy  t h e  

n a t u r e  of t he  zonal  i l l u m i n a t i o n  on t h e  d e t e c t o r  due  t o  incoming r a d i a t i o n  

blockage by the  secondary m i r r o r ,  

channel  11 and t r ansmiss ive  channel  8, which have r e s p e c t i v e  dimensional 

parameters  given by Tables  4-6 and 4-13. 

w i th  t h e  (X1, Y1, Z1) a x i s  system, t h e  f i e l d  s t o p  r a t h e r  than  t h e  (Xo, Yo, Zo)  

a x i s  system, the  secondary m i r r o r .  The same 44 r a y s  a r e  used he re  f o r  both 

channels  8 and 11, a s  were used f o r  F igu re  3-1, which inc ludes  the  four  main 

boundary r ays  of t he  80-mm OD t e l e s c o p e .  

44 r a y s  used f o r  t he  F igure  3-1 r a y  t r a c e  are m u l t i p l i e d  by ( -1)  s o  the  r a y s  

a r e  d i r e c t e d  toward t h e  d e t e c t o r  o p t i c s .  The image of t h e s e  r ays  on the  

d e t e c t o r  i s  seen  t o  be very  s h a r p  a t  t he  d e t e c t o r  per iphery ,  but  fuzzy a t  t he  

boundaries  of the  c e n t r a l  un i l luminated  a r e a .  

This  i s  a r a y  t r a c e  of both r e f l e c t i v e  

However, t h i s  r a y  t r a c e  commences 

The t h r e e - d i r e c t i o n a l  cos ines  of 

4.4 E r r o r  Analys is  f o r  t h e  De tec to r  O p t i c a l  S y s t e m  

The purpose of  t h i s  e r r o r  a n a l y s i s  i s  t o  g a i n  an understanding of t h e  manu- 

f a c t u r i n g  and assembly t o l e r a n c e s  which a r e  necessary  o r  d e s i r a b l e  f o r  each 

of t h e  fou r t een  d e t e c t o r  o p t i c a l  systems.  

has  been completely r ay - t r aced  f o r  t h i s  e r r o r  a n a l y s i s ,  s i n c e  i t  i s  t y p i c a l  

of  t h e  d imens iona l ly  sma l l e r  d e t e c t o r  o p t i c a l  systems, t he  performance char -  

a c t e r i s t i c s  of which a r e  more a f f e c t e d  by a g iven  magnitude mechanical 

t o l e r a n c e ,  Channel 5 i s  a t r ansmiss ive  channel ,  so  t o  f i n d  t h e  e r r o r  e f f e c t s  

of t h e  r e f l e c t i v e  s u r f a c e  of t h e  d i c h r o i c  f i l t e r  f o r  a r e f l e c t i v e  channel ,  

Only t h e  channel  5 o p t i c a l  system 
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F i g u r e  4 - 3 .  Zones of I l l u m i n a t i o n  on t h e  D e t e c t o r  S u r f a c e  



channel 4 was used f o r  t h i s  one a n a l y s i s .  F igure  4-2 shows the  r ay - t r ace  a x i s  

systems and two boundary r a y s ,  which were used r epea ted ly  f o r  d i f f e r e n t  e r r o r  

condi t ions  wi th in  the  d e t e c t o r  o p t i c a l  systems. The a x i s  systems of F igure  4-2 

a c t u a l l y  d e f i n e ,  dimensional ly ,  channels  8 and 11; however, t ransmiss ive  channel 

5 uses  the  same axis systems as channel 8, and r e f l e c t i v e  channel 4 uses the  same 

a x i s  system a s  channel 11. 

The two r a y s  marked E i n  F igure  4-2 s t a r t  from a p o i n t  on the  lower edge of t h e  

t e l e scope  secondary mir ror ,  i n t e r c e p t  oppos i te  edges of the  f i e l d  s top ,  and a r e  

imaged a t  t h e  edge of t h e  d e t e c t o r .  These r ays  t r a v e l  completely i n  the  X-Y 

plane of each axis system f o r  every  e r r o r  a n a l y s i s ,  so  the  two-ray image i s  

always a t  Z15 = 0 f o r  channel 5, and 214 = 0 f o r  channel 4 .  

Table 4-18 desc r ibes  t h e  e r r o r  performance of t h e  channel  5 d e t e c t o r  o p t i c a l  

system f o r  54 d i f f e r e n t  e r r o r  cond i t ions ,  bes ides  i t s  zero  e r r o r  cond i t ion ,  

and Table 4-19 desc r ibes  the  e r r o r  performance f o r  t he  channel 4 d e t e c t o r  

o p t i c s  f o r  t h r e e  e r r o r  cond i t ions .  I n  order  t o  gain an understanding of how 

each type of e r r o r  can a f f e c t  both the  focus ( l o n g i t u d i n a l  e r r o r )  and the  

l a t e r a l  image p o s i t i o n  ( l a t e r a l  e r r o r )  of the  secondary mi r ro r  image on the  

d e t e c t o r ,  only one type and magnitude of e r r o r  i s  i n s e r t e d  i n t o  e i t h e r  channel 

4 o r  5 dimensional parameters a t  a t ime,  and a r a y  t r a c e  i s  made wi th  t h e  same 

two s t a r t i n g  r ays  E .  For each r a y  t r a c e ,  the  computer au tomat i ca l ly  a d j u s t s  

f o r  channel 5 and AI4 f o r  channel 4 ,  t he  spac ing  between t h e  d e t e c t o r  

window and the  d e t e c t o r ,  u n t i l  t he  two r a y s  focus on the  Y15-Z15 and Y14-Z14 

p lanes ,  r e s p e c t i v e l y .  

t h e  zero  e r r o r  and the  f i f t y  fou r  e r r o r  cond i t ions .  Table 4-19 gives  the 

focused A14 and Y 1 4  va lues  f o r  t h e  ze ro  e r r o r  and t h r e e  e r r o r  condi t ions .  The 

columns fo l lowing  A and Y of t hese  two t a b l e s  show the  change i n  t h a t  parameter 

r e l a t i v e  t o  i t s  zero  e r r o r  magnitude. 

A15 

Table 4-18 g ives  the  focused A15 and Y15 va lues  f o r  

The na tu re  of the  e r r o r s  descr ibed  i n  Tables 4-18 and 4-19 a r e  the  spacing and 

th i cknesses  between the  o p t i c a l  s u r f a c e s ,  A3, AlO, A12, and AI4; l a t e r a l  s h i f t s  

of l e n s  o r  a lens  s u r f a c e ,  Bg,  BlO, B l l ,  B12, and B13; changes i n  l e n s  

r a d i i ,  R 9 ,  R10, R 1 1 ,  and R12; and changes i n  s u r f a c e  a n g l e s , f l 2 , 8 4 , @ 6 ,  and 
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TABLE 4-18 (SHEET 1 O F  3) ERROR ANALYSIS FOR CHANNEL 5 DETECTOR OPTICAL SYSTEM 

w 
0 c. 

D e s c r i p t i o n  

Z e r o  E r r o r  

A3 = 1.0025 

A3 = 1.0250 

A3 = 1.2500 

A10 = 1.5525 

A10 = 1.5750 

A10 = 1.8000 

A12 = 1.5525 

A12  = 1.5750 

A12 = 1.8000 

A14 = 0.3825 

A14 = 0.4050 

A14 = 0.6300 

Bg = 0.0025, BIO = -0.0025 

Bg = 0.0250, BIO = -0.0250 

Bg = 0.2500, B10 = -0,2500 
B10 = 0.0025, B 1 1  = -0,0025 

B10 = 0.0250, Bll = -0,0250 

B10 = 0.2500, B l l  = -0,2500 

B 1 1  = 0.0025, B I Z  = -0.0025 

B 1 1  = 0.0250, B12 = -0.0250 

B 1 1  = 0.2500, B 1 2  = -0.2500 

A15 

1.066231 

1.066231 

1.066229 

1.066177 

1.065267 

1.056600 

0.970040 

1.060835 

1.012486 

0,549096 

1.065696 

1.060884 

1.012761 

1.067086 

1.074599 

1.131424 

1.065814 

1.061997 

1.0 16873 

1.066355 

1.067034 

1.0 29 204 

@-@ 
hA15 

0 

0 

0.00000 2 

0.000054 

0.000964 

0.009631 

0.09619 1 

0.005396 

0.053745 

0.517135 

0.000535 

0.005347 

0.053470 

-0.000855 

-0.008368 

-0.065193 

0.000417 

0.004234 

0.049358 

-0.000124 

-0.000803 

0,037027 

‘15 

0.803183 

0.803152 

0.802868 

0.800033 

0.803146 

0.802814 

0,799473 

0.80 27 17  

0.798531 

0.758145 

0.803194 

0.803294 

0.804290 

0.806533 

0.836712 

I. 141348 

0.801285 

0.784213 

0.614734 

0,809385 

0.865239 

1.426134 

@-0 
hY15 

0 

0.000031 

0.000315 

0.003 150 

0.000037 

0.000369 

0.0037 10 

0.000466 

0.004652 

0.045038 

-0.000011 

-0.000111 

-0.00 110 7 

-0.003350 

-0.033529 

-0.338165 

0.001898 

0.018970 

0.188449 

-0.006202 

-0.062056 

-0.622851 
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TABLE 4-18 (SHEET 2 OF 3) ERROR ANALYSIS FOR CHANNEL 5 DETECTOR OPTICAL SYSTEM 

Description 

B12 = 0.0025, B13 = -0.0025 
B12 = 0.0250, B13 = -0,0250 

B12 = 0.2500 7 B13 = -0.2500 

Rg = 18.4785 
Rg = 18.5010 

Rg = 18.7260 

R10 = 30.5725 

R10 = 30.5950 
R10 = 30.8200 

R11 = 9.0575 

R11 = 9.0800 

R11 = 9.3050 
R12 = 9.8455 

R12 = 9.8680 
R12 = 10.0930 

p2 

P 2  = -44.99757 P4 = 44.9975 
= -44.9750, ph = 44.9750 

*15 

1.065661 

1.060039 

0.954757 

1.067702 

1.080938 

1.212926 

1.065767 

1.061594 
1.020328 

1.071207 

1.116129 

1.579577 
1.063078 

1.034857 

0.766904 

.1.0 6623 1 

I. 066230 

0 - N  

hA15 
0.000570 

0.006192 

0.111474 
-0.00 147 1 

-0.014707 

-0.146695 
0.000464 

0.004637 
0.045903 
-0.004976 

-0.049898 

-0.513346 
0.003153 

0.031374 

0.299327 
0.000003 

0.000013 

Y 
15 

0.798285 

0.754255 

0.321479 
0.803356 

0.804912 

0.820409 

0.803127 

0.802616 
0.797565 

0.803798 

0.809345 

0.866523 
0.80 27 7 2 

0.799093 

0.764164 

0.803180 

0.803153 

0 - N  

Ay15 
0.004898 

0.048928 

0.481704 
-0.000 173 

-0.001729 

-0.0 17 226 
0.000056 

0.000567 
0.005618 

-0.000615 
-0.006262 

-0.063340 
0.000411 

0.004090 

0.039019 

0.000003 

0.000030 



TABLE 4-18 (SHEET 3 Of 3) .  ERROR ANALYSIS FOR CHANNEL 5 DETECTOR OPTICAL SYSTEM 

Code D e s c r i p t i o n  

P2 = -44.7500, p4 = 44.7500 

(33 = -0.0025 

83 = -0.0250 

p3 = -0.2500 

86 = -0.0025 

86 = -0.0250 

86 = -0.2500 

Pi4 = -0.0025 
= -0.0250 

P i 4  = -0.2500 

B9 = 0.0025, B 1 1  = -0.0025 

B9 = 
0.d250, B 1 1  = -0.0250 

B9 = 0.2500, B l l  = -0.2500 

B 1 1  = 

B 1 1  = 

0.0025, B13 = -0.0025 

0.0250, B13 = -0.0250 

- 0.2500, B 1 3  = -0.2500 B 1 1  - 

A1 5 

1.006228 

1.066744 

1.071376 

1.118741 

1.066329 

1.067198 

1.074503 

1.066424 

1.068161 

1.084993 

1.066672 

1.070616 

1.107065 

1.065796 

1.061910 

1.025143 

@ - @  
AA1 5 

0.000003 

-0.000513 

-0.005145 

-0.052510 

-0.000098 

-0.00096 7 

-0.008272 

-0 -000193 

-0.001930 

-0.018762 

-0.000441 

-0.004385 

-0.040834 

0.000435 

0.00432 1 

0.041088 

'1 5 

0.802883 

0.80476 5 

0.819012 

0.962498 

0.804221 

0.813563 

0.907097 

0.803349 

0.804844 

0.819952 

0.804634 

0.817697 

0 -948798 

0.804485 

0.816196 

0.932719 

@-0 
"1 5 

0.000300 

-0.001582 

-0.015829 

-0.159315 

-0.001038 

-0.010380 

-0.103914 

-0.000166 

-0.001661 

-0.016769 

-0.001451 

-0.914514 

-0.145615 

-0.001302 

-0.013013 

-0.129536 

Jx R e q u i r e s  ex t ra  a x i s  



Code 

TABLE 4-19. ERROR ANALYSIS FOR CHANNEL 4 DETECTOR OPTICAL SYSTEM 

Des cr i p t  ion 

Zero Error 

P2 = -44.9975 

= -44.9750 

P, = -44.750 

A14 

1.062325 

1.062280 

1.061878 

1.057886 

@-@ 
AA14 

0 

0.000045 

0.000447 

0.004439 

'14 

-0.800662 

-0.800063 

-0.794673 

-0.740634 

0 

-0.000599 

-0.005989 

-0.060028 



8 1 4 .  Each type of e r r o r  was r ay - t r aced  f o r  t h r e e  d i f f e r e n t  magnitudes, 
cover ing  two deacdes,  0.0025 mm, 0.0250 mm, and 0.250 mm, which a r e  equiva-  

l e n t ,  r e s p e c t i v e l y ,  t o  0.0001 inch ,  0.0010 inch ,  and 0,0100 inch ,  o r  f o r  

0.0025 degree,  0,0250 degree,  and 0,2500 degree f o r  t h e  Beta angular  e r r o r s ,  

F igure  4-4 i s  a p l o t  of a l l  t he  e r r o r s  from Tables 4-18 and 4-19. I t s  log- 

l o g  p r e s e n t a t i o n  of parameter e r r o r  magnitude versus AA and A Y  shows t h a t  t he  

e r r o r s  a r e  n e a r l y  l i n e a r  over two decades.  Thus, t h e  d i f f e r e n t  types  of e r r o r  

va lues  may be e i t h e r  added t o  o r  s u b t r a c t e d  from each o t h e r .  F igure  4-4 i s  

next  used t o  d e f i n e  t h e  s a f e  t o l e r a n c e  t h a t  may be placed on each parameter.  

Two h o r i z o n t a l  l i n e s  a r e  drawn, one a t  a AY value  of 0.0161 mm, which i s  one 

percent  of t he  diameter  of t h e  d e t e c t o r ,  and t h e  o t h e r  a t  t h e  AA va lue  of 

0.0175 mm which r e p r e s e n t s  a b l u r  c i r c l e  due t o  defocus ing  t h e  f / l  d e t e c t o r  

image equal  t o  one percent  of t h e  d e t e c t o r  d iameter .  The i n t e r s e c t i o n  of 

t h e  two decade e r r o r  p l o t s  wi th  t h e s e  two h o r i z o n t a l  l i n e s ,  t hen ,  d e f i n e s  

t h e  r e s p e c t i v e  parameter t o l e r a n c e s  f o r  one-percent  A A  and one-percent  A Y .  

Table 4-20 shows t h e  r e s u l t a n t  e r r o r s  i n  both m i l l i m e t e r s  and inches .  Some 

of  t he  e r r o r s  a r e  >0.2500 mm o r  >0.0100 inch ,  which means t h e s e  e r r o r s  have 

very  l i t t l e  e f f e c t  on t h e  image. 

Bg,  B 1 1 ,  and B12 of 0.0003 t o  0.0004 inch  i s  s u f f i c i e n t  t o  produce a one- 

percent  l a t e r a l  f i e l d  s t o p  e r r o r .  

On t h e  o t h e r  hand, a l a t e r a l  s h i f t  of 
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TABLE 4-20. DIMENSIONAL TOLERANCES FOR ONE PERCENT DETECTOR IMAGE 
ERROR (CHANNELS 4 AND 5) 

Desc r ip t ion  

A3 
A1O 
A12 

B9 

B1O 
B11 
B12 

R9 

R10 

R 1 1  

R 1 2  

A14 

P2 (Degrees) T i l t  

P3 (Degrees) Wedge 

P6 (Degrees) Wedge 

P i 4  (Degrees) Wedge 

B 9 , l O  
B11,12  
P2 (CH-4) (Degrees) Tilt 

Focal  Er ror  

mm Inches  

>0.2500 >0.0100 

0.0460 0.0018 

0.0082 0.0003 

0.0820 0.0032 

0.0550 0.0022 

0.1050 0.0041 

0.2400 0.0095 

0.0640 0.0025 

0.0300 0.0012 

0.1000 0.0040 

0.0089 0.0003 

0.0140 0.0006 

> 0,2500 

0.0860 

>O, 2500 

0.2300 

0,1050 0.0041 
0.1050 0.0041 

>O. 2500 

L a t e r a l  E r ro r  

mm Inches  

>0,2500 >O .0100 
>0.2500 >0.0100 

0,0880 0.0035 

>O ,2500 >O . O l O O  

0,0120 0.0004 

0,0210 0.0008 

0,0066 0.0003 

0.0084 0.0003 

0.2350 0.0093 

>O. 2500 bO.0100 

0.0640 0.0025 

0.1020 0.0040 

> 0.2500 

0.0255 

0.0386 

0.2450 

0.0280 0.0011 

0.0300 0.0012 

0.0680 
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5 .O DESIGN OF CHOPPER AND REFERENCE BLACKBODY 

A r e f l e c t i v e  chopper i s  used t o  image the  d e t e c t o r  of each channel  i n t o  a 

t he rma l ly -con t ro l l ed  and measured r e f e r e n c e  blackbody c a v i t y .  The l i g h t  

chopper chops t h e  e n t e r i n g  r a d i a t i o n  j u s t  before  i t  reaches  the  f i e l d  s t o p .  

The chopper s u r f a c e  f a c i n g  the  f i e l d  s t o p  i s  a s e c t i o n  of a concave t o r o i d  

of c i r c u l a r  c ros s - sec t ion ,  and has  four  e q u a l l y  spaced windows t o  g ive  four  

chopping cyc le s  per  chopper r o t a t i o n .  During the  chopping c y c l e ,  when t h e  

chopper blocks the  f i e l d  s t o p ,  t h e  t o r o i d a l  mir ror  images the  d e t e c t o r s  of 

both channels  fo l lowing  i t  i n t o  a smal l  blackbody c a v i t y  loca t ed  on t h e  

chopper s i d e  of t h e  f i e l d  s t o p .  

Sepa ra t e  t o r o i d a l  mir ror  chopper s u r f a c e s  have been designed by computer r ay -  

t r a c i n g  f o r  t h e  channels  fo l lowing  t h e  61- and 80-mm te l e scopes ,  s i n c e  these  

two-size t e l e scopes  a r e  mounted on d i f f e r e n t  r a d i i .  F igure  5-1 i s  a computer 

p l o t  of t h e  t o r o i d a l  chopper mi r ro r ,  used wi th  t h e  61-mm OD t e l e s c o p e .  

shows t h a t  t he  image of t h e  d e t e c t o r s  can be completely imaged wi th in  c a v i t i e s  

having r e l a t i v e l y  smal l  openings.  Sepa ra t e ,  but  i d e n t i c a l ,  c a v i t i e s  a r e  used 

a s  the  r e f e r e n c e  blackbody f o r  each t e l e s c o p e .  

It 

Figure  5-1 shows t h r e e  views of t h e  r a y - t r a c e  a x i s  system, Tables  5-1 and 

5-2 d e f i n e  t h e  dimensional  parameters  f o r  t h e  t o r o i d a l  choppers used wi th  t h e  

61- and 80-mm OD t e l e scopes ,  r e s p e c t i v e l y .  F igure  5-2 i s  a spo t  diagram f o r  

t he  r a y s  e n t e r i n g  the  r e f e r e n c e  c a v i t y  f o r  the  61-mm te l e scope .  

FR-1110-101 5- 1 
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Figure  5-1. 3-View Ray-Trace Analys is  of 
Toro ida l  Mir ror  f o r  61-MM OD 
Telescopes.  The (Xo,Yo,Zo,) and 
(Xi,Yi,Zi) axis systems a r e  not  
p l o t t e d .  
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TABLE 5-1. DIMENSIONAL PARAMETERS FOR TOROIDAL CHOPPER FOR 
61-MM OD TELESCOPE 

kn 
(mn-9 

-74.860 

74.860 

5.580 

11.263 

P n  

-90 .o 

45.0 

Yn 
Sur face  

Shape 

Sphere 

P lane  

Toroid 

P lane  

Major Radius = 111.73: 

Minor Radius = 16.08: 

Nn 
(m) 

l . O O O (  

l.OOO( 

l . O O O (  

1 .oooc 
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TABLE 5-2. DIMENSIONAL PARAMETERS FOR TOROIDAL CHOPPER FOR 
80-MM OD TELESCOPE 

An 
( m d  

-98.44C 

98.44C 

8.975 

16.541 

~~ 

Bn 
(m> 

14.951 

-8.975 

-90 .o 

45 .O 

Surface  
Shape 

Sphere 

P 1 ane 

Toroid 

P lane  

Dn 
(mm) 

1 .o 

En 
(m) 

1 .o ,103.20( 

Major r a d i u s  = 108.303 

Minor r a d i u s  = 24.219 

Nn 
(=> 

1 .oooc 

1 * 0000 

1.0000 

1 .oooo 



T W S  W P E R  FOR 61 MM M3 
Y 

TOA01U 10-18-72 

HFlX MIN 
;L WLF FlXIS LENGTH 10,OMMo Z 9 3,5203 -3.5203 SUAFFlCE No. 
Y HALF FlXIS LENGTH 10.0MKKl Y * 4.7179 -6.5289 U 

Figure  5-2.  32-Ray Spot Diagram Showing Detec tor  
Image S i z e  a t  Reference Blackbody Opening 
f o r  Toroid Chopper f o r  61-mm OD Telescope 
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