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ABSTRACT

An e le c t r o - o p t i c a l  tra ck in g  system fo r  determining the v e lo c i ty  

and abso lu te  lo ca tio n  o f  a ta rg e t  and th e  r e l a t iv e  lo ca tio n s  o f 

m u ltip le  t a r g e t s  i s  evaluated  fo r  r e s o lu t io n ,  f i e ld  o f  view, time ta g ­

g ing , and l ig h t  le v e l ,  in  order to  determine the requirements fo r  a 

TV camera tube. The a b i l i t y  o f  th re e  camera tubes to  meet the re q u ire ­

ments o f  the system i s  determined, by using dynamic l im i t in g  r e so lu t io n ,  

square wave response, and s p e c t r a l  response.

v i i i



CHAPTER 1

INTRODUCTION

The problem posed i s  to  eva lua te  the  accuracy and performance o f '  

an o p t ic a l  t rack in g  system fo r  determining a t a r g e t ' s  v e lo c i ty  and abso­

lu te  lo ca t io n  and the r e l a t iv e  loca tio n s  o f  m ultip le  o b je c ts .  Although . 

the an a ly s is  performed i s  v a l id  fo r  a large  v a r ie ty  o f  t a r g e t s ,  the p a r ­

t i c u l a r  t a r g e t  being tracked  i s  a Minuteman I I I  m iss ile ,,  which has th re e  

p ropu ls ion  s ta g e s ,  accompanying body s e c t io n s ,  and cone-shaped p r o je c t i l e s  

on the r e e n try  v eh ic le .  The reen try  v eh ic le  i s  covered w ith a shroud 

during the  e a r ly  s tages  o f  f l i g h t .  The shape of the e n t i r e  o b jec t  can be 

approximated by cy linders  and cones

The ta r g e t  i s  to  be tracked  from the launch p o in t ,  on the C ali­

fo rn ia  c o as t ,  throughout i t s  f l i g h t  over the P a c i f ic  Ocean. The ta r g e t  

reaches a maximum range o f  about 4000 miles from the launch p o in t .  The 

most c r i t i c a l  time fo r  tra c k in g  i s  a t , and j u s t  a f t e r ,  the t h i r d  s tage  

c u to f f .  This occurs a t  about T+185 sec ,  where T i s  th e .t im e  of launch, 

and a t  a range o f  about 200 m ile s . In g enera l ,  the path  th a t  the t a r g e t  

follows i s  d i r e c t ly  away from •California-based tra ck in g  s t a t i o n s . The 

m iss i le  i s  th e re fo re  seen end on fo r  most of the f l i g h t .  I t  i s  d e s irab le  

th a t  the ta rg e t  be launched and tracked  a t  any time o f  day or n ig h t ,  and 

in  any kind of weather. The a b i l i t y  o f  a system to  t ra ck  with the 

req u ired  accuracies  i s ,  however, l im ited  by atmospheric conditions and 

q u a n ti ty  o f  the l ig h t  from the ta rg e t  reaching the d e te c to r .  During the



propu ls ion  p a r t  o f  the m i s s i l e 's  t r a je c to r y ,  the rockets  are f i r e d  and 

the  plume i s  c le a r ly  v i s ib l e i  Since th e  plume i s  the most luminous 

ob jec t i n  the sky save fo r  the sun, i t  i s  tracked r a th e r  than the mis­

s i l e  i t s e l f .  The l ig h t  r e f le c te d  from the m iss ile  i s  n o t  de tec ted  

during t h i s  time..

A f te r  the rockets  burn out i t  becomes necessary  to  use r e f l e c te d  

s u n lig h t  to  t ra c k  the m is s i le .  The m is s i le  i s  assumed to  be a sp ecu la r  

r e f l e c t o r  having a .10 to  50% re f le c ta n c e .  Because o f  the  amount of 

l i g h t  involved , tra c k in g  cannot be done during the day, and, in  f a c t ,  

i s  l im ite d  to  c e r ta in  n igh ttim e hours when the m iss i le  i s  i l lu m in a te d  

p ro p e r ly . By t h i s  time the t a r g e t  i s  Only the re e n try  v eh ic le  with the 

p r o j e c t i l e s  exposed, which appears to  t r a v e 1 almost d i r e c t ly  in  the 

l in e  o f  s ig h t  o f  a tra c k in g  s ta t i o n .  The ta r g e t  i s  a cy l in d e r  of  about 

8 f e e t  in  length  arid 4 f e e t  in  d iam eter. At the f ro n t  end are one, two, 

or more cones, 6 f e e t  in  leng th  and 2 f e e t  in  diameter. I t  i s  l ik e ly  

th a t  the m is s i le  w i l l  be a ligned  w ith  only an end toward the track ing  

s t a t i o n ;  th e re fo re  only the  end o f  a 4 - foo t-d iam eter  cy lin d e r  w i l l  be 

seen, and l a t e r ,  a f t e r  s e p a ra t io n .  Only the ends o f  the 2 -foo t-d iam eter  

cones w i l l  be seen.

The a c tu a l  t ra c k in g  problem i s  complicated by the  high accuracy 

req u ired . The d es ired  goal o f  ±1 foo t accuracy o f  the t a r g e t  requ ires  

a small f i e l d  o f  view. To fu r th e r  complicate the problem, the p ro je c ­

t i l e s  are  separa ted  from the nose cone and follow d i f f e r e n t  t r a j e c t o r i e s . 

Each o f  these  sm alle r  cones must be tracked . This in d ic a te s  th a t  th e re  

i s  a need fo r  a system having more than one f i e ld  o f  view.



'  - ; ' ' ■ . : 3 
' The t o t a l  system co n s is ts  o f  conventional ra d a r ,  tra ck in g  the

ta r g e t  and aiming a te lescope  a t  the p o s i t io n  of the rad a r  loca ted  

ta r g e t .  This must be done so th a t  only the m iss ile  and not the j e t t i ­

soned s tag es  are  followed. The loca tio n  o f  the t a r g e t ,  determined on 

th e  TV camera tube o f  the te lescope  may then be used ( a f t e r  T+185 sec) 

to  d i r e c t  another te le sc o p e ,  w ith  a sm alle r  f i e l d  o f  view. Each t e l e ­

scope assembly w i l l  co n s is t  of an o p t ic a l  p a r t  (the o p t ic a l  components 

are no t eva lua ted  here) and a TV camera tube , with, i t s  photocathode 

a t  the  image p lane . A ll th re e  te lescopes  w i l l  be t ra c k in g  a t  the same 

time.

During the tra ck in g  the t a r g e t  i s  moving away from the d e te c to r  

s i t e s ,  and, th e re fo re ,  the range in c re a se s .  The more d i s t a n t  the t a r g e t  

becomes, the more atmospheric turbulence and absorption  a f fe c t  the sy s ­

tem accuracy . The pa th  o f  the t a r g e t  i s  such th a t  the angle between the 

horizon and the d e te c to r  to  ta rg e t  l in e  o f  s ig h t  decreases with time, 

which a lso  in c reases  the amount of the atmosphere through which the sy s ­

tem must perform.



CHAPTER 2

AN ELECTRO-OPTICAL TRACKING SYSTEM

A ca re fu l  evalua tion  o f  the req u ired  c h a r a c te r i s t i c s  o f  the 

track in g  system mList be made to  determine i t s  p aram eters . There are 

two cases to  be considered , tra ck in g  before  and a f t e r  the t h i r d  s tage  

c u to f f .  These w i l l  be d iscussed  s e p a ra te ly .

Resolution

The re so lu t io n  of the system i s  a measure o f  i t s  a b i l i t y  to  show 

two o b jec t  p o in ts  as two sep ara te  p o in ts  in  the image. The des ired  

r e so lu t io n  fo r  th i s  system i s  one foo t on the o b je c t .  That i s  to  say, 

two p o in ts  in  the o b jec t  one foo t ap a r t  are j u s t  d is t in g u ish a b le .

Assume th a t  250 by 250 f e e t  in  the o b jec t  space are imaged in to  1 inch 

on the d e te c to r  photocathode. One foo t o f  the o b jec t  corresponds to  

2 TV l in es  (TVL) on the image, where th e re  are 500 TV l i n e s / r a s t e r  

h e ig h t.

The ty p ic a l  day ligh t atmospheric seeing might be expected to  be 

as good as 1 a rc  second. A 1-foot ob jec t-space  re so lu t io n  a t  a range 

of 250 n .m i . ,  1.5 x 106 f e e t ,  im plies an angular r e so lu t io n  of 0.6 yrad, 

or 0.14 arc  second. This means th a t  1-foot ob jec t-space  re so lu t io n  i s  

approximately 10 times g re a te r  than the atmospheric seeing l im i t .  I t  

i s  obvious th a t  ±1 foot o f  re so lu t io n  w i l l  not be p o s s ib le  to  ach ieve .



A more r e a l i s t i c  f ig u re  would be obtained by using r e so lu t io n  only h a l f  

the  atmospheric seeing  l im i t .  This i s  equal to  5 f e e t  a t  the o b je c t ,  

which corresponds to  2 TV l in e s  fo r  100. TV l i n e s / r a s t e r  h e igh t re so lu ­

t io n  across  the d e te c to r .

/ F ie ld  of View

The o b jec t  f i e l d  imaged by a system i s  c a l le d  the  f i e l d  o f  view 

(FOV). The FOV i s  a p roperty  of a te lescope  and i s  the f u l l  angle sub­

tended by the o b je c t  a t  the te lescope  ap e r tu re .  In order to  keep the 

e n t i r e  plume in  the  image, a region o f  250 by 250 f e e t  i s  req u ired  a t  

a range o f  250 n.mi. For small ang les , 6 equals tan  0, which equals 

the o b je c t  h e ig h t  d ivided by the o b je c t - to - te le sc o p e  d is ta n c e .  This 

means th a t  fo r  an image h e ig h t o f  250 f e e t  a t  a range o f  250 n .m i . ,  a 

FOV o f  34 a rc  seconds i s  requ ired .

A f te r  T+185 sec  the problem changes. The plume i s  no longer 

v i s i b l e ,  and the o r ig in a l  t a r g e t  d iv ides in to  as many as th re e  separa te  

t a r g e t s . In order to  keep a l l  the t a r g e t s  in  the same f i e l d ,  the 

req u ired  FOV i s  between 18 arc-min and 6°. To g e t  the b e s t  r e so lu t io n  

p o s s ib le ,  a 34 a rc -se c  FOV i s  s t i l l  necessary . Therefore a cascaded 

system, employing, th re e  sep a ra te  te lescopes  with th re e  d i f f e r e n t  FOVs 

i s  proposed. Each FOV i s  a s so c ia ted  with a te lescope  and the th ree  t e l e ­

scopes, 6°, 18 arc-m in, and 34 a rc -s e c ,  work a t  the same time. This 

w i l l  enable one camera to  keep a l l  t a r g e t s  in  the f i e l d ,  (6° te lescope)  

lo c a t in g  the p o s i t io n  o f  a p a r t i c u l a r  t a r g e t  so th a t  the  sm alle r  f i e ld -  

of-view system (34 arc-min te lescope)  can obtain  the accuracy requ ired .



Photometric Evaluation. - 

B as ica lly  what i s  requ ired  o f  a d e te c to r  i s  t h a t  i t  be able to

re so lv e  the image o f  the ta rg e t  ag a in s t  the sky background. This i s

dependent upon the illum inance a t  the foca l  plane o f  th e  o p t ic a l  system. 

The f i r s t  s tep  in  the procedure i s  f ind ing  the illum inance , E,

due to  a source. The t o t a l  illum inance a t  the te lescope  due to  the
:  . /  ' . -  . . . :  . . . • - : ;

source , E_ . ,  i s ,  from the d e f in i t io n  o f  illum inance (RCA, 1974) the
: ■ v  : ; ; .
amount o f  luminous f lu x  p e r  a rea . Knowing that, the t o t a l  luminance, L, 

due to  a source i s  the amount o f  luminous f lu x  p e r  a r e a -s te ra d ia n ,  which 

i s  a function  o f  wavelength, gives the  t o t a l  illum inance a t  the t e l e ­

scope ap e r tu re  as

A A ' .

E„ . = L T. —----- -- lumens/area . (1)
; J 4

In t h i s  equation T. i s  the transm iss ion  o f  the atmosphere, A is  the
5 : ■ ‘ A . ' V : ' ■ : ■"

a rea  o f  the source , Â , i s  the area  o f  the te lescope  a p e r tu re ,  and d i s  

the  d is tan ce  from the source to  the  te le sc o p e ,  which i s  the  ob jec t d i s ­

tance (Fig. 1).

The t o t a l  illum inance , E, a t  th e  image plane o f  the  te lescope  

i s  the  illum inance o f  the te lescope  p u p i l ,  times the transm iss ion  of the  

te le sc o p e ,  times the r a t i o  of  the areas of te lescope and image

: . ■ . 7 .  "  ' ■ . 4  : V
; E = ETel TT A7 • :: (2)

Here T^ i s  the transm ission  of the te lescope  and Aj. i s  the a rea  of the 

image. The m agnifica tion  squared, o f  a te le sc o p e ,  i s  the  a rea  o f  the 

image d ivided by the area o f  the o b je c t .  I t  i s  a lso  equal to  the square



of the image d is ta n c e , f , d iv ided  by the o b jec t d is ta n c e , d

r  = iC3)o

When Eq. (3) in  terms o f  Aq , f  and d, and Eq. (1) are put in to  Eq. (2), 

terms cancel to give the f in a l  r e s u l t  th a t

E = L T A TT p -  • (4)

I t  i s  im portant to  note th a t  the illum inance due to  a source 

depends onl) upon the luminance of the source, the F/number o f  the t e l e ­

scope, and the t ra n sm iss io n s .

f

Fig. 1. Photometric Evaluation: Diagram Showing the 
Parameters Used in  Determining the Total 
Illum inance.

Sky Source

For the case where the source i s  the sky, on a c le a r  day, the 

value of luminance fo r  the day ligh t sky near the horizon i s  104 lumens/ 

m2- s r ,  and fo r  the h a l f  hour a f t e r  su n se t ,  i t  i s  lO"1 lumens/m2- s r , a lso  

fo r the sky near the horizon (Table 1).
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Table 1. Approximate Values o f  the Luminance o f  the Sky near the 
Horizon under Various Conditions (RCA, 1974, p . 70).

Sky Condition 

C lear Day*

Overcas t  day 

Heavily overcast  day 

Sunset, overcast day 

1/4 hour a f t e r  su n se t ,  c le a r  

1/2 hour a f t e r  su n se t ,  c le a r  

F a i r ly  b r ig h t  moonlight 

Moonless, c le a r  n ig h t  sky 

.Moonless, overcast n ig h t  sky

Approx. Values 
o f Luminance-- 

' (lumens/m2- s r )

i d 4

i o 3

id 2

id

i

i d " 1 

i d " 2 

i d - 3 

i d " 4

*The upper su rface  o f  a fog or cloud in  sunshine may a lso  have 
t h i s  va lue .

I f  these  values are  c a l le d  L , where L = L T. i s  the  luminance o f  the- . o . - s s . A
sky, a t  the fo c a l  p lane  the value o f  the  illum inance, Es , due to  the

sky, i s  given by

= Ls TT i2 (5)

4 ATherefore E fo r  a c le a r  day i s  E (day) = d.8 x Id4 —̂  , and fo r  a h a l f
. Arp

hour a f t e r  su n se t ,  E (night) = d.8 x Id-1 - y  , where the transm iss ion  o f 

the te le sc o p e ,  i s  approximately 80%.



Plume Source

Before T+I85 sec the t a r g e t  i s  the plume, which can be approxi- ; 

mated by a blackbody r a d ia to r  o f  abso lu te  temperature o f  2000°K. The 

radiance o f  the plume, L , i s  dependent upon th e  wavelength of a rad io -  

m etric  source and can be converted to  photom etric u n i t s .  The t o t a l  power 

fo r  the  b lack  o r  graybody i s  s o T \  where e i s  the e m iss iv i ty  of the  gray- 

body, T i s  the abso lu te  co lor tem perature o f  the so u rce , and e i s  the  

Stefan-Boltzmann cons tan t,  5.6686 x 10~® W/m2-degl+. Assuming th a t  the 

source i s  a Lambertian su rfa c e ,  Li i s  the t o t a l  power d iv ided  by m. ,

That i s ,  '

/  >  -  (6)

Assuming e to  be one, the value o f  L used here i s  2.891 x 105 W/m2- s r .

The t o t a l  rad ian ce , L^, i s  then m u lt ip l ie d  by 1.8 lumens/Watt, the 

luminous e f f ic a c y  fo r  a 2000°K blackbody. Luminous e f f ic a c y  i s  the 

r a t i o  o f  the t o t a l  luminous f lu x  to  the t o t a l  r a d ia n t  f lu x .  I t  i s  th e r e ­

fo re  used to  convert f lu x  in  w atts  to  f lu x  in  lumens. The value of 

luminous e f f ic a c y  used here i s  obtained  from Fig. 2. The f in a l  c a l ­

cu la ted  value fo r  the luminance o f  the  plume, L , which i s  5.2 x 105 

ltimens/m2- s r ,  i s  used in  Eq. (4). The value of the illum inance from the

plume, on the foca l  p lan e ,  E , i s
P

. K  . K  : :
Ep = Lp Ta Tt  ^2"= 2.5 X 105 £2" : ( 7 )

where T^ i s  0 .8  and the value fo r  T^ can be obtained from Fig. 3.
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I
5
1

I
0.7 673 , /  V(«) *, Ja

0.7

0.1

§I §

ABSOLUTE T E M P E R A T U R E -*

Fig. 2. Luminous Efficacy  K o f  Blackbody: as a Function of i t s  
Absolute Temperature where is  the S p ec tra l  Radiant 
Exitance o f  the Blackbody and i s  the R e la tiv e  Spectra l 
Response of the Average Human Eye (RCA, 1974,p. 41).

An approximation fo r  the transm ittance  value fo r  the atmosphere on a 

day with e x c e l le n t  v i s i b i l i t y  (g rea te r  than 50 m i .) ,  and a zenith angle 

o f  60°, i s  60%.
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0 . 0 , ,H ,0  H,0 M ,0 M,0 H,0

/L M IT H  
*17  M *

V I S n i U T Y :  E X C E L U N T  ( » 50  M I L 'S )

2  PP E C IPIT A SL E  C.V. O F  V /A T E S V A P O R  F O R  I 
O N E  A IR  M A S S

0.3 0.A 0.5 0.6 0.7 0.3 0.R 1.0 1.1 1.2

Wavelength

Fig . 3. S pec tra l  Transmission of the E a r th ’s Atmosphere fo r  
Varying O ptical Air Masses (RCA, 1974, p . 83).

The r a t i o  o f  E to  E fo r  the case before  T+185 sec i s ,  
P s

Eg (day) = 3 . 1 x 1 0

Eg(night) = 3.1 x 106 .

Contrast Enhancement 

At n igh t th e re  i s  s u f f i c i e n t  ta rg e t - to - sk y  c o n tra s t  to  track  

the 2000°K so u rce . Based on assumptions prev iously  d iscussed , the con­

t r a s t  r a t i o ,  Ep/E^, i s  b e t t e r  than 10:1, during the day a lso .  Since 

these  are assumptions, there  may be times when the f in a l  system may 

s t i l l  need enhancement. Two p o ss ib le  ways are using a red  f i l t e r  and 

using a p o la r iz e r .

The s p e c t ra l  d is t r ib u t io n  of day sky ligh t can be approximated by 

a blackbody between 20,000°K and 25,000°K (RCA,1974,p .70). The r e l a t iv e
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s p e c t ra l  d i s t r ib u t io n  of sky l ig h t  in  the longer wavelengths, as com­

pared to  the s p e c t ra l  d i s t r ib u t io n  o f  a 2000°K source i s  240% and fo r  

the sk y lig h t  i t  i s  50%, o f  t h e i r  rad iances a t 560 nm, fo r  a r a t io  of 

(4 .8 :1) about 5 to  1 (Fig. 4).

j<320
o\° 280
<D
% 240
cti

3  200CtiOS
r - t  160Cti
S  120<u A 
^  80 
0)
•h 40

O)ct:

V V

V <yght

>> \  
X

\
> ^2000°K

25000K^ vx

— — 1
340 400 440 480 500 540 600 640 

Wavelength (X)-nm

Fig. 4. S pec tra l  D is tr ib u t io n  of Sky Light on a C lear Day,

Dashed curve shows the s p e c t ra l  d i s t r ib u t io n  of 
r a d ia t io n  from a blackbody a t 25,000°K. S pec tra l  
d i s t r ib u t io n  of a 2000°K source i s  a lso  included. 
100% s p e c t r a l  radiance i s  assumed a t 560 nm 
(RCA, 1974, p. 71).

Day sky l ig h t  i s  p o la r iz e d ,  and a p o la r iz e r  w i l l  th e re fo re  seem 

to a id  co n tra s t  enhancement. The amount o f  th i s  enhancement i s  hard to  

determine because fo r  d i f f e r e n t  times of day and d i f f e r e n t  p o s it io n s  of 

the ta rg e t  (d if f e re n t  po r tio n s  of the sky and d i f f e r e n t  viewing angles) 

the background p o la r iz a t io n  v a r ie s  in  percentage. The r e l a t iv e  angles 

fo r  the s i tu a t io n  being considered, with the ta rg e t  to  the west, i n d i ­

cate  th a t  a p o la r iz e r  w i l l  not improve the c o n t r a s t .
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When observed tra n sv e rs ly  th e re  i s  no component of su n lig h t in  

the d i re c t io n  the l ig h t  i s  t ra v e l in g  ( lo n g i tu d in a l) (F ig .  5).

Axis o f  p o la r iz e r

dipole

Sun )-------------------1---------------------!>

Fig. 5. P o la r iz a t io n  of Sun ligh t.

Result i s  no l ig h t  through 
the p o la r iz e r .

The s i tu a t io n  fo r  t o t a l  p o la r iz a t io n  can only e x is t  a t  an angle o f  90° 

to  the sun. This t o t a l  p o la r iz a t io n  of l ig h t  w i l l  happen only a t  noon, 

because the t a r g e t  i s  gen era lly  in  the west and in  o th e r  s i tu a t io n s  the 

sky l ig h t  w i l l  not be seen t r a n s v e r s ly , but a t  some angle. Therefore, 

sun l ig h t  w i l l  be p a r t i a l l y  p o la r iz e d  and the l ig h t  from the plume w i l l  

be non-po la rized .

In G ehre ls’ a r t i c l e  (162, p. 1164), " the blue sky was observed 

near 90° from the sun, in  the v e r t i c a l  olane through the d ire c t io n  of 

the sun, with the sun above and j u s t  below the horizon. For a normal 

c le a r  s k y . . .w i th  the sun 11°.5 above the horizon, 75% p o la r iz a t io n  was 

found a t  550oX." Other values fo r  the p o la r iz a t io n  of the sky can be 

found in  the a r t i c l e  by Gehrels and in  Table 2, which was taken from i t  

At b e s t ,  the p o la r iz a t io n  of the sun l ig h t  w il l  not be more than 75% 

and probably an average o f  65% [number ca lcu la ted  from Gehrels (1962, 

Table 2 ) ] .  This in d ic a te s  th a t  using a p o la r iz e r  w i l l  not appreciably  

improve the illum inance co n tra s t  r a t io .
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Table 2. Averages o f  Percentage P o la r iz a t io n ;  Normalized to  
61.1% a t  1/X=1.89 (Gehrels, 1962, p . 1169).

Average p o la r iz a t io n  a t  1/A
Conditions 1.06 1.26 1.46 2.29 2.82 3.08

: % % % . . % % . %
Sun below horizon 64.8 62.7 52.3
Sun above horizon 50.7 55.3 ------------ — — 52.3 1 — — —

Clear sky 45.8: 55.2: 58.1: 59.2: 53.3 48.6:
Sky not p e r f e c t ly  Clear 42. 3 —. — — 55.6 61.7 54.1 52.4
In fra re d  p o la r iz a t io n  high 59.0 60.7 — — — 51.9 -  — — ,

In f ra re d  p o la r iz a t io n  low 42.2 51.8 55.3 59.7 53.7 49.8

1/A = 1.89 corresponds to  A = 529oX
= 1 .4 6  corresponds to  A = 6850X
= 2/29 corresponds to  A = 4370X

Time Tagging Before T+185 Sec

The t o t a l  amount of energy in c id e n t  upon the image plane, o f  the 

te le sc o p e ,  i s  p ro p o r t io n a l  to  the amount o f  time involved . I f  the photo­

cathode o f  a TV camera with s tandard  in te g ra t io n  time i s  p laced  in  the 

image p lane  o f  a te lescope  the frame r a t e  i s  30 frames p e r  sec ,  o r a 

1/30 sec  exposure.

One o f  the requirements o f  the  system to  be designed i s  th a t

11 time tagging" be included , which means a very sh o rt  p ic tu r e  exposure 

time. For example, f o r  a 10 ysec time re so lu t io n  the t o t a l  amount o f  

e f f e c t iv e  illum inance  w i l l  be reduced by 105, as compared to  a 1 sec 

exposure.

The f in a l  values fo r  i l lu m in a tio n  leve ls  before  T+185 sec are 

shown in  Table 3.



15

Table 3. Focal Plane Source and Background.Illumination Levels: 
Including Time Tagging, Before T+185 sec , Aj i s  6 .3  f t 2 
and f  i s  691.7 f t .

Bright Sky Dark. Sky 2000°K Source
Es(day) Es (night) E

lumens/m2) ' ’ (lumens/m2) (lumens/m2)

i .  i- x lO"6 1.1 x lO^11 3.3 x 10-5

Target Source

A fte r  T+185 seconds the t a r g e t  i s  not a source o f  l i g h t .  I t  can,

however, r e f l e c t  l i g h t  from the sun . The i l lu m in a tio n  due to  the sky

background i s  the same as p rev iously  evaluated . The following sec tio n  

c lo se ly  follows the Appendix o f  the O ptica l Tracking System Interim

Report. O p tica l Sciences Center (1975).

A F ortran  IV program was w r i t te n  to  c a lc u la te  the  ground i l lu m i­

nance , EG, a t  the  o p t ic a l  s i t e  due to  r e f le c te d  S un ligh t from the t a r g e t .  

The value f o r  EG obtained  versus t a r g e t  range and various  sun p o s i t io n s  

i s  then used to  c a lc u la te  the foca l  p lane i l lu m in a tio n  due to  the t a r ­

g e t ,  ET, as a function  o f  the o p t ic a l  system f-number.

In the computer program la t i tu d e  and longitude o f  the o p t ic a l  

s i t e  are  converted to  e a r th - c e n te r - f ix e d  (ECF) coordinates  (Fig. 6). 

Luminous i n t e n s i ty  (JTOTAL) i s  the e f f e c t iv e  luminous in t e n s i ty  

(lumen/sr) of the t a r g e t ,  t r e a t in g  i t  as a p o in t  source. The comment 

cards in  the program l i s t i n g  describe  the requ ired  in p u t inform ation 

and the output (see Appendix). Figures 6 through 10 describe  the

FOV

34"
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F ig . 6. D escrip tion  o f ECF Coordinate System.
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Axis

To Sun

To
O bserver

F ig . 7. D iffuse R eflec tin g  Cone V ariab les 
(Scott e t a l . ,  1960, p . 13).
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F ig . 8. Base of Cone: Angles Used in  Subfunction FRUST.
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F ig . 9. Conversion of S o lar Hour Angle and 
D eclination  to  ECF.
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F ig . 10. D escribing Subfunction LIGHT.
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various param eters used in  c a lc u la tin g  the  ground illum inance and fo ca l 

p lane illu m in a tio n .

In  th e  c a lc u la t io n s , the  shape o f  th e  m iss ile  i s  described  in  

terms o f  cy lin d ers  and cones (Fig. 11). I t  can be shown (Scott e t  a l . ,  

1960) th a t  the apparen t ra d ia n t in te n s i ty ,  J ,  o f a d if fu s e ly  r e f le c t in g  

cy lin d e r i s  given by

J cy lin d e r  = 7  Hs U  (tt- e) c o s e + s in e js in ^  s i n ^ }  (8)

where IT i s  th e  illum inance from the sun, p i s  th e  s p e c tra l  r e f le c ta n c e , 

a i s  th e  ra d iu s , £ i s  the leng th  o f  the  cy lin d e r , <j> and <j> are  the
' V  ' . ■

angles from the cy lin d e r ax is to  the d ire c tio n  o f irra d ia n c e  and to  the 

d ire c tio n  o f  o b serv a tio n , re sp e c tiv e ly , and :

■ cosg -  cos be cos (it
cose = ---- —  S L_ (9)

s i n ^ s i n ^

The case fo r  the d if fu se ly  r e f le c t in g  cone, and by im p lica tio n  

th e  frustum  as w e ll, i s  given by Eqs. (10) below, which are  co rrec ted  

versions o f  the r e s u l ts  given in  S co tt e t  a l . .(I960 ). F igure 7, page 

17, shows the  r e la t io n s  between the  v a r ia b le s . . Equations (10) must 

each be m u ltip lie d  by , • ■

£ :H (a l + a2) Z cos a 
ir s  —-------------    : - ■

■■■ ■ ■ 4 
to  o b ta in  the apparent in te n s i ty  of the  o b je c t.

Case 1: The e n t i r e  su rface  o f the o b jec t i s  both  seen and

i r r a d ia te d  (ob ject head-on or n early  so ):
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Post Boost V ehicle Guided M issile  Main
Assemblage

(Reentry Contr<j>}
I--------------i r  i ,
, Systems ■ I . Stage II  Motor

Body
Sections Stage I MotorStage I I I

Motor

F ig . 11. Minuteman I I I  PRO, Shape.
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Case 2

Case 3
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4>s < a , <#>t  < ct

2 tt ( 2  c o s * ^  c o s # ^  t a n 2 a  + c o s e  s i n # ^  s i n ^ ) . ( 1 0 a )

T h e  e n t i r e  s u r f a c e  o f  t h e  o b j e c t  i s  s e e n  b u t  n o t  f u l l y  

i r r a d i a t e d :

< a , % a

2 ( tt + 2 Y t )  c o s ^  cos4>t  t a n 2 a  

+ 4  c o s Y t  cos(#)s  s i n 4 > t  t a n a  

+ 4  c o s e  c o s Y t  s i n ^ g  c o s 4)  ̂ t a n a  

+ [ ( tt + 2Y t )  -  2 s i n Y t  C 0 S Y t ]

• c o s e  s i n ^ g  s i n ^ .  ( 1 0 b )

T h e  e n t i r e  s u r f a c e  o f  t h e  o b j e c t  i s  i r r a d i a t e d  b u t  n o t  

f u l l y  s e e n :

<t> 5 *  0 1 , 4>t  < a

2 ( tt + 2 y s ) c o s (#)s  cos<^t  t a n 2 a

+ 4  c o s e  c o s y  cosd )  s i n d > .  t a n a  
' s  s  t

+ 4  c o s y s  s i n # ^  c o s ^ ^  t a n a

+ [ ( t t  + 2 y s ) -  2 s i n Y s  c o s y s 1 

• c o s e  sin<t>s  s i n ^ .  ( 1 0 c )
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Case 4: The e n t i r e  surface  of the ob jec t i s  n e i th e r  fu l ly  seen

nor fu lly  i r r a d ia te d ;  two bands o f i r r a d ia t io n  ap p aren t:

<|>s > a, 4>t  > a , ys < 0 , ys + Yt  * tt - e 

4 (ys + Yt ) c o s ^  cos4t  ta n 2a

+ 4 ( c o s Y t  + cose c o s y s )  c o s ^  sin4>t  tana

+ 4 ( c o s y s  + cose c o s y ^ )  s i n ^  c o s ^  tana

+ 2 [Cys  + Yt ) -  s in Y s c o s y s -  s in Y t  cosY t ]

• cose sin<j>s s i n ^ .  (lOd)

Case 5: The e n t i r e  su rface  o f the o b jec t is  n e i th e r  fu lly  seen

nor fu l ly  i r r a d ia te d ;  one band o f i r r a d ia t io n  apparent:

4>s  <  a ,  ^  2  a , fo r  y s  §  Y t  both p o s it iv e ;  y s  +  Y t  <

fo r  y s  or Y t  n eg a tiv e , or bo th ; e - it  < y s  + Y t

2 [ ( tt - e) + ( y s  +  Y t ) ]  cos*g s in ^ t  ta n 2a

+ 2 [cos (e - ys ) + cosYt ] c o s ^  sin^^  tana

+ 2 [ c o s y s  +. cos (e “Ŷ .) ] s i n ^  cos<j>t  tana

+ [ { ( t t -  e )  +  ( y s  + Yt ) -  sinYs c o s y s

+ s in  (e - Yt ) cos (e -  Yt ) )

• cose + ( c o s 2 y s  -  cos2 (e - Yt )} s in e ]

• s in ^ s s i n ^ . (10e)
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In a l l  cases,

cos6 - cos^q costfrt
cose = -----------------------------

sin^g sin<J>t

tanasm y =s tan4^

s in Yt = tana

where

t  tan<J>t  

a = genera ting  angle o f cone

g = angle between d ire c tio n  o f i r r a d ia t io n  and d ire c tio n

o f observation

4>s = angle between cone ax is and d ire c tio n  o f i r r a d ia t io n

= angle between cone axis and d ire c tio n  o f observation

c = d ih ed ra l angle between p lanes of <f>s and

■j + Ys = (te rm in a to r fo r  the s o la r  illu m in a tio n )  l im itin g

angle o f i r r a d ia t io n  in  p lane o f e 

j  + Yt  = (te rm in a to r fo r the observer) lim itin g  angle o f

observation  in  plane o f e .

These equations are used in  subfunction  FRUST (Fig. 8, page 18) 

When su n lig h t h i t s  the  cone a t any angle not in  the p lane o f the cone's

base (<f>s /  90°) the p a r t  o f the cone l i t  w ill  not be equal to  h a lf  the

cone. The two extreme cases a r e :

1. 4>s = 0° where the sun is  seen head-on and the e n t i r e  cone

is  l i t ,  and



2. <f>s j u s t  g re a te r  than a (where a i s  the cone angle o f  the cone) 

where th e  sun b a re ly  h i t s  th e  su rface  and only a sm all area  

i s  l i t .

The same s i tu a t io n  occurs fo r  the observer where the  a rea  involved i s  

th a t  viewed, and are  the  an g les , on the  cone b ase , th a t  are 

the angu lar d iffe re n c e  from the d ire c tio n  l i t  o r viewed. They define 

the  a rea  th a t  i s  a c tu a lly  seen [see Eqs.. (IQ).]. A band o f i r r a d ia t io n  

appears to  be j u s t  th a t .  Because o f the  angle o f illu m in a tio n  and 

view ing, only p a r t  o f th e  l i t  cone i s  seen , i . e . , a band o f  l ig h t .

The computer program converts la t i tu d e  and long itude  o f the . 

o p tic a l  s i t e  in to  ECF, e a rth  cen te r  f ix e d , coord inates (F ig. 6 , page 16) 

P o s itio n  o f  the  rad a r  s i t e ,  i n i t i a l l y  in  lo n g itu d e , la t i tu d e ,  and R, the  

range, a re  converted to  an x ,y ,z  coord inate  system . The p o s it io n  o f  th e  

sun i s  given by i t s  hour angle and converted to  a d ire c tio n  v ec to r. <j> 

i s  found by the s c a la r  dot product o f  the m iss ile  r o l l  ax is add the 

v e c to r  from the  rad a r  s i t e  to  the ro ck e t. The sun i s  e f fe c t iv e ly  a t 

i n f in i t y  and the  d ire c tio n  o f  the  sun i s  constant over th e  su rface  o f 

the  e a r th . (Longitude i s  measured counterclockw ise from x to  y a x is , 

i . e . , C a lifo rn ia  is  -120 lo n g itu d e .)  The hour angle fo r  the  sun (Fig. 

9, page 19) i s  determ ined by deciding how many hours b e fo re  o r a f te r  

noon, a t  a s p e c if ic  lo n g itu d e , are  d es ired ; M ultip ly ing  th a t  by 15 

p e r hour (-15° fo r  a f t e r  noon) and adding th a t  amount to  the  longitude 

determ ines the degrees from noon a t Greenwich. A n a u tic a l  almanac 

w ill  give a d e c lin a tio n  angle fo r  the sun fo r  a given day o f the year 

(and hour a f t e r  Greenwich noon).
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Subfunction LIGHT (Fig. 10, page 20) determ ines w hether or no t

the  m iss ile  i s  e i th e r  in  su n lig h t o r in  shadow. The E arth  i s  in  the

plane o f  sO lar incidence and the m is s ile . X , Y , and Z are  ECF fo r  ■ m nr m
the m is s ile .  AL, BE, and GA are the ECF d ire c tio n  cosines fo r  the sun,

. and
d  .  (AL X Xr )  .  (BE  x Ym)  .  GA X z m)

. - y 2 -  V : ' 2 ■

I f  n i s  g re a te r  than 90° the  m iss ile  i s  in  l ig h t .  I f  n. i s  le ss  than 90°

bu t th e  p e rp en d icu la r d is tan ce  i s  g re a te r  than the rad iu s  o f  the E a rth , 

the  m iss ile  i s  in  l ig h t .  (R i s  the  component o f d is tan ce  in  the d ire c ­

tio n  o f  the  sun. The p e rp en d icu la r  d is ta n c e  i s  found by. the  Pythagorean 

theorem ).

The computer so lu tio n  o f the  expected fo ca l p lan e  illu m in a tio n

fo r  the  h a l f  hour befo re  s u n r is e , the h a l f  hour a f t e r  sunse t and 1 and

2 hours a f t e r  su n se t, fo r  the case where p = 0 .1 , and H -  1.27 x 10^s
lu m en s/ft2 (illum inance from the su n ), i s  shown in  Table 4 fo r  260 n .m i. 

range. To convert th ese  numbers to  lumens/m2 m u ltip ly  by 10.76. There

are a d d itio n a l fa c to rs  o f T^ and T^ th a t  are assumed equal to  0.6 and

0 .8 , re sp e c tiv e ly . T herefo re , the fo ca l p lane illu m in a tio n  due to  the 

plume E
Et  = ET Ta Tt (10.76) = ET (5 ,16 ). (11)

For p = 0 .5 , i s  a f a c to r  o f  5 la rg e r  and

Et  = ET (2 5 .8 ). (12)
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Table 4. Focal Plane. Illu m in a tio n s  ( lu m en s/ft2) Due-to T arget a t 
a Range o f 260 n.m i. ‘

Illu m in a tio n s  (ET) p=0.1 ( lu m en s/ft2)

% h r  ■ befo re  % h r  a f t e r  1 h r  a f t e r  2 h r  a f t e r
F/Number su n rise  su n se t su n se t sunset .

1 8.2x1 O’"1 1.1 1.1 9 .9x10-1
11 6 ,8xl0~3 9 .0 x 1 0 -3 9 .1x10"3 8.2x10"3

232 1.5x10-5 2.0x10-5 2.0x10"5 l.S x lO "5

' : ' Launch Window

The s i tu a t io n  where l ig h t  r e f le c te d  from th e  ta r g e t  i s  g re a te r  

than the  background l ig h t  i s  when the  ta rg e t  r is e s  above th e  shadow 

o f the  e a r th  and the d e te c to r  i s  in  d arkness. The launch windows are  

where th is  l i t - t a r g e t ,  d a rk -d e tec to r  s i tu a t io n  occurs. The launch 

window i s  accep tab le  fo r  two hours a f t e r  sunset and a h a lf -h o u r  before  

s u n r is e .

Time Tagging A fte r  T+185 sec 

TV cameras w ith  s tandard  in te g ra tio n  time w il l  be p laced  in  th e  

image p lane o f  the te le sc o p e s . T herefo re , th e re  i s  an exposure time p e r  

frame o f  1/30 sec , and the  t o t a l  amount o f  e f fe c tiv e  illum inance p e r 

frame, w il l  be reduced by a fa c to r  o f 30. The f in a l  values fo r  illu m in a ­

tio n  le v e ls  a f te r  T+185 sec , are shown in  Table 5.

Summary

The param eters o f the o p tic a l  system described  in  th is  chap ter 

a re  summarized in  Table 6.
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Table 5. Focal Plane and Background Illu m in a tio n  L evels, Including  
Time Tagging, fo r  a f t e r  T+185 sec  (lumens/m2) ,  and % h r 
a f t e r  S unse t.

R eflec tio n  from Target E (lumens/m2)
. ■ p : : ■

R=260 n.mi 
■ ' = 1 .6x l06 ' f t .

R=1300 n .m i.
' =7.8x106 f t .  .

R=6617.n.mi.
' =39.7x106 f t .

FOV

Dark Sky . 
Es (n igh t)

. (lumehs/m2) p=0.1 p-0 .5  p= 0 .1 p=6.5 p=0.1 p=0.5

6° 2.0x10"3 1.9x10-1 9.3x10-1 1.4x10-1 7.1x10-1 3.5x10-2 1.8x10- 1

M 00 1 .6x1O '5 1.5x10-3 7 .7x10-3 1 .2x10-3 5.9x10"3 2 .9x10-4 1.5x10"3

34" 3.7x10-8 3.5x10-8 1,7x10"5 2 .6x10-6 1.3x10"5 6.6x10"7 3 .3 x l0 -6

Table 6. Summary o f System Param eters.

. Before T+185 sec A fte r  T+185 sec

R eso lu tion 100 TV L/raster h e ig h t - 100 TV L/raster h e ig h t
FOV . 34" 6°, 18' and 34"

Illum inance
Background

Target

C ontrast
Enhancement

Time Tagging

Launch Window

Es  = Ls TT S  / f 2

ee -  lb ta ?r 4  / f ;

Red f i l t e r  

10"5 sec  exposure

Es Ls TT AT / f2 
Et  = Tt Ta ET (10.76)

1/30 sec  exposure

% h r  b efo re  su n rise  
and fo r  2 h rs a f te r  
s u n s e t . Best is  1 h r  
a f t e r  su n se t.



CHAPTER 3

TV CAMERA TUBES

; The a p p lic a tio n  o f a camera tube to  the system can be evaluated  . 

on the  basis , o f p u b lish ed  performance d a ta . Comparison o f d if f e re n t  

tubes a lso  must be based on those same d a ta . Data req u ired  include 

(1) the-dynam ic lim itin g  re so lu tio n  o f the  system (re so lu tio n  in  TV 

l in e s / r a s t e r  h e ig h t vs. photocathode illu m in a tio n )  in  terms o f  the 

c o n tra s t r a t i o ,  which i s  given by

: ' ' '  : . E -  Es
  — - % 100% (13)

; ' ■■
where E^ i s  the  fo c a l p lane illu m in a tio n  due to  r e f le c t io n  from the  

ta rg e t  o r l ig h t  from the  plume and EL i s  the fo ca l p lane illu m in a tio n  

due to  l ig h t  from the  sky, (2) the  square wave response (SWR) and 

(3) the  photocathode s p e c tra l  response. These th re e  item s w ill  be d is ­

cussed in  some d e ta i1. The type o f  camera tube req u ire d  by the  suggested  

system i s  one th a t  can reso lv e  100 TV l in e s / r a s t e r  h e ig h t a t  a ta rg e t  

illu m in a tio n  le v e l o f  3 .3  x 10-5 lumens/m2 (3.1 x 10-6 lu m en s/ft2) w ith a 

c o n tra s t r a t io  o f  97% (before T+185 sec) and a t  a ta r g e t  illu m in a tio n  

lev e l o f  2.6 x 10~s lumens/m2 (2.4 x 10~7' lu m en s/ft2) w ith  a c o n tra s t 

r a t io  o f 99% ( a f te r  T+185 sec , a t  1300-n .m i., p=0.1). The sp e c tra l  

response o f the tube should be maximum in  the v is ib le  reg ion  o f the 

spectrum , e sp e c ia lly  in  the red  end o f  th a t  reg ion , to  g ive the  b e s t 

performance when and i f  a red  f i l t e r  i s  used.

30
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", R eso lu tion  i s  u su a lly  measured using  a b a r ch a rt w ith 100% con­

t r a s t .  I f  th e  c o n tra s t i s  lower than 100%, fo r  example 50%, the re so lu ­

t io n ,  a t  a given illu m in a tio n  w il l  a lso  be lower. In th is  case, where 

the  c o n tra s t r a t io s  can be approximated as 100% th i s  problem does not 

o c c u r .: ' •

The illu m in a tio n  lev e ls  a re  converted to  u n its  o f  lu m en s/ft2 , 

which are  eq u iv a len t to  u n its  o f fo o t candles ( f c ) , because these  are 

th e  u n its  used by cameratube m anufacturers in  ev a lu a tin g  th e i r  p ro d u c ts .

The tubes d iscussed  here were chosen on the b a s is  o f in form ation  

from th e  m anufacturers on TV camera tubes s u ita b le  fo r  the  low l ig h t  

le v e ls  req u ired  by th is  problem.

The tubes chosen fo r  a comparison in  th is  re p o rt were an image 

o rth ico n  (10) and two s i l ic o n  i n t e n s i f i e r  ta rg e t  (SIT) camera tubes 

(Table 7). The fo llow ing two paragraphs describe  th e  b a s ic  p ro p e r tie s  

o f each gen eric  type.

In th e  image o rth icon  the  ph o to e lec tro n s  from the  photocathode 

are  focused by an a x ia l m agnetic f i e ld  onto a th in ,  m oderately in s u la tin g  

ta rg e t  su rfa c e . These s t r ik e  the. t a r g e t ,  and secondary em ission o ccu rs, 

causing the  estab lishm en t o f n e t p o s it iv e  charges on the ta r g e t .  "The 

e le c tro n  beam scans th e  charged ta r g e t  p a t te rn ,  d ep o sits  some e lec tro n s  

on th e  more p o s i t iv e ly  charged a re a s , and the. modulated beam re tu rn s  to  , 

an e le c tro n  m u lt ip l ie r  surrounding the  e le c tro n  gun. The output s ig n a l 

i s  the  am plified  anode cu rren t o f the e le c tro n  m u ltip lie r "  (RCA, 1974, 

p . 182)(see F ig . 12).



32

Table 7. Three TV Camera Tubes

Camera Tube 

GE 10 Z-7987 

RCA-C21145

Westinghouse 
WX-32432

Type o f Tube

SIT Camera Tube, 40-mm 
F iber-O p tic  Face p la te  
type

32-mm EBS Camera Tube* 
Developmental Device

Photo Cathode

Ruggedized Image Orthicon (GE) S-25

S-20
M ateria l NaK-Cs-Sb

S-20

* EBS i s  the  trad e  name fo r  the generic  type tube SIT.

(a)

(b)

U C M T F IR S T  0 Y N 0 0 E  
OF E LE C T R O N  
■ U L T IP U E R

F IE L D
sE S H

ELECTRON
M U L T IP L IE R

F M O TO C ATN C O E

VO«L
Ol t p - . t

SIGNAL
OUTPUT

SILICON OR
s ec  t a r g e t

Fig. 12. Schematic R epresen tation  of Camera Tubes.

(a) image o rth icon  camera tube
(b) SIT camera tube (RCA, 1974,pp. 182 and 183)



In the s i l ic o n  in t e n s i f i e r  ta rg e t  camera tube th e  pho to e lec tro n s  

from th e  photocathode are  focused onto a sp e c ia l ta rg e t  th a t  provides 

r e la t iv e ly  h igh  gain befo re  the  scanning operation  commences. The 

ta rg e t  i s  a very thin, s i l ic o n  w afer upon which, a t ig h t ly  spaced m atrix  

o f  p -n  ju n c tio n  diodes i s  formed. The p h o to e lec tro n , from the photo­

cathode, i s  a c c e le ra te d  to  perhaps 10 keV, and inpinges on the ta rg e t  

and causes a la rg e  q u an tity  o f  charged p a r t ic le  p a i r s .  The holes are 

c o lle c te d  a t  the  p -s id e  o f  the diode where the  charge i s  n e u tra liz e d  

by the  scanning beam. The s ig n a l i s  read  out on the  backp la te  of the 

ta rg e t  (Fig. 12) (RCA, 1974, p . 183).

: Tubes o th e r  than the  th re e  given in  Table 7 were considered bu t 

were n o t in c lu d ed  in  th is  comparison because th e i r  re so lu tio n  c a p a b il i­

t i e s  d id  no t match the  requirem ents. Though the  in fo rm ation  on the  

Westinghouse tube i s  not as complete as th a t  fo r  e i th e r  th e  RCA o r GE , 

tu b es , the  r e s u l ts  are  comparable and m erit co n s id e ra tio n  in  th is  re p o r t .

■'TeXtron, I n c . ; m anufactures a s e r ie s  o f sp ec ia l-p u rp o se  10 

camera tu b e s . The a v a ila b le  in fo rm ation  in d ic a te s  th a t  they  are  compar­

able to  the tubes in  Table 7, but not. enough in form ation  was a v a ila b le  

fo r  any r e a l  comparison.

. Dynamic L im iting R esolution 

According to  RCA (1974, p . 201):

Lim iting re so lu tio n  i s  g e n e ra lly  measured w ith a b a r p a tte rn  
having 100 p ercen t c o n tra s t. For image tubes i t  i s  u su a lly  
sp e c if ie d  in  terms o f l in e -p a ir s  p e r m illim eter;, fo r  camera 
tu b es, in  terms o f the number o f TV lin e s  (black; and w hite) 
th a t  can be reso lved  in  a p ic tu re  h e ig h t. One b lack  and w hite 
l in e  i s  eq u iv a len t to  one lin e  p a i r . . .The lim itin g  re so lu tio n  
value corresponds to  an MTF o f about 3 percen t a t  high l ig h t
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where p ic tu re  n o ise  i s  not a l im ita tio n . As the  l ig h t  lev e l 
i s  reduced, the number o f reso lved  l in e s  decreases because 
o f  the  obscuration  caused by the n o ise  in  the  p ic tu re .  L im it­
in g  re so lu tio n  v a r ie s  approxim ately as the square ro o t o f the 
scene luminance a t  low l ig h t  lev e ls  but i s  MTF lim ite d  a t  
high  l ig h t  l e v e ls .

The perform ance o f the GE IO-Z-7987 tube and the  RCA-C21145

(Fig. 13) i s  about equal. Table 8 shows th is  r e la t io n s h ip  ( illu m in a tio n

vs. TV l i n e s / r a s t e r  h e ig h t)  more c le a r ly ,

' Square Wave Response 

The square wave response (SWR) o f a TV camera tube defines th e  

re so lu tio n . RCA c a l ls  th i s  the  c o n tra s t t r a n s f e r  fu n c tio n  (CTF) and. 

defines i t  as the sp a tia l- f re q u e n c y  am plitude response. The m odulation 

t r a n s f e r  fu n ctio n  (MTF) i s  the sine-wave sp a tia l- f re q u e n c y  amplitude 

response. These two types o f responses can be converted from one to  

the  o th e r  (RCA, 1974, p . 117).,

MTF *  ( i 4 )  :•

where the  term in v o lv in g  C(9N) i s  om itted  because i t  i s  zero , or

ctf = c m .  _ m m .  M g i  _ M m  ,  m m  . . . ]  (15)

The response o f the system is  u su a lly  given by the CTF (h e re a f te r  

r e fe r re d  to  as StVR) because i t  i s  e a s ie r  to  measure (RCA, 1974, p . 114). 

In  F ig . 14 the  shape o f  the curves shows th a t  the ou tpu t s ig n a l generated  

by the  camera tube has f a l le n  from i t s  low s p a tia l  frequency response.

A drop o f  50% in d ic a te s  an e f fe c tiv e  quantum e ff ic ie n c y  reduction  o f
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Fig . 13. R esolution C h a ra c te r is t ic s  fo r (a) GE-I0-Z-7987 
(Spalding, 1971, p. 7) and (b) RCA-C21145 Tubes 
(RCA, 1972, p . 8).
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Table 8. R eso lu tion .

Photocathode 
illu m in a tio n  
(lum ens/ft )

(a)
GE 10 Z-7987 
R esolution 

: (TVL/Raster Height)

(b)
RCA-C21145
R esolution

(TVL/Raster
Height)

(c)
Westinghouse 
WX-32432 
R esolution 

(TVL/Target 
Height)

1 x IQ"? 300 — —fc

5 x 10-7 1 . 420 325 200
1 x 10"6 450 400
5 x 10-6 580 625 -----

1 x 10-5 650 725
5 x 10-5 [850]* 950
1 x 10-4 [900] 1050
5 x 10-4 [1100] ; 800

* F igures in  b rackets  have been ex trap o la te d  from g rap h s.

(a) Spalding (1971).

(b) RCA (1972)

(c) Westinghouse (1974)
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F ig. 14. Square Wave Response.
(a) GE 10 Z-7987, a t 1.5x10-3 lum ens/ft2 (S p a ld in g ,1971,p .8)
(b) RCA-C21145, a t 500 nA, l.S x lO -4 lum ens/ft2 (RCA,1972,p .7)
(c) W estinghouse, WX-32432, a t  800 nA, 3 .OxlO-4 lu m en s/ft2 

(Westinghouse, 1974, p . 5 ).



2 fo r  the dev ice. F igure 15 shows th e  same responses fo r  a common 

illu m in a tio n  o f  3 x 10-4 lu m en s/ft2 and 4 X'10~7lu m en s/ft2 , re sp e c tiv e ly .

The SWR o f the Westinghouse tube was generated a t  an illu m in a ­

tio n  le v e l o f 3 x 10-4lu m en s/ft2 . The lim itin g  re so lu tio n s  o f  the RCA 

and GE tubes are  taken from Fig. 13, page 35. Using th ese  values fo r  

th e  maximum value o f  TV l in e s / r a s t e r  h e ig h t, th e  square wave responses 

fo r  th e  RCA and GE tubes were t r a n s fe r re d  onto the same graph. The r e ­

sponse o f the  GE TO u n it  i s  h ig h er in  both, cases , in d ic a tin g  a b e t te r  

quantum e ff ic ie n c y .

S p ec tra l Response

F igure 16 shows the  s p e c tra l  response o f se v e ra l General E le c tr ic  

pho tocathodes. T heir data  agree w ith  th e  response o f th e  photocathodes 

given by RCA (1974, p p . 152-153). The S-20 and S-25 photocathodes are 

Na-K-Cs-Sb. The s p e c tra l  response o f the  S-25 is  g re a te r  in  magnitude 

p e r  wavelength fo r  the  GE photocathode than fo r  the RCA photocathode.

Other C r i te r ia

When a com paratively b r ig h t l ig h t  i s  imaged upon the  photocathode 

o f a lo w -lig h t- le v e l camera tube , the apparent diam eter o f  the  l ig h t  i s  

in c reased . This penomena i s  c a lle d  blooming. A fa c to r  th a t  must be 

considered in  th i s  a p p lic a tio n  i s  the  e f f e c t  o f a b r ig h t o b jec t w ith in  

the  same f ie ld  as the ta rg e t  (such as a s t a r ) . In an image o rth icon  ■ 

the  c e n tra l image i s  a sa tu ra te d  core surrounded by a b lack  halo  

(Campana, 1971; p . 22 ,23). A b r ig h t l ig h t  caused no permanent changes
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Fig* 15. Square Wave Response a t (a) 3 x 10-4 fc , 
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C enter, 1976 , p .9 ) .
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F ig . 16. S p ec tra l Response.

GE photocathode responses fo r  th e i r  s p e c ia l purpose 
o rth ico n s (GE, 1972a, 1972b). The S-20 s p e c tra l  
response i s  the same as given b y  RCA fo r  C-21145. 
R e la tiv e  s e n s i t iv i ty  i s  eq u iv a len t to  amperes per 
w a tt.

in  the ta rg e t  q u a l i ty ,  though an a f t e r  image la s t in g  sev e ra l minutes 

did occur. In an SIT the image spreads in  a "w ell defined  c irc le "  

(Campana, 1971; pp. 23 ,24). A fte r te s t in g  th e re  may be permanent 

ta rg e t  d e te r io ra tio n .

Com paratively, the p ic tu re  obscuration  due to  both 10 and SIT 

tubes i s  about the same p e rc e n t, w ith the  Halo in  the 10 causing most 

o f th a t  o b scu ra tion . According to  GE Supplement to  ET-T1683A (1972a), 

the S-25 photocathode in  the 10 Z-7987 does not have a halo  and has an 

obscu ra tion  o f only 3% a t 10~4 lumens h ig h lig h t il lu m in a tio n .

10 u n its  have n o ise , due to  the re tu rn  beam type o f o p era tio n , 

in  the dark areas o f the image. This w il l  cause the p ic tu re  to  appear 

g ra iny . This can be avoided by in te g ra tin g , but the a p p lic a tio n



described  h e re in  c a l ls  fo r  time tagg ing  not in te g ra tin g . ( In te g ra tin g  

i s  exposing the  p ic tu re  fo r  longer than 1/30 o f a second, time tagg ing  

exposes i t  fo r  1/30 o f a second o r l e s s . )  A ctually  the g rainy  p ic tu re  

w il l  no t be as se rio u s  a problem as the  w hite dots to  which SIT u n its  

are  s u b je c t.  The o pera tion  o f the SIT u n it  generates s o f t  x-rays to  

which the  photocathode i s  s e n s i t iv e .  The SIT tubes show h ig h er blem ish 

le v e ls  than the image o r th i  con.

"High in c id e n t l ig h t  lev e ls  on the photocathode re s u l t in g  in  

excessive  photocathode cu rren t may, over a p e rio d  o f tim e, r e s u l t  in  

shortened  tube l i f e  due to  ta rg e t  damage from p h o to e lec tro n s"  (RCA, 1972) 

The exposure l im it fo r  fa c e p la te  illu m in a tio n  o f 1 lu m en s/ft2 i s  one 

hour fo r  RCA C-21145. The proposed system must h an d le_ illu m in a tio n  .a t 

th i s  le v e l . The RCA tube req u ire s  a combination o f lens s tops and f i l -  . 

te r s  to  l im it  the  l ig h t .  I t  i s  no t d e s ira b le  to  f i l t e r  the  already 

described  system because i t  decreases the  re so lv in g  c a p a b i l i t ie s .

To in s u la te  h ig h -v o ltag e  TV camera tu b e s , they  should be p o tte d ; 

th a t  i s ,  th e  high vo ltage  e lec tro d es  are  encapsu lated  in  a s i l ic o n  rub- 

b e r  compound. S IT 's  u su a lly  have 15 kV and these  w il l  need p o ttin g  

(the RCA C21145 has a photocathode v o ltag e  o f 3000 to  12000 V). An 10 

■ u n it  u su a lly  h as , in  comparison, 6.00 V and does not have to  be p o tte d  

(GE 10 A-7987 has a photocathode vo ltage  o f 600 V). The ac tu a l p o tt in g  

opera tion  i s  d i f f i c u l t ,  th e re fo re  an In te n s if ie d  SIT (ISIT) camera i s  

u su a lly  purchased a lread y  p o tted . The e n t i r e  ISIT must be exchanged 

to  rep lace  a d e fec tiv e  camera tube ( re s u lt in g  in  a h ig h er c o s t ) , as
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opposed to  exchanging the 10 tube and then recoup ling  i t  to  the in te n -  

s i f i e r  a lread y  in  th e  system (Table 9 ).

Table 9. S p e c if ic a t io n s .

A ctive photocathode 
diagonal

L im iting re so lu tio n

O perating tem perature

Photocathode vo ltage

(a)
GE 10-27987

1.8  in .

1200 TVL a t  
1 .5x10-3
lu m en s/ft2

o f  image end 
25° to  30°C 

o f  ta rg e t  
15° to  55°C

600V

(b)
RCA-C21145

1.58 in .

1100 TVL a t 
1.5x10-4 
lu m en s/ft2

(c)
WX-32432

1.26 in .

900 TVL 
a t  3x10-4 
lu m en s/ft2

ty p ic a l  30°C ty p ic a l  25°C

ty p ic a l  5000 Primary 
to  12000V . vo ltage 

12000 V

(a) GE (1972a), (1972b).

(b) RCA (1972).

(c) Westinghouse (1974).

Summary

The th re e  camera tubes chosen fo r  a comparison were the 

GE 10 2-7987, RCA-C21145, and Westinghouse WX-32432, where the f i r s t  

i s  an image o rth ico n  and the o th e r two are  s i l ic o n  i n t e n s i f i e r  ta rg e t  

camera tu b e s .

P rim arily  th re e  fa c to rs  were examined in  d e ta i l :  (1) th e  dynamic 

lim itin g  re so lu tio n  in  terms o f the c o n tra s t ,  (2) the  square wave r e ­

sponse, and (3) the photocathode s p e c tra l  response.
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The dynamic lim itin g  re so lu tio n  (Table 9) shows th a t  a l l  th re e  

tubes have accep tab le  re so lu tio n s , w ith GE 10 Z-7987 having the h ig h est 

TV l in e / r a s t e r  h e ig h t re so lu tio n  in  the  very lowest l ig h t  lev e ls  

(below 1 x 10~° lu m en s/ft2) , and RCA C21.145 having h ig h er re so lu tio n  

where th e re  i s  more photocathode il lu m in a tio n .

The square wave response (Fig. 15, page 39) o f  the GE 10 Z-7987 

- i s  h ig h e r a t  both  illu m in a tio n  lev e ls  graphed. This in d ic a te s  a b e t t e r  

quantum e f f ic ie n c y  fo r  th a t  tube.

The r e la t iv e  photocathode s p e c tra l  response o f the  S-25 photo- 

cathode (GE 10 Z-7987) i s  g re a te r  than th e  S -20 photocathode (RCA-C21145 

and WX-32432) in  the  v is ib le  wavelengths of l ig h t  and no tab ly  in  the  

lo n g er, v is ib le  w avelengths.

I t  can be concluded th a t  the  GE 10 Z-7987 w i l l  have fewer 

problems due to  g en eric  types o f  n o ise .

The GE .10 Z-7987 meets a l l  the  c r i t e r i a  o f the  system . For a l l  

th e  perform ance d a ta  ev alu a ted , i t  g ives equal o r su p e rio r  r e s u l t s .

This makes the  GE 10 Z-7987 the b e s t choice fo r  the proposed system.
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CONCLUSION

An e le c tro -o p t ic a l  system i s  described  to  tra ck  a ta rg e t  through 

i t s  f l i g h t .  100 TV l in e s / r a s t e r  h e ig h t re so lu tio n  m i l  be req u ired  o f 

a TV camera tube.

Because the  tra c k in g  problem involves tra ck in g  a plume and 

l a t e r  more than one ta r g e t ,  more than  one f i e ld  o f  view i s  req u ired .

The recommended system i s  one having th re e  cameras p e r  d e tec tio n  s i t e ,  

and having a FOV o f 6°, 1 8 ',  and 34".

The amounts o f  l ig h t  from sky, plume, and ta r g e t  th a t  reach the  

image p lane  are  c a lc u la te d  to  determ ine the  illu m in a tio n  co n s tra in ts  

o f  th e  camera tu b es. These are  a ta rg e t  illu m in a tio n  le v e l o f 

3,3x10-5 lumens/m2 ( 3 .IxlO-6 lu m en s/ft2) w ith  a c o n tra s t  r a t io  o f 97% 

(before T+185 sec) and a ta rg e t  illu m in a tio n  lev e l o f 2.6x10-° lumens/m2 

(2 .4x l0~7 lu m en s/ft2) w ith a c o n tra s t r a t io  of 99% ( a f te r  T+185 sec , a t 

1300 n .m i . , p=0.1) (Table 3, page 15).

When tra ck in g  befo re  T+185 sec  a time tagging o f  105 frames, p e r 

second i s  o b ta in a b le , and a red  f i l t e r  may be used fo r  c o n tra s t enhance­

ment. Tracking a f t e r  T+185 seconds i s  p o ss ib le  only fo r  a lim ited  

launch window. This window is  the h a l f  hour before  su n rise  and two hours 

a f t e r  su n se t, w ith the optimum time being one hour a f t e r  su n se t. During 

th i s  tim e th e re  i s  the standard  30 frames p e r second time tagging  due to  

th e  camera tube frame tim e.
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TV camera tubes were evaluated  fo r  th e i r  s u i t a b i l i t y  to  the  

above system , and.owing to  comparisons o f  re so lu tio n ^  square wave 

response, and s p e c t r a l ,resp o n se , the  GE 10 2-7987 was recommended fo r  

use.

The GE 10 2-7987 has the h ig h e s t TV l in e / r a s t e r  h e ig h t re so lu tio n  

(Table 8, page 36) o f  the  compared tu b e s , a t  the  lowest l ig h t  le v e ls .

I t s  square wave response i s  h ig h e r a t  bo th  illu m in a tio n  le v e ls  graphed 

(F ig. 15, page 39), in d ic a tin g  a b e t t e r  quantum e f f ic ie n c y . The r e la t iv e  

photocathode s p e c tra l  response o f the  S-25 photocathode, in  the  tu b e , i s  

g re a te r  in  th e  v is ib le  wavelengths o f l ig h t .  The GE 10 2-7987 meets a l l  

the  c r i t e r i a  o f the system described  above.



APPENDIX

COMPUTER PRINTOUT OF TARGET SOURCE ILLUMINATION -

The follow ing i s  the computer p r in to u t  o f  the  F o rtran  computer 

program described  in  Chapter 2. Included i s  a l i s t  o f  the i n i t i a l  d a ta  

and the outpuf.

PROGRAM P.FLECT < INPUT, OUTPUTp TAPE5»INPUTp TAPE6 = 0UTPUT> 1
C ***ALL ANGLES IN RADIANS, DI STANCES" IN FEET » , ROCKET LENGTHS IN FT 2
C 4 L ATI TUD E AND LONGITUDE WILL BE CONVERTED TO ECF
C****6»VARI ABLE ' NAMES' * * * * * *  5
C. HS AMOUNT OF DIRECT SOLAR IL L U MIN AT ID N ( L M /  F T * * 2) 9
C RO SPEuTRAL REFLECTANCE p INPUT 10
C JTOTAL (EG) LUMINOUS INTENSITY (LM/STER)

FRUST SUBFUNCTION, EQUATION (A-3) -LUMINOUS INTENSITY, OF CONE( LM/STER) 
JCYLIN EQUATION A-l  -LUMINOUS INTENSITY OF CYLINDER (LM/STER)
FIGURE A-l
EPSI ANGLE DEFINED BY EQUATION A-2
ALPHA . GENERATING ANGLE. OF THE CONE 11
BETA ANGLE BETWEEN DIRECTIONS OF SUN AND OBSERVER
PHIS ANGLE BETWEEN ROLL AXIS AND UN .
PH IT ANGLE BETWEEN ROLL AXIS AND OBSERVER
LEN LENGTH QF A CYLINDER (OR SECTION) 18
Al . TOP RADIUS OF FRUSTUM -OR OF CYLINDER
A2 BOTTOM RADIUS OF FRUSTUM WHERE A2 IS GREATER THAN Al . 20
FIGURE A-2
GAMAS ANGLE*PI/2»TEPMINAT0R FOR SOLAR ILLUMINATION IN PLANE OF EPSI

C GAMAT ANGLE»PI/2=TERMINAT0R FOR THE OBSERVER IN PLANE Of EPSI
C FIGURE A-3
C R DISTANCE FROM CENTER OF EARTH TO OPTICAL SITE 21
C X POSITION COORD IN ECF SYSTEM ' 22
C V POSITION COORD IN ECF SYSTEM . 23
G Z POSITION COORD IN ECF SYSTEM 24

C DECLARATIONS 28  »
INTEGER FNUM( 4 )  29
REAL HS., J CY’L IN,  JT0 T AL,  TRA J ( 2 5 ,  8 ) pRADAR ( 3 ) ,  SHAPE ( 1 3 * 5 )  30

1 , SUN( 2 ) , LEN,SL ANT( 2 5 ) »  JTOT 31
COMMON P I , RO,HS. 32
RE AD( 5 ,  9-9 )HS: 34

99 FORMAT( 3X, F8o 2)  , 35
R E A D ( 5 , 1 00 ) R 0  38

100 FORMAT( 3X,F9e7) 39
C INPUT RADAR SITE,LAT,LON,ALT(FRM CNTR) TO ECF X,YpZ (EARTH CNTR FIX) 40

REA0(5,101)RADAR(1),RADAR(2),RADAR(3) 41
101 F0RMATi4X,F8«3^X,F8o3,6X,F10ol) , . 42

C LAT GEOCENTRIC, LON GEODETIC ' 43
C CONVERT TO RADIANS

RAD.AR 11 )oe01745*RA0AR( 1) 44
RAOA»(2)Oo017'4b»RADARC2) 45

X»RADAR( 3 ) »COS(<AOAR(1 ) ) *COS( RADAR(2 ) )  46
YoRAOARC3) *C0S( RAOAR( l ) ) »SI N( RADAR( 2) I ■ .  47 
Z °R ADAR ( 3 ) * S 1 N ( R AD AR (1) ) \  48
R ADARM ) ox . 49
R ADAR( 2 ) °Y 50
RADAR( 3 ) pZ 51

Pl=AC0S(-lo01 . 52

46
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C INPUT NUMBER OF.CA7DS DEFINING SHAPE* ISHAPf
RE&D(5,98)iSHAPE 

: 98 F0RMAT(I3)
C INPUT SHAPE OF ROCKET BY STAGES MUST BE ISHAPE CARDS . 55
C COLUMN I oSTAGES PRESENT ON TRAJECTORY ' 56
C loSTAGE 1»2° SKIRTi;3=5TAGE 2, ^ kIRT 2»5=STAGE 3p6=C0NE 5?

OR 6o5 CONE WITHOUT SHROUD ( IF . I T ,  3 STASES START 58
NUMBERING WITH PRESENT STAGES.* I « E o. 5HP E (1 p I ) “ 3 ) ■ 59

COLUMN 2=SHAPE/ 1°FRUSTRJM, Z»CYLINDER
COLUMN 3= RADIUS 1, COLUMN RADIUS 2 »COLUMN 5°LENGTH
DO 20 I *  IpISHAPE 62

R E AD (5 p 102) C SHAPEX Ij> J )> J ° 1» 5) • 63
102 F OR MAT( 4X * F 3 .1 ,4  X, F3.1,4 X, F 6 , 3 , 4X, F 6c 3f 4 X p F7 o 3) > 64

20 CONTINUE . - ,v 6.5
INPUT TRAJECTORY (TRAJ)» EACH READING IS A ROW; COLUMNS ARE . 66
TI-MEp STAGESp X, Y » Z pCOSX, C OS Y, COSZ (XIX, XTY, X IZ > . 67

STAGES ARE ON ROCKET,INPUT OF TRAJECTORY MUST INCLUDE CODE 68
0= FULL ROCKET, 1«N,0 STAGE.lp2 = N0 SKTS STG2,3«N0 STAGEZp 69
4oN0 SKTS STG3,5»N0 STAGES, X.5 LOSS OF SHROUD . 70
(IF LT 3 STAGES, START STAGES WITH THOSE PRESENTpIE TRAJ( 1 , 2 )«271 

" INPUT NUMBER TIF CARDS DEFINING TRAJ= ITRAJ ,
READ(5,104) ITRAJ 72

104 FORMAT(13) 73
. .. 00 21 I  = 1,1 TRAJ -V . ' 74

READ (.5 >105 ) . ( TR A J ( I  , J ) ,  J o 1, 8 ). 75
105 . F0RMATXF7o2, 1.XpF3o1,1X,F-11o1,1XpF11o1,1XpF11o1,1X,F7o5, 76

1 F7o5pF7o5) 77
21 CONTINUE • 78

INPUT F/NUMBERS TO BE US ED,MUST BE 4 OF THEM
. READX 5,110) ( F NUM ( I ) , . l* 1 p 4 ) 88

110 F0RMAT(14X,13, lX, I3, lXp i3 , lX, i3)  89
INPUT'POSITION .ANGLES OF SUN FOR LOCAL TIME FOR RADAR SITE, . • 90
HOUR ANGLE. IN DEGREES ( S UN (1) 1, DECLIN ATI ON .IN DEGR EED( SUN.( 2>1 .
SEE FIG A-4 : V ;  ̂ .
RE AD(5 , 103 )SUNX1 ) pSUN(2) 92 -

103. FORMATX 9Xp F7o 2p 6Xp F5o2 ) . 93
• 40 PRINT 112 p SUN (1) • " .. - .. %.:\95: .
. 112 FUR MAT I " 1 HR ANGLE0 - «,F7c2T :: 96 '
C CONVERT TO RADIANS.. " ' " 94

' SUN ( 1 ) n © 0174 5 SUN (1) ' - • T  ;' " 97
SUNX2) = e01745»SUN(21 • > 98
WRITE (6p109) ■ ■ . 99

109 FORMATXw ■ TIME LUMINOUS INTENSITY ; SLANT«p -  ' 100
9 . « RANGE(FEET) GROUND ILLUMINANCE - . «, ; 101

v 9 »F/NUMBER F□ C AL PL ANEHp / p 1 9Xp w { LUMEN/ STER )-wp 102
9 30Xp^(LUMEN/FT*42)*EG"p20Xpi'IJ VUMINATIONnET") / 103

C L1GHT1 HERE IS A DUMMY VARIABLE -
■ LlGHTloS . '•••
C. LOOP PER LINE OF TRAJECTORY - 104

DO 23 I ° Ip  ITRAJ 105
C SLANT RANGE FROM RADAR SITE TO ROCKET 79

SLANT(11=SORT( ( (RADAR(1 ) -TRAJ( 1 , 3 ) ) * * 2 ) » ( ( RADAR( 2 ) - TR A J ( I , 4))
2 » 2 ) ♦ < ( R A D A R ( 3 ) -T R A J ( I p 5 ) ) t  o 2 > )

: JTOTAL°OdO 106
C CALCULATING PHIT FOR TIME I ' 107

. PHI T ° A C O S ( ( ( ( T R A J ( I ». 3 ) -R AD A R (1 ) ) A T R A J ( I ,  6.) ) 110
fc .❖( (TRAJ( I ,  4)-RiXDAR (2 )T^TRAJ ( 1,7) ) . I l l
7 * X(T R A J( Ip 5 ) • R A D A R( 3 ) ) *  TR A j ( 1 , 8 ) ) > / S L ANT( I )> 112

C ALp.BEpGA ARE DIRECTION COSINES .FOR THE SUN .
AL = C OS (S UN (1) ) * C0S ( S UN ( 2 )). :v 114
BE=*5IN(SUN(1 ) ) * : 0 S (SUN(2)) - 115
G A ° SIN( S U N(2) )  ' ' - " 116

C LIGHToSUBFUNCTION WHICH DETERMI/NS WHETHER MISSILE IN IN SUNLIGHT
C LIGHT! AND LIGHT2 INDICATE PRESENT SUN OR SHADOW STATUS ,

LIGHT 2» L I GHTX AL p 9 E p G A, T R A J ( I , 3 ) p T R A J ( I p 4 ) p T R A JX Ip 5 » )
IF (LlGHTloEQoLIGHT.2) G3 TO 45



L!GHT1» LIGMT2 
IF(LIGHTl»EO<iO) PRINT 141 

' 141 FORMAT(" MISSILE IN SHADOW")
IF(LIGHTloEQ.l) PRINT 140 

140 FORMAT(» MISSILE IN SUNSHINE")
C CALCULATE PHIS 113
45 PHIS=ACOS( ( (TRAJ(1,6)* AL) * ( TRAJ( I »7 ) *86)^( TRAJ(T,8 ) *GA)) ) 117
C CALCULATE BETA 118

BETA=ACOS(( ( (TRAJ(I,3)-RADAR(1))*AL)+((TPAJ(I,4)-RADAR(2)) 119
9 ^BE ) ♦ ( ( TR A J ( I p 5 ) -R AD AP ( 3 ) ) <*GA ) ) / SL ANT { I ) ) 120

• IF(TRAJ(1 , 2 ) • L E• A IN T( T RAJ( 1 , 2 ) ) )  GOTO 50 121
TRAJ{ I , 2 ) a A IN T OT R A j ( 1, 2))  122
00 25 I I » 1 ,  ISHAPE 123

IF ( SHAPEt11, 1 ) oNEo 6o0) GO TO 10 124
SHAPE*11,1)=6o5 125
GO TO 2 5 126

10 1F(SHAPE( I I p D o  EOo 6o5) SHAPEMIpl)o 6o0 127
25 CONTINUE 128
50 00 24 Jo 1 , 1 SNA PE 129

IF (SHAPEt J, l )o  FQo 6,5)  GO TO 24 130
1F(TRAJ( I,2)»GEoSHAPE(J,l) ) GOTO 24 131
1F(SHAPE(Jp2)oEO. 1,0) GO TO 51 . ' 132

C /: CYLINDRICAL SECTION ,EOU A-l  133
A1=SHAPE(J,3) . 134
LENoSHAPEtJ,5) 135

e : EOU A-2 ,
EPS I°ACOS( ( C OS( BETA)-COS( PHIS) ^COS( PHIT)) /  136

1 (SINtPHIS)«SIN(PHIT))) 137
j'CYLIN«(R0/P'I)*H-SMAl*LEN/.2>*-<((PI--EPSI)9C0${'EPSI)*: 138

1 S IN (E P S I ) ) *S IN ( PHI S ) *5 IN ( P II  T >) 139
JTOTAL-JTOTAL+JCYLIN 140
GO TO 24 141

C FRUSTRUM SECTION,EQU A-3 . , . 142 :
51 Al°SHAPE( J, 3 '  143

A2»SHAPE(J,4) 144
LEN«SHAPE( j p 5) 145
JTOTAL»JiDTAL> FRUST( AlpA2pLEN,PHIS»PHIT,BETA) 146

24 CONTINUE 147
JT0T=JT0TAL/SLANT(I)**2 148

C EToFOCAL PLANE ILLUMINATION VS F/NUMBER
ET«2o 5*10**10*JTOT/FNUM(1)4*2 149

WRITE t 6,10 8 ) TR A J ( 1, 1 ),  J TOT ALp S LANT ( I ) p JTOTp FNUM (1) p E.T 150 .
108 F0RMAT(1X,F7o2, 5X,F2001 0 , 5XpF20oIOp5XpE12o5 pl5XpI3p5Xp 151

6 E13 o 5) Y  -- 152
DO 26 K°2,4 153
ET=2o5*10*<l10*JT0T/FNUM(K)*<‘2 154
WRITE(6pll l )  FNUMtK) , ET 155

111 F0RMAT(90XpI3 ,5X pE13o5> 156
26 CONTINUE 157
23 CONTINUE . 158

RE ADC 5p103) SUN( I ) pSUN(2) 15 9
I F ( E0F(5) )  41,40 160

41 STOP. 161
END 162
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FUNCTION FRUSTCAl^AZfLfPHISpPHITfBETA)
C EQUATIONS A-2
., ' real l , . .

COMMON PI,RO,HS 
AL PHA = ATAN(( A1-A2)AL)
E P SI = AC OS (< C O S C BETA: > -C O S ( P H IS ) * C 0 S ( PH IT > > /

1 ; (SIN(PHIS ) *SIN( PHIT ) ) )
IFCTAN(ALPHA)oGtoABS(TAS(PHIS:))). GO TO 6 

. I F ( TAN( AL PHA) e G T» AB S( T AN( PH I T ) ) )  GO TO 6
GAMAS”AS IN( T AN( AL PHA) / T AN( PHIS))

' GAMAT°ASIN( TAH( ALPHA ) / TAN ( PHIT) ')
FRUST"(RO/Pn*.HS* (Alt  A2) PL*COS (ALPHA ) /4  

C s CASE 1
IF (PHISoGToALPHAVORoPHIT.GToALPHA) GO TO 2

1 '■FRUST*FRUST*2*P.1*<2"*CQ.SVPH.T.S-)*C0'S<P'HIT)*TANTALPHA)6*24- 
1 C 0 S ( E P SI ) *S: LN ( P HIS ) * S I N't P HI T ))
RETURN .

C CASE 2
2 IF ( PHIS,GT.ALPH4 . OR.PHIT.LTo ALPHA) GOTO 3 

FRUST”FRUS'T*(2*(P 112 *5 AM AT ) *0 OS ( PH IS i *COS ( P HI T ) ^T AN ( ALPHA)
f4*COS (GAMAT) ("COS ( PHIS ) *S IN ( PHI T)*TAN( ALPHA)
❖ 4»C0S(EPSr) *C05(GAMAT)*SIN(PHIS )<=C0S( PKIT)*TAN( ALPHA) 

(PI*2*GAMAT)-2*SIN( GAMAT) <-C0S(GAMAT) X-COS tEPSI )*
SIN( PHIS)*5 IN( PHIT) )

RETURN 
C CASE 3

3 IF ( PHIS, LT.ALPHA, ORoPHIToGToALPHA) GO TO 4
FRUST»FRU$T*(2*( PI>2*3AMAS.)*-COS (PHIT) *CdSC PHIS )#T AN (ALPHA.)**2 

3 t4*COS(GAMAS)*COS(PHIT)*SIN(PHIS)*TAN(ALPHA)
3 +4*COS(EPST)*COS(GAMAS)PSIN(PHIT)4COS(PHIS) * TAN(ALPHA)
3 ; t ( ( P I t  2 * GA MAS)-2 * SIN( GAM AS) *CO S(GAMAS)) *  C OS( E PS I )
3 *SIN(PHIS>*SIN(PHim 

RETURN
4 GAMAaQAMAS+GAMAT 

PIE°PI-EPSI
C ; CASE 4 - '

I F ( GAMAS o LTo 0.0)  GO TO 5 ' ' ' .
IF (GAMAoLToPIE)GO TO 5

FRUST a F PUS T "> ( ( 4 Ĝ A MARCOS ( PHI S ) ĈOS (PHIT )-*TAN ( AL PHA ) )
4 t4*(COS(GAMAT)+C0S( EPSI)>G0S( GAMAS) )*CO$( PHIS) *SIN( PHIT) :
4 * T A N ( A L P H A ) t 4 * ( C 0 S ( G A M AS ) t COS ( E PSD* COS (GAM A T) )

• 4 *SIN(PHI$) *COS(PHIT)*TAN(ALPHA)t2*(GAMA-SIN(GAMAS)
4 KOS (GAMAS ).-SIN(GAMAT).<OS(GAMAT) l^CaStEPSIT^SINXPHIS)
4 »SIN(PHIT))

return
C • CASE 5

5 IF(GAMASoGEo 0.0 oAND, GAMAT.GEo 0.0 ) GO TO 55 
1F(PIE.oGT.GAMA)GO TO 6

55 F RUST *FRUS TM 2 M PIE tGAM A) OS(P HIS) ^COS( PHIT)❖TAN( AL PHA
5 t2*(COS(EPS I-GAM AS) tCOS( GAM A T) ) *  C OS( PHIS) *SIN(PHIT)*TAN(ALPHA)
5 *2* (COS (GAMAS )^C OS ( E P S I-G AM AT ) ) *C0S ( P HIT) *S IN ( P HI S ) * TAN ( ALPHA.)
5 t (  ( PIE tGAMA-SIN( GAMAS > »C OStG AM AS ) tS IN ( EPS'i -GAMAT ) *C OS ( EPS I
5 -GAMAT )) tCOS ( F PSD
5 t(COS( GAMAS)* * 2-C0S(EPSI-GAMAT) * * 2 ) *SIN(E?SI>) *$ IN( PHIS)
5 OSINCPHlFl)

RETURN 
6 F R UST «0 

. RETURN .
END „ , .

I
2
3
4
5
6
8
9

10
1112
13
14
15
16
17

18
19
20
21
22
23
24
25
26
2 7
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
43
49
50
51
52
53
54
55
56
57
58



FUNCTION LIGHT!AL,BE,GA„XM,YM,ZM)
. SUBFUNCTION WHICH DETERMINE WHETHER MISSILE IN IK SUNLIGHT 

IT IS ASSUMED THAT THERE IS NO ATMOSPHERE 
COMMON PI
RE= THE RADIUS OF THE EARTH
RE°.20 926A35 ©2
FM = SQRT(XM*><t2>YM<'<'2*ZM*<‘2)

• ••" -OIST'oAt*XM»BE«>YM*GA<»Zh • .
I F ( ABS(ACOS(OIST/RM))-PIZ2) 2p2o1 

I  IF(RMOtZ-DISTttZ-REtoZ) 3 »2 # 2
RETURNS 0 FOR SHADOW AND 1 FOR SUNSHINE 
IN SUNSHINE

• 2 LIGHT =1 
- RETURN

IN SHADOW 
: 3 LIGHT =0 ;

RETURN
"y. END ' . - " y.'y: '
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Input Vari ab les 

HS i s  the illum inance from the  sun in  lu m en s/ft2 .

RO i s  the  re f le c ta n c e  c o e f f ic ie n t o f the  t a r g e t .

LAT i s  the l a t i tu d e ,

LON i s  the lo n g itu d e , and

ALT i s  the a l t i tu d e  above sea lev e l fo r  a d e te c to r  s i t e ,  in  th is  case 
Anderson Peak was used.

The shape o f  the M issile  i s  as fo llow s:

STGE stands fo r  s ta g e ,

SKT stan d s fo r  s k i r t ,

CNE stands fo r  cone.

The in p u t shape o f  the m iss ile  i s  given by s ta g e s , f i r s t  g iv ing  
the  number o f cards (ISHAPE) which i s  11 h e re .

The f i r s t  column o f numbers i s  th e  number o f s tag es  p re se n t on 
the  m iss ile  (shape)

1 i s  s tag e  1 .
2 i s  s k i r t  1
3 i s  s tag e  2
4 i s  s k i r t  2 «
5 i s  s tage  3
6 i s  cone and
6.5 i s  the  cone w ithout the  shroud.

The second column o f  numbers i s  the shape, SHP, where

1 in d ic a te s  Frustum, and
2 in d ic a te s  cy lin d e r.

The th i rd  column i s  the f i r s t  rad iu s  and the  fo u rth  column
i s  the  second rad ius o f a frustum .

Column 5 i s  the  length  o f the se c tio n  (Fig. 7, page 17.

The 19 Time, Shape, and lo ca tio n  cards in d ic a te

TIME in  seconds, a f t e r  launch
SHAPE o f the  m is s ile , which gives the  number o f s tag es  p re se n t



XjYjZ, which; are  the  p o s itio n  coord inates o f th e  m iss ile  and 
COS X, COS :Y, COS Z which are  the d ire c tio n  cosines o f  the 

r o l l  ax is of the m is s ile .

The F/NUMBERS ARE 1 (6° FOV), 11 (18' FOV) and 232 (34" FOV) 
(the  2 i s  fo r  a te lesco p e  not used in  th i s  r e p o r t ) .

The hour ang le , HR ANGLE, and d e c lin a tio n , DEC, a re  found in  a 
N au tica l almanac fo r  the  dates in d ic a te d .

HS ° 12700 *■0.0 LUMENS/FT**2 1
ROtiOo100000 2
LAT* 36 o 18 3p L ON n-121 o 650 a AL 1 = 2 09 0<t5 00e 0 » FÔ  . ANDERSON. PEAK 3

11 SHAPE OF MISSILE AS EXPLAINED IN COMMENT CARDS IN PROGRAM 4
STGEloO,SHP2tiO,RAD 2. 750,RAD 0,0 pLEN 24.200 R 5
SKT 2 © Op 1,0, 2,750, 2,150, 5,000 0 6
STG 3,0,  . 2,0,  2, 150, 15,700 C 7

. SKT 4 o 0, 2.0,  2,15 0, 5,000 K 9
STG 5,0,  2,0,  2,150, 5,500 E 9
CNE 6 ,0 ,  2,0,  2,150,  8,400 T 10
CNE 6 ,0 ,  .1,0., 0.900, 0.800,  2.000 S 11
CNE 6 , b, l.Op 0.800,  0,600, 2.000 H 12
CNE 6 .0 ,  1.0,  0.600, 2,000 A 13
CNE 6 ,5 ,  2.0,  2.150, , 8.400 P 14
CNE 6 .5 ,  l.Op 1.000, 0 ® 000, 6.000 E 15

19 TIME,SHAPE, X, Y, Z, COS X,C0S Y, COS Z 16
Oo0 0 , 0 . 0 , -  8748584.7,-14794751.4, 11893119.2,-.41779^.70626 ,57153 17
3 ..IS, 0,0 *-  8748584.7,-14796 3Q7. 8, 1 189 322 8 ,7 , - . 4 1 7 7 9 - .  70626 .57153 18

5 3 . 4 4 . 0 . 0 , -  e792477c8,-148467*»9i8, 1192 8 962 . t , - .  960 77-.  0 5916 - <>27097 19
6 1 . 0 9 . 0 . 0 , -  8824489.3,-14953670.1, 1194 0 0 7 4 . 1 9 6 7 6 4 - . 0 2 9 8 5  .2 5057 20
61,5080.08-  8826261 .8, -14854006.6,  1194 06 60 , 2,- ,96.798-.  02 8 32 .24941 21
61,65,  1 . 0 , -  8826911 .6,-1465412 8.9,  1 1940974„d, - . 96811-.02776 .24899 22
7 7 . 6 5 . 2 . 0 , -  8903763.4,-14864511.1, 11963 718.2, - .97556 .01327 .21932 23

1 1 9 .8 5 . 2 .0 , -  9215832.5,-14862396.4, 12029757.1,- .97746 .02334 .20980 24
; 124 .8 0 ,2 .0»- 9264438.0,-14859263.3, 120383 72.3, - .97770 .02321 .208 70 25

125.40, 2 . 5 , -  9 27 04 6 7.6, -148 5884 4.1,  12039420.^,^.97774 .02312 ,20850 26
1 2 6 .7 5 . 3 .0 , -  92 8412 2. 4,-148 5 7 8-68. 1 , 1 204 1 777 , U 97798 .022 54 ,20 748 - 27
1 2 7 .7 5 . 4 .0 , -  9294267.3,-14657118.5, 12043512.7,- .98153 401166 ,19096 28 .

• 18 3.53,  4.0,-10094899.6 p -1 4778 530. 1, 12169179. ■*,.-.97462-, 00832 . 22369 29
1 8 5 .  09 , 5 , 0  » - 1 0 1 2  61 79 o 8 ,  - 1 4 7 7  5 3 66 . 0 , . 1 2  174 08 5 . b j> - .  9 7 4 9 9 - .  00.940 . 2 2 2 0 6  . 30
19 H:.- 5 9 ,  5 . 0 , - 1 0 3 9 6  950 • 6 , - 1 4 7 4 5 9 3 1  . 4  , 12 2 1" 5 17 3 .  M ,  -  . 9 7 4 9 9 - .  0,0 9 4 0 2 2'2 0 6 . 31.
206.59 .5.0, -10556239.2, -14726761.1,  12238120.2, - .97499-.00940 .22206 32
550 .00 .5 .0 , -16  602619. I , -12 8 73287,9, 12329011 . 1 ,  —©97499-.00940 . 22206 . 33

169 2 .15 ,5 .0  -20851014.3, 14533055.0, 36824975.6, .43358 .72392-.53661 34
1723.89 ,5 .0, -20571123.8,  18560821.5, 33453140.2, .47792 .69930-053159 35

• F/NUMBERS ARE, 1, 2, 11,232 36
HR ANGLE= 0 . 0 0 , DEC.*26.60 JUNE 21,1965, 1/2 HR BEFOR SUNRIS AT -120L0 37
HR ANGLE=-240.0 0 , DEC.=2 6.60 JUNE 21, 1965,, 1/2 HR AFTER SUNSET AT -120L0 38
HR ANGLE =-247.5 0, DEC. =26.60 JUNE 21,1965,. 1 HR AFTER SUNSET AT -120L0 39
HR ANGLE=-262.5 0 , DEC.=26.60 JUNE 21,1965, 2 HR AFTER SUNSET AT -120 L 40



53

Output V ariab les

HR ANGLE i s  the  hour angle o f  th e  sun fo r  time o f day in d ic a te d .

TIME i s  the tim e, in  seconds a f t e r  launch.

LUMINOUS INTENSITY (LUMENS/STER) i s  the t o t a l  luminous in te n s i ty  
from the  ta r g e t .

SLANT RANGE (FEET) i s  the range from th e  d e te c to r  to  t a r g e t .

. GROUND ILLUMINANCE (LUMEN/FT**2)=EG i s  the  t o t a l  luminous in te n s i ty  
d iv ided  by the square o f the s la n t  range.

FOCAL PLANE ILLUMINATION = EG i s  in  lu m en s/ft2 , and i s  given w ith the 
F/NUMBER i t  was c a lc u la te d  w ith .

The values fo r  ET a re  c a lc u la te d  assuming n e i th e r  e a r th  nor i t s
shadow, th e re fo re , the words MISSILE IN SHADOW, and MISSILE IN 
SUNSHINE, in d ic a te  when the  ta r g e t  i s  a c tu a lly  in  su n lig h t.
These are  c a lc u la te d  by subfunction  LIGHT.



Output j  h r before Sunrise a t  -120° Longitude

hi? ANULEe 2.23
—  TIME----- — LUMINOUS INTt^SITY SLANT tUNGtCMfcT). GROUND ILLUMINANCE.______ ___ F/NUM8ER FOCAL PLANE

(LU-EN/sUft; (LUMEn/ F 1 * * 2 ) »EG ILLUMINATION,El
HISiluE Ih SHADO*
— 2.C0___ 22879.9/3616^642 625422.1514676432 -------- .53361E-07. -------------- -- . . .  1 ___  .133456*04

2 .333636*03
11 ,11 ,:?9E*S*2

___232 __ ____ .24 /946-01
3.15 23909.7382078337 426609.6316019124 .53220E-07 1 . 133;’5E*C4

2 .332636*03
—, ■ —- — ■ '■ ■ • — — - •- ■— —— . 11 ----- , ie596t*22

232 .2472.-E-01
5 3 .aa 5253.3041U9921 632986.7313154750 .13111E-07 1 .3277/F.03

"" • — - — --------- -- 2 _ ---- .81942E*02
11 ,27.'8rtE*01

232 .6"O9ot-02
- 6 1 . 0 9 ----- 4728.07734/2675 624109.2626903914__ «1194bE“07... ___ 1 ____ .29o6bt*0j

2 , 74b6*E*02
11 .246821*01

—  232 — - .55*895-22
61.53 4703. 95737e.731 1 628931.6475357741 .11684E-07 1 .29/1 IE*93

2 . 7427eE*02
—— — ■■ ■ i ■ — . -- - - - — — • — ----— —  11 _ ---- .245b5E*01

232 .552016-02
61.65 2475.6974373424 628667.7656471362 • 62606E-08 1 . I5b5l£*03

___  2 ___  .391296*22
11 .129356*01

232 .29U79F-02
1 1 . bb  _ 2145.7236331047 624949.5262977 742 ______.54939L-08_____________ __ 1 __ ____ . 1 37 351*03

2 ,343376*02
11 ,113516*01

232 ...___  .2551oE-02
MISSILE IN SL'NSnlNE

119.05 1863.31967 58532 689203,5347252? 5 .39566E-08 1 ,9896*6*02
2 ___ .24/416*02

11 .61 76e)E*0J
* 232 .183876-02

: 2 a . 60----- ----  1796.5224723483 710434.9548070687 . _____.356345-08_____________ .. 1 .890966*02
2 ,22d7lE*C2

1 1 , 736246*00
__232 ___-------.165516-02

125.a? 176?.2804664l36 713250.606020/ 3.*.0 .35152E-06 1 .676306*02
2 .2197:6*02

— — - — -- - •— ■ —-----— —— — - - - - - - — - •— .. ► . -• - ■ —— ■ - —--■ —— — — ——• - . — - — - —— —---- ---- — — - 11 - ------ . 72ci25E*2d
232 . 1632/6-02

126.75 964.6743141099 719769,28863895 l-il .18621E-06 1 .445526*02
_ _____ -----2 ___ ------  .116526*02

11 .3847^6*03
232 .864986-03 in



Output % h r  before Sunrise
127.73 ----------  _  7 l7.9<iS2«i i . ‘ya« _ 724736.  f 7tit-72t 2 l5

183.b3 ?25.3671<» l ^ l 1# l323dV2.k:3b96l62?6

185.29 129.'#d?7»66<#63 1331232.93648989 i«

198.59 .   84.3689364572 1596574,234955c 1 216 .

20b.59 63.7563515752 1747889.727315* (612

552.£3 8 4.5863574613 7796574.95327761 /7

1692.15_____ ..4210.6134679224 _ .347 j 5120. 77454042 43

1723.89 3835.219599086] 40835306.0950236320

,136675-06 _____  ____ 1 ________ .34167E+02
2 .8541oE*01

11 .282376-00
___________ 232 _______ .b348£E-03_

,12674E-09 1 .32165E-01
e 2 . a C •« 6 2 E ♦ C 0

.26594E-21
232 .597St,E-0«

, 71215E-10 1 .179046-01
__. . . ________ 2 ____ .445245-20 _

11 ,1« 719E-01
232 .33£7oE-p4

,328965-10__ ...... __  ____ 1 .62245E-20
2 .2J561E-92

11 .679716-02
■ ■ ■ —... 2 3 2 . — . .152SJE-C4

,208695-10 1 .52172E-0B
2 .13243E-00

.43117 £-02
232 .9693JE-25

,139065-11 1 .34771E-01
2 .86426E-02 _

11 .287376-03
232 ,o4oL'2c-Cb

,2bb70E-ll_ . . . . . . .  1 ___ ,b4374E-01
2 , lbo69E-r i

11 ,551 :.,5£-23
...__________23 2_______ .123676-25

.23002E-U 1 .574996-01
2 .143756-01

___________ 11_________ ,475226-03__
232 . l£oS3E-05



i  h r  a f t e r  Sunset a t  -120* Longitude

M* A\uLE"
— Tl:'.£---------- LUMINOUS Ir.TkNSlTV  SLANT « ANtiE (FEtTJ -GROUND ILLUMINANCE------------------F/NUMBER-.-FOCAL PLANE___

(Luy.EN/STER) (LUMEN/FT**2) «EG ILLUMINaTIONbcT
MISSILE IN SHADOW
— 2.ZZ . . 569.1412594722 ____ 625422.1514676831. - - .14550E-08 ------ _. 1 ______  .36376E+22 _

2 .9C94ZE$31
11 ,3Kv63E*P0

232 ---------  ,67b63E-P3
3.15 565,P01fc)4<t2921 626809.6314019404 .14401E-06 1 .360020+02

2 ,9?vCfcE+01
—— — — -- 11 ------------ .29/546+22 _

232 ,668S9E-03
53.44 203.2402611266 632966.731315475'1 .50725E-09 1 .12661E+C2

— — —— - — ....... . :. — •— 2 ---------- . 31/23E+21
11 , 1 I* 4 6 fc E ♦ '? tf

232 .2358 ! t -03
-6 1 . 2 9 --------------- I u 4 . 537667910/. _ b29H3N,d&d6S[j39l<4. -----,41573E-09 ___  ___ -  1 ---------- . 10 343E+02

2 .259835+01
11 ,85c95E-C1

— - ■■■" ■mi - — ■■ ——— —---— - ------— —•- - —- —*• —--———— - — - - —--... i ■■■■ — — — - .... —- —- 232 - , 193UE-03
61.50 162.4766201466 628931.647535/741 .41076E-09 1 .10C69E+C2

2 .256735+01
— - ——— — — — • - - - —  - . - - - - -• — - — - — • - • -- —— •• — •——• —— 11 ---- — ,648665-21

232 .190795-03
61.65 85.357263Q12D 628067.7 6544/1862 .21563E-09 1 .539595+01

_______ 2 ---------  . l3w9jE+21
11 .445945-01

232 .102265-03
MISSILE IN SUNSHINE - - .

77.65 54.6927217191 624949.526297/742 .14055E-09 1 .3513 75+01
2 .878435+00

11 ------------ .29:395-21
232 ,o526iE-04

119,65 53.299894795* 6o9203.53472522*5 .11221E-09 1 .28J52E+01
2 ______  .7013:5 + 02 .

11 .231635-01
232 .521165-04

124.60 — ... 54.6336795219 713434.9548670667. _____..,10d26E-09------------------------- 1 ----------- .27.’725 + 01
2 ,67 q7 55 + 00

11 .223725-01
232 -------  .526/35-04 .

125.«0 54.8422760962 713250.606020/33'!: .10780E-09 1 ,269515+21
2 ,67 3775+23

- —- - — - —————• ——— — - - — — - •— - - • . -  • ------ 11 ------  .222/35-21
232 .52.'7<i6-04

126.75 35.299/826007 719769.2866369531 .68137E-1&) 1 .17:345+01
2 -------- .42-j5b5 + 2C

11 .140765-01
232 ,3104 05-04

in
O'



% h r  a f t e r  Sunset

127.75 _________  26,U9b«ii<.jej  . 724 7 3b. 7 7bd72i 215

163.53 10 9.3*3 <>4 184440 l323P4?,W350olb276

165.29 db.3252^65621 135U3vi,S>2b4396S>6

198.59   ne .671i3dl9?4  15f8574.234955tl i  0

2 2 6 . 5 9  1 2 9 . 3 2 5 9 0 4 5 7  12 1 7 4 7 e 6 9 . 7 2 7 3 1 5 x 212

553.23 2312.6443622561 7 7 96574.9552776177

1692.13_________ 12963. Iw2l54209a 3973512t. 7 7454242 43

1723.89 13357.6714470141 40635336.0950236323

.49710E-10

1
.61ti69E-16)

23
.47294E-10

1
23

.43359E-12 ....................

1
.42024E-10

23
.330936-10

1
23

.622306-11 ____  ________

1
.7830bE-l l

232

. 1 2 4 2  76+01 

. 3 1 2 6 9 E + ? a  

. 1 v 2 7 l E - 0 1  

. 2 3 : 6 9 6 - 0 4  

. 1 5 4 6 7 6 + 0 1  
, 3 9 6 6 0 6 + 0 0  
. 1 2 7 6 3 6 - 0 1  
, 2 9 7 3 7 6 - 0 4  
. 1 1 6 2 - 6 - 0 1  
. 2 9 3 ^ 9 6 - 2 0  

.  9 7 7 1 5 6 - 0 2  

. 2 1 9 6 7 6 - 0 4  

. U ’ 4 - V' E-P1  

. 2 7 : 9 4 6 - 0 0  

. 6 9 ) 3 5 6 - 0 2  
, 2 : i 3 9 6 - 0 4  

. i 0 5 : i f - 0 i  
,2625et-03 
. 0 6 7 2 4 6 - 0 2  
. 1 9 ) 1 1 6 - 0 4  
. 8 2 7 3 3 6 + 2 2  
. 2 2 5 6 5 6 - 0 3  
, 0 3 3 7 - 6 - 0 2  
. 1 5 5 7 1 6 - 3 4  
. 2 0 5 5  7 6 - 0 2  
. 5 1 3 9 4 6 - 0 1  
. 1 0 4 9 : 0 - 0 2
.5619-6-05 
.19)766-00 
.964416-01 
, 1 6 l  796-22 
,363716-05



1 hr a f te r  Sunset a t -120° Longitude

H* ANGlfcs -2 4 7 .5'1
— TIf'.c — —  LUMINOUS INTENSITY SLANT HANGl I F I bT) GROUND ILLUMINANCE- - .FVNUMBER. -FOCAL PLANE _

(LUMfeN/STtR) (LUMEN/fT**2)=EG ILLUMINATION.ET
MISSILE I n SMADO*
— - 3 » 2 «1 272.7236272644 625*2,:. 15146781 32 -....... — .69723E-M9____________ 1 _______. 174316*02 _.

2 ,4367 75*01
11 .1 4406E*03

---------------- — — — — ■».. . . M ... -  232___ ----.32385E-03 _
3.15 279.6/46824/64 626809.0314319434 .68894E-09 1 .172258*32

2 .432595*31
—---— — — - —— —— —— ■ - ...» ■ - — — » • — — - ---- 1 1 ------- ----- .1423*5*30 .

252 .323035-03
33.44 192.366383363* 832986.7313154750 .48016E-09 1 .1220*8*32

—— ------- ———----- - —- —- - - . ... — . .... . . __ _ 2 ___------ , 30;:ii:E*ci .
11 .992365-01

232 .223025-03
- 61.39---- -----  162.9233633433 .... 629139.2626903914 - . .4 1165E-Z9 1 -  . ,1029lE*C2._

2 .25 7265*01
11 .d5.-5c5-31

——--ii i — i "■ — - . . —  232 -----— 1 .191208-03
61.53 161 .3^973/ 1509 628931 .64 7555/741 .43781E-09 1 .111 455*22

2 ,25*6c£*01
— - - — — —*■— ' • — — — — — .- — — —*-■-----—---- —- — 1 1 -----------,842575-0.1 ._

232 .1844^5-03
61.65 80,627*045918 626667.7654*71682 .2145OE-09 1 ,5332-5*01

—— — - —— — — - 2 .134:65*01 _
11 .44 31/5-01

232 .493295-04
- 77.65 _ ____ 59.0444653663 624949.526297/742 ______ .15118E-29_____________ __ 1 __ __ .3/7 958*01

2 ,94*835*02
11 .312355-01

_  232_______ .702195-04_
119.65 56.7715173216 869203.5347252265 .11952E-09 1 .293*05*01

2 .746995*00
___11 _______ .2469*5-01

232 145-04
124.83 58.2228272596 710434.9548^70667 ■ 11536E-09 1 .288595*01

.  . 2 __ ,72o965*02 ..
11 , 2 3 6 3 4 5 - 0 1

232 . 5 3 5 8 1 5 - 2 4
HIS5ILE IN SUNSHINE . . .  ___________

1 2 5 . 4 3 5 6 , 4c 6  7 7 / 8C8 8 7 1 3 2 5 0 . 8 0 6 0 2 0 / 3 3 1 ! . 1 1 4 8 5 E- P 9 1 . 2 6 7 1 2 5 * 0 1
2 . 7 1 7 7 9 5 * 0 0

... .... ■■■■i.ni.. - «— - — -  - . . . . . .  . . .  »»»- ». 11 ... . 2 3 7 2 9 5 - 0 1
<32 . 5 3 3 4 * 5 - 0 4

1 2 6 . 7 5 3*>. 745.NC9766fc 7 1 9 7 8 9 . 2 6 6 6 5 8 9 5 3 : 1 . 7 1 0 2 4 8 - 1 0 1 . 1 7 7 5 6 5 * 0 1
____________ _________________  . .  . .  _  . ... .  , .. _ 2 . . . * - 3 9 . 5 * 0 0

11 , 14 t j7*c - 01
232 . 3 2 5 5 9 5 - 0 4

in
00



1 h r  a f t e r  Sunset

127.75  ------------------ 27.1936176121 7d473b. 7786728i' l5

163.53 11P.121933<*6S3 1323 J92 . 035C61 oi'7 h

165.09 86.4530712 34 6 1351030.9Wb4('96''jH

196.59  -------------- 1 12.363497(3315 ......... . 1596574.2349558100

206.59 132.9046986455 1747ti89. /273153(112

550.23 2123.9346,708437 7 798574.953277b 7 7

1692.15 13313.7624612871 39735120.774540424J

1723.69 133o8 .06327 70.  76 40865306.U950d3o:i2it

517 73E-10 ----------------------------  1   .129435*01
2 .323565*00

11 .104976-01
----------- 23 2 _______  .241425-34
62906E-10 1 .15/276*01

2 ,39316E*30
•-----  ------------------------ -- 11 ----------  .12S97E-21

232 ,2921cE-04
47638E-10 1 ,1141v E♦01

-  -  — -----------------    2 .29/7*«E*23
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