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. ABSTRACT

An electro optlcal tracklng system for determlntng the‘teloc1ty
and absolute locatlon of a target and the relative 1ocat10ns of
'multlplertargets is evaluated‘for_reselutlon, field of Vlew, time tag-
_Aging, and light ievel, it‘erderftevdetermine the requireﬁents‘for a
fV camera tube. The ability ofithree cameta tubes to meet the require-
- ments-effthevsystem is determinedlby using dynamie limiting_reeolution,.

square wave response, and spectral response.



CHAPTER 1
INTRODUCTION

The problem'pOSed_is‘to evaluate“the accuracy and performance of *
an optical tracking system for determinihgta target's velocity>and abso- .

i lute 1ocation ahd~thehrelative,locations'of'multiple ohjects Although

. the ana1y31s performed is valid for a. large varlety of targets, the par-

“'tlcular target belng tracked is a Mlnuteman III missile,. whlch has - three :
propu151on stages ‘accompanying body sectlons ~and cone- shaped pro;ectlles'
on the reentry vehlcle. The reentry vehlcle is covered W1th a shroud
s durlng the early stages of fllght ‘ The-shape-of theAentlre objeCt'can be;'
approx1mated by'cyllnders and .cones. >?:¥dhv' : B

The target is to be tracked from the launch p01nt; on the Cali-
: fornla coast, throughout its flloht over the Pac1f1c Ocean. . 'The target
reaches a maximum range of about 4000'm11es from thertaunch-poiht} The
mostvcritical time'for tracking is at :and'just after,. the third stage .

cutoff. ~This occurs at about. T+185 sec, where T 1s the tlme of launch,

" and at a range of about'ZOO miles-.. In general the path that the target

o follows_is directly away from-California—based tracking stations. The

missile is therefore seen end on for most of the flight. It is desirable

-that the target beclaunched and tracked_at any time of dayvor night, and

xf-eiin>any kind of ueather. The ability,of a SYStem to-track.with.the

-_requ11ed accurac1es 1s, however, llmlted by atmospherlc condltlons and

-:quantlty of the llght from the ta1get 1each1ng the detector. Durlng the

1
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:h.propulsion.part of ‘the m15511e s traJectory, the . rockets are fired and
the plume 15 clearly visible; : Since the- plume is the most luminous

.Vobject in the sky save for the sun, it 15 tracked. rather. than the mis-

511e.itse1f. The light reflected from the missile is not detected‘

B during this time

~After the rockets burn out it becomes necessary toruse‘reflected
i_sunlight to track the missile.. The m1551le is assumed,to"be a specular
= reflector haVing a 10 to 50% reflectance.; Because ofithe‘amount ot |
light'involved, tracking'cannot‘befdone,doring the day,,and, in,fact,
is limited to.Certain nighttime hours when the missile is illuminated
pr0perly.' By this time the target is only the reentry Vehicle ‘with the ,
“pTOJeCtlleS exoosed which appears to travel almost directlv 1n the '
t11ne of.sight of.a'tracking stationlf The target is‘avcylinderlof about
8 feet in‘length and.4 feet in diameter.f‘At theAfront end.arepone, two, -
or more-cones} 6 feet in length ‘and 2,feet in. diameter. -It is likely
that the missileiwill be aligned withionly’an end toward theftracking
station' therefore only the end of a54-foot—diameter cylinder’will be’
‘ﬁ»seen and later, after separation, only the ‘ends of the 2-foot- diameter
cones w111 be seen. | | | |
" The actual'tracking problem ispcomplicated by the highAaccuracy
required. The desired goal of *1 foot:accuracy of the-target requires -
'1.a small fieldlof‘view, To further-complicate the problem,ptbe,projec;
_tiles are separated from the nose cone and follow different traJectorles.
:”'Each of these smaller cones must be tracked This 1nd1cates that there

.. is a need for~a System having more_than‘one field of v1ew,



‘The total-system consists of conventional radar, tracking the‘
.target and a1m1ng a telescope at the p051t10n of the radar located
:;target Thls must be done .so that only the m1551le and not the Jettl-.

5stoned stages are: followed " The locatlon‘of the target determlned on
dthe TV camera tube of the telesc0pe may then be used (after T+185 sec)

"‘to-dlrect another telescope, with a smaller fleld of view. Eachrtele—

.:‘scobezassembly will‘consist of an optical’part (the optical components‘
Eare not evaluated here) and a- TV camera tube W1th.1ts photocathode
’i:¥at the - 1mage plane All three telescopes w1ll be tracklng at the same
:trme. | o |
During-the_trackiug the target‘is'moving away from the detector
3sites, and, thereforel the range increaSes. The more distant the target
,becomes, the more. atmospherlc turbulence and absorptlon affect the sys—%
temiaccuracy. The path of the target 15 such that the angle between the
horizon and the detector to target line ofy51ght decreases wrth‘tlme,,
which also increases-the‘amount of the_atmbsphere through which the sys-

‘tem must perform.



CHAPTER 2
AN ELECTRO-OPTICAL TRACKING SYSTEM

A careful evaluatlon of the requlred characterlstlcs of the
tracklng system must be made to determlne its parameters ‘There are
two cases to be con51dered tracklng before and after the thlrd stage

cutoff. .These w111 be»dlscussed separately.

Resolutlon

The resolutlon of the system is a meaeure of its ablllty to show
two object p01nts»as two separate poxnts in the image. The de51red
resolutlon for this ‘system is- one foot on the obJect ‘That 1s'to say
two points 1n the object one foot apart are just dlstlngulshable
Assume that 250 by 250 feet in the,objectvspace'are imaged 1nto‘1 inch
- on the detector photocathode. ,Onehfqot,bf the object corteépohds-to
ZVTV'lines (TVt)lon_the ihage, wheterthere are_SOO.TV iihee/taster
height. | I G :'V

The typieal'daylight atmoepheric seeing'might be‘expected to be
' as good'ashl arc second. A ]—foot.object—space resolutieh at_a range
of 250 n.hi., 115 x 108 feet, implies an angular resolution:ef 0.6 yrad,
or 0.14 arc secend. " This means that 1-foot object-space:fesolution is
appro%ihateiy:loztimes greater thaﬁhthe atmospheric seeing limit. It

is obvious that *1 foot of resolution will not be possibie to achieve.
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A more realistic figure would be obtained by‘using_resolution only half
__the.atmospheric seeing limit. This is-equalrto S:feet”at the object, |
 which . corresponds to 2 TV lines for 100, TV 11nes/raster height resolu- ‘

>t10n across the detector

" 'Fiéld of View

~jThe'Ohject field imaged by a system'islcalled the field of vlewA
(FOV).b The FCV is a property of a telescope and is the full angle sub-
‘Vtended by the obJect at ‘the telescope aperture lniorder to keep the
entire plume 1n the 1mage, a region of 250 by 250 feet is requlred at
a-range of 250’n mi.  For small angles, 9 equals tan 6, which equalsl
f‘the obJect helght divided by the object -to- telescope distance. This
limeans that for an 1mage helght of 250 feet at a range of 250 n.mi., a
:lFOV of 34 arc seconds is requ1red | |

After T+185 sec the problem changes ilhe plume is no longer‘

lvisible, and the»original target divides into’as many as_three separate
vvtargets. In order to keep all the targets_in‘the'same field, the
required FOV is between 18 arc-min and 6°. To get.the best resolution
'p0551b1e, a 34 >arc sec FOV is still necessary Therefore a cascaded
system, . employlng three separate telescopes w1th three dlfferent FOV's
"15'proposed Each FOV is. assoclated with a telescope and the three tele-
scopes 6° '18 arc—mln “and 34" arc-sec, work at the same time. Thls
.>W111 enable one camera to keep all targets in the fleld - (6° telescobe) '
locatlng the pos1t10n of a partlcular target so that. the smaller field-

of-view system (34 arc-min telescope) can obtain the accuracy required.



" Photometric Evaluation -

BaSically what-is required of a defectoflis that it be able to
‘resolve the'image of the target against the skyvbaquround._ This is
-dependent upon the illuminance at the focal plane ofrtheroptical system;V'

The first Step in the procedure is finding the illuminance, E,

- due to a source. The total illuminance at the telesébpe,due'to the

:source?:ETelg isg‘fr6m fh§fdefinition‘of illuminancé';(RCA, 19f4) the
';f;amount of‘luﬁinoﬁs £lux ﬁer‘aréa.v anwing that;the total'lumiﬁahcé; L, f""
1 tdue to a‘source'is the aﬁéuntvof luminousrfluk ﬁér aréa—s£eradiaﬁ;,which.
s avfunctioh of wavelength; gives the total illﬁminahce at tﬁé:telé—
scope apefture~aé
. AL A
ETel éAL'?AA dz

° - lumens/aréa‘.‘A' , _ ¢y

:In this:eqﬁétion-TAis‘théAtiansmissioﬁ‘of:the atmosphere,rA0 is the
“area of the §ource,lAT is1the»grea of thé’teles;ope_épérﬁure,.and;d is

: 'th¢ydistance'from thg sburte to the telescope, whi@hiis:the objéctjdis;71 
"tance (Fig. lj. |

| .‘The'total illuminance, E, at the image plane of the telescope

is the illuminance of the telescope pupil, times the transmission of the

‘telescope, times. the ratio of the areas of telescope and imége

E=Erei"'r'_"r'2\“; SR | (2)

‘Here T is the transmission of the telescope and'AI;is the'area of the

~.image. The magnification squared, of a teléscope, is the area of the

image,divided by the area of the object. It is also equal to the square



of the image distance, f, divided by the object distance, d

o roo= (3)

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

terms cancel to give the final result that

E = LTATT p- - (4)

It is important to note that the illuminance due to a source
depends onl) upon the luminance of the source, the F/number of the tele-

scope, and the transmissions.

Fig. 1. Photometric Evaluation: Diagram Showing the
Parameters Used in Determining the Total
[Iluminance.
Sky Source
For the case where the source is the sky, on a clear day, the
value of luminance for the daylight sky near the horizon is 104 lumens/

n2-sr, and for the half hour after sunset, it is 10"1 lumens/m2-sr, also

for the sky near the horizon (Table 1).



Table l.f'Approximate Values of the Luminance of the Sky near the
' Horizon under Various Conditions (RCA, 1974, p. 70).

Approi;'véiués
of Luminance--

Sky Condltlon o : o _. . " (lumens/m?-sr)
Clear Day AR N 37f r{ ‘  ,.  R 10“'
x‘vaercgst'dayrl ,H : ‘:}i* :1;= -A « | :"103
" Heavily-of;rcasivdaj‘“ | , >_'irr;"i> : 7 7  vldé'
| Sunéet,“overéastAday : ~>5 o = 10
1/4 ﬁour éfter Sunset, clear Q.:: o : 1
1/2.hour after sunset, clear . f_ ' B 1071
Fairly biight ﬁooniight | _ }“:_:-i A l '  -'_10‘2
Moonless,‘clear nlght sky 27f- “;f:7 ;ff‘“i__-' ’:' .'1()"':3
.Moonless, overcast night sky e | ‘:10‘71+

*The . upper surface of a fog or cloud in sunshlne may. also have
this value. '

If thesé,valuqs are called Ls,:where Lé = I TA is the luminance of the

. sky;‘at'theifocal.plane the value éfjthe iIIUmlnance, due to the
sky, is»given:by 3 : s . 
E, = L, Tp o , - (5)

Therefore Es fdr a clear day is Es(day) = 0.8 x 10% ;%-, and for a half

hour after Sunset, Es(night) = 0'.8»5(‘10'*l ;g-, where the transmission.of o

the telescope, T.

T is'approkimately 80%.



P lume Source

Before T+185 sec the ‘target is the plume which can be approx1—:;,:‘;
mated by a blackbody radlator of absolute temperature of 2000 K. ' The
»radlauce of ‘the plume, LA? is dependent upon»the‘wavelength of a radio-
'»ﬁétrié source and can beAeonverted to photometric units. The total power.
‘ for‘tae black or graybody is aoTu, where e is the emieeiuity-of the gray-
>_body,~f is the absolute color'temperature of'the source,rand o is the .

Stefan-Boltzmann constant, 5.6686 i("10‘8 W/mz—deg”. 'Assuming that the

L source is a Lambertlan surface, 'L,

Ly is the total power d1v1ded by T.

That is,

el R : _
L= S e ©
_AesumiugAs to be one, the value of L used here i5'2;891dr.105 W/mz—sr.
'The.total radiance; LA’ iS'thenbmultiplied by 1r8 iumené/Watt, the
‘“1uuinous.effioacy forva 20009Keb1aokbody;o Luminousieffioacy~is the
=d-ratio'of‘the total,iuminouSdflur”to the total radiautrfiuxr tItAis there—»
fore‘used to eohvert flux'in‘Watts to flur in 1umeus.5'The value of
1uﬁinous efticacy used‘here‘isiobtained from Fig{-Z.;jThe‘final cal-
'_1culated value for the luminance of’the plume, Lp’ whioh.is:5.2 X 105:
. iluuens/mz-sr, is used in‘Eq;"(4)o_ The value of the illuminance from the

' plume;'on the focal plane, Ep,'is

A

EP ) p Ta T 7= 2.5«x .105',jf7 “ o o

_ wﬁerevTT>is 0.8 and the value for TA can be obtained from Fig. 3.
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p— — N o |

0.7 673,/ VW*,JA

0.7

0.1

ABSOLUTE TEMPERATURE-*

Fig. 2. Luminous Efficacy K of Blackbody: as a Function of its
Absolute Temperature where is the Spectral Radiant
Exitance of the Blackbody and is the Relative Spectral
Response of the Average Human Eye (RCA, 1974,p. 41).
An approximation for the transmittance value for the atmosphere on a

day with excellent visibility (greater than 50 mi.), and a zenith angle

of 60°, is 60%.
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o. o.u,0 HO M.0 M HO

ILMITH
*17 M*

VISniUTY: EXCELUNT ( » 50 MIL'S)

2 PPECIPITASLE CV. OF V/ATES VAPOR FOR 1

ONE AIR MASS

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

Fig. 3. Spectral Transmission of the Earth’s Atmosphere for
Varying Optical Air Masses (RCA, 1974, p. 83).

The ratio of EP to E for the case before T+185 sec is,
S

3.1x10
Eg (day)

Eg(night) = 3.1 x 106 .
Contrast Enhancement

At night there is sufficient target-to-sky contrast to track
the 2000°K source. Based on assumptions previously discussed, the con-
trast ratio, Ep/E”, is better than 10:1, during the day also. Since
these are assumptions, there may be times when the final system may
still need enhancement. Two possible ways are using a red filter and
using a polarizer.

The spectral distribution of day skylight can be approximated by

a blackbody between 20,000°K and 25,000°K (RCA,1974,p.70). The relative
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spectral distribution of sky light in the longer wavelengths, as com-
pared to the spectral distribution of a 2000°K source is 240% and for
the skylight it is 50%, of their radiances at 560 nm, for a ratio of
(4.8:1) about 5 to 1 (Fig. 4).

<320
0° 280 %

D
% 240
da

ﬁZOO \>

A2000°K
'@ 160

120 25000K" yx

80
40

-1
340 400 440 480 500 540 600 640

Wavelength (X)-nm

Ao o Tpp»n

Fig. 4. Spectral Distribution of Sky Light on a Clear Day,
Dashed curve shows the spectral distribution of
radiation from a blackbody at 25,000°K.  Spectral

distribution of a 2000°K source is also included.
100% spectral radiance is assumed at 560 nm

(RCA, 1974, p. 71).

Day sky light is polarized, and a polarizer will therefore seem
to aid contrast enhancement. The amount of this enhancement is hard to
determine because for different times of day and different positions of
the target (different portions of the sky and different viewing angles)
the background polarization varies in percentage. The relative angles
for the situation being considered, with the target to the west, indi-

cate that a polarizer will not improve the contrast.
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When observed transversly there is no component of sunlight in
the direction the light is traveling (longitudinal)(Fig. 5).
Axis of polarizer

dipole

Sun

N
—_
V

Fig. 5. Polarization of Sunlight.

Result is no light through

the polarizer.
The situation for total polarization can only exist at an angle of 90°
to the sun. This total polarization of light will happen only at noon,
because the target is generally in the west and in other situations the
sky light will not be seen transversly, but at some angle. Therefore,
sun light will be partially polarized and the light from the plume will
be non-polarized.

In Gehrels’ article (162, p. 1164), "the blue sky was observed
near 90° from the sun, in the vertical olane through the direction of
the sun, with the sun above and just below the horizon. For a normal
clear sky...with the sun 11°.5 above the horizon, 75% polarization was
found at 5500X." Other values for the polarization of the sky can be
found in the article by Gehrels and in Table 2, which was taken from it
At best, the polarization of the sun light will not be more than 75%
and probably an average of 65% [number calculated from Gehrels (1962,
Table 2)]. This indicates that using a polarizer will not appreciably

improve the illuminance contrast ratio.
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Table 2. Averages of Percentage Polarlzatlon Normallzed to
61.1% at 1/A=1.89 (Gehrels, 1962, p. 1169).

Average‘polariiatioh at 1/x

Conditions .= .- 1.06 -~ 1.26 1.46 2.29 2.8 3.08
T %% % %% %
Sun below horizon - © 64.8 . 62.7 .--- | === 52,3  -u-
Sun above horizon - - . 50.7 . 55.3 "--- === 52,3 -
Clear sky o .. '45.8% °55.2: 58.1: 59.2:" 53.3 48.6:
Sky not perfectly tlear. .. 42.3 . --- 7 55,6 . 61.7 54.1° 52.4
‘Infrared polarization high - 59.0 60.7 --- --- 51.9 ---
Infrared polarization low 42.2° 51.8 '55.3 . 59.7 - '53.7 49.8 -
1/A = 1.89 corresponds to A = 52908

= 1.46 corresponds to A = 68504
= 2 29 corresponds to A = 43704

‘- Time Taggifig Before T+185 Sec

The‘fetal amount of ehergy incident>u?on the iﬁége.blanevef.the
'teleseope;:isvproportional to fhe‘amount_of time involved. If the photo-
- cathode of a3 TV camera with standard-integration time isrplaced»in the
iﬁage plane of a telescope the frame rate is 30 frames. per sec, or a
1/30 see{ekpesure,

o Oneiefrtheu?equirements of:the system to be designedlié that
f"time taggingﬁ.ee inciﬁaed' whieh'means a very.short'picture'expesufe
:time For example, for a 10 usec tlme resolution the total amount of
effectlve illuminance will be reduced by 10°, as compared to a 1 sec
exposure.'

| The final yalues for illumination levels before'T¥18$ sec are

shoaniniTable 3.



Table 3.v Focal Plane Source and-Background I1lumination LeVels
' ' Including Time Tagglng, Before T+185 sec, AT is 6 3 ft?
and f is 691.7 ft. ' .

Bright Sky' hj ‘ Dark_Sky 1 .2000°K Source
: . Es(day) o s(night) -.E_ B
FOV. o lumeris/m?) - (unens/m?) " (lumens/m?)

34 L1 x-10787 --7'.1.1 x 10711 - 73.3x 1075

Target.Source ‘

After T+185 seconds the - target is not a source of llght It cau, o

however reflect llght from the sun. - The 111um1natlon due to the sky
background is the same as prev1ously evaluated The followrng sectlon g-'

closely follows the Anpendly of the OEtlcal Tracklng qystem Tnterlm

Report Optlcal Sc1ences Center (1975)

“A Fortran -IV program was wrltten to calculate the ground illumi-
nance, EG, at the optical site due to reflected sunllght from the target
_ The value for EG obtalned versus target range and varlous sun p051tlons
is then used~to calculate'the focal plane 1llum1nat10n due_to'the tar-
get ET, as a functlon of the optlcal system f number

In the computer program 1at1tude “and longitude of the optlcal
Site are converted to earth-center-fixed (ECF),coordlnates (Fig. 6).
Luminousliutensity (JTOTAL) is the:effective luminous ihtensity
(lumen/sr) of the target treatlng 1t as a p01nt source. The cdmment'
.cards in the program llstlng descrlbe the required 1nput 1nformat10n

and the.output’(see;Appendlx); Figures 6 through 10 describe’ the
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Fig. 7. Diffuse Reflecting Cone Variables
(Scott et al., 1960, p.13).
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Fig. 8. Base of Cone: Angles Used in Subfunction FRUST.
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2l )
varioushparaneteie'beed in‘calculeting the'grobnd'illuminance and focal
plane'illumination ' o |
| | 'In the calculatlons, the shape of the missile is descrlbed in h :
i terme of cyllnders and cones (Flg 11) It can_be shown (Scott et al.,
1960) that the;apparent radiant 1nten51ty,wJ;fof-a diffusely reflecting o
cylinde} isjgiﬁen by | - |

N =EH '3&-{[(w—e)cose+siné]sin¢ 'sing, } ‘(8)7
qyllnder Smos 2 o T s t

where H is the illuminance from the sun, p is the spectral reflectance,'~¥
~a is the radlus z is the length of the cyllnder, ¢ and ¢ are . the ‘
'angles from the cyllnder axis to the dlrectlon of 1rrad1ance and to the
- dlrectlon of observatlon respect1ve1y, and |

-eosé - cos¢scos¢t*.

COSE = —— e RO e 9)
51n¢551n¢t

The case for the diffusely reflecting cone, and by implication
the frustum as well, is given by Eqs. (10) below, which are corrected
_ versions of the results given in Scott et al. . (1960). Figure 7, page

17, shows the relatlons between the Varlables EqUatiQns (10) must

each be multlplled by

"By . (a; + ap) & cos o
TS e
to obtain the' apparent intensity of the object.

Case 1:' The entire surface of the object is both seen and

.'firtadiated (object head-on or nearly so):
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4 <a, # <d

2m (2 cos*” cos#” tan2a + cose sin#” sin " ). (10a)

Case 2 The entire surface of the object is seen but not fully

irradiated:

< a, %a

2 (m+ 2Yt) cos” cosd4>t tan22a
+ 4 cosYt cos(#)s sind>t tana
+ 4 cose cosYt sin“g cos4)” tana
+ [(m + 2Yt) - 2 sinYt COSYt]
ecose sin“g sin”". (10b)

Case 3 The entire surface of the object is irradiated but not

fully seen:

2 (m+ 2Ys) COS@ES cos<”t tan22a
+ 4 cose cosy, cosd) sind>.t tana
s S
+ 4 COSYS sin#” cos™”* tana

+ [(tt + 2ys) - 2 sinYs cosys1

ecose sin<t>s sin " . (10c¢)
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Case 4: The entire surface of the object is neither fully seen

nor fully irradiated; twobands of irradiation apparent:

¥§ >a, 4 >a, ys <0, ys +Yt *tt - e

4 (ys + Yt) cos”™ cos4t tan2a
+ 4 (cosYtT COSE cosys) cos+ SIN4>t tana
+ 4 (cosys T COSE cosyr) Sin” cos”™ tana
+ 2 [Cys +Yt) - sinYs cosys - sinYtcosYt |
* cose sing>s sin”. (104d)

Case 5:The entire surface of the object is neither fully seen

nor fully irradiated; oneband of irradiation apparent:
45 <a, A 2a, forys § ve both positive; ys + ve <

for ysor v¢ mnegative, or both; e - it <ys + vt
2 [(m- e) + (ys+ vt)] cos*g sin”t tan2a
+ 2 [cos (e- Ys) + cosYt] cos” sin™" tana
+ 2 [cosyst.cos (e “YV)] sin” oosJttana

+ orf(tt- e) + (ys T Yt) - sinYs cosys
+sin (e - Yt) cos (e - Yt))
* cose + (cos2ys - cos2(e - Yt)} sine]

* sins sin”". (10e)
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In all cases,

cos6 - cos™q costfrt

cose = - -
sing  sin<J>t
sm _ tana
Ys tan4”

SInVE = gy

where
a = generating angle of cone
g = angle between direction of irradiation and direction
of observation
45 = angle between cone axis and direction of irradiation
= angle between cone axis and direction of observation
¢ = dihedral angle between planes of 4 and
m+ Ys = (terminator for the solar illumination) limiting
angle of irradiation in plane of e
j + Yt = (terminator for the observer) limiting angle of

observation in plane of e.

These equations are used in subfunction FRUST (Fig. 8, page 18)
When sunlighthits the cone at any angle not in theplane of the cone's
base (£5/90°) the part ofthe cone lit will not be equal to half the
cone. The two extreme cases are:
1. 48 = 0° where the sun is seen head-on and the entire cone

is lit, and
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2.. ¢S.just greater than a (where-a is the cone angle of the cone)
| where the' sun barely hits the_surface,and only a small_area
is 1it. | -
The same situation occurs for'the observer'Where the area involved isA

that viewed. Yo and Y, are the angles, on ‘the ‘cone base that are

the angular dlfference from the dlrectlon llt or viewed. They deflne A

the area that is actually seen. [see Eqs (10)] A band of irradiation
appears to be just that. Because of the-angle of lllumination and
viewing; only part of the 1it:cone is seen, i;e., a band of light.
The computer program converts latltude and longltude of the.

optlcal site into ECF, earth center flxed, coordinates | (Fig. 6, page 16).
Position of the radar site, 1n1tially'in-longitude, latitude, and u;'the
range, are converted to an r,y,z coordinate system. The position of the
sun is given by‘its hourAangle and conuerted to a direction vector. ét
is found by the scalar dot product of:the missile roll axis and the
vector from the radar site to the rocket. The sun is effectively'at
‘1nf1n1ty and the dlrectlon of the sun.is constant over the surface of
the earth (Longltude is measured counterclockw1se from X to y ax1s,
i.e., California is -120° ‘longltude;): The hour angle for the sun (Flg.b
9; page 19) is determined byrdecidingAhowrmany hours ‘befove oryafter
noon, at a specific_longitude,,are*desired, Multiplying!that by 15°.
-per.hour (-15° for after noon) and adding that amount ‘to the longitude
determines the degrees from noon at:Greenwich.f A nautical almanac
will.give a decllnation angle for the sun for a given day of the year

(and hour after Greenwich noon).
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'4 Subfunction LIGHT - (Fig. 10,‘page720) &etérﬁines'wﬁether or nbt'
vthe missilevis eifher in-'sunlight or in shadow. The'Earth is in tﬁe
plane of solar incidence and the»missiie. Xm,‘Yﬁ)_and Zﬁ'arerECF for

the missile. AL, BE, and GA are the ECF direction cosines for the sun,3

- .and .

d ,:cAL x xm) * (BE x Y) + GA x Z )

- X 2+Y 24727
. m - m . m

-
i

S,
2 2y2
(@ - R 2)

w

S Ifn isrgreatei'thanf907 the missile is in light. If n.is less thénf909ff ,'f1

 ‘but the perpendicular distance is greater than the radius of the Earth, -~ .
" the missile is in light. (R_is the component of diétance in the direc--

m . -
“tion of the sun.  The perpendicular distance is found by the Pythagorean .

theorem);
| “The computer solution of the ekpecﬁed focal plane illumination
for fhe half hour befbre éunrise, the haif hour affer'sun;et éndAl and
2 hoprs after sunset, for the’case where p = O.i, and H_ = 1;27.x'10475
lumens/ft? (illuminance from the sun), is shown in Table 4 for 260 n.ﬁi."
range. To convert these numbersto‘lum_e_zns/m2 mﬁltiply by 10{76.' Thére
are additional'factors,of‘TA and TT that are assumed equal to>0a6'and
0.8; respectively. Theréfore, the focal plané illumination dueito the
7 plume Et | : . ‘_
E, = ETT, T; (10.76) = ET (5.16). - ' 1)
For p = 0.5, Et is a factor.of 5 largeruand" | '

B, = ET (25.8). a2
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" Table 4. Focal Plane I1luminations (lumens/ft2) Due to Target at

a Range of 260 n.mi.

Illuminations (ET) p=0.1 (lumens/ft?)

% hr - before % hr after 1 hr after 2 hr after

‘VF/meber. B ‘sunrise '~ sunset’ . ‘sunset . ~ sunset
1 sexit! 0 11 L1 9.ex107!
1 6.8x10°%  9.0x107% 9.1x107%  8.2x107%"

$8x1073

232 1.5x1005 . 2.0x1075 2.0x10"9

RN

Launeh Window -

.The situation where llght reflected from-the target is greater
1than the background llght is when the target rises above ‘the shadow
" of the earth and. the detector is in darkness.' The launch windows are
where this lit-target, dark—deteetor'situatidﬁ oecurs. The launch .
'_windowris acceptable for two hours after sunset and a half-hour befere

sunrise.

Time Tagging After T+185 sec

TV cameras with standard integration'time will-berplaced iﬁ the_

»1mage plane of the telescopes Therefere: theretis an erposure time perttv
';frame of 1/30 sec, and the total amount of effectlve illuminance per
‘ 1frame, will be reduced by a factor ofj30.4~The’f1nal values for‘lllumlba—.»‘

A‘tionrlevels after T+185 sec, are shown ianabieVS.

. Summarx
- The parameters of the optical system described in this chapter

“are summarized in Table 6.



Table 5. Focal Plane and Backgroﬁnd I1lumination Léﬁels,'Includlng '
' Time Tagging, for after T+185 sec (lumens/mz), -and %- hr =
after Sunset. :

Reflection from'Target‘Eﬁ (1umens/m?)

R=260 n.mi..  R=1300 n.mi. R=6617 n.mi.

_=1.6x10% ft. ' =7.8x105 f£t. . =39.7x10% ft.
Dark Sky .- ' . '
: Eg (night) . : o o T
FOV . (lumens/m?) p=0.1 . p=0.5 p=0.1 ~ p=0.5 = p=0.1  p=0.5
| 6° 2.0x10"3 '1.9x10*1 9.3x10-1 1.4x10-} 7.1x10-1 3.5x10-2 1.8x10-!
. 18' . 1.6x107%  1.5x10-3 7.7x10~3 1.2x10"3 5.9x107% 2.9x10"%* 1.5x10-3
34" 3,7x1078 . 3.5x10-¢ 1.7x1675 2.6x10-% 1.3x10"5 6.6x1077 3.3x10-6

Table 6. Summary of System Parameters.

Before T+185 sec ‘ After T+185 sec. o

Resolution 100 TVL/raster height - 100 TVL/raster helght
FOV - 7 - ' 6°, 18' and 34"
Illuminance - ' s o _ ] -3‘2..7
_Béquround ES = L TT /£ Es = AT /f
. . E - 2 . - 1, 7
Target ’ o Ep Lp T TT AT /f Ft' TT TA ET (10'753,
Contrast
Enhancement Red filter
Time Tagging . 10f5 sec ekposure'*‘ - 1/30 sec ekposure-

Launch Window S S % hr before sunrise
: and for 2 hrs after

sunset. Best is 1 hr;

.after sunset. :




CHAPTER 3 -
TV CAMERA TUBES
~ The application'of a camera tube to the system can be evaluated
on the basis of published,performance data. Comparison of different .
 tubes also must be based on those same data. Data required iuelude
‘(1)'the-dynamic limiting'resolution of the system (resolution in TV

lines/raster_height vs. photocathode illumination) in terms of the

~ contrast ratio, which is given by

]
|y
(o
(e}
o

(13)
“'»where E is. the focal plane 111um1natlon due to reflectlon from the
target or llght from the plume and E is the focal plane 111um1nat10n :

due to llght from the sky, (2) the square wave response (SWR) and

v(3) the photocathode spectral response These three items will betdis—

cussed 1n-some‘deta11. .The type of camera tube requlred by the suggested'rA'c

system.isfone that ean resolve 100 TV lines/raster height at‘a-target .A
illuminetlonbleVel of 3.3 x 10°5 1unlens/m2 (3.1 x 10;5‘1umens/ft2)”with.a
. contrast ratioiof-97% (before T+185 sec) and at a target‘illumiuation,"'
level of 2.6 x 1045 lumens/m2 (2.4 x-10~7" lumens/£t2) With.a contrast-
ratlo of 990 (after T+185 sec, at 1300 .n.mi. > 0= 0.1). The 5pectral
response of the tube should be maximum in the visible reglon of the
'?.spectrum,-especially in the red end of that region, to give the best
:performance when and if a.red:filter is usedt.

30
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'v‘Resolution is usually measured using a bar chart'with 100% cdn-
tfast;‘;Ifrﬁhe contrast is lower than '100%, for eiample 50%, the resolu- g
bfiéﬁ;:at a given illuminationfwill also be lower. Inithis casé,'whei§;~i
‘the confrast ratios can be approkiméted'as 100% this prbbiem does not -
'oéCQf.: ' | |
": -~ The illumination levels are ébﬁverted to units of lumens/ftz;:
which'aré edﬁivaleﬁt'to.units of foot candles<(fcj,‘becau$é thesé‘areA “"1"
‘fhe'umifs uséd by cameiatube manufaéfUrérs iﬁ efaluatiﬁg théir produétéii;i
_?g Thé tﬁbesvdiSCussed here Were chosen'bn'tﬁé basis of iﬁfﬁrmation'
~from the manﬁfactufers'on_TV camera tubes suitabie-fof the-lowllighﬁ'
jilevelg:required‘by this problem. |
The tubes chosén for a'comparison in this report were'a“Jimage
6rthi¢§n (10) and‘two silicon intensifier.taigef (SIT)“cémera tubes‘:;
Crable.7j. The fﬁllowing two- paragraphs desgribe the'basic’ﬁropertiés‘
A of eaéh generic type. | bA |
" In the,image.orthicon the photoelectronéifrom the photocathodé
| are focused by an axial magnetic field onéo a thin,‘moderately_insulafing_
target-éﬁrfacé. These strike the target, and secondary emission-écéurs,
pauéiné the establishment of-net positive charges on the target.  ”The
'éleétfqﬁ beam'Scans the‘charged_target patterh, deposits same'electrOns
on the mdreApositively charged areas, and the modulated beam’retufns {o o
:'an électron multiplier surrounding the electron gun. The output:signal
 fis thengmplified anode current of the electron multiplier" (RCA, 1974, .

p. 182) (see Fig. 12).
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Table 7. Three TV Camera Tubes

Camera Tube Type of Tube Photo Cathode
GE 10 Z-7987 Ruggedized Image Orthicon (GE) S-25
RCA-C21145 SIT Camera Tube, 40-mm S-20
Fiber-Optic Face plate M aterial NaK-Cs-Sb
type
Westinghouse 32-mm EBS Camera Tube* S-20
WX-32432 Developmental Device

* EBS is the trade name for the generic type tube SIT.

ucmT FIRST OYNOOE
OF ELECTRON
sULTIPUER

(a)

FIELD
sESH

ELECTRON
MULTIPLIER
SIGNAL

OUTPUT

FMOTOCATNCOE

(b) SILICON OR
SEC TARGET

oL

OoTP-.T

Fig. 12. Schematic Representation of Camera Tubes.

(a) image orthicon camera tube
(b) SIT camera tube (RCA, 1974,pp. 182 and 183)
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 1Iﬁ the'silicon;infensifier-target,éamera:tube'the photoelectrons
frém the:photocathodé afe,foéused onto a speciélltgrgef that provides’
-relatively high.gaiﬁ before the scanhing»oﬁeratién.commences; The |
farget is a very thin.siliéon;wafer upon which a tightly gpaced matrix-
~ of p-n junction diodé; is formed. The photoelectfdﬁ, from the photo-
<ff¢éthode,.is acéeleréted;#o perhap§ 10 keV, and inﬁiﬁges on‘thevtarget
‘and causes"a‘large‘qpanfity-of charged pérficlékpairé. 'Thé hﬁieé:afe'
collecﬁéd at;the‘p—side of the diode where the-chgfgé-is neutralized -
by the scanning beam. The signal is read out on fhé backplate of the
A target (Fig. 12)(RCA 1974 p 183).

_ Tubes other than the three given in Table 7 were considered. but
were not included in this comparison because fheirfiésqlutlon capabill—
ties did notimatch fﬁe‘reqUirements. -Thqﬁgh‘thé-iﬁféimation on the
7 Westinghouse tube is not as cdmplété as thaf‘for:eifher the RCA or GE
tﬁbes,’the résdlts aré_comparable and merifvcénsiaefation in this‘report;

Teltron,‘Iné.; maﬁufactures a series §f séecial—purposé 10
camera tubes. The available information indigates fhat they are comparQ

able to the tubes in Table 7, but not.enough.inforﬁafion was-available

for any real comparison.

Dynamlc L1m1t1ng Resolutlonv

Accordlng to RCA (1974 P- 201)

Limiting resolutlon is generally measured. W1th a bar pattern
having 100 percent contrast. For image tubes it ‘is usually
specified in terms of line-pairs per millimeter; for camera
tubes, in terms of the number of TV lines (black. and white)
that can be resolved in a picture height. One black and white
line is equivalent to one line pair...The limiting resolution
value corresponds.to an MIF of about 3 percent at high light
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where picture noise is not a limitation. ‘As the light level
©is reduced, the number of resolved lines decreases because
of the obscuration caused by the noise in the picture. Limit-
~ing resolution varies approximately as the square root of the
scene luminance at low light levels but is MTF~ 11m1ted at
high 1light levels :
The performancerof the GE I0-Z-7987 tube and the RCA-C21145
(Fig. 13) is about equal. Table 8 shows'thiSjrelationship'(illumination'--5

T vs. TVilines/raster;height) morerclearly;

;guare Wave Response

The square wave response- (SWR) of a TV camera tube defines the
;resolution.< RCA- calls this the contrast transfer function (CTF)land.:
defihes it as the‘spatial—frequency amplitude response. The moduiation
'transfer functlon (MTF) is the sine-wave spat1a1 frequency amplltude
response These two types of responses -can be converted from one ‘to

’the other (RCA 1974 p' 117).. -

C(SN) C(SN) C(7N), .;]

m = _M_,(_N)' = {-[C(N) z 7 (14)

where the term involving C(9N) is omitted because it is zero, or-

CTF = C(N) = %M(N) - M§3N) _ M(SN) MUN) MCSN) ] (15)

_The response of the system is usually glven by the CTF (hereafter
.referred to as SWR) because it is ‘easier to measure (RCA 1974, p' 1i4)“
In F1g 14 the shape of the curves shows that the output signal generated
by the camerahtube has fallen from its IOW'Spatlal frequency response.

A drop of 50% indicates an effective quantum efficiency reduction of
p e A
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Resolution Characteristics for (a) GE-10-Z-7987
(Spalding, 1971, p. 7) and (b) RCA-C21145 Tubes

(RCA, 1972, p.8).
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Table 8. Reéolution.v

36

"-.”i-(b)“'

" (c)

T ION - - B
‘Photocathode - GE 10 Z-7987 - RCA-C21145 = Westinghouse
“illumination - - Resolution ‘Resolution - WX-32432

(lumens/ft ) - (TVL/Raster Height) (TVL/Raster Resolution’

o - o o _ o Height) - (TVL/Target -

: Height)

1x10°7 - 300 —-- -
5x10°7° 420 325 200
1'x10°6 - " 450 400 ---
5x106 . 580 625 ---
1x10°5. - 650 . 725 ===

5 x 10°° [850]* 950 -—-
1 x 10-% [900] 1050 -

5 x 10-% ' - . [1100] 800

* Figures in brackets havexbeen'extrépolated,from'graphs.

(a) Spalding (1971).
" (b) RCA (1972)

(c) Westinghouse (1974)
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Fig. 14. Square Wave Response.

(a) GE 10 Z-7987, at 1.5x10-3 lumens/ft2 (Spalding,1971,p.8)

(b) RCA-C21145, at 500 nA, 1.Sx10-4 lumens/ft2(RCA,1972,p.7)

(c) Westinghouse, WX-32432, at 800 nA, 3.0xl0-4 lumens/ft2
(Westinghouse, 1974, p.5).
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7”2-for'the‘devicee ‘Fignre'ls shows. the same:re5ponses forra common “
'111um1nat10n of 3 x 10‘“1umens/ft2 and 4 x.- 10‘71umens/ft2, respectlvely
' The SWR of the Westlnghouse tube was generated at an illumina-
1.tten‘1evel of 3 x 10j41umens/ft2.; The'lrmltrng‘resolutlons of the RCAj
.andvGEbtubes are taken from Fig. 13, page 35;"Using.theservalues'for
'5the marimum Valuevof TV lines/raster height, thelsquare,ware resnbnseah
G'fer theIRCA'and.GE tubes were transferred ontodthe Same graph The re;
;hsponse of the GE IO unlt is hlgher in both cases, 1nd1cat1ng a better

'rquantum eff1¢1ency

Flgure 16 ehowe the spectral response of several General Electrlc
i;phntocathodes Their data agree with the response‘ot ‘the photocathodes N
f glven by RCA (1974, pp. 152-153). The §-20 and $-25 photocathodes are>:
-Na-K-Cs- Sb The,spectral'reeponse of;the 5—25 islgreater in magnitnde .

. per wavelength for the GE photocathode than for the RCA;photocathede.

Other Criteria

'When.a comparatively bright light ie‘imaged uponbthe”nhotocathede;
~of a loW—light—letel camera tube, the apnarent'diameter of "the light is
. increaéed : Thls penomena is called blooming. A factor that must be
con51dered in this appllcatlon is the effect of a bright obJect w1th1n |
;hthe same fleld as the target (such as a star) In an 1mage-orth1con >
;_Tthe central image is a saturated core surrounded by a black halo

"(Campana, 1971; p.22 3) A brlght light caused’no.permanent changes .
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Fig* 15. Square Wave Response at (a) 3 x 10-4 fc,
and (b) 4 x 10-'" fc (Optical Sciences
Center, 1976, p.9).



40

100.0
S-
uv Z%
S$-20
7967
> 10.0 s-10 Z 7806
2
S-1
$-10 z 5395
7629 z 7805

7538

2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
WAVELENGTH (&)

Fig. 16. Spectral Response.
GE photocathode responses for their special purpose
orthicons (GE, 1972a, 1972b). The S-20 spectral
response is the same as given by RCA for C-21145.
Relative sensitivity is equivalent to amperes per
w att.
in the target quality, though an after image lasting several minutes
did occur. In an SIT the image spreads in a "well defined circle"
(Campana, 1971; pp. 23,24). After testing there may be permanent
target deterioration.

Comparatively, the picture obscuration due to both 10 and SIT
tubes is about the same percent, with the Halo in the 10 causing most
of that obscuration. 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
obscuration of only 3% at 10~4 lumens highlight illumination.

10 units have noise, due to the return beam type of operation,

in the dark areas of the image. This will cause the picture to appear

grainy. This can be avoided by integrating, but the application
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:describéd herein calls for time tagging not integrating. (Integrating
'ié e%posing}the'picture for longer than 1/30 of a second, time tagging
>:exposes it for 1/30 of a second or less.) Actually thelgrainy picture
:fwiii nbt'belas serious a problem as the white dots to which SIT units
aréﬁsubjecf. - The operation of the SIT unit generates soft %—ra&s‘to
‘which thg photocathode is sensitive. The SIT tubes show higher blemish:
-.7 1evé1s than the image orthicon.
V :,V"High incident light levels on the photocathode resulting in
,' équssiVe photocathode current may, over a period of time,.result‘iﬁ
~ -shortened tﬁbé life dﬁe to target damage from photoeleﬁtrons” (RCA, 1972j.:
_?The'e#pésufe limit for faceplate illumination of 1 1umens/ff2 i$'onev:

hour for RCA C-21145. The proposed system must handle illuminaticn at

o this'level.v The RCA. tube requires a combination of lens stops and fil- -

AA'ters to limit the light. It is not desirable to filter the already
 dé$criB¢d system because it. decreases the resolving capabilities.
To insuiate high-voltage TV camera tubes, they should be potted;:

that is, the.high voltage electrodes are encapsulated in a silicon rub- -
-Ber compound. SIT's usually have 15 kV and these will need potting

>(the RCA C21145 Has a photocathode voltage of 3000 to 12000 V). An IO
-unit usually has, in comparison, 600 V and does not have to be pottéd
(GE I0 A-7987 has a photocathode voltage éf 600 V). The actual potting
 operation is difficult, therefore an Intensified SIT (ISIT) camera is
. usually purchased already potted. The entire ISIT must be exchanged

:'to replace a defective camera tube (resulting in a higher cost), as
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opposed to exchanging’the:IO,tube and then recoupling it to the inten-

Sifier‘already in the sy$femf(Tab1e'9).

Table 9} Specifications.

(a

©  GE 10-27987

Active photocathode -

diagonal - 1.8 in.
Limiting resolution .-~ 1200 TVL at
: 1.5x1073
_lumens/ftz‘

of image end

. 25° to 30°C
- of target

15° to 55°C

Operating temperature

Photocathode voltage 600V

B

" 'RCA-C21145

1.58 in.

1100 TVL at

- 1.5x10-4

lumens/ft?

typical 30°C

typical 3000

to 12000V .

(c) :
WX-32432
1.26 in.

900 TVL
at 3x10-* v
lumens/ft?2

typical 25°C

Primary

" voltage

12000 Vv

() GE-(1972a);'(l97255i7‘.
() RCA (1972). :

'(c) Westinghouse (1974).

._Summagy

~ The three camera tubes. chosen for a comparison were the

GE IO Z-7987, RCA—C21145,vand Westinghouse WX-32432, where the first

~is an image orthiconband the other two are silicon inténsifier‘target

camera tubes.

‘Primarily three factors were examined in detail: (1) the dynamic

limiting resolution in terms of the Contrast, (2) the square wave re- ’

sponse,‘and'(S) the'photoéathode spectral response.



_ N The dynamlc limiting resolutlon (Table 9) shows that all three
tubes have acceptable resolutlons, w1th GE IO Z- 7987 having the hlghest;
‘TV 11ne/raster helght resolutlon in the very lowest light levels
' (below 1 X 10“6 lumens/ftz), and RCA~ 021145 haV1ng higher resolution
-*where there 1s more photocathode 1llum1nat10n o
- ‘The square wave response (Flg 15 page 39) of the GE 10 Z- 7987 :

"37;15 hlgher at both i1lumination levels graphed  This indicates a better

";Qquantum eff1c1ency for: that ‘tube.

: The . relatlve photocathode spectral response of the S- 25 photo-
h;cathode (GE IO Z- 7987) is greater than the §-20 photocathode (RCA-C21145 :
?and WX-32432),1n the v151b1evwavelengths of 1light and notably in the '
f'lohger, visible‘Wavelehgths.y e | |
It can be concluded that the.éEfld 2;7987 will have fewer
'vpreblehs due to generic .types of noise. |
‘The GE..IO Z-7987 meets all the cr1ter1a of the system. For all

bthe éerformance data evaluated, it glves equal or superlor results .

v ;Thls makes the GE I0 Z-7987 thevbest ch01ce'for the proposed'system.



CHAPTER 4

3

CONCLUSION

B An.electro—optical system is described to'frack a target fnrough'
Ed': its fiight. 100 TV lines/raeter.height resolution wii;.be required of
':? TV“camera tobe. * o |
‘ Because the7tracking problem involves tracking a ‘plume and
iVilaterrmore than one target more: than one fleld of vrew is requlred
;”~vThe recommended system is- one havrng three cameras per detectlon site,

ciand hav1ng a FOV of 6°, 181, and 34", - v
The amounts of light from sky, plume, and target that reach the
: ff1mage plane are calculated to determlne the 1llum1nat10n constraints

: ;of the‘camera_tubesi' These are a target 1llum1natlon level of |

eS;SXlO‘s lumens/m2 (S.leo“s.lumens/ftz)twith a cbntrast:ratiO'of 97%

' (before T+185 sec) and a target illumination 1eve1;of 2.6x10-6 lumens/m2
u(é 4x10;7 lomens/ftz) with a contrast ratio of 99%,(after T+185 sec,.at )
1300 n.ni., p=0. 1) (Table '3, page 15). | |

When tracking before T+185 sec a time tagglng of 105 frames ner
second is obtainable, and a red filter may be used for contrast enhance- .-

ment. Tracklng after T+185 seconds is p0551b1e only for a limited

’1aunchnw1ndow, ThlS w1ndow is’ the half hour before sunrlse and two hours ;- 

: affer'snnset, wrth<the»opt1mum’t1me being one-hour after sunset. Durlng
this time there is the standard 30 frames per second time tagging due to
the camera tube frame time.

44
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- TV,caméra’tubes-werevevaluated'fof‘theif suitability to the
aBoveISYStem, ahd.owing»fo éompariséns §f,resqlution; square wav§ 
responée, and séeétrai resfonse, the GE IQ_Z—7987 was recommended.fér
use. | |
Thé'GE 10 Z-7987 has therhighest TV line/raster height resolutiohrwr
(Table 8, page 36) of thevcompared-tubes, at the iowest light levels.
Its square wave tés?onsé is higher at both illumination levéls graﬁhed
: (Eig. 15,>page 39),7indicating a better quantum efficiency. The relaﬁive
photocathode spectra1 response - of the S-25 phdtocathode, in the tube, is
. greater in the visible wévelengths>of Light.. The GE I0 Z-7987 ﬁeets all

the criteria of the system described above.



APPENDIX =
COMPUTER ‘PRINTOUT OF TARGET SOURCE'ILLUMINATiON

The following is the computer printout of the qutran ¢omﬁufer
program described in'Chaptef 2. Included*is~a'list,oflthe,inifial'data

and the output.

PROGRAM PRFLECT (INPUT,UUTPurpTAPE&uINPuT»TA956=DUTPJT) : 1
c #e2ALL ANGLES IN RADIANS, DISTANCES IN FEET s ROCKET LENGTHS IN FY 2
[ 205t ATITUDE AND -LONGITUDE WILL B8E CONVERTED TO ECF LT T -
Coso060YARIABLE NAMES ¢tbh8se i 5
4 MS AMO''NT 0OF DIRECT SOLAR ILLUHINATIDN(LH/FT¢°2) : 9
c RO . SPELTRAL REFLECTANCE » INPUT . . 10
c JTOTAL (EG) LUYINDUS INTENSITY (LM/STER) S :
[ FRUST SUBFUNCTION, EQUATION (4=3) =LUAINJUS INTENSITY OF CONE(LMISTERJ
€ JCYLIN EQUATION A=1 <~LUMINGUS INTENSITY OF CYLINDER (LM/STER)
c FIGURE A-1 ‘ o
c EPSI ANGLE DEFINED BY EQUATION A=2 Do .
€ ALPHA CENERATING ANGLE OF THE CONE ) ’ . ¥ §
¢ BETA ANGLE BETWEEN DIRECTIONS OF SUN Awo UBSERan .
< PHIS AMGLE SETWEEN RDLL AXIS AND ~ON
[ PHIT ANGLE BETHEEN ROLL AXLS AND GSSERVER 2 .
c LEN LENGTH OF A CYLINDER (DR SECTIGN) B : - .18
¢ Al . TOP RADIUS OF FRUSTUM =-0OR OF CYLINDER ’ S
c A2 BOTTOM RADIUS OF FRUSTUM WHERE A2 IS GREATER THAN A1 <20
[ FIGURE A=2 Coe :
c GAMAS ANGLE#P!/ZnTER*XNATOR FOR SOLAR ILLUMINATION IN PLANE QF EPSI CLoe e
c GAMAT ANGLE*PI/2=TERMINATOR FOR.THE DOBSERVER IN PLANE OF EPSI
c FIGURE A=3 :
c R DISTANCE FROM CENTER OF EARTH TO UPTICAL SITE . 21
¢ X POSITION COORD IN ECF SYSTEH ) : o2
c Y POSITION CODRD IN ECF SYSTEHM : - o : 23
c z POSITION COORD IN ECF SYSTEH . 2%
K DECLARATIONS : . 28 -
. INTEGER FNUML{4) : ' L 29
i REAL ‘HS»JCYUINs JTOTALS TRAJ(25:8)pPADAR(3)9SHAPE(13n5) L 30
1 »SUNC2)s LEN, SLANT{25)5JT0T . . - 31
COMMON PISROsHS ) N . 3 32
READ(5,99)HS, . v 3%
99 - FORMAT(3XpFB8a2) : - 35
READ(5,100)RD R B o ) : 38
100 FORMAT(3XpF907) 39
¢ INPUT RADAR SITE»LAT,LON, ALT(FRN CNTR)ITO ECF XsY, 1 (EARIH CNTR FIX) 40
READUS5,101)RADARILY,RADAR{2),RADAR(]) . © &%
101 FORMATI4GXpFBo39bXsFBo396X,F10,1) . : ) ' 82
< LAT GEOCENTRIC, LON GEZOETIC ' P ) - i 43
c - CONVERY TO RADIANS oo :
RADAR(1)2,01745%RADAR(Y) - : R T
RADAP(2)2,01T450RADARE2) - ’ ) ] ; ' . 45
X*RADAR(3) el Uﬂ(\ADAR(l))°COS(RADAR(2)) L ) o 46
YoRADAR{3)¢COS(RADAR(I)I)IOSINCRADAR(2)) - S &7 -
I5RADARI3)OSIN(RADARIL)) - ) : 48
RADARLL) oX : R . . - &9
RADARIZ2) oY : R 50
RADAR(3) o2 . . S - 51
PIsACOS(=1oO) . L : : ) B 7

46
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INPUT NUHBER OF CA?DS DEF!NXHG SHAPEﬂ ISHAP: 53{

READ(ﬁ;qe)ISHAPE Ce ) . L ) - Co
98 FORMAT(L3) 2 . .o 3%
¢ INFUT SHAPE OF ROCKET BY STAGFS . PUST BE. ISHAPE CARDS o S .- 55
c C COLUMN 1oSTAGES PRESENT -ON TRAJECTORY s 58
c 105TAGE 1p2e SKIRT15335TAGE 2542SKIRT 2+52STAGE 396=CUNE~ 57
e © DR 6.5 CBNE YITHOUT SHRDUD,(IF oLTe 3 STAGES SYART.] e Ta 58
i NUMBERING. WITH PRESENT STAGES. I<Eo. SHPE(1,1)=3)- . - " 59
€ - . COLUMN 2sSHAPEs 1oFRUSTRUH, 2oCYLINDER - TR .
C -7 COLUMN 3= RADIUS 1, COLUMN 4= RADIUS 2 »COLUHN S=LENGTH : A
. D0 20 1o 1,ISHAPE : . Y
READ(55102) (SHAPE(Isd)sdaly5) er e T e 63
102 FORMAT{4XsF3. 1,4x,F3 19 4X5F 6o 3y4pr6°3g4x9F7°3) . R Y
20 CONTINUE. G 85
INPUT TRAJECTORY (TRAJ)»EACH READING. IS A ROY, COLUHNS ARE . - . L. T es
TIHE,STAGES) XY »ZsCOSXpCOSY,COSZ - (XIXpXIY5XIZ) -1 & .
STAGES. ARE-ON. RO{XET,INPUT OF TRAJECTORY HMUST- INCLUDE CODE -~ .- - .~ 68 ... - -
OsFULL ROCKET,1=ND STAGEL»23NO SXTS STG2,3=N0 STAGE2) .rj.s- 6% .
4oNO SKTS 5T63,5sN0 STAGE3, X.5 LOSS OF SHROQUD ST 70
“{IF LT 3 STAGES, START STAGES WITH THOSE PRESENT»IE TRAJ(192)°271
. !NPUT NUMBER “OF - CARDS DEFINING TRAJn ITRAJ : : ) B
" READ(55104) ITRAJ - - ) EEE L T T2
104,FORHAr¢x3) . SR 4;_ - 5 : SO IR
221 TE¥,ITRAS - ) T PR £
READ(5,5105). (TRAJ(IDJ’»J=1p8) ' R 4
-105  FORMAT(F7o 2,1x»F3°1»1x,5110101an110191pr11 laIXyFTeSp R £
. L ) “F755F745) ‘,,x . L. . R A
- 21 CONTINUE S T BRI, e £
€ - .INPUT F/NUMBERS TO BE JSED»HUST BE- % oF THEH I
- READ(55110) {FNUM(L)olzlsb) L T -~ . 88
© . 110 FORMAT(14X513,1X513,1%513,1X,13) . S -1
c INPUT POSITION.ANGLES OF SUN FOR LUCAL TIME-FOR RADAR SITE» L o %0
€ HOUR ANGLE- IN DE:REES(SJN(l))pDECLINATIDN IN DEGREED(SUN(Z)) S
c . SEE FIG A=4 . : . ) : : _. . ‘
: READ(SplOB)SUN(l)ySUN(29 .t ;-"' . ) S ? S 2
103 FORMAT(9XsF7, zysxyF5°2)_‘ cee e C T
40 TPRINT 112,SUN(L) o
- 112 FURMAT{7LHR ANGLE=  WoR7q2) - -
¢ CONVERT ‘TO RADIANS:. : S
SUN{1)=,0L745%SUN(LY .
su~(2)=.01745csun(2)
“HRITE(65109) - ’ Lol P
109 FORMAT{® .~ 'TIME LUMINOUS INTENSITY o SLANTW, T T 100
.9, " RANGE(FEET) GROUND ILLUMINANCE . Wy T C. 101
9 ME/NUMBER © FOZAL PLANEM, /519X, "(LUNEN/STERI®, =0 - - - . 5 - 102
.9 30!;"(LUHEN/FT**2)=EG";20X»"XI‘UHINATIDNnET“)—,- . o .7103
€ .7 LIGHT1 HERE IS A DUHRY VARIABLE . T o .
Se  BIGMTLe3. ¢ .
[ LOOP ‘PER LINE" OF TRAJECTURY AR i . AR 10%-
o DO 23 Iol,ITRAS 7 - I S TP ';" ;f A 108
- € SLANT RANGE EROM RADAR SITE TO ROCKET S 79
. SLANT(I)uSORT(((RADAR(I)*TRAJ(IoBD)*42)¢((RADAR(Z)-TRAJ(Ipé))'v : s
2 402)00 (RADAR (3 = IRAJ(InB))bOZ)) B . Cr R
: SdTOTAL=0,0 ) e - ; 106 :
c CALCULATING PHIT s:a TIME T AR S AR £+
B : PHIT=ACOS (((TRAJ(I03)= RADAR(I})*TRAJ(X»b)) TR & 1 )
e . L 2((TRAJ(IsG)I-RADARI2)ICTRAJ(IL?Y) . oo 111
R Tt (TRAJ(IL5)- RADAR(3)iarRAJ(Ipal))/SLANT(x)) I - 112
(o ALpBE,GA ARE DIRECTION COSINES FOR THE- SUN L . e
ALU=COS(SUN(L))*GOSTSUNI2)). ’ o R o 114
BEa¢STNISUNI1))eZ0S(SUNI2)) L R T 115
GAnSIN(SUN(2)) - IR 3 -
o LIGHToSUBFUNCTION WHIEH DETFRMINS WHETHER WISSILE IN . IN SUNLIGHY L
LIGHTL AND LIGHT2 'INDIZATE PRESENT SUN DR S$HADDW STATUS |

’ LIGHTZHLIGHT(ALpBEnGA;TRAJ(I»3)nTRAJ(Ip§)yTRAJ(Ip5D)

IF(LIGHTloEQoLIGHTZ) 62 T0 65 o




161
140
45
[
.10
25
50
[
c
Cc
. .51
" 2&
€
108
in
26
23.

&1

LIGHTI= LIGHT2 :
IF(LIGHT1.,E0Q.0) PRINT 16l
FORMAT(" MISSILE IH SHADOW™)
IF(LIGHT1.EQ.1) PRINT 140
FORMAT(" MISSILE IN SJNSHINF")
CALCULATE PHIS ’
PHISnAcost((TRAJ(I,o)¢AL)+(TRAJ(I»7)an)o(TRAJ(Iga)oGA)) )
CALCULATE BETA
‘ BETAnACGS((ctrRAJ(1.3)-RA0AR(1))¢AL)¢((TRAthoe)-RADAR(Z))
9 - SBEIS((TRAI(Io5)-RADAR(3)ISGA}I/SLANTLLN)
. IFC(TRAJUI52) JLELAINTITRAJ(L52))) GOTO 50
TRAJ{Io2)=AINTCTRAS(I52))
DO 25 IIsl, ISHAPE
IF (SHAPE(II,1)sNE. 6.0) GO TO 10
SHAPE(II, 1) =645
60 TO 25 . ) .
IF(SHAPEC(II,1)aEQo 605) SHAPE(IIol)ao 600
CONTINUE : -
DO 24 Jol,ISHAPE . ) ‘
IF (SHAPE(Js1)eFQ. 6.5) GO TO 2%
IF(TRAJ(I,2)oGELSHAPE(J51)) 6OTO 24
“IF(SHAPE(Js2).EQs 1.0) GO TO 51
"CYLINDRICAL SECTION ,EQU A-1
Al=SHAPE(J, 3) .
LEN=SHAPE(Js5)
EQU A=2
EPSIvACUS((COS(BETA) CDS(PHIS)“CUS(PHIT))I
i (SIN{PHIS)*SINC(PHIT)I) )
JCYLINa(RO/PI)¥HSE (ALALEN/2)¢(({P1=EPSTI)2COSIEPSI)o.

1 ‘ o SIN(EPSI)IXSIN(PHIS)®SIN(PAIT))

JTOTAL=JTOTAL+ICYLIN
60 TC 24
FRUSTRUM SECTION,EQU A=3
Al=sSHAPE(Js3Y
A2aSHAPE(Js &)
LENSSHAPE(Js5)
JTOTAL=JTOTAL® FRUST(AlpAZpLENpPHISpPHITpBETA)
CONT INUE
JTOT=JTOTAL/SUANT(T)%62
ETsFOCAL PLANE ILLUMINATION VS F/NUMBER _
ET©2.50106210¢JTAT/FNUN(L) %2 o
WRITE(E,108)TRAJ(I,1), JTDTAL»SLANT(I)nJTDTnFNUH(l)pET

FORMAT(IX»F702s 5X9F20020s5X5F2002055%X0E1205 915XPI305X9— -

8 E13.5)

DO 26 K=254
Ef=295¢10°*10¢JT0T/FNUH(K)*#2
HRITE(6p111) FNUM(X),HET :
FORMAT(90XoI3,5X»E1305)
CONTINUE

CONTINUE :

READ(5,103) SUN(I):SUN(Z)
IF(EQF(5)) 41540

STOP.

END -

- 135

113
117

118 -

119

120 -
121-

122

‘123,
124 -

125 -
126
127
128
129

133
134

136 - -

137

T o138

139

" 140
141

142
143

144

145
146
147
148

149

150 -

151
152
153
15%
155

© 156

157

‘158

159
160
161

162 .

130 -
131 -
132
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5 IF(GAMAS.GE. 0.0 oAND,

[EXCRCRCRURT

' FUNCTION FRUST(A!pAZprPHlSyPHITpBEYA)

EQUATIONS A-2

CREAL L

COMMON PI,RO,HS.
ALPHASATAN((AL=A2)FL). * -
EPSIHACOS((COS(BETA)—'US(PHIS)°CDS(PHIT))/

. S (SIN(PHIS)IASIN(PHITI )

IFCTANCALPHA) o GTo ABS(TAN(PHIS))) GO-TQ &
IF(TANCALPHA) o GT.ABS{TAN(PHIT))) GO T8 6

" GAMAS=ASIN(TAN(ALPHAI/TAN(PHIS))

GAMATSASIN(TAN{ALPHA}/TAN(PHIT))

'-FRUSTH(RO/PI)°HS°(A19A2)°LECOS(ALPHA)IQ

CASE 1

IF (PHISoGT.ALPHALORPHIT.GT.ALPHA) GO TO 2 -
FRUSTnFPUSTﬁlﬁPI*(Z°CUS(PH!S)°CDS(PH!T)¢TAN(ALPHA)°°Z¢

1 ’ COS(EPSI)#SIN(PHIS)#SIN(PHIT))
RETURN =~ .
.CASE 2

2 IF (PHIS. GT.ALPHA OR . PHIToLT AL?HA) GUTD 3. ’ i
FRUSTaFRUST®(2%(PI+42¢6 AHAT)VCDS(PHIS)°CDS(PHIT)*TAN(ALPHA)°°Z~ :
$4C¢COS(GAMAT) «COS{PHIS)ESIN(PRITISTAN(ALPHA) Lo

¢4°CUS(EPS{)*CDS(GAHAT)*SIN(PHIS)°COS(PHIT)#TAN(ALPHA)
${(PI429GAMAT) - 2°SIN(GAHAT)¢CDS(GAHAT))*CDS(EPSI)¢

N NN

. SIN(PHXS)*SIN(PHIT))
RETURN
" CASE 3

3 IF (PHIS LT ALPHAGOR PHIT4GT, ALPHA) GO TG 4 .

’ FRUST*FPUSTV(Z*(?I#Z*aAHAS)¢”GS(PHIT)*COS(PHIS)*TAN(ALPHA)¢*2
¢44COS{GAMAS )¢ COS(PHITY*SIN(PHISISTAN(ALPHA)
¢42COSTEPSTI®COSIGARAS I¢SIN(PHITI®COS (PHISI¢TAN{ALPHA)
(45434 *c*GAHA)i-L*axN(uAhAJJV»OS(GAHAS))*CDS&EPSI)

W W

Ie‘SIN(F’HIS)‘*SIN(PHH’H
‘RETURN

& GAMA=GAMAS+GAMAT

PIE=PI~EPSI

CASE 4

IF(GAMASoLT 0,09 co ro ‘s
IF (GAMALLT.PIE}GD TO5

FRUSTSFFUST® ({445 AHA°CUS(PHIS)*COS(PHIT)*TAN(ALPHA)¢°Z
¢4°(CDS(GAHAY)#CDS(EPSI)*CDS(GAHAS))*COS(PHIS)*SIN(PHIT)
« STAN(ALPHA) ¢4 (COS(GAMAS)+COSCEPSII4COSTGAMAT))
*SIN(PHIS)«COSEPHIT)*TANCALPHA) +2% (GAMA=~SIN(GAMAS)
¥COS{GAMAS k= SIN‘GA%AT)*COS(GAHAT))@CUS(EPSI)*SIN(PHIS).'

E R R A R

3SINIPHITY)
RETURN
CASE 5 -

IF{PIE.GT.GAMAIGO TO &

55 FRUST= FRUST#(Z?(P!E+CAHA)¢COS(PHIS)“CUS(PNIu)*TAN(ALPHA)°¢Z

2% CCOSCEPST-GAMASY+CUS (GAMATY IO COS(PHIS)*SIN(PHITI®TAN(ALPHA)
¢2%(COS(GAMAS)+COS(EPST~GAMATII*COS(PHIT)I*SINCPHIS)ETAN(ALPHA)
¢(PIE+GAMA- sIN(uAMAs>OCDS(GAHAS)vSIN(EPS.-bAMAT)¢CUS(EPSI ’
‘~GAMAT))¢COS (FPST)
${COS{GAMAS )% ¢2=COS(EPSI~ GAHAT)°°Z)¢SIN(E°SI))°SXN(PHIS)
CSIN{PHIT))

RETURN

FRUST=0

RETURN .

END

GAMAT.GE. 0.0 ) 6O TD 55

P

O @O W& WN

10
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FUNCTION LlGHT(ALyBE:GApXHpYHpZH)

SUBFUNCTION WHICH DETERMINS WHETHER MISSILE IX IN SUNLIG”T )

IT IS ASSUMED THAT THERE IS NO ATHGSPHEPE
CORMON P11 .

‘REa THE RADIUS OF THE EARTH

RE©20926435.2
RASSQRT(XAVDE2¢YHIV2 ¢INO22)

DIST=ALSXHSBECYM4GASZH
IFCABS(ACOS(DIST/RN})=PTI/2) 25201
IF (RM202~ DIST®¢2~RESS2) 39252
RETURNS 'O FOR SHADOW AND 1 FOR SUNSHINE
IN SUNSHINE ,

LIGHT ol

RETURN

IN SHADOW -

LIGHT =0

RETURN

END

50
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" Input Variables '

HS is the illuminanceafrom the sun in lumens/ftz.

RO is theVreflectancevcoefficient of the target:“,h"

LAT
©LON

ALT

The

is the latitude,

is the long1tude, and

is the altitude above sea level for a detector 51te, in this case‘»,‘

Anderson Peak was used..
shape of the M15511e715 as follows:
STGE stands for stage,

SKT stands for skirt,

"CNE stands for cone.

The

The input shape of the m15511e is g1ven by stages, first giving
the number of cards (;u. PE) Wthh is 11 uG;o

The first column of numbers .is the number of stages present on
the m15511e (shape) : :

is stagei
is skirt’
'is stage
is skirt
is stage
is cone and

6.5 is the cone without the shroud.

O\ U S N =
N NN

The second.column of numbers is the shape, SHP;'where

1 indicates Frustum, and
2 indicates cylinder

-The thlrd column is the first radlus and the fourth column

is the second radlus of a frustum
Column 5 is the length of the section (Flg 7, page 17
19 Tlme, Shape, and location cards 1nd1cate

TIME in seconds, after launch
SHAPE of the missile, which gives the number of stages present



The hour angle, HR ANGLE,

USKT

CUXY,Z which: are the position coordinates of the missile and
~COS X, COS:Y, COS Z which are the dlrectlon cosines of theﬂ
' roll ax1s of the missile.

(the 2 is for a telescope not. used in this report)..

.Nautical almanac for the dates indicated.

Input

T LAYs

""H§212700,00 LUMENS /FT®22
RD=0,100000 R C N
"36:51830 LONs«121,650, ALT=20904500.,0,
: 11 - SHAPE
_ STGE150,5HP2:0,kAD 2.750,RAD 0,0
2005 _-1le0y 207500 201500
STG 3.0y '~ 200y 20150
SKT 4.0, 240y 2150
STG 5008 2409 2.150,
‘CNE 6605 - 2600 2150
CHE 6.0 1000 0,900 0,8000
ENE 6.0, 1.0y 0,800, 0,600y
CNE 6005 - 1400 0.6000 -
CNE 605p " 2.0v 24150, 0
CNE 6.5y 1.0y 1.C00, 00000,
T 19 TIME,SHAPE, X, Yo
000090009 = 6T485P4,T7,=16739751060
301550609~ 5748564 ,79=-14795397,.8,
5304490009~ B792477:85-1456467499:8»
610092000 8824489.3,-14853670.1>
61,5080,08=~ 8826261.85=14854006.5,
610h551009~ 8R26911060=14854128090

CT7.6952605-
119:85,2005~
12408092005~

890378304p~14864511010
9215832459 =14t5h239604,
9264438.,0p~14659263039
T 1250405265 9270467465 ~14858844010
T 12607523000~ 9284172645 -14857868.10
“1270755%005= 9294267435,~14657118.55
183,5354000-10094899.6p-14773530010»

T 185009 5600 =10126179.8)~1477536640,
C19665955005-10396950465-14745931.40

20605955005 ~10556339.25,-14726761010

550000,5005=1650261941s~12873287:9»

©1692.155500 ~20851014435 1453305500, 36824975.00 043358 oT72392~.53661
1723:895500,=20571123.8, 18550821650 33#53140g29‘947192 069930=,53159
F/NUSBERS AREs» 1o 2, 11,232 '
HR ANGLE® ' 0000sDECo®26,60 JUNE 2191965, 1/2 HR BEFOR. SUNRIS AT
HR ANGLE®==240.000DEC. 526460 JUNE 21,1365, 1/2 HR AFTER SUNSET AT
HR ANGLE®=2647:50,DECo226.60 JUNE 21,1965, 1 HR AFTER SUNSET AT
HR JUNE SUNSET AT

ANGLE®=262050)0ECa©260060

12029757« Vyp=e97745

FOR ANDERSON. PEAK -

5,030
15.,700.
5,000
50500 o
- Bo6Q0Q0 - -
2.000
20000 .
84400 ,
6.000 L
Zs . . " COS X»C0S Yo
11893118079 -441779+,70626
118932284 79=041779-.70626
11928096204¢=096077-,05916
119400740 1l9=a96764-,02985
119406450625 =0956798~,02832
1194C874099=03681l1-,02776
001327
« 02334
202321
002312

11963718,20=097556

12038372034=.97770
1203942001, =03 7774
120417770i5~a97798 002254
120435126 797098153 401166
12169179, 70~007462-,00832
12174085065 ~0 97499400940
12219173.85-497499~,00940
122381200689 ~e97499-,00940
12329011025=097499-,00940

21519655 © ©2 HR.AFTER

OF MISSILE AS EXPLAINED IN COHMMENT CARDS IN PROGRAR-
»LEN 264200

MmMoerPIN—AMAODR

cas 2

037153
057153 .
-227097

225057
024941
«24899
021932
220980
220870
220850
020748

219096
022369

022206..

022206
022206

022206

The F/NUMBERS ARE 1 (6° FOV), 11 (18' FOV) and 232 (34” FOV)

and declination,'DEC, are'found in a

=-120L0

~12010

=120L0
=120 L

gt . .
NEO DWW NOWMSIW Nr

[y
w

e i
DO &>

NN N
N OO0

o NN
oS w

[FUNTVRTS TR e
S W -

35
36
37
38
39

%0 .

W N
S 0m=

52
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- Qutput Variables

HR ANGLE is the hohr'angle“of the sun for time of day indicated.
TIME is the time, 1n seconds after launch 7

. LUMINOUS INTENSITY (LUMENS/STER) is the total lumlnous 1nten51ty
' from the target

SLANT ‘RANGE, (FEET) is the range from the detector to target

E . GROUND ILLUMINANCE (LUMEN/FT**Z) EG is the total lumlnous 1nten51ty

divided by the square of the slant range.

FOCAL PLANE ILLUMINATION EG is in lumens/ft2, and is given with»the
F/NUMBER it was calculated with. e -

The values for ET are calculated assuming nelther earth nor its
shadow, therefore, the words MISSILE IN-SHADOW, and MISSILE IN
SUNSHINE, indicate when the target is actually in sunllght '
' These are calculated by subfunction LIGHT. -~



Output j hr before Sunrise at -120° Longitude

h? ANULEe 2.23
_ TIME— — LUMINOUS INTtASITY SLANT tUNGtCMfcT). GROUND ILLUMINANCE. __ FINUMBER FOCAL PLANE
s (LU-EN/sUft; (LUMEN/F 1**2) »EG ILLUMINATION, EI
HISIluE Ih
—2.C0___ 22879.9/36164642 625422.1514676432  weemme .53361E-07. ———————— .. 1 __ .133456%04
2 .333636*03
1 A1 ,:729ES2
232 .24/946-01
3.15 23909.7382078337 426609.6316019124 .53220E-07 1 . 133;’ 5E*C4
2 .332636*03
—m—— am —_ —— N — ,ie596t*22
232 .2472.-E-01
53.aa 5253.3041U9921 632986.7313154750 13111E-07 1 .3277/F.03
S 2 _ - .81942E*02
1 ,27.'8rtE*01
232 .6"090t-02
-61.09 - 4728.07734/2675 624109.2626903914__ «1194bE“07.. ___ 1 .2906bt*0j
2 , T4b6*E*02
1 .246821*01
— 232 . ,55*895-22
61.53 4703. 95737e.731 1 628931.6475357741 11684E-07 1 .29/1 IE*93
2 . 7427eE*02
—  mmin—. - - — ¢« —— — M _-——- .245b5E*01
232 .552016-02
61.65 2475.6974373424 628667.7656471362 +62606E-08 1 .15b5I£*03
_ 2 .391296%22
1 .129356*01
232 .29U79F-02
11.bb _ 2145.7236331047 624949.5262977 742 .54939L-08 1 . 137 351%03
2 ,343376%02
1 1113516*01
232 .. .25510E-02
MISSILE IN SL'NSnINE
119.05 1863.31967 58532 689203,5347252? 5 .39566E-08 1 ,9896*6*02
2 l24]416*02
1 .61 76e)E*0J
* 232 .183876-02
:22.60-—-—  1796.5224723483 710434.9548070687 . .356345-08 -1 .890966%02
2 ,22d7IE*C2
11 , 736246*00
_ 232 _ e 165516-02
125.a? 176?.2804664136 713250.606020/ 30 .35152E-06 1 .676306*02
2 .2197:6*02
—————— - . e — L R A — RN —— - 72ci25E*2d
232 .1632/6-02
126.75 964.6743141099 719769,28863895 M .18621E-06 1 .445526*02
----- 2 e 116526%02
- 1 .384716%03

232 .864986-03



183.b3

185.29

198.59

20b.59

552.£3

1692.15

1723.89

Output % hr before Sunrise

717.9<iS2«ii. ya«

?25.3671<» 1M | #

129."#d?7»66<#63

84.3689364572

63.7563515752

84.5863574613

..4210.6134679224

3835.219599086]

724736. f7tit-72t 215

1323dV2.k:3b9616276

1331232.93648989 i«

1596574,234955¢c 126 .

1747889.727315* (612

7796574.95327761 /7

.34735120. 77454042 43

40835306.0950236320

,136675-06 1

,12674E-09 1
e 2

,71215E-10 1

,328965-10__ ..... .
,208695-10 1
,139065-11 1

,2bb70E-11_ C e 1

232

.23002E-U - 1

232

.34167E+02
.85410E*01
.282376-00
.b348£E-03_
.32165E-01
. aC«62E+C0
.26594E-21
.597St,E-0«
.179046-01
.445245-20 _
,1« 719E-01
.33£70E-p4
.62245E-20
.2J561E-92
.679716-02
.152SJE-C4
.52172E-0B
.13243E-00
.43117 £-02
.9693JE-25
.34771E-01
.86426E-02
.287376-03
,04oL'2¢c-Cb
,b4374E-01
, IbOoB9E-ri
,551 ,5£-23
.123676-25
.574996-01
.143756-01
,475226-03___
. I£0S3E-05



1 hr after Sunset at -120* Longitude

M AuLE'
LI S LUMINOUS Ir.TKNSITV SLANT « ANKE (FEtTJ -GROUND ILLUMINANCE-=----e-nneen-no- F/NUMBER-.-FOCAL PLANE __
(Luy.EN/STER) (LUMEN/FT**2) «EG ILLUMINATIONBCT
MISSILE IN SHADOW
— 2.2z .. 569.1412594722 625422.1514676831. - - .14550E-08 - =1 .36376E+22 _
2 .9C94ZE$31
1 ,3KV63E*P0
p xy S — ,67b63E-P3
3.15 565,P01fc)4<t2921 626809.6314019404 .14401E-06 1 .360020+02
2 ,9?vCfcE+01
- e .29/546+22 _
232 ,668S9E-03
53.44 203.2402611266 632966.731315475'1 .50725E-09 1 .12661E+C2
— B R —— . 31/23E+21
1 , 1F46EEs A
232 .23581t-03
-61.29 =mm—memeeeeee- lu4.537667910/. _ b29H3N,d&d6S[j391<4.  ----- ,41573E-09 [, pee— . 10343E+02
2 .259835+01
1 ,85C95E-C1
— eer-— - ————ae - —_— . i m—_ — 232 - ,193UE-03
61.50 162.4766201466 628931.647535/741 .41076E-09 1 .10C69E+C2
2 .256735+01
— —_ — - - —_- — - ——=aa— 11 - — ,648665-21
232 .190795-03
61.65 85.357263Q12D 628067.7 6544/1862 .21563E-09 1 .539595+01
p JEnE—— . 1I3w9jE+21
1 .445945-01
232 .102265-03
MISSILE IN SUNSHINE - .
77.65 54.6927217191 624949.526297/742 .14055E-09 1 .3513 75+01
2 .878435+00
L .29:395-21
232 ,0526iE-04
119,65 53.299894795* 609203.53472522*5 .11221E-09 1 .28J52E+01
2 .7013:5+02 .
1 .231635-01
232 .521165-04
124.60 — ... 54.6336795219 713434.9548670667. _..,10d26E-09 1 .27.°725+01
2 ,67 Q755+00
1 .223725-01
232 ———  .526/35-04 .
125.«0 54.8422760962 713250.606020/33"!: .10780E-09 1 ,269515+21
2 ,67 3775+23
—_—— ———- e e e e M — .222/35-21
232 .52.'7<i6-04
126.75 35.299/826007 719769.2866369531 .68137E-18) 1 .17:345+01
2 eeeme- .42-j5b5+2C
1 .140765-01
232 ,3104 05-04



127.75

163.53

165.29

198.59

226.59

553.23

1692.13

1723.89

% hr after Sunset

26,U9b«ii<.jej

109.3*3<4184440

db.3252”65621

ne.671i3d1974

129.32590457 12

2312.6443622561

12963. Iw2154209a

13357.6714470141

72473b. 77bd72i 215

1323P4?,W35001b276

135U3vi,$>2b4396S5>6

15f8574.234955tli 0

1747e¢69.727315x212

7796574.9552776177

3973512t. 7745424243

40635336.0950236323

.49710E-10

.61ti69E-16)

.47294E-10

.43359E-12

.42024E-10

.330936-10

.622306-11

.7830bE-II

232

.1242 76+01
31269E+?a
.1v271E-01
.23:696-04
.154676+01
,396606+00
.127636-01
,297376-04
1162-6-01
.293496-20
.977156-02
.219676-04
.U’4-VE-P1
.27:946-00
.69)356-02
,2:1396-04
Li05:if-01
2625¢t-03
.067246-02
.19)116-04
.827336+22
.225656-03
,0337-6-02
.155716-34
.2055 76-02
.513946-01
.1049:0-02
.5619-6-05
-19)766-00
.964416-01
,161796-22
,363716-05



1 hr after Sunset at -120° Longitude

H* ANGIfcs -247.51

— TIf.c — —  LUMINOUS INTENSITY SLANT HANGL IFIbT) GROUND ILLUMINANCE- -
(LUMfeN/STtR) (LUMEN/fT**2)=EG
MISSILE IN SMADO*
— 3»2d 272.7236272644 625*2,:. 15146781 32 -....... —.69723E-M9
................ — = M ..
3.15 279.6/46824/64 626809.0314319434 .68894E-09
—_— = e [ ] —_ —» —

33.44 192.366383363* 832986.7313154750 .48016E-09
-61.39- -—— 162.9233633433 ... 629139.2626903914 - ..41165E-29
—ii — i — .

61.53 161.34973/ 1509 628931 .64 7555/741 .43781E-09
- — e — — - —_— ——

61.65 80,627%045918 626667.7654*71682 .21450E-09

- 77.65 _ 59.0444653663 624949.526297/742 _ .15118E-29
119.65 56.7715173216 869203.5347252265 .11952E-09

124.83 58.2228272596 710434.9548/70667 n11536E-09

HISSILE IN SUNSHINE

125.43 56,4c677/8C88 713250.806020/331! .11485E-P9
e cuee EERHIL - — —_—- U N

126.75 3*>, 745.NC9766fc 719789.266658953:1 .710248-10

.FVNUMBER. -FOCAL PLANE _
ILLUMINATION.ET
1__ .174316%02 .
2 ,4367 75*01
1 .14406E*03
- 232___ ----.32385E-03 _
1 .172258*32
2 .432595%31
—_—1 —— .1423*5*30 .
252 .323035-03
1 .1220*8*32
2 e , 30;:ii:E*ci .
1 .992365-01
232 .223025-03
1- ,10291E*C2._
2 .25 726501
1 .d5.-5¢5-31
— 232 - —1 .191208-03
1 .111 455*22
2 ,25*6¢£*01
SEE. | [—— ,842575-0.1 ._
232 .184445-03
1 ,5332-5%01
2 .134:65%01 _
1 .44 31/5-01
232 .493295-04
_ 1 ___ .3/7958*01
2 ,94*835%02
1" .312355-01
232 .702195-04_
1 .293*05%01
2 .746995*00
1" __.2469*5-01
232 145-04
1 .288595%01
L2 ,720965%02 ..
1 ,236345-01
232 .535815-24
1 .267125%01
2 L717795%00
11 .. .237295-01
<32 .5334%5-04
1 .177565*%01
2 .*-39.5%00
11 , 14tj7%c-01
232 .325595-04

in
00



1 hr after Sunset

127.75 —mmememmmmememeeee 27.1936176121 7d473b. 7786728i'l5 51773E-10 1 .129435*01
2 .323565*00

1" .104976-01

----------- 232 .241425-34

163.53 11P.121933<*6S3 1323J92.035C61 0i'7h 62906E-10 1 .15/276*01
2 ,39316E*30

L —————— 1M e .12S97E-21
232 ,2921cE-04

165.09 86.4530712 346 1351030.9Wh4('96'"'jH 47638E-10 1 ,1141vEe01
. . 2 .29/7*«E*23

11 ,9842bE-22

232 .2212/E-34

196.59 -————--- 112.363497(3315 ......... .1596574.2349558100 43970E-116--=-mmmmmmmmmmemmeeanen 1 . 1099jc*Ci
2 .27.81E.30

11 , 93p.eK-22

232 .204201-34

206.59 132.9046986455 1747ti89. /273153(112 42749E-10 1 .HA-17E.31
" 2 .2S716E.30

—% 11 -

A32 ,19bbbE-C4

550.23 2123.9346,708437 7798574.953277b 77 34873E-10 1 .871631*03
1 ,722524-02
232 . 16196E-34

1692.15 13313.7624612871 39735120.774540424J 82424E-11 1 ,226365*03
2 ,515155-31

11 .173306-02

------------------- 232 -----  ,3526*5-25 ..

1723.69 13308.06327 70. 76 40865306.U950d30:i2it 76368E-11 1 . 19592E.00
2 .48980E-C1
com— - e t— — w11 161 92E-02

232 .364205-05



2 hr after Sunset at -120* Longitude

H* AMILE* cibd. M
TI.-C LU-IINCJS INTc' SJTY
(L'JIdA/STfcl )
MISIiUE IN S* ,ro*
2

Y. — 11. Ib7*c, t.»<.69
3.15 18."?5ks:ziff
53.4%* 131.10%6 1,1619/
-61.29 .. 120.0993839 481
61.50 119.*3113)237/
61.65 62,93727 »*ro2tt
77.65 _ . *9.211790159/
119.65 *7,16*40 "11C9
12*%.80 *8.660*9 198*6
125.40 *8.8697%2 935* ...
126.75 33.29?%1115*9

SLANT HANGECI ELT). uFUUND ILLUMINANCE.

625%22.151%87,'832 _

626609.631*314*,:*

6329tie. 731315,.750

629109.262690.S91*

626931.6*7535/7*1

628667.7654*7:862

6249%9.526297; 7*2

669203.53*725,265

713*3*.95*667 ki%7

71325%.600020',330

719769.226636V551

(LUMEN/KT«*2)«EG
.36195E-10

.35315E-10

.32771E-09

.30345E-09___

.3M193E-09

. 1590 7E-09

12bOUE-09

.99292E-10

,96*51E»10

.961%2E-1%

.5808IE-1%

F/INUMBLR FOCAL PLANE
ILLUMINATION«ET

1 90%836+04

2 122¢21E+04
1 7%7 T*E-C2
232 ,16811E-0*
1 '882866+00

2 22;172E +7V
11 7296¢i-02
232 . 16%03E-0*
1 ,81920E+21

2 20%626+01
1 b7/0*E-01
232 ,15221E-V3
1 . 756%>3E +01

2 . 18S60E+01
11 .62c90E-01
232 1%0951-23
1 75%836+01

2 18671121
1 62563E-21
232 1402%6-03
1 39/6/E+01

2 .94 %1 7E+2y
1 32%656-01
232 . /3043E-0%*
315016401

2 . 76752E+PJ
1 26034E-01
232 58j26E-0*
1 ,2*¢23E +n

2 67;5bE+2y
1 “2L515E-01
232 J46119E-04
1 2%1135+21

2 (6Z262E+ZC
11 . 19926E-01
232 K% J99E_Q*
N 2%0e'0E+01
2 .6006*E+H2
11 ,19v50E-01
232 _ L4%53 72-0%
1 C1¥520E-01

2 36,0 104%%
11. .12000E-21
232 2697 TE-C4

°Q



2 hr after Sunset

127.75 22.33r’ i<*SSI<*2 7247 3b. 7 2dfr 72< >15
183.53 -emmemmmmmemeeen $7,4j2-.3Z;'5r4 1323u92.ic3b0blbi7 S
185.09 75.<«7 >24>24279 13b 10 SO. 9Rb4b9b 739
198.59 131.87 *<944234 1548574.234935bt6!3

M1SSILE IM SUNfHItE
226.59 119.9 M7499234 1747%89.7273150412

552.20 2220.2329272673 77t8574.95327 7*177
1692.15-----mcmmmeeeee 12113.6478253479 3.73512%.77454042*3
1723,69 12611,64!1213<915 *0835306.295023%420

,4255bf.-10

,55b57E-ia

,«190iuE-10

,397892-10

,392*76-10

— ——

,3617*6-10

,799556-11

,75*316-11

ufM—

1
232

1"

1"
232

1"
232

232

.106396*01
.26%9/6+20
.*79256-02
.1976*6-04
. 13414601
.34 7666+02
, 11%.996-01
,25*526-04
.10a756+01
.2*1*7 6+00
.6*57:6-02
.19*bcf-04
.494/26+00
.243**6+00
.6222%6-02
.164316-04

.4611*6+00
.24=246+00
.810*86-02
.15¢c29t-04
,404356+30
.22¢,’-,6+00
,74/446-02
,1¥*026-04
.199396+00
.494/26-01

.1*3206-02
.371376-05
,1842*6+00
.472%46-01

.156%2%6-22 ..

.351296-05
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