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The charts which follow cover the highlights of a rather

general but limited study of the instrumentation for photographic.

reconnaissance. The study is general in thnt the optical, photo-.

•

. 	.

SPE(....!A!, II ANDLING

--SECRET--

GENERAL SUM 0? MILL PHOTOONAPH/C INSTRUMENTATION

During the past several years there have been significant

advances in the design and manufacture of large, high-performance

optical systems for aerial reconnaissance. Furthermore, fino-grain,

high-definition films have been made with sufficient sensitivity to
he used wizd those lieu lenses. Accompanying these gains, a more

complete understanding of image formation has made it possible to

predict performance with reasonable precision and to design with

assurance.

.	 ."

It seems worthwhile to .review-these advances in the state-

of-the-art in a general and theoretical way. By this means the basic:

	

physical limitations can be sorted out from those which represent 	 •:::14k

our level of progress and understanding and it will be possible to

	

. 	.
fudge intelligently what areas of concentrated effort will yield	 • .:

"7.

the greatest advancement.

1.

• .••..
•••::1;

graphic, and mechanical parameters are treated in a fundaeental

way and an optimum relationship is obtained for a given set of. 

conditions. A limitation exists in that the only measure of output
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is angular and ground resolution to determine quality and total..,
•

coverage to measure quantity. To make the numbers more meaningful,

this outran is frecuently given in terms of ground resolution and

. 	.

this -Is restrictive, the numbers can easily be transposed and acgaid.t

to almost any vehicle.	 at
4

It must be realized that the area of study is quite broad .114

;el .: that many of the details are omitted for the sake of brevity.

ant generality. Although the information given here is representeeivii:

the ouantitative results should not be considered htlehlir 

since small deviations in the data incorporated in the study had to.:,-*

be averaged in order to represent the general case. Furthermore,

a different design phlloso• ity than that presented here can result

in oetter performance in certain areas at the expense of poorer

performance in others. For example, the emphasis will be placed

•on good resolution with adequate coverage. But it the coverage	 2"'•
•

is severely reduced, the resolution can be further improved. 	 • • •
M.

From this point on, the text mill expand upon the charts

that follow.

1 •	 Chart i, - General Study of Camera Systems for Photographic • •

rl
	 Aerial Reconnaissance.

The purpose of the study is to investigate the trade-offs among 	
A.14

1	 the many oarameters anplying to this field and to optimize the
1.1

pho•ogrannic output far a given set of conditions. After this is'

211n4 i t ..s possio!, to determine what conditions must be met. CO
	 •	

,7..

•

thtain a An‘nifIed niarfn •mance level, and finally, • h,. areas of	 .r
Cop y Ia. Pcse 3 oi vz

.	 ...4„ttretu
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coverage from a satellite at an altitude of 100 ' mi. Although
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which may yield the greatest advances can be predicted.

The parameters and conditions can be divided into

categories. The first are those which describe the natural

limitations imposed by the sun, the atmosphere, the earth, and the

•
wave nature of light. Although man has no control over these ._

natural conditions, he has certain choices such as spectral regici-7:-.47

and time of day.

A second category contains parameters which are usually •...X:L
.8A

specified to the designer of the camera system. The required
'

photographic output and vehicle characteristics fall in this.clasde.

The third group of parameters-are those which are usually left tel::„.

the choice of the camera designer. Obviously,. the distinction
n!

between the second and third categories is not absolute but is.

given for convenience to determine the trade-offs that exist

between the camera system, vehicle, and program requirements. .For

example, errors in vehicle angular motion and position may be • . 	.
••

controlled adequately oy the vehicle attitude control system and-..

ground tracking. out if the residuallerrors are out of bound,...

the camera system can include a V/H sensor. Those variables LC:5:4;
- •	 ;

the hands of the camera system designers are limited by the.statom'f

of-the-art and it is this limitation that will be studied. to

determine an optimum solution for a given set or circumstances 
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Chart 2 (page 3) - Optimum Spectral Region for Aerial

Photography.

Those factors which orlmcrily influence tne choice of spectral

region are listed on the chart. They combine . in such a way to

eliminate, for all but very special applications, the ultra

violet below about 0.3 microns and the infrared beyond about 	 • .

0.9 microns. In the ultra violet, a tmospheric transmission is the

—1!
principal deterrent but relatively law solar energy and low scone

reflectance and contras also reduce the desirability of this
115.

region. Solar irradiance, atmospheric transmission, scene 	 _

•
reflectance and contrast all rise-quite.rapidly in the region 	 52

above 0.3 microns but are hardly. adequate until 0.4 microns is
7

reached. Beyond about 0.9 microns, inadequate photographic ,
• ".

••

sensitivity is accompanied by failing solar engem. Therefore the . •..;;4'

-

optimum region must exist somewhere between 0.4 and 0.9 microns.

Since the available enemy is a fundamental limitation	 •	 ,
7i.v
'	 r..

it seems obvious to include as large a spectral region as possible.

.. 	.,....However, the scene contrast changes character quite markedly beyond 	 .„ .

about 0.7 microns. This is due primarily but not solely to the

nigh infra red reflectivity of chlorophyl. In fact, it is possible

to reduce apparent scene contrast by combining a certain proportion ,
..•

.of visible and infra red light. To avoid this, the visible and .	 n3

•
infra red should be treated as separate regions although the

.	 . 	.
•   
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boundry between them is not sharp. The peculiar brightness

relationships in the scene viewed in'the infra red make this

region ideal for special purpose photography such as camouflAge

detection. It is probably not advisable to use infra red for

general purpose photography since the diffraction of light and

the fpm sensitivity tend to reduce resolution in the infra red

compared with the visible. Existing infra-red-sensitive films

are more grainy than panchromatic films of tmo same level of

sensitivity. An ideal situation is to use bath panchromatic film

for maximum resolution and infra red for special detection.

In the visible region (aporoximately 0.'4 to 0.7 microns)

the apparent seem contrast rises :rood blus to red. This is due

to scene reflectance as well as hate. As a result, it has been -

common practice to eliminate the blue with a yellow filter. Ept

tne decision to eliminate the blue has been stro41LiatIgenped

by the inadequate color correction of lenses commll_geedan

aerial pnotography. 	 It appears to be inherently wasteful to

eliminate the blue region where the solar energy is at its ;teak,

.
diffraction effects are minimised. Furthermore, the apparent gain	 •Pp

•in scene contrast if the blue is eliminated may not be equivalent to
• • .?

a gain in information. The contrast is enhanced at the expense

of eliminating nearly all the light from tna shadow regions which.	 •
receive their illumination from the blue sky. Therefore, the

r.tgher no:lir:at gives a- apparent inrrecee In pletura sheronese	 .0%

0077-LAL...cr ,---Cople5 
Pagp...A...nOrlig.....PageS

Contr03. $3. 	 •	 •	 . •	 • .11,
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•

where photographic films generally have high sensitivity and yhere

•• -0.1

. •	 •
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•
but not necessarily in information content.

Another potential gain, in addition to the elimination -

of the yellow filter, is an extension of the red sensitivity of 	 • .k.fiev•

'7- !

aerial films. If this extension be kept small to avoid large	 .

changes in brightness relationships, there will be a modest but
. 	.

useful increase in available energy.

For the remainder of this study, it will be assumed *-
•

that as much of tne visible spectrum will be used as the optical 	
' • %%IV.

7 • ..-4

correction of the lens and the spectral sensitivity of the film

permit.

Chart 3 (page - 2) - Altitude.

. 	.	 •	 •
It was stated previously that the qnantative results of this

study can be applied to almost any altitude and vehicle. • The

parameters associated with altitude are indicated very briefly o 
.•.

Chart 3. Larger coverage is obtained with an increase in altitude"

but there is potentially better resolution at lower levels.	 For,.	 .;<..

satellites at high altitudes the radiation belts become a hasatr4t

At altitudes much below 100 nautical miles, atmospheric drag • 

reduces life time, causes heating and, at very low levels, •

turbulent air flow. Although the ground resolution is potentially:
•

higher at low altitudes, the camera must compensate for a higher 	
•

 .

•
velocity to height ratio, V/H, and resolution is endangered by.

image smear.	 •	 • .

t.
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The aircraft region extends from the ground upward to

_	 .
about 20 miles. Above this sustaining lift becomes difficu:i. to

1-*
: •	 achieve without a high velocity which can cause excessive heating

and air turbulence.

Therefore, there is a region between aircraft and

satellite altitude which is difficult to exploit. Undoubtedly

there is no substitute for getting close to the object in order

to improve the resolation ' and so, for this study, which is

eanted toward satellites. an altitude of 100 nautical miles will

.• :	 •	 •
be assumed.

Chart 4 — Resolution vs -Field Angle
, .	 ....

t .

•••••••

'	 • Lir

1,T
•

film for the finest grain aerial film available and for a Low	 • .	 '
•

$.

contrast (2:1) Mil Std chart. Perhaps a better understanding of	 •.11

angular resolution and field angle can be obtained from the : 	
e

additional coordinates giving ground resolution and coverage tree.

100 miles.

Obviously, the totter resolution is represented by a

lacer number on the chart. Consequently, the direction to move
1.!

to obtain higher performance is toward the lower right-hand corner..:

or tne chart.

•

•

Copy..11.„of..-Copite4
Page-

The level of achieveuent tot lens-design and manufacture is . •	 '4 .2,....
....

Indicated in Chart 4 where reso/ution (quality) is plotted against. 	 '.. • :..';

. .	 ' •	 ...42,..i

field angle (quantity). To provide a meaningfel criterion, the- 	
.: .::., .

quality is given in terms of angular resolution of the lens plus 	 -	 ..T.:0;
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Resolution is given for several re presentatively Rood'

lenses in the fora of a line extending from maximum quality

:lower end of tne line) at' the center of the field to minimum

nuality .1:enerally at the edge of the field. For comparison, the

resolution if tha Ions were truol ► diffraction limited is given

by A triangle. The leases listed span the wide range from tee

short-focus, wide-angle Btogon to the long-focus, narrow angle

3 lens. ".:t is interesting that most of the lenses fit on 'a

straight the and this line Indicates the price that must be

4.••

paid in smaller field for improvement in angular resolution..7-.."

-Ss
A notable exception in the 24 inch f/ 5.6.1ens designed.,Zg'

_ .

	 by Pacific Optical for the Wright Field high acutty program.7 '
	 • • •

This lens was about twice the expected field for its aeasured

•
resolution. Some lens data are either proposed or assumed and	 •

•
these lenses are represented by a dashed tine. Incidentally,

even thouRn these lenses are all of similar form, in that they

are of about the same fiao. and quality compared to the diffraction

limit, it is interesting to note that the 6-inch Metrogon with

Super II film and even the f/1 Baker-Munn satellite tracking eater

.,
match the curve quite well. 	 : •	 ..7

.
.

...

Mote that 111 these lenses, which represent the bisi in. ..'

tne state of the art, are near the diffraction limit and have a

resolution range from center to edge of the field of abodt•tio•pri.
••	 •	 ;r1

Less. This data was averaged and representative modulation 	 A .

• r•
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transfer carves were drawn for the center and edge of the field.

These curves, plus the relationship between field and resolution,

are eased in the remainder of this study to portray the existing

limit in lens design and manufacture. Although the data does

not take into account such details as light transmission or color

correction, the light efficiency is relatively constant for the

entire range of lenses. The short-focus wide-angle refracting

lenses generally have poorer color correction and reouirs heavier

filtering than the long-focus, narrow-angle reflecting systems.

But these reflecting systems generally have lower transmission...

due to obstructed apertures and reflection losses.

An effective way to increase the field of a camera . .

with little loss in quality is to use a panoramic approach.

Several panoramic systems, illustrated on Chart 4, again fall	 .

on a nearly straight line. The line position . indicates a gain

of about five in quantity for the same quality. Obviously, there

east be an increase in weight if the lens is used in a panoramic

system but this weight increase is far less than the factor of •
.	 •

five required for an array or five non-panoramic cameras. The

line defining the quality and quantity of panoramic systems is 	 **le
•

orobably less sharp than that describing the lenses alone. The 	 -t•

angle of panning is limited due to image smear by sweep rate and

cycle tine. It can be larger for lower V/M and depends greatly.

/AL ef	 Copies. .
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on the quality of mechanical design in the camera. There  arr .

, .

• .?

The effects of image smear must now be added to the resolution or	 %-

the lens and film to obtain the image' quality of the camera

Image smear no: only includes the residual errors In image motion

exceptions to the rule such as 34. This system has a smaller•--

field than expected probably because the field of the lens

itself is quite small.

Chart 5 - ideal Correction of image. Smear.

a.

: • ••••••

•
.	 ;

:
.
I..
•
• I 4

motion of the vehicle. ' in Chart %•  the =earls given for each
•

compensation but also the instability of the vehicle and the

vibration within the camera. There are several sources of error •.

which cause smear and these are not limited to the direction of .

i'm
error scarce, in the two component directions; and for typicil..

	

1.1	 strip and frame cameras. The assumed altitude of a circular orbit

	

U	 is 100 nautical miles for which V/H is 0.05 radians per second.
,q

	

71	 Errors are given in terms of this V/H and th• total in terms of
 :

..

angular rate. Thl magnitude of the error source represents
•

approximately the best that can be done at this time with preem*.:1
•

techniques. In fact, it is estimated that it will be difficult

to make great improvements at low satellite altitudes unless..1.:::

there are some War changes in method. To be sure, at.higher
•

a/titan*: where V/H is less, the smear rate, in yams of.radiim,41

per second, easy be reduced, but the longer lever are of altltapv-it;
•

tot1.1 pronanly more than compensate for the reduced smear rate..

Cznir41 No
. 	.
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Attitude, for example, is quoted at 0.2 c, about each
-••

of the three axes. Sensors are being designed to detect 0.1 0 	 ..A:.

•
with respect to the apparent horizon but it is assumed here

tnat in implementing control, the error will be doubled. Excellent

image motion compensation seems to require a V/H sensor. Although .	 . 4.
•

• :,••-•
• •

some sensors are being designed to approach 0.1o, accuracy, cloud

interference. loss of signal over featureless terrain, finite

:A gee constant. and noise influence the interpretation of the sientl	 • .7

and add th the difficulty or making the camera follow the signal ..,.
. I U•%:.:".

precisely. Therefore, an error of 0.5% was chosen for the sensor--	 ,-.
I.•. ! II	 camera drive combination.	 "	 .-•.......
1 i !

' 	;•:::••Li	 • i:. . _
The errors .vary in time and .direction and are relatively .....13-1—

: E;	
independent. Therefore, they can be added as a root-sum-square

.	- .
;	 •	 . A

in the two directions. Two ellipses at the bottom of the chart

are polar plots of these net errors for the two camera types. 	 ••

Note that although the two cameras have different individual	 • '

errors the mean error in both cases is very nearly 1%. Consequently,,:

1% of V/H it 100 miles or 1/2 milliradian per second will be 	

74t.'

considered an ideal correction of image smear.	 :oe
.	 •

s••

•	 ..Chart 6 - Examples of Residual Smear Rate.
, 0

To substantiate this choice of 1/2 mr/sec for the probable smear 	 .. 	 1..111

•

limit, several examples are given in Chart 6.	 E-2 was a very	 -	 •

ouiet strip camera at a high altitude ' of 300 miles. The bodgetiC.;.'"
•

schar was .76

	

mr/sec at the center of the field and a greater 	 .;

AmMaint off-axis. 2-6 Ls a panoramic syitem which is nechamicaltY-,
eePrela f 	L jtoet.s33_2aisikcoples..;.:N.rag 

•
Contra/ No....	 ,	

•
e—rfrri'ti

• '	 ••	 • .1 •• 	 • -..	 .
.	 •

•



. 	.	 •

A I i A	 1:; G

•

much more active. With conservatism the budgeted smear was

placed at 2.614 mr/sec..

-J

L. I

• ••

Chart ? - Angular and Ground Resolution for Fixed Input to

.
Camera Lens.

The effects of image smear ean nov be included in the lens film.,

resolution. For the sake of orderliness only one variable will be.:.

treatedt a time. At first lens diameter and angular rate of smear

will both be fixed. This in effect fixes the input to the camera

lens. The lens diameter determines the amount of light enerigr,...

entering the optics and determines the diffraction limit in terms ';•:..z
".,.,

of object space. Incidentally, a fixed lens diameter has

practical significance in that the weight of the lens is primarily.—
At:

•

n

•

-A..

dependent on its diameter rather than ail other characteristi
**!1...:
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The variables, which will be treated one at a time, are focal •

•
length and film. Since the lens diameter is fiked the t number

r:
is obviously related directly to focal length. 	 Exposure must	

.v

. :

Lien be adjusted to match the film and f number.	 To •

•

The results of varying the focal length can be measured

in terms of angular or ground resolution as indicated in tne graph

•
on Chart 7. Obviously better quality is associated with a smaller"-

angul+r resolution and, therefore, with a lower position on the

graph. Angular resolution varies as indicated and goes through a

minimum at vtat may be termed an optimum focal length. At a

shorter focal length the exposure time is reduced because at

small f numper image smear•becomes negligible. 	 However, the scale.,
.

of the image is very small and the film resolution becomes the

limiting factor. This is indicated on the graph by a line

describing the film limit which is related to the scale of the

picture. If the focal length is too long, the exposure time Al4

must be increased due to the high f number. Consequently, image'

smear becomes the limiting factor and the large image scale does

not tax the resolution of the film. This is indicated on the

Li	 graph by a line labelled smear limit. The combination of tiles	 .y

resolution and image smear give the curve, as indicated, with
•

optimum quality of output at some particular focal length. In •

U
	

conclusion, there is some optimum fonal length for a fixed

diameter and Wage smear rate and for a particular film. .
: •	 •	 •

.	 .
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;hart a - Angular Resolution vs Focal Le-ngth for Various

Films.

:r	 .:1;stratoo;	 Firure	 c!.vnn

-/Igu ro o.	 th.s case ov, %zed innut la a :n-inch

	

nialezer	 milltra.:1Ans ce- second s-:ear rate. Tee

et)Ire nr n• mners	 no- restrictive in that the nnly intent nere

	

is •s ..!ompare	 fslas under ipenticai situations. Incident:J:1y,

k.fr	 to Ina c. r-ractertrtice of

.LAC' curve 314tSt5 throzgh a minmam or ootimun fig 643

on Cnart	 Truk fin* gran film is associated'with

focal • e::1,• 3: .4301:1, 40 inches and produces 4 resolution

in .ne LMA::e or Ahol,t. 113 :ines per millimeter. The coarsen

	

riles	 cp:imz• outout at longer focal :Anetns as would

D. ext•ectw! oecause thvir greater sneeds CAM make use of slower

lensys rr:t :reat4.- love zoale	 neeced to compensate fnr knob-

	

zra.n.	 :s a vt. ry sl;:nlfizhnt -es::.: :net all rnrse

:., -vas have a mt.n ..mun A: :pout tne same level of 2 arc s° Dais.

For rn=artson r.ne ouinut nf a :ens accompanied by Tri-X Aeninon

was calculated Ann at a rat n e r large focal length the resolution

was vain a • oroximately 2 Arc leconas. :row thie one can onncludt

!e•! the ouaitt7 or output is relatively inownendent of tee film

unner th4 canlitIons of A fixed input t3 the camera lens, provided .

lehgte 1:	 fur the ftlm and conditions under which
n.r.tri.car.ny ..

L

I,

r.

r
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	One obvious reason for the equal equivalent quality .	...

	

. .,	 • • ..'ill'•

of the films mentioned is that these films ar e all of the same
: •

••n

• i

.9

faelly, hnving apornsimately the same spectral sensittvtv

gamma and processing. If there is to be a gain in the :mate of

the art of film manufacture, the curve for that improved film

most dip down to a lower level on inc graph shove. There :s

good reason to believe that such a gain is in the offing.

Cnart 9 - Comparison of Systems Using Different Films.
From Chart 8 it was concluded that the relative ground and

angular resolution is tne same for the three emulsions. In the

istle in Chart 9, the differences are only ? and 8 percent which

Is less than one increment on a standard resolution chart, but—',,

thif resolution in the :sage must be considerably better in the

fine grain emulsion compared with the coarser grain emulsions.

This can raise problems in duplicating the image for distribUtiae.

tn ice intelligence community. Focal length is shorter for the-

finer grained film which may lead to more compactness in the lent,•,

nowever, the relative a perture must be greater, that is: the r.
number must be smaller, and tnis can lead to problems in lens

design. If, for example, a still finer grained film than SO-132

is devised, the f numoer mar be impossibly small for the lens

designer and some sacrifice in resolution will result. This•is • •

fl	 illustrated .n Chart 3 'cy tne dashed lines near f/2.8. The
i4

	

	 •

:omit advantage of the fine grain film is in the small amuunt.of
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matcr:a: heeded for a flmsd armant of coverage. Fri' Irea and

•:$

weight increase as the square of the focal length and, therefnrV,•	
,

eight times less S0-132 film would be requirod for the same cnversge::.':::::„.

:7C

than the amount of SO-130 film. Still another advantage of tne 	
• ,

fine grain film is its relative insensitivity to radiation. From
•

these statements ono can conclude that it is best to use as fine : 	•

a grain film as possible and the limitation here exists only in	 '*

the lens assign of a short enough focal len g th lens and in the	 •

s-oblem or reproducing fine image resolution.

Chart 10 - Effect on Image Smear.

The next narameter w•vary is image' smear. Chart 10 illustrates

the effect of various amounts of smear rate when angular resolutions ,f
•

is plotted against focal length. In :thieves* the 'fixed vondltions
.0.

are a 10-inch diameter in 30-132 film. This family of curves	 .... •
•

indicates that a relduction in smear rate iv accompanied by a pan •

improvement in tne angular resolution and also oy a shift. In the .
.. •

optimum focal length. The improvement in angular resolution is

about 25 percent for a factor of 2 reduction in smear rate. -

Obviously, this improvement cannot go on indefinitely, since the

lens diameter limits the resolution to about 1/2 are second. lr

Consequently, further improvement yields smaller and smaller gaini=t!t

4--
until the angular resolutior reaches 1r4 of arc second asymptotioart,'

It is an important conclusion that a change in the .amear..:

rate changes the optLaca :coal lengths To take full advantage of..

an improvement one must also increase tie focal length. Howevie; .--
;
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the minimum on each curve is relatively broad and can bedefinef

by a region describing the optimum f number and focal length.	
•

I: one considers a range of smear and illumination, tha resulting 	
n•1.11'

range in angular resolution can be minimized if the focal length 	 • • .•••

is slightly shorter than the optimum for the nominal case.

From this point on in the study, it will be assumed that
.'

every camera design will be an optimum design in that the optimum

•
focal length will be chosen for each set of conditions. As a 	 •

result the only information required 	 line in Chart 10 which

Chart l - Ground Resolution'vn Aperture for a Given Smisr

The next parameter to be considered is. lens diameter. Iti.s7plotted

in the graph against angular resolution for the optimise focal.,%^.-.
•

length with smear rate as a parameter. Resolution is also given

in terms of ground resolution from 100 nautical miles. These

data are independent of the film for the current series of aerial

films. This is true because all of these films give approximately

the same angular resolution if the focal length is optimized.,
',._

Obviously the resolution is improved, that is the-nunber.%:.

is reduced, if either the lens diameter is increased or smear . rate.;'

is reduced. Notice that the rats of improvement in resolution with',

an increase in lens diameter is not ono to one. If the diameter.);
,. •, .

increased tenfold, the imnrevement id =sciatica is only

5 sr 6 tines. Copy
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It was estimated previously that a smear rate of•1/2 
• '''''''''''

milliradian per second is approximately the practial limit fog

photographer from a satellite at a 100 nautical miles. Thal :ins 	 -

representing this smear rate is in red to call attention to this

practical limit.

It is now possible to use a fey examples to determine

'duct is required to obtain a given amount of resolution. A Row'

that seems to be in the mince of many is a

diameter this conclusion is quite overwhelming. Even if somone-s.%

were to claim that he could improTt the residual smear rate by'.

a factor of 4, which is :rally etAnbitious task, the diameter
•

of the lens drops only .o 50 inches. This reminds one of the

orbiting astronomical observatory which is to have at its heart	 fzt
' •

a 50•inch diameter telescope. Hut this system is not expected u
•

to be operational until about 1970 and requires the use of a

Saturn booster. If, instead, one yore to reduce his requirements	 :'e

••	
..."4 •	

•	 •	 ••• .14 ••••• 44, °Per.
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Chart 4 - Required Correction of Image Motion.
The relationship given in Chart 11 can be used in a different

manner. It is possible to locate, on the graph, existing and

proposed systems to determine what degree of correction of image

• 4"'

•
smear is required to attain the design goal. Ground resolution

nos been removed because each of these systems operates at its

own particular altitude and cannot necessarily be scaled to

100 nautical miles. Consequently, the vortical position.of each.Y%-

	

system on the graph does not indicate the quality of ground 
..• .	 .

• :2.'1-
.	 ......

	

.	 ... .
resolution obtained W. rather the angular resolution needed to .. .-7.

1.6 has a 9-inch diameter lens and a requirement to

resolve 10 feet at 2:1 contrast from an altitude of 125 nautical	 -

miles. This reduces to an angular resolution of 2.7 arc secondsi'!i.,

notice that the dot representing this system falls above the 	 .-

2 milliradien per second rate indicating the conservatism of the

design.
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E-5 has a lens diameter of 13 inches and must attain 1.1 arc

second resolution to resolve five feet at 2:1 contrast /iv:m150

nautical miles. The required ~SW rate is very nearly lb. of

a milliradian per second or nearly two times better than the

1/2 milliradian per second practical limit. This design require-

ment is very ambitions, especially when it is considered that

the =ryes represented here are in their present location because

of forced processing which did not exist on S0-132 type film at

the time when S..5 was proposed and built.

It snoul4 	 that there are small

variations in lens transAissiom, filtration, and exposure, but

for the systems that have been described here, those effects .

will be very small on Chart 12.

•

•	 •	 •
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Chart /3 , • Minimum Diameter F.Number Focal length

iven Resolution and ' Smear Rate for SO 132 Film.

If a specific film is chosen it is possible to include on the•
• 

graph of angular resolution versus lens diameter, lines describb;A,
---‘1 • •'••

the optimum focal length and f-number. This has been done for	 •7'1:

SO 132 file on Chart 13. One should remember that this is based%

on lenses wnich approach the diffraction of an on-axis	 to	 %i
-11

those described on Chart G. There is one obvious limit and thnt •

•
is f/.5, the theoretical limit for' the f-number of an aplanatic.--z

•
,ens. Obvious ► the lines on Chart 13 are not in aCcontwith:ixiP.

•present capability of lens design. There are no exlatinglenhise„

of L/.5 relative aperture and with.a.field of view which is `jam-.
.	 •

-
sufficiently large for practical use in &Oriel photography. .

Therefore, it is necessary to show the loss in resolution as

remelt of aberrations ct lenses which are beyond the state orthi: • • 01!

art in relative aperture. This is done in Chart 14. :	 •

Chart 14, - Options Diameter in F-Munber for Lenses with

Expected Aberrations, SO 132 Film.

On Chart 14 the lines of constant f-number are curved to Indic:at:.

that lens aberrations become a severe limit to the. ground

.	 • •

resolution that can be obtained. As a result the lens is les:,

efficient from the stannpoint of obtaining a given resolutioetf

a given lens diametsr. For =was,

iJ

1 i
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A considerably 

"vdellt;
larger diameter would be necessary and the photographic systnii.:';:iit,4

•

would operate far short or the diffraction light.

?he effects of aberrations can be illustrated by dramimg-

a boundary line beyond which it becomes very difficult to design .J

lenses approaching the diffraction limit. This boundary is draimm...:

in red on Chart 14. again one must realize that such a boundari:
• .	 .

is neither sharply defined nor can it be represented precisely	 • •
•

by a straight /ins. &Never, the data that was used to locate - e-

ti-is lute indicates that toe boundary is approximately correct .;...t•

and large departures to the right.orthis line are well ontaide'".

of what has been accoxpliehed to date.

Therefor*, there ars two boundaries, one which is
•

represented by the 1/2 milliradian per second practical

-	 . .
smear, and one which describes our limitation in designing loin:

Unfortunately the only region of practical operation lies'in
.	 • .	 .

narrow V above the smear limit and to the left of the lens qualtit,'

I ine .

•

•
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relatively great, the amomnt

the coverage is to be
.	 •

of the film that must be carried-ii-(

LU

-11

• Ii
13

ECH1NDL1NG

SEORE

•

.	 '
However, the choice of the file may be an artc;*

restriction and as can be remidbered trot Chart 8, coareer.graie..:
•

films of higher speed yield the same angular resolution if the .

focal length is longer. Since the lens quality boundary was

determined by the relative aperture of the lens, it should

possible to move that boctdary to the right if coarser grain :

tiles than SO 132 are used.
	 •

Chart 15 LiwItation of Lens Quality on Optimum Diameter.

The displacement of the lens quality boundary caused by coarser
. •

grain files than SO 132 is indicated on Chart 15. Notice thai

-
it now becomes possible to design and operate.a system re

• 

'solving . • •..:

„	 •

.•

a

enornous.	 e•

coarser grain, larger image

Therefore, one can conclude that it the 'resolution

it i

and faster films at the expensa.ofgy

scale, and greater film weight..40

11111111111Ir

to be improved bel

ssential to expose on faster

a result the ant	 sa as one prosreasee fret
' •	
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much moremore rapidly than would first
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1111111111174"
be expected and the weight penalty for placing such an enormous .

system in orbit is extremely great.

Chart 14 - Width of Ground Coverage versus Ground Resolution.

The data on image quality versus quantity for lens systems given

on Chart 4 is repeated in abbreviated form on Chart 16. As

mentioned earlier, better ground resolution can be obtained only
,, • 44 • 4444444	 •_•••• n{,,, 4444444 4,6 4 , 41,	 4,4 •	 • • • •

to insure target acquisition. This dee s

and the choice of camera types has a great influence on the

resolution that can be obtained with a given weight limit.

•

•

t
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•
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Chart 17 - Weight of Optics versus Lens Aperture.

t;P"--".!.t 11V:94114(1
.	

•	 -,

••••:.q.j;

,

: •

It vas stated previously that the weight of a lens is primyrily
de

A function of its diameter. Lens diameter versus .~might i3

plotted in Chart 17 and the data does indicate a smooth curve 	 •1'.•

relating these two factors. As would be expected, the optics	
•

for a panoramic system are somewhat heavier than that of a strip

system containing a single lens, consequently a second line is 	 :.$711!

drawn for panoramic systs sm. Note that in the region 'from about

.O inches diameter and upward, the increase in lens weight is
:tot

proportional to approximately the square of the increase in . •

diameter.	
-!

MIn

cans' • erably in excess of one ton.

Chart 18 - Film Wei;ht 'serous Ground Resolution.

There is a very simple relationship between ground resolution,.

film resolution, and amount of coverage. This is illustrated in

Chart 18. One hundred percent coverage is defined as all of the

Communist countries amounting to approximately ten million square

nautical miles. It is assumed here that all photography is in :

stereo requiring at least two pictures of each area and that

one-third of the weight of film accounts for redundancy and

wastage. This loss is not unreasonable when one considers

interframe spacir4, borclors, leader, trailer, and ralundancy•st.•-

.	 •
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coverage especially in northern latitudes. Th. type
ITZ:••

here is Ester thin base having a total thickness of abotit
•

inches.	 .•
• • •..........................	 .	 .
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Chart 19, - Photographic Payload Weight versus Ground.

•
It one combines the weight of the film, two lenses, film.traniport. • •

•
system, structure, electronics, and the many other items whiCts.-__

constitute a photographic payload, he cm plot the total

•
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dropped from ten feet

	

resolution requires a booster approximate to the site of . a . 	.

•	

•
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	 '	versus ground resolution for a given amount of coverage. It' . 	 .

will be aisuMMdhernthat the .iistmi -operates at an aft(tuae

100 nautical Riles and that the smear rate is corrected to the .- •
practical limit of 1/2 nilliradian per second, any larger smear

rate than this will increase the weight. It is obvious that this'1..le
•data is an extrepolatiOn of existing systems. The large numbers.

•

of the chart are consequently subject to fairlY large errors
.

" • I but they are indicative of system size. CN.

•	 '.: . 0..

• 1 The weight roquirenent for a ten-foot resolution.Systei.
• -	 •

covering 100% of the arta of interest is about 1,000 pounds,
4•4,:.

:
Motice that this is a little less than . the-nmOber given 	 1

the reason fOethis is that 3-6-:hairorlarger..tolerance

rate amounting to about 2 1/z utUiradians per second.
-	 .•

either system would require the use of an Atlas Alma,

• 

it seems
;

proper to use a nae-mum tolerance and utilise the full weight

available. It is true that the veight limitations given for.

the three boosters are not as definitely fixed as indicated .in

the chart, however, these are the numbers that have been used in
-

the past in designing various systems to be carried by thesn.
•

boosters. There is an increase in weight as the resolution is:(

••••..IN

1



order of 100. tons.payload, the

Titan III.

es an enormous
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tner• are ueprovements in the state of the art in
%	 .1M

411.

the next several years, it should be possible to improve the

resolution within a given weight limit. For example, it one

assumes that the sensitivity of the files can be increased by a

factor of two without way loss in cloolity,iand.itone-assumee

that the smear rate can be reduced to 1/4 of a milliradian per

second, that the field of vim can be increased by a factor of

1.5 due to an improvement in lens design and if the weight.of,
ri

. , • •-•
the film can be reduced by a factor of 2 by a thinner film base.

then it does become possible to obtain small covers

to a Titan III. However, it would be dangerous„:.

to assume that this mni advances in the state of the art can be

made in the near fUtmre.
•

shwa . Items Considered.
.	 .

As a review, Chart 20 lists the various items that have been ...:4514

..
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Chart 21,-. General Conclusions.

.Again, as a review, several things have been

this study.

1. For general purposes the visible portion of the spectrum is •
• :LA.

still the best. It is wise to include as much of the visible
.	 •

spectrum as can be accommodated by the color correction of . - -' 4

the lens. In the more sophisticated system it is worthwhile

to add infrared for supplementary photography. .•

2. It will be difficult to improve upon 1/2 mIlliradian per,

second smear rate unless there is some 111001" change in the.
‘,1

technique for ccrrection. Ground resolution is inde pendent /-.14.?

of the current films for fixed lens' diameter • and. smear :rete....:
• 7:

It will be nececsary to make an improvement in .the
,

the art to improve upon the resolution that can be obtaihedFl.e.

•
for a fixed Input to the camera. Although each film of the

.	 •
• •

current aeries gives approximately the sane result,linkgv

.••

.77

grain film shculd be utilized for minimum weight and minisma-..i:
••'

radiation suscoptitility.

3. The diameter of the lens is more fundamental in its Unita:W'
.1•14

than is focal length, f-number or any other factor. For 'a

given smear rate and angular resolution a diameter.can.1.4

determined. however, an optimum focal length exists fOr, a"%••

given film and ramse of smear in illumination conditions
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its• effects on the &semi' of resolution for a give. n payieed...;:tr•
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5. From 100 nautical miles there is difficulty in pushing the. 	 '-. -..::.:.
..	 .

	

.	 .	 .
ems one. uses faster film than .•-••• .....'

-•	 .	 7.7	 '•'..„

.:

	

L 2. Obvious.ty	 re is a weight ma lty,.. inisakinm  ...th.i:.:.;:i......4.....:... 
•• '•

change.-	 • . --. • •	 •	 -•

i. As a result. of this limitation the resolution limit for AC i  ...-4..'•

Titan III payload with adequata.coverage seems to be &Wait.' ••• .,:,:•,..
•

MIS	 • • •

..tris

•••• t'or

	There are maX ► driii-in`whieh'improvasentia ...in-the•state or,	 •
.	 •	 ‘9-

art ire likely to pacer and to affect the quality that	 ,•

described in this study. On Chart 22, improvements: are
•	 •	 •	 wdv,...!„.:•	 •	 .	 .•.

in order at likely success. This obviously depends on the •. • • ••-•,:

opinion of the author. Twice the film speed for the same quality :•
.••

seems like a very likely tni.;.; to occur in the next Taw yeiraw.4.'::•,'

There is also a great deal of work being done on reducing .t.':••';
"th •

weight of the optics and a 20% ratuctio&sesa.

Greater lens transmission depends on more efficient optical 	 :'r'•

coatings. Work done on this field also . seemsprostiaing..- Theiea?•••••:•

has been a gradual improvement in the quality of lens

Since lenses now app.roa	
411'

ch the diffraction limit, it seems '
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• •

advisable to. take advantage of..this • ingrovement in widening ;the . ••••• :11 .

field of-the lens. Although there is a boundary . betweeh..the-IttK
. 	.

visible-and infrared imposed because of. thor •change in the
•

.•
nese relationships 3.n the scene, it is possible to extend the red

•

sensitivity of the film beyond 0.7 microns and thereby . increase-
...•	 .

the amount of available energy:. If this increase is modest, the

brightness relaticoships will not be affected adversely. •In
.•

	

study it-was assuned that the altitude was 100 nautical miles,	 • •

•. •

lower altitude gives potantially greater.resolution. Reducine::
•

••• •-•
quality of the system. Although sone-improvements are more

..•.
:	 •.•

than others, any improvement will be,sorthwhile. -
:.

,•,.'...•-
In the seco=l column these improvements aro?rated

	

order of the gain is resolution which results., 	 Twice•the.filn.',...;••••f!-
. 	.

speed for the same quality and ht the =gear rate both
.	 •	 •	 •.•

about a 20 potential improvement in resolution. Lower altitude' . ••••-*Ift•

provides an inprcrrenszt but only at the cost of reduced coverage:-..z.;-.

/.
Wider lens field slakes panoramic photography easier in thatAbi,

: 	.	 .
cycle time is increased. The result is acme innrovement

,
quaity. If it becomes possibly to reduce the weight of a.given:x

optical system, an inprovenent in resolution can be obtained•hr"/!..

	

.	 •

increasing the lens diameter to use the weight which'hms been•;.-
.•

' •••

the smear rats is a very effective way of improving ths.pcotantie
,
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Further extenaad net. 3ensitivity and greater lens. 	 •	 •.•,;tr:grort

transmissicn yield stall bct Walb10 increases in potential.Y

Although some of .:!isze improvements in resolution may	 •

not look very large, the ..7a.tt that themare many of them implies..At

that a combination cf improvements can yield a sizable gain in
;.•	 •

	

j	 I	 :
1

. 	. •	 ,,....

ouality.	 Thsrefcres al these improvements, no matter how smalls --713
-•_

•
the state cr the art; .ardeserve, reesona:s ef:ort Gatti tne hope that

r•41

can :16 extemed and that 2-4 " better results can be obtained'	 • •;',fe•
r7

with:A a given payload voirht limit.
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