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(Unclassified) ABSTRACT

A sensor utilizing an electrostatic storage camera is studied for
use in an autonomous space surveillance system. The Teal Awmber I targ:-t
and background parameters and search fan are used to characterize the system
sensitivity and data acquisition method. A detailed telescope and mount
analysis and camera design analysis are performed based on both panoramic
and step-and-stare scan modes. A conceptual design of a data processing
system utilizing starfield cancellation followed by streak detection is
analyzed. The system survivability and reliability are discussed. A cost-
effective laboratory demonstration system is presented. The recommended
space surveillance system is described and perfor.ance predictions are made

based on the Teal Amber target parameters.
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SECTION 1

INTRODUCTION

Perkiu-Elmer has been engaged in a study program for a large
aperture telescope and gimbal assembly dedicated to satellite detertion.
The primary system investigator of the TEAL-AMBER program is CBS, under

whom Perkin-Elmer is subcontracted. This report summarizes the conclusions

reached duriong the course of study. Investigations were concentrated in two
areas: (1) a gimbal design that allows the t :lescope to scan the appropriate
pattern in the heavens and (2) a telescope Jesign that focuses light from

solar illuminated satellites on to the CBS camera.

Both of the above functions have requirements that differ from
those of a standard astronomical telescope. Specificaliy: (1) The gimbal
aust scan the tclescope at rates of degrees per second in s saw twoth
oscillation motion with a constant velocity varying less than 1 part in
10,000; and (2) the teclescope must be a very fast optical system (faster
than f/1.5) with a large FOV (degrees) and high resolution (arc-second)

over a considerable spectral bandwidth,

This report offers a preferred telescope gimbal systenm design for

the TEAL-AMBER application and describes the various approaches that were

explored during the course of the investigation. Details are included in

the appendices.

i
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SECTION II

SYSTEM SCANNING APPRCACHIES

2.1 SYSTEM SCANNING APPROACHES

2.1.1 Preferred Scan Pattern

The basic requirement of the gimbal system is to continucusly

E scan (not in discrete stgps) the telescope's FOV through a volume in space
that includes the intersection of the equatorial plane and the sphere
descriptive of the satellites of interest. This is shown in Figure 1. The
motion at the telescope will, of course, cause the image of stars and the
solar illuminated satellite to move with respect to coordinates fixed in the

telescope.

1f the image is recorded or detected on a media that is driven

in unison with the moving image, there would be no degradation in the image

quality due to unwanted motion of the real image relative to the recorded
image. Therefore, the degrees of freedom permitted in the focal plane
determine the scan patterns that can be achieved without image motion. In
the TEAL-AMBER I camera, only one degree of motion is permitted in the focal
plane, and this limits the scan volume to those whose optical axis describes
a great circle on the celestial sphere. The proof of this statement can be
found later in this report (see paragraph 2.1.3). Having determined that
only great circles can be scanned, one must consider how to implement such a
scan; there are two obvious methods -- move the entire telescope or move a
mirror in front of a stationary telescope. Both concepts are discussed in

the subsequent sections and the conclusion reached is that moving the tele-

scope is simpler.

2.1.2 Image Motion in the Focal Plane

Figure 2 shows a recording medium or detector on rollers in the
focal plane of the telescope. A coordinate system is assumed (fixed in the

focal plane) with one axis parallel to the roller axis. Three in-plane image
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Site
Satellite Track
N
A Celestial
Satellite Great Circle
Sphere of Projected Onto
Interest The Sphere

Equatorial
Plane

Decsired Scan
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Figure 1. Preferred Scan Pattern




POSSIBLE IN-PLANE IMAGE MOTIONS RELATIVE
TO ROLLER AXIS REFERENCE

R%ﬂlém\—" @ @?—@C

TYPE 1 CAN BE COMPENSATED BY BELT MOTION AROUND THE ROLLERS

TYPE 2 WOULD REQUIRE TRANSVERSE ROLLER MOTION WHICH IS ASSUMED
TO BE UNAVAILABLE

TYPF. 3 WOULD REQUIRE IN-PLANE BELT DISTORTION AND IS THEREFORE
NOT ACCEPTABLE

Figure 2. Possible In-Plane Image Motions Relative to
Roller Axis Reference




mm__.____ e S —

motions are possible: (1) parallel to the roller axis (2) normal to the
roller axis, and (3) rotation relative to the roller axis. The medium
could be moved in unison with the first two by rotation of the rollers and

by roller translation along the roller axis, respectively.

The third motion, image rotation, cannot be compensated because
the detector would be required to simultaneously have differert velocities
in different parts of the field. This is not possible witlh a rigid, trans-

lating detector.

It is also true that roller translation is not available as an
option. Therefore, the only image motion allowable is motion normal to the
roller axis. It is important to remember that the coordinate system, in

which this statement is true, has one axis parallel to the recller axis.

2.1.3 Coverage Liritations

Figure 3 shows the detector and focal-plane rollers projec!
through the telescope onto the celestial sphere. 1f the projected focn!
plane is scanned over the sphere, image motions will result. If. image
motion is restricted to displacement normal to the rollers, as describhed
above, the projected optic axis must remair in-plane and the rollers must

remain normal to the scan plane. Any deviations from the scan pattern will

result in unwanted image moticn as follows:

a. Optical axis moves out of plane - image motion along-roller

axis.

b. Roller axis not normal to scan plane »+ image motion alouy

roller axis.

c. Roller axis angle not constant - image rotation relative
to rollers. (This problem is discussed in Appendix B for the

particular scan implementation concept.)

Therefore, if it is desired that the telescope scan a series of
targets (e.g., stars) that do not happen to lie on a great circle on the
celestial sphere, the transverse field width will bave to be large enough to

capture all of the desired targets during a scan.

T et
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REQUIREMENTS FOR SCAN TO PRECLUDE TYPE-2
AND TYPE-3 IMAGE MOTIONS

e SCAN MUST TRACK A GREAT CIRCLE ON CELESTIAL SPHERE
¢ ROLLER AXIS MUST REI\J'A]N NORMAL TO SCAN PLANE

CELESTIAL SPHERE / PROJECTED FOCAL PLANE

PLANE

Figure 3. Detector and Focal Plane Rollers
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This also means that if a particular satellite orbit is to be

scanned, in general, it will not be possible to keep the orbit centralized in
the FOV., This is because, in general, the satellite track on the celestial
sphere, when viewed from a point on the earth's surface, will not be a great

circle.

Note that these restrictions on coverage are a result of the
image motion compensations availahle. 1If, for instance, the detector could
be translated along the roller axis, paths other than the great circle
could be tracked as long as the detector was wide enough to remain in the
field. Note also that the coverage restrictions discussed above are indepen-

dent of the mechanism used to procedure the scan motion.

2.1.4 Other Parameters

In addition to the scanning geometry, there exist other con-
straints on the gimbal systems. These cornstraints are dependent on the total

system design and were supplied by CBS. The table below lists the additional

requirements.,
Total Scan
Axis otation Rate
Scan +75° 1/4 to 5° deg/sec
Elevation +30° 1/4 to 1°
Polar 115° (for sidereal 15 arc-sec/sec
correction)

The scan axis must be capable of a slew rate and damping such that the re-
trace time is less than 10 seconds. Retrace time is the time to go from the
scan velocity at the end of scan to the scan velocity at the beginning of

scan. In other words, it includes slew time, velocity changing time and damping.
2.2 IMPLEMENTING THE SCAN MOTION

2.2.1 Gimbal Scan

The simplest wav to scan the optic-axis so that it remains in-
Plane is to rotate the telescope about a gimbal axis normal to the optic

axis. As long as the gimbal axis is fixed in the celestial sphere, i.e.,




inertial space, the optic-axis will scan a plane as desired. For a ground-

based telescope, a second gimbal axis would be required to cancel tte
rotation of the earth so that the scan axis will remain fixed in the celes-

tial sphere as required.

Such a two-axis system would permit scanning of a limited
portién of the heavens. However, addition of a third axis would enable the
telescope to scan any great circle desired. Therefore, three gimbal axes
represent the minimum required to provide complete sky coverage. Figure 4
shows a three-gimbal system that would provide complete sky coverage from

any earth site with earth-rate compensation.

2.2.2 Mirror Scan

The required scan motion could also be accomplished using an
earth~fixed telescope and a flat scanning mirror that would deflect the

optic~axis as desired. Figure 5 shows how this is done.

At any instant, the mirror-normzl is positoned so that it bi-
sects the angle between the desired position of the optic axis and its
actual position. Of course this requires complete freedom to point the
mirror normal in any desired direction. This means that two degrees of
freedom, i.e., gimbal axes, will be needed on the mirror. The effect of
earth-rate is to move the telescope slowly in inertial space. As long
as this motion is accounted for in the computation of the desirqﬂ positon
of the mirror, earth rotation will be compensated automatically. F{gurc
5 shows that, in order to keep the reflected roller axis oriented properly
(always normal to the scan plane), the roller assembly and detector nmust

rccate about the optic axis.

To accomplish an in-plane scan of constant velocity requires
simultaneous rotation about the two mirror axes and the optic axis. The
equations of motion involve trigonometric functions dictating nonconstant

velocities for mirror and telescope rotation. These equations are develcped

in Appendix A.




SZ/ Declination Axis

Polar Axis

Figure 4. Three-Gimbal System




PLANE - SCAN IMAGE GEOMETRY ON THE CELESTIAL SPHERE

MAGE OF ROLLER AXIS
(CENTER SCAN)

SCAN PLANE

C4 2

TELESCOPE

T

" i s |
€D &7 aunrnon

£ £ 'y TREUNORMAY 2 s
REFL T Dk ——ROLLER AXiS AT
STCA AOEA\NY- \;‘ % SCAN CENTER

IMAGE OF ROLLER AXIS

(END OF SCAN) ROLLER AXIS AT END OF SCAN

Figure 5. Plane-Scan Image Geometry on the Celestial Sphere
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2.2.3 Comparision of Mirror Scan and Gimbal Scan

Figure 62 shows the geometrical relationship of the telescope and

scanning mirror originally proposed to do the scanning.

Figure 6b shows the time-phased motions for three axes and Table |

summarizes the comparisons between the two concepts for scanning.

(\-} Flevation
Rotation

Azimuth
Rotation

-

Telescope
Rotation

Figure 6a. Mirror Scan Geometry

Note elevation axis rotates with Azmuith argle.
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Figure 6b. Scan Motions for Mirror System at a Particular Site
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TABLE 1. COMPARISON OF MIRROR SCAN AND GIMBAL SCAN

Mirror Scan

Gimbal Scan

Residual Yarth Rate Errors

e

None

None

Number of Servo-
Coupled Variables

Velocity and Position
(0] 3
Azimuth Angle
Elevation Angle
Telescope Rotation
Belt Displacement

’ Velocity and Positicn
uf:
Gimbal Angle

Belt Displacement

Is Telescope Motion
Required?

Yes
(About Optical Axis
Only)

Yes
(About Gimbal (Scan)
Axis Only)

Can all Target of
Interest be Centered
in FOV During Scan?

No

No

What Would be Required
to do so?

Capability For Transverse Belt Motion

And Wider Belt

What is Required to
Center Spucific View-
ing Angles in Field of
View?

Different Azimuth/
Elevation Rotation
Program for a Dif-
ferent Great Circle
Scan

' Operated Second Gimbal
Axis

Moments of Inertia

Must Supply Signi-
ficant Accelera-
tion Torques to
Achieve Scan

Constant Velocity Scan Yes Yes

Constant Velocity Gimbal No Yes

Motion

Effect of Significant Detremental-Means Helpful-Tends to Hold

Scan Velocity Constant-
Servo Need Only Cancel
Disturbing Torques

Rapid Flyback
Considerations

Significant Inertias
Will Require High
Drivine Torques

Four Variables Must
Initialized Prior to
Each Scan

Gimbal Inertia is
Greater Requiring Still
Creater Toraue

to be Initialized

Only Two Variables lieed |
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SECTION III

THREE-AXIS GIMBAL

3.1 BASIC GIMBAL MEQUIRE:ENTS AMD DESIGN APPROACHES

The overriding requirement of the gimbal was that it be capable of
scanning great circle having a general east-west direction. This was further

refined to:
a) Scanning i75° scan the zenith along a preat circle

b) Moving the scan pattern on the elevation axis (gencerally
north-south) +75° scan zenith

¢) Supply sidereal compensation plus #30° motion on this polar
oriented axis.

with the hierarachy of mounting being mount to siderael to elevation te scan.

Theore was one additional constraint at the bhegirning, that boing tho oot

t e

v ooy
an

gimbal/telescope would have to fit within a 16-foot diam>ter astronomical

observatory dome.

In the first investigation, the internal clearance within the dome
and the openings available that would provide an unobstructed ficld of view fer
the telescope took precedence over the specified gimbal axis {reedom. For
this investigation,'we used a standard closed-loop structure for the supporting
yokes (see Figure 7). The rotational freedom of the individual gimbal axes
were limited (sece Table 2 for the system identified as figure 7). The available
freedom was severly limited to +40 degrees in elevation and +60, -50 in scan.
Since the deflection angles were severely limited by the dome size, the decision
was reached to design the dome around the gimbal, which could achieve the de-
sired angular coverage. The required size for the dome for this ginbal config-
uration appears to be 20 feet in diameter. The size and location of the doors

are shown in Figure 8 with appropriate comments in Table 2.

There {s another configuration that looks simpler and less gross

dimensionally. It is shown in Figure 9. This design will provide almost

14
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unlimit.d coverage of the heavens from horizon to horizon along with the
capability of scanning east/vest, north/south or any combination thereof. How-
ever, it also requires a 20-ft. dome. The two gimbal design concepts are dis-

cussed in the following section and the basic features are compared.

3.1.1 Gimbal Configuration Tradeoffs

The proposed configurations for the TEAL-AMBER I gimbal and
telescope are shown in Figures 7, 8, and 9. There are two basic gimbal
configurations, one utilizing an elevation yoke and scan ring assembly
with the load centered between the supports, and the other having two of

the three axes cantilevered off the support structure.

3.1.2 Loads, Stiffness and Coverage

The configuration shown in Figures 7 and 8 has thte load centered

e e St s o, g i o o & ]
LI §

between the bearings, thereby reducing the bearing load and bearing friction

torque and increasing the overall stiffness of the mounting structure (see

ST

Table 3). The limitation to this design is the angular freedom or sky (over-
age available before the support structure infringes upon the telescope field

of view (FOV).

i

i ot

The second basic configuration is shown in Figure 9. This de-
sign has two of the three axes cantilevered off the support structure and
the third (scan) axis utilizing the double support arrangement. The allow-

able angular freedom (sky coverage) of this design is basically unlimited

L
By using the sidereal axis, one can orient the elevation” axis
at any angle relative to the horizon. For example, by positioning the

elevation axis parallel with the horizon, an east/west scan can be generated,

e, ———

and the scan declination can be varied by the elevation axis. Actually, the
poles for the grid pattern gencrated by the scan motion and‘elevation metion
are at the horizon, or the equator goes through the zenith. The other ex-
treme position would be to rotate the elevation axis (via the sidereal axis)
to be rerpendicular to the horizon (vertical), then by rotating the scan
axis support yoke (or elevation axis), any great circle from east/west to
north/south can be scanned. The pole of the grid pattern is effectively at
zenith. However, this concept suffers from lower structural stiffness,

lower natural resonance frequency, and higher bearing loads when compared

e e "
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to the configuration shown in Figures 7 and/or 8 (see Table 3).

3.1.3 Size

The physical size of the gimbal was predicated by three basic
parameters -- the outside diameter of the telescope tube, the overall length
of the telescope and instrument package, and the angular freedom that is
required to subtend the desired coverage of the sky. This is true for all
configurations. However, the configuration in Figure 9 allows for a greater
angular freedom .i.ce the telescope YOV is not limited by the portion of
the support ring eliminated by this design for similar gimbal sizes, but cov-

eragce cannot be traded for gimbal size since size is also a structural consideration.

In both cases, the length of the elevation axis support arms (the
large size item) is dependent upon the distance from the center of gravity
of the telescope and instrument packages to the extreme end of the instrument
(distance x, see Figures 7, 8, and 9). This distance can be changed by the

addition of counterweights as desired, but the rewards are not too fruitful.

By reducing x, the length of the support structure is reduced
a like amount; however, as counterweights are added to the telescope, the
strength of the support structure must be increased, and the drive system
is impacted by a larger mass moment of inertia. For example, to shift the
: center of gravity of the telescope and instrument package a distance of
ten inches would require approximately 800 pounds of counterweight located
at the extreme end of the instrument. This increases the mass momenE of
inertia by approximately fifty percent and will require a stiffer support

structure.

This indicates that although it is possible to shift the center
of gravity of the telescope and instrument package by adding counterweights,

it is not practical in the overall sense.

There are other alternate methods to reduce the size of the x
dimension. Another conventional method at counteracting the unbalance, as
a result of not rotating about the center of gravity, is to use torsion bars.
However, they are not adaptable to gimbals of these configurations. This
results from the gravity vector being a variable dependent on the orienta-

tion of the sidereal and/or elevation axes.
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Characteristic
Feature

Structural
Consideration

Bearing Capacity
and Friction Torque

Telescope
Scan Coverage

Mount
Resonant Frequency

Dome Dimensions

TABLE 3.

P e O S UC—

Double Support
(Figure 8)

>10X Stiffer For
Given Cross

Section

Load = w/2
Torque = 30 ftf
Limited in
N/South Direction
>S5Hz

20"

21

GIMBAL CONFIGURATIONS

Cantilever
(Figure 9)

Larger Cress Section Required
To Produce Equal Stiffness

Load * 3W
Torque > 200 ftf
Basically Unlimited

>1Hz

20' Dome + 3' Cylindrical
Extension

S ST ]




Another alternative to achieve shorter support arms is to fold
the instrument package so that its length lies parallel with the back surface
of the primary mirror. This will foreshorten the overall length of the
telescope and instrument package; however, the outside dimensions of the
telescope tube will increase, and certain problem areas within the instrument

package preclude this approach.

The last alternate considered is unique to the three-axis system.
This approach uses the sidereal and/or elevation axes to extend the angular
coverage of the scan axis under certain conditions. This would be done by con-
stantly moving the yoke out of the way of the scanning telescope during scan.
This requires monitoring all thc axes and a nonlinear scan motion coupled with
angular velocities on the sidereal and/or elevation axes in the vicinity of the
scan velocities. This approach adds a degree of control complexities that

is not considered prudent for the TEAL-AMBER system.

3.1.4 Gimbal Selection

The recommended choice for a gimbal ceonfiguration that will best
fulfill all the system requirements without the possibility of serious de-

gradation to the performance is that shown in Figure 8.

This is due primarily to the elimination of the cantilevered
construction of the elevation axis associated with the design shown in
Figure 9. The double support of Figure 8 reduces the bearing loeds and
drive torque on the elevation axis and primarily increases the structural

rigidity and natural frequency of the gimbal assembly.

The reduction in bearing loads will reduce the torque require-
ments for the elevation motor and, subsequentlv, the motor size and weight.
A larger motor would imply a system with a lower natural frequency for the
same stiffness. The system that is stiffer and has a high natural freguency
should have smaller amplitude variations of motions induced by seismic causes
or telescope turnaround transients. Thus, the system shown in Figure 8 will
have less unwanted image motion due to mechanical disturbances than that in
Figure 9. However, if scan versatility is the major consideration, the

configuration of Figure 9 is best suited, but the primery TEAL-AMBER I scan

T T T g & e N T T T T P

pattern is met by the configuration of Figure 8. Figure 7 has been eliminated

because of limited field coverage.
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3.1.5 Special Design Considerations

The areas of the three-axis gimbal mounts that will require

special attention during the design phase are as follows.
3.1.5.1 Servo System and Resonant Frequencies

The servo drive system, including loop bandwidth, gimbal accelera-
tions, and settling times, along with the resonant frequency of the gimbal
structure and seismic mount, will all affect pointing accuracy. Since each
of these is inter-dependent upon the other, their fundamental characteristics
should be established prior to the design phase so that during the gimbal
design, any natural frequency associated with the seismic mount can be

avoided insofar as the gimbal structure is concerned.

3.1.5.2 "g" Loading on Components During Turnaround

The ends of travel on all three gimbal axes will require shock
absorbers to absorb the inertia of the gimbal plus the propelling force
(drive motor) in the event a limit switch fails. The initial desien swiny
radii for the instrument package and telescope correctors indicate that a
limit acceleration not exceeding 250°/sec2 will produce "g'" loading on the
components less than 1.0g. This holds for components located at the farthest
point from the axis of rotation; for those components located at a lesser
radius, the "g" loading will be less by the ratio of the extreme radii to

that of the specific component.

3.1.5.3 Control of Cables

Cable wrap mechanisms should be provided on all three gimbal
axes. This is especially important on the sidereal and scan axes to provide

adequate cable length without adding torque fluctuations to the drive train.

To effectively eliminate the drive torque fluctuations, each of
the cable wrap mechanisms should have a separate closed-loop servo drive to
supply the quantity of cable necessary to rotate through the required look
angle. This is required because, as the cable is wrapped tighter, the
frictional force between cable and cable drum increases, thereby changing

the required torque as a function of look angles and direction of rotation

(wind vs unwind).




3.1.5.4 Drive Train

The severe acceleration requirements for a gimbal of this size
coupled with the necessary pointing accuracy will necessitate special drive
train techniques. Since each axis is bidirectional, the first impulse is
to employ a direct drive motor to the gimbal axis. With the motc directly
coupled to the gimbal axis, all backlash that is a major drawback with any
single-drive motor gear train is eliminated. The disadvantage of the direct
coupled motor is the ripple torque inherent in its design. The ripple can
occur up to 150 times per second for motors comparable in size to the TEAL-
AMBER requirements. The magnitude of ripple torque (average to peak) is
approximately four percent. This is not compatible with the servo require-

ments as far as linearity and jitter are concerned.

The standard gear train without preloaded gears presents a
problem in that the backlash inherent in the design creates a deadband in
any bidirectional system. To eliminate this, the proposed design will use
two drive motors and two pinions. During periods of peak acceleration where
the gear tooth and motor loads are at a maximum, both motors will drive in
the same direction and share the load. Once the gimbal has achieved the
required velccity, one motor will be driven in the opposite direction at
some predetermined torqué level to remove all the backlash from the gear
train. This will accomplish two things -- it will provide higher, acceler
tion rates with minimum gear loading and will eliminate the deadband associ-

ated with gear backlash.

3.1.5.5 Telescope Mounting

Tne gimbal scan axis will have structural integrity independent
of the telescope structure. This will reduce the loading on the telescope
housing since it will not be subjected to bearing eccentricity, thermal load-

ing, or buffer stop engagement.

By providing a separate telescope mount on the gimbal, the size,
weight, and inertia of the telescope can be duplicated with a mass model.
This will accelerate both delivery dates since neither is dependent on the

other during their fabrication and test phases.
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3.2 GIMBAL SPECIFICATIONS

3.2.1 Item Definition

The gimbal subsystem will support, align, point, and scan the
telescope (defined in Paragraph 2.2). There will be two scanning modes
-- constant velocity and discrete steps. There will be three gimbal axes
in the order of sidereal, elevation, and scan (see Figure 1). The gimbal
subsystem consists of two major subassemblies -- the gimbal subassembly
and the servo electronics package. The gimbal subassembly consists of the
base including the sidereal axis, the elevation yoke assembly, the scun
axis supporting-ring assembly, and the telescopc/gimbal interface structure.
The servo electronics package consists of the electronics required to oper-
ate the gimbal subsystem in any mode specified herein including all controls,
cabling, and displays. The controls and displays shall be mounted within a
console to provide for remote operation of the gimbal subsystem. The gimbal
subsystem will be designed for installation at the Haleakala Observatory in

Maui, Hawaii.

3.2.2 Interface Characteristics

3.2.2.1 Mounting

The gimbal subassembly shall be hard mounted to a seismic isola-
tion pad (GFE) through a kinematic design, i.e., the design will be such
that motion caused by expansion will produce negligible stresses in the

gimbal subassembly.

3.2.2.2 Telescope Characteristics

Weight: 2300 1lbs.

120 lb—ft-sec2
300 lb-ft-sec2
300 lb—ft—sec2

Inertias: X
Y
z
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3.2.2.3 Telescope Mounting Surface

A surface will be provided on the scan gimbal for mating with
the telescope. The reference surface will be parallel to the scan axis
with a maximum error of one arc-minute.

3.2.2.4 Gimbal Weight

< 20,0C0 1bs

3.2.2.5 Gimbal Power Consumption

< 4.5 kw average
< 7.5 kw peak

3.2.2.6 Generated EMI (Mil Spec TBD)

. 3.2.2.7 Overall Dimensions

The gimbal with the telescope mounted shall be stowed in a 20-{oot

diameter, hemispherical .ss.ronomical observatory dore.

3.2.3 Gimbal Specifications

3.2.3.1 Angular Excursions

Configuration® Configuration*
(1 & 2) (3)
Sidereal Axis +40° from nominal **¥ 150%
Elevation Axis +40° from nominal 135
Scan Axis +75° from nominal + 90

(Constant velocity on
five discrete steps oI 5°)

The nominal positicn is when the telescope's optical axis is

parallel to the local vertical and perpendicular to the elevation axis.

Configurations 1, 2 & 3 are those shown in Figure 7, 8, & 9 respectively.

*k
Greater if desired.
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3.2.3.2 Axis Alignment

a. Sidereal Axis Alignment - Alignment of the sidereal axis

with respect to the earth's axis of rotation will not deviate more than

15 arc-seconds.

b. Elevation Axis Alignment - The elevation axis will be

perpendicular to the sidereal axis with a maximum error of 2 arc-minutes

for the total excursions along the sidereal axis.

c. Scan Axis Alignment - The scan axis will be perpendicular

to the c¢levation axis for the total excursions along the elevation axis
to a maxinum error of 2 arc-minutes. The scan axis will be parallel with
the sidereal axis to a maximum error of 2 arc-minutes for 0° elevation

angle.

3.2.3.3 Scan Axis

a. Constant Velocitv Scan - Scan rates shall be variable from

0.25 to 5.0 degrees per second. The gimbal response time to these scan
rate inputs will be defired as the time between the instant when constant
velocity is commanded to the instant when the gimbal settles to a rate
that maintains the rate sensor at the commanded velocity with the maximutu

error not to exceed 1 arc-second per second.

b. Slew Rate - The scan axls slew rate input shall be variable

from 0.5 to 20 degrees per second.

c. Retrace Period - The scan axis drive system will be capable

of reversing the direction of rotation of the telescope from a velocity of

5 degrees/second, then rotating the telescope through an angle up to 150
degrees with velocities up to 20 degrees/second, again reversing rhe direc-
tion of the telescope and accelerating to a velocity not to exceed 5 degrees

per second and settling to the specified rate and tolerance all within ten

seconds.
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d. Step Scan - The scan axis system will be capable of step-
ping the telescope through discrete angles of 5° + 0.05°. The time to move
from one position to the next and damp out to less than 5 arc-seconds will

be less than 1 second.
3.2.3.4 Elevation Axis

a. Scan Rate - Not required.

b. Slew Rate - The elevation axis slew rate input will be
variable from 0.25 to 2.0 degrees per second.

3.2.3.5 Sidereal Axis

a. Track Rate - The track rate input to the sidereal axis will
be 15 arc-seconds per second. aie axis will settle to a rate of 15 arc-

seconds/second plus or minus one peilcent.

b. Slew Rate - The slew rate input to the sidereal axis will

be variable from 0.5 to 3.0 degrees per second.

3.2.4 Servo Performance Requirements

3.2.4.1 Rate Linearity

The angular rate on each axis will be a lijear function of

command voltage. The maximum rms deviation from linwarity will be:

Scan Axis Linearity < 1.0 arc-sec/sec (scan mode only)
Sidereal Axis Linearity < 0.15 arc-sec/sec (track mode ouly)
Elevation Axis Linearity Not applicable

3.2,4.2 Jitter

Jitter is the instantaneous difference between the rate corre-

sponding to the input command and the actual rate of the gimbal axis.

a. Scan Axis - The amplitude of the one sigma instantaneous

raie jitter will be equal to or less than one arc-second.




b. Sidereal Axis - The amplitude of the one sigma instantaneous

rate jitter will be equal to or less tham 0.15 arc-second.

c. Elevation Axis -~ Not applicable.

|
3.2.5 Gimbal Axis Encoders
Each axis will be provided with a natural binary encoder, and
the data output will be in serial format. The encoder resolution will be:
Scan Axis 21 bit or +0.62 sec
Sidereal Axis 21 bit or +0.62 sec
Elevation Axis 18 bit or +5.0 sec
3.2.6 Caging
The servo electronics control panel will have provisions for
! remote caging and uncaging the gimbal axes. The cage positions will be
as follows.
3.2.6.1 Scan Axis
The scan axis will have two cage positions -- one at 0° and the
other at 60° relative to a line through the center of rotation of the
| elevation axis.
! 3.2.6.2 Sidereal Axis

The sidereal axis will have two cage positions -~ one at 0°
and the other at -30° (zero corresponds to the central position where the

eclevation yoke is horizontal).

3.2.6.3 Elevation Axis

The elevation axis will be capable of being stowed at any

position throughout its travel.

- |




3.2,7 Mechanical Stops

Soft mechanical stops and means for limiting angular velocity,
if required, will be provided such that peak acceleration (negative) is
limited to 250°/sec2 under any operating condition or in the event of

failure to the control system (to limit "g'" load to < 1.5g).

3.2.8 Limit Switch

Six electricul limit switches will be provided at +40° (side-
real axis), +40° (elevation), and +75° in scan. Actuation of the limit
switches will remove power to the drive motors and will provide console
indicators to alert the operator. Provisions will be made for external

reset.

3.2.9 Electrical Cable Feedthrough

In additicen to the cabling required for the gimbal, the systc:
will provide three 24-pin cables for instrumentation on the telescope. The
method of providing adequate legth commensurate with gimbal axis freedom
will be through a cable wrap mechanism. The wrap mechanism, if required,
will have an independent drive system consisting of motor, synchro, and
closed-loop servo control to eliminate torque variations that could affect

gimbal axis performance.




SECTION 1V

TELESCOPE

4.1 RECOMMENDED SYSTEM SUMMARY

Table 4 shows the desired range of telescope specifications
and the set of parameters established by CBS for their preferred design.
These values were used to excerise the various design options for the
telescope. The conclusions reached were that : (1) a form of the
Baker-Schmidt Cassegrain would be the optiminum form for the telescope,
and (2) the Baker-Nunn Camera is not appropriate for the application. The
form of Cassegrain recommended for the TEAL-AMBER system is an all-spherical
system using one type of glass throughout. The design is similar to the one
used in the TRIM lens system manufactured by Perkin-Flmer for many years.

A layout of the system is shown in Figure 10.

4.2 APPLICABILITY OF THE BAKER-NUNN TELESCOPE FOR THE TEAL-AMBER [ TELESCOPE

As part of the TEAL-AMBER I Telescope Study contract, Perkin-
Elmer was required to analyze and evaluate the existing Baker-“unn telescope
for possible use in the‘program. The conclusions reached were negative. The
Baker-Nunn telescope as it exists today would not satisfy the TEAL-AMBER i
requirements. In fact, it is questionable, even with extensive rework and
modifications, that it could be used and was, therefore, found inappropriate
for this application. This section outlines the reasoning used to reach

this conclusion.

4,2,1 Desired Telescope Specifications

Table 4 shows the desired range of telescope specifications.
These values are compatible with the moving tape concept, the present system
sensitivity requirements, and the present CBS camera configuration. The
desired aperture will be closer to 36", and the image format requirement in

the 2.6" to 5.2" range will result in an impossible optical Jesign, therefore
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TABLE 4. DESIRED TELESCOPE SPECIFICATIONS

CBS Preferred
Possible Range of Values System

Aperture
Focal Length
f/No.

Focal Surface
- Contour

- Position

Spectral Rcrion

Fov

Image Format

Diameter for 807 of Energy

Distoriton

Optical Efficiency

20 to 36 inches
30 to 45 inches

Faster than f/1.5

Flat

Accessible in one hemicphere

o o
4000A to 650CA

5° x 10° max.

30 inches
45 inches

£/1.5

Flat

6 inches
behind last
optical elcment

S-20 photo-
cathode

] Loz I5ke

(2.6 x 5.2 1n.) - (3.9 x 7.8 in.) Dol 58 Do)

Between 4 arc-sec and 8 arc-sec

inches

4 to 8 arc-
sec

Selectable to minimize star motion Minimize star

>55%

32
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requiring eventual system tradeoffs. However, the above values will be

to evaluate the B/N telescope since cost is also a major consideration.

4.2.2 Baker-Nunn Telescope in Present Configuration

Table 5 shows the existing B/N optical characteristics. The
major shortcomings are mainly in the position and contour of the focal sur-
face. We may consider effectively replacing the film strip with the CBS
camera, thus not requiring hemispherical accessibility at the focal plane.
However, the camera uses an electron imaging section, which requires a uni-
form magnetic field. Under these conditions, the photocathode area (active
image format) is small relative to the envelope size of the image section (in
the 1:5 to 1:10 linear ratio region), and there is considerable length to
the camera, thus increasing the central obscuration to unacceptable levels.
Also, the electron optics require a flat photocathode or optical image sur-
face to transfer the photoelectron image onto the flat tape with high
resolution. Therefore, the present design is not appropriate and would have
to be modified to bring the image surface out of the incoming energy and

to make the optical focal surface flat.

4.2.3 Methods to Make the Focal Surface Accessible

Several modifications to the B/N have been suggested to make
the focal surface accessible. They are: (1) to use relay optics, (2) to
use a folding flat (two configurations), and (3) to convert the telescope

into a Cassegrain.

4.2.3.1 Relay Optic

It is conceivable to transfer the image outside the telescope
by using a relay lens system. However, the system would have to work over
a large format at f/l ir order to transfer the large field angles. This
requirement is created by the fact that the first optical element aiong the
fold mirror must be close to the focal plane or the obscuration would in-
crease to an intolerable condition (see Figure 11). Under these circum-
stances of high optical power and large image format, high resolution is
doubtful if not impractical. In addition, the system would still require

field flattening; therefore, this concept is considered impractical.
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TABLE S. BAKER-NUNN OPTICAL SYSTEM CHARACTERISTICS

Aperture Limited at correctors to
20 inches

Focal Length 20 inches

f/No. 1

Focal Surface

- Contour Spherical
- Position Incoming energy
Spectral Region 40003 to 65003
FOV 5" x W*
Image Format "L.75™ & 20.0"
Diameter for 807% of Energy 8 to 10 arc-seconds prev.ous
6 arc-seconds modified (P-£)*
Distortion = stop at correctors
Optical Efficiency 0.55 to 0.68

(Original) (Updated)*

*Based on study made in 1969 to upgrade the B/N
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Figure 12. Folding Flat Between Correctocrs and Primary
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4.2.3.2 Folding rlats

a. Folding Flar Between Correctors and Primary - In this
configuration, the focal surface is somewhat accessible (see Figure 12).
However, there exist the following problems: (1) The amount of obscuration
is dependent on the actual camcra size and positions of the folding mirror,
probably on the order of 30% area obscuration (2) The field is still convex
and additional optical elements will be required to flatten the field. In
order to achieve the flattening and still maintain high resoclution, all
the basic curvaturves will most likely require reoptimization, thus, implying
considerable optical rework. (3) The stop for the system is at the corrector
plates and cannot be varied for distortion correction without losing aperture
diameter. (4) Finally there is a major mndificaticn of the housing and

mechanical parts.

Based on the above arguments, this configuration has a low
probability of satisfying all the requirements for the TEAL-AMBER 1 telescope

even after considerable rework and design effort.

b. Folding Flat Between Imagc Surface and Primary Mirror (-ec

Figure 13) - In order to make the focal surface accessible, the mirvror must
be moved rather close to the primary. This has two e¢ffects that can be
traded against each other -- central obscuration and vignetting at large
field angles, depending on the size of the fold mirror. This is shown by
the two mirror sizes in Figure 13, In either case, the uscful apertnure ared
Yill be small. In addition, the system still suffers from the same prob-
lems of field curvature and stop position discussed in the previous section.

Thus, this configuration is also not a favorable solution to the problen.

4.2.3.3 Cassegrain (see Figure 14)

The Cassegrain arrangement does make the focal surface accessible;
the secondary curvature, coupled with changing the other basic curvatures,
could most likely be used to eliminate the requirement for field flattening
refractors. However, the system f/no. will be on the order of /1.7 to {/2

since the primary is not fast enough to accomplish both image surface




2

/V ignetting

Large Obscuration

Figure 13. Folding Flat Between lmage Surface and Primary Mirror

-

I

A

\

Figure 14, Cassegrain
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accessibility and moderate obscuration (36% area obscuration). This implies

a large focal surface format than a 20" f/1.5 system.

This system cannot be tuned for a specific distortion requir-
ement without losing aperture since the stops are again at the correctors.
Of all the forms of the B/N modifications, this is the best candiate. How-
ever, the maximum aperture that can be obtained is a 20" diameter, and the
end design will probably be something less when the distortion requirements
are defined. Of course, the central obscuration will increase in percentage

as the aperture diameter is reduced.

4.2.4 Basic Shortcomings of Using and Existing B/N Telescope

The major shortcomings of all the B/N concepts are summarized

below:

a. It requires additional elements to flatten the field und

move it out of the incoming energy.

b. The aperture is limited at the correctors to a maximum
of 20" diameter.
c. The stop for the system is at the correctors, and

distortion control will probably reduce the aperture.

d. Basic curvatures of the optical elements will most likely

have to be reoptimized for the new set of conditions.

e. Mechanical modifications will have to be made to the housing.

4.3 CASSEGRAIN SYSTEMS

As implied in the Baker-Nunn telescope tradeoff, the most
promising optical form was the Cassegrain. This concept was further ex; ' red
without the physical constraints of the actual B/N (like optic size, rua.lii,
obscuration). Two forms of the Cassegrain were examined, and the results

are presented in the following paragraphs.

4.3.1 Baker-Schmidt Cassegrain (see Figure 15)

The first optical system explored was one made of flat-field

: q *
anastigmats as described by J.G. Baker. In this system, a concave mirror

*
J.G. Baker, J. Amer. Phil. Soc., 82,339 (1940)
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and a convex mirror of substantially the same curvature are used. A re-
fractor correcting plate is located between the centers of curvature of the
two mirrors. With this arrangement, Baker obtained the wide field coverage
of a Schmidt on a flat focal surface. The spectral range of this optical
system is extended by making the refracting corrector plates achromatic

In the version explored for the TEAL-AMBER I application, both mirrors are
made aspheric. This is necessary if the system is to have a prescribed

distorticn.

A monochromatic study was made for two systems having different
back focal lengths. System A had the focal surface 3.5" from the vertex of
the primary mirror (see Figure 15). System B had the focal surface 6" from
the primary vertex. The modulation transfer functions of both system are
shown in the following figures and tables. These are monochromatic and show
the effects in two directiorns, radial and tangential, with respect to the
optical axis or center of the FOV. One should note that in the computer print-
out table for system A, the spatial frequency must be reduced by 2/3 because
the run was for a 20" aperture and we are considering 30" apertures. Also
shown as THEOR is the limiting MIF due to the diffraction eifects of the
highly obscured aperture and two refercence MIFs for point spread functions,
which have a Gaussion shape and 80% of the energy within a diameter of 4 arc-
sec and 8 arc-sec. It should be noted that the accessibility of the focal
plane requirement does not permit the system to work at its optimum. Thes

systems like the focus very close to the vertex of the primary mirsror,

While the monochromatic MTF's look acceptable, the wide spectral
response causes the image to degrade. This degradation takes the form of
chromatic variation of the spherical aberration. In system with the stop
situated between plate and primary mirror, color coma and color astigmatism
are also found. In order to correct these aberrations, it is necessary to
use a three-element corrector, the two outside surfaces of which are spherical
while the four inner surfaces are aspherical. However, the first and fourth

are alike, as well as the second and third.
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The spatial frequencies are for a 20" aperture, 30" focal length. Therefore,

multiply by 2/3 for a 30" aperture, 45" focal length.
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'AUL AMBER 16:03:30 06/06/7¢
] IYCLE 26

'ONOCHROMATIC 0.T.F. SYSTEM B
WAVELENGTH 0.0005876 FIELO 0.0 0.0

LINES PAaRALLEL TO 2aDIAL DIR.

FREN THEOR MTF REAL IMAG PHASE
2. 04995 0,990 0,990 0.0 0.0
4 0990 0,971 0.97] 0.0 0.0
i 6. 0.945 0.943 0.9“3 0.0 0.0
| Be 0.940 0.908 (0.90”R 0.0 0.0
100 04975 0.3865 0,865 0.0 0.0
12 0.970 0.816 0,816 0.0 0.0
l la, 0.966 0.761 0,761 0,0 0.0
{
VAVELENGTH 0.0005876 FIELD 1.70 0.0
{ LINES PARALLEL TO RADIAL DIR. LINES PARALLEL TO TANGENT] &L BIR,
REQ THEOR MTF REAL IMAG PHASE THEOW MTF HEAL ) LY PHASE
e 0995 04,989 0.939 0,0 0.0 e 0,995 049832 01,979 =0,054 =0,090
& Ve9v0 0.905 06955 0.0 Uesl e OevY0 0.9“?‘ Je936 -Oolbl '0-171
! 6o Ve94> 0.933 0.933 0.0 0.0 e 095> 0904 0e8877 =0.219 ~042b6
‘ Be 06950 04893 0.893 0.0 0.0 2 0.98U 04455 (.E13 =0.295 =0,3]17
10. Ve975 0-8‘09 0,649 0.0 0.0 o 00973 0-801 U-.,al -0¢3L'D -00391
12, "0.970 0.803 0.803 0.0 0.0 4 0,970 047643 0,653 =0,335 =0,469%
f 14, 0.995 0.756 0.75¢ 0,0 0.0 * 0,965 0,681 0,551 =0,356 -0.549
| YAVELENGTH 0,0005876  FIELD 2.50 0.0
LINES PARALLEL YO XaplaL DIR. LINES PARALLEL TO TANGENTIAL DIR.
‘REQ THEUR  MTF REAL IMAG PHASE THEO~ MTF REAL IMAL PHAS=
2. 0.995 0.96“ 0.9“6 0.0 0.0 e 0.99: 0.961 0.957 -0.0(13 -0-087
4, 0e990 0.949 0,949 0.0 0.0 o 0.990 (VY k| (o873 =0,] .16 =Uel>¢
6, 0 e955 0906 0.905 0.0 Oe0 e 0.9585 0.73% HDel59 =0.,172 =)e21Y
B, Ue9H0 0351 DetiS] 0.0 0.0 O 0980 0e67% ‘(Job“’ =0sCuU% =0e30>
10, 0.975 0.816 0,x16 0.0 0.0 * 06975 04502 o513 =0,22K =0,416
12. 0.970 0.769 0.7%9 0.0 0.0 ® 0.970 0.450 Ue377 =(e2sT7 =581
16, 0.965 0,721 0.721 0.0 0.0 b

0.965 0.357 De245S =0,229 =(e8l¢




In order to achieve a truly apochromatic system, a combination of
unusual glasses must be used, such as KzFS-2 and SK14. With all these
considerations, the final system will have six aspheric surfaces a three-glass
element corrector. The estimated optical efficiency less the obsuration
eifects is shown in Figure 18 as a function of wavelength with the anticipated

spectral content of the signal.

4.3.2 Variation f#1 of Baker-Schmidt Cassegrain

Due to the complexity of the above system and the use of special
glasses, we tried a completely new approach as shown in Figure 19. As the
first step, we replaced the three-element corrector of the previous system
with an afocal doublet of the same common glaus (BK-7) that fulfills the

achromatic condition:

ﬁl and 02 power of the elements

.@.l.-}-qg.:()
2} and vy disperstion (glass) Y1 Y2

Therefore, there is no chromatic aberration, but we have the possibility of

compensating for the spherical aberration and coma of the primary. mirror.

The second corrector is also designed in such a way that the
marginal ray coming from the secondary mirror is aimed at the first principal
point; therefore, the outcoming ray is parallel to the previous one. That
condition does not affect the spherical and long®tudinal color correction
but, because of the exit pupil position it allows us the corrertion of the
residual astigmatism and lateral color. The general distribution of power

is also established in such a manner that the Petzval condition is cerrecte

Asystem with these characteristics will naturally have some loss
in transmission as compared to the first system (rigure 15) but, at the
same time, it will have the manufacturing advantage of not having aspherical
surfaces and of using a common glass for all elements which should be easier

to procure in large diameters.

Again, two different back focal lengths were investigated, one
witha 3" separation between the last optical element (fieid flattener) (Sys-

tem C, see Figure 19) one with a 6" separation (System D, see Figure 10).
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In addition to the monochromatic OTF, System C was explored for

the OTF at two other wavelengths. Appropriate tables follow.

4.3.3 Line Spread Functions

In addition to the MTF responses, line spread functions were
computed for systems A (Figure 21) and D (Figure 22). These plots show the
response of the convolution of the image of a point source with a slit
considerabily smaller than the image. Thus, this function is a measurement
of the spot diameter or energy density in the focal plane. The convention
and coordinate defintions are given in Figure 23 and the results are given

in the following tables.

The high frequency ripple in the figures is the vesult of the
digital form of the calculation and not a real pPhenomenon. For the tables,
Z is the position in microns, I is the relative intensity with the volume
defined by the slit and the spatial energy distribution, and DE is the per-
centage of the total energy contained within the slit volume and is defined
by the two position points. 1t should be noted that in all cases. more than
80% of the energy is contained within the total slit investigated. This is
shown by the energy scan number on the bottom of each table and is summarized
below..

%Z Within 22y Slit Center
On Point Image

SYS A* ‘SYS*D
Line Spread For 30" Focal For 45" Focal

Function Length Length
0° 94 9¢&
LA R 95 94
L8727t 94 94
2.5°R 95 94
2520h 94 93

*
For 45" Focal Length, This % of Energy is within a 33-p Slit.

The first moment of energy is the centroid position of the energy relative

to the geometric center.
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JL 15226267 06/07/176
CGLE 5

INCHROMATIC OeToFe SYSTEM C

JELEMNGTH 0,0006b61 FIELD 0.0 0,0

LINES PARALLEL TO RADIAL DIke

<D THEOR MTF REaL IMAG PHASE
2 Vo999 0,992 06992 0,0 0.0
Y Ve 991 0979 De97Q 0.0 0.0
he UeI937 0ev-9 06959 0.0 0.0
me Ve943 0.935 Vev3d> 0,0 0.0
e )e978 0.906 Ve905 0,0 0.0
2e Vo976 0376 0eB76 0.0 0.0
G 00970 0.939 0.539 0.0 0.0 |
Se Je90> 0.802 Ve0P 0.0 0.0
e UVe9nl 07503 0,753 0.0 0.0
Qe 0957 0,724 Vo724 0,0 0.0 |
JAVELENOGTH  0.00048n] FIELD 1.70 0.0 |
LINES PaRALLEL TO Ra0]AL DIR. LINES PamALLEL TO TaAawGENnTlAL DIR, i
) THE OR MTF REAL 1vAG PHASE Tmeor mTF =EaL 1MAG OHASE |
Pe UDe%vs 0.990 0,990 0.0 0.0 » 0996 0,941 0,930 =0.0%= =0,06v |
@e U991 0.570 0,970 0,0 () ® 049901 V93V UeY33 =0,1ut =0,110 ,
BGe Ne9al 0e%6]l Je9 1 0,0 Vel) L4 0eYR7 Ue4ns et~ =0el%n =0,191]
8s 06923 0.905 0.90% 0.0 0.0 * 053 Ued24 1alwg =Dece]l =0ec9d
10, Ue9TH 0,865 0.%55 0.0 0.0 b 0970 UeTnl YeTl3 =0e3lb =Veoly
12 0974 0,521 0,n21 0.0 0.0 * 0e976 (o745 *egh3S =0e392 =0e553 i
16 0970 04776 0.77¢ 0,0 0.0 ®  0.97U0 UeTc]l UeD5% =0,457 =0.630 %
164 0e9%5 0,730 0,730 0.0 0.0 L 096> (0.701 Ueen] =0e510 =0enle ;
la. ”096l 0.5“5 0.5R5 000 0.0 L o.ybl Veb42 veulae =0e550 = ,930 ¥
20. 0095’ D.btl 0.0‘1 °o° 0.0 L 0e950 Uen03 0.325 '005,7 - -1
AVELENGTH 0,0004861 FIELD 2.50 0.0
LINES PARALLEL TO RaDIAL DIW, LINES PaRaALLEL TO TAWGENTIAL DIR.
: <€0 THEOR MTF REAL 14a6 PHASF THEONK MTF <EAL 144 PHASE
i 7 0e995 Vo980 0928 0,0 0.0 . 099> 0evbe He962 =0.UD6 -140608
r 4 0991 0,950 0,950 0,0 Ue 4 0991 0885 06872 =0el2> =0,176
I LT 0,947 0,920 0e920 0,0 0.0 e Vo7 0eAdU> Vo799 =0e2n3 =y, 34V
A, Ne9%3 0.971 DeB71] Ne0 0.0 L4 s [-T4 e 752 Vebby =0,307 =0ed41]
10s 06973 0e%31% vekls 0,0 Ve . VT8  VeT25 ueD3> =0eb%0 =0eT742
12¢ Vo974 De 50 0e752 0,0 Vo0 . Oe9Te 0705 04422 =0,505 =0,930
16, 0.970 0,699 0,699 0,0 0e0 bd 0e909 UehB2 1)e30]1 =0,612 =lelle
16, Ne965 Debe2 0,662 0.0 0.0 . VeY0S 0,652 UolfJ =JeH3> =1.30>
14, 0e99) 0.5!7 QeDH7 0.0 0.0 L4 09061 006.} OQeleD =(0.,03Y = o099y
20e 049357 0,535 0,535 0,0 0.0 L 04956 0027 =UeUT6 =0s6c3 =],689
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AR

uL

-1CLE S SYSTEM C

HOCHROMATIC OoToFe
~AVELENGTH 0.0006563 FIELD - 0e0

LINES PARALLEL TO 2aDlAL DIRe

" 'EQ THEOR MTF REAL 1~AG PHASE
Pe Ve994 04988 0,949 0,0 0.0
4o De¥rB 06962 0,952 0,0 0.0
6e U912 0,925 V.925 0,0 0.0
Re 0977 00517 0e577 0.0 0.0

10e UVe%971 04819 0.,#19 0,0 0.0
12. 06595 0,753 06753 0.0 0.0
l6s 04959 0,680 0,650 0.0 0.0
164 0,953 0,502 0.602 0,0 0,0
18, 0e9a7 Ve522 0522 0.0 0.0
20e 0e942 0o44] 0,461 0.0 0.0

JENGTH 040006563  FIELD 1.70

LINES PaRALLEL TO R4DIAL DIR.

THEOR 4TF REAL 14AG PHASE
. 1868694 0e349 U929 0,0 0e0
. 0eYHA 0.959 0959 0,0 VeV
. 0e9n2 0ol Ve940 0.0 0s0
e Vo977 0,902 0,902 0.0 0e0
e Ue971 04556 0485~ 0,0 0.0
T 0e9nS 0504 VebO4 0.0 0.0
. 0e959 0.760 0746 0.0 0e0
e 00953 0.646 D.H574 0.0 Vo0
be 0.957 0.015 0.61“ 0.0 000
le 0e94] 00551 0.551 0.0 0.0
JAVELENGTH 0,0000563 FIELD 2450

LINES PARALLEL TO <RaDIAL DIR.

“Kref TrHe OR mMTF REAL Imap PHASF

2. Ve994 0.9~9 0.949 0.0 0.0
be D938 0,960 Qo966 0,0V Ve
6Ge Ue932 093¢ 0936 0.0 0.0
8. 0977 0.892 0e92 0.0 0e0

10, 0971 0,842 V842 0.0 0.0
12 0905 0,785 0.785 0.0 0e0

14 0.959 0,722 0.722 0.0 0.0
16, 06993 0555 04555 0.0 Qe0
18¢ 106947 0,546 0,546 0.0 0.0
20, 0.941 00515 V215 0.0 0.0
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¢ ¢ &S &0 s Do O

15:26¢:67

LINES PARALLEL

Tz U~
0e99s
OuY9dn
Qe9ns
Va9
ODevil
0e965
Qe95Y
0,953
Qevald
0.941

MTF
0e993
09083
0977
Va5
Oeve3
0e927
0.910
Deb92
0.874
0.85>

06/707/74

TO TANGEWTIAL DIR.

2EAL

e YY)
Ve973°
UeaA
be915k
VeDTT
Oeb33
UeTH3
Vel2H
Ve0T0
Uet03

Imao
-0.073
-001““
=0s21>
=-D.20¢
Ve 3T
=0es4ud
=0e4né
<U.515
=0.201
-OQOUI

PHASE
-(0.0n73
=0esla7
-00323
=0.29%
=-0e377
=0e455
=0.53>
=-0.610
=0.697
=0.78C

LINES PARALLEL TO TanGENTIAL DIR.

THEOR
0,994
UeY80
VevYnd
0.97¢
0.970
0.964
0.959
0.953
0947
0.941

mMTF

Ceun7
0903
Ve930
0e890
0.859
V.82%
Ve 794
0.775
0.725
0.737

2EAL

NeYSa
ve¥a0
veul
te¥3Y
‘)e 764
Ueb4Y
Je606
VeSI1V
Ne431
Ve 36g

I1Ma6
=007
=0slD4
-0s232
=0e310
=Ve30>
=0s45%
' F-T4"]
=Ued7>
=0e.bcu
=0.553

PHASE
=0s072
-0elbl
=D0e.232
=0e30e
=0 e%b>
=0.585
-0e70%
=0en36
=0.963
=1.08v

R



Field Angle 2. 5°

Field Angle 1, 7°

Radial
------- Tangential
Field Angle (¢
-11lp 0 11p
-3 arc-sec  (For 30" Focal Length) +3 arc-sec

Figure 21. Line Spread Function for System A
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Field Angle 2.5°

Field Angle 1. 7°

Radial
------- Tangential
Field Angle (°
11p 0 1lp
-2 arc-sec  (For 45° Focal Length) +2 arc-sec

Figure 22 . Line Spread Functions for System D
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MF &
YCLE

NRIGINAL
0

wayL

INE SOEAD FUNCTON

JAVELENGTH

I,

FRrREQ.

ANGENTIAL SCav

N,
-190
-95
-90
-a3
)
-75
=70
-65
-5
=5
=50
=45
-40
=315
=30
-25
-20
=15
=10
-5
0

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
a0
8>
Q0
95
100

IRST

z
-0.ullv2
-0.010‘47
'0.0”992
=0s0U230
“0.uuef])
-0evuUnis
"00U0’7l
-0.0‘.)710
-OQUl)ﬁbl
=0.0%905
=0,00496
-0000““1
=0.00309%
-0000331
-OOUUC75
=0.u0220
=0eNJ1b6o
'OQUOIIO

Ve 0

Ueu0U55
0e.u0110
0.00165
0.v02¢V
00()0273
VeU0331
D400 326
0s.0V44]
000490
0.u05o1
0s01060Ub
0.20661
VeCOT715
0,00771
0.000825
Veuledl
0,0D935
0.u039¢
U.Ul')“?
t.01102

M94¢ NT OF

2.00008176

1134.62 CYCLIS/MH

1
0.0199
OonlU‘Q
0.,ul71}
0.0137
0.00177
Oeu0ul
0.10172
OOOCJ/.
0.0¢57
00\)63"0
NDeue>%
0.,0324
0.0305
Jeu392
Ueda 3]
UeUb 3V
00‘)"/50
01093
Oecuel
Vedl4l
0.>83¢
Dec3u?
UoZ(“‘j
UVel93

0.9530

0.0030
0e043l
000332
Ved 309
0.0325
0.1¢2%9
VeV236
V.u2s7?
U. ')&32
Vel 72
0.0031
0.0077
VeU137
Ue0171
(UPRVD RVEX
0.0199

EHENOY

SNS A

ceFole

vE
0.0063
N.00308
Ve0UH>
Ve003e
UetJOCZS
UQUO"?
Ve UMY
U.'J095
0000'15
Ue QU7
0.010‘0
UeCllo
U.Olll
DelCles
VedlA7
(VPVICTVL)
0.0v300
D624
0.0551
UelDa?
0.1547
0.0651
OD.Ub26
0.0300
0.0309
Ne167
Vetilas
VeULll
O.0116
0.010¢
0.0067
0.00E5
0.,0095
[VIVICY)
Ve00@?
0.0025
N.0036
VeV065
(VYK ]
VeUDB3
0.005n

=0,0092 ENERGY Su4

To2.00

NOWMALT2ING FACTUR

VeTull]

11:264:03

n

3,53

FIELD

06/14/74

0.0




S\Lrr

4R ID[GTijaL AUL Tavce~nriae ScCaw 11:24:03 06/14/74
yCLe 0

INE SPREAD FUNCTION

JAVELFHOTH  0,0005870 EeFosl o 762.00

IM, FReQs 1134,13 CYCLES/YM NORMALIZING FuWuCTOR

ANGENTIAL SCAN

ND, 2 I bDE
-109 -0.011vu2 0.0163 0.0050
95 ~0,010~7 0,ul33 0.0066
=G0 <=0.,)099¢2 Ostrlo9 0.0052
a3 ~0,uv]937 0.012v 0.0050
=B0 =0s(u~=2 Uallo?7 Ve UUSO
-75 -OOU“"CY Oouldd UOUOS(,
=70 =0.0077¢ fe)lua 00002
6> =0.0071% QeUlw2 De.0Un2
-0 =0,0G691] URRlIS Ue0007
=55 ~0.0uUsb Velrly UeOUHG
=50 ~0.uf>>1 0.7%240 Ve0Cw!
-45 "'0.“[0“’)5 Ou'.’d'.”‘) 0-0099
40 ~=0400<41] UeuUeon Dol U9
=35 =0,u03an VR TS Dellleg
=30 =Q,unuxs} Uellola Oevini
=72 =0.,007276 L VETVEY Ve0301
=20 =0.,0022v Ueuly Doeuzy?
=15 «0.ullbs 0.1n40 0.00633
=10 =0,001lu 0.c091] [UPVECY Y
"5 -0000035 0.83“’0 'Jolb‘,“
0 0.0 Vet 27 Ve lH94
5 0.000%5 Oelivns Qet!nES
10 V.N0110 0.207%1 0.0633
1:5 OOU()lbD 00109“ 0002‘17
20 O.u02c¥ UelYly 0.0301
25 0.0027% 0.0n05 0e0161
30 0.00331 CeUd24 Oe0142
35 Oeviians 0.0330 0eUUGA
40 0.00*“1 0.0830 000099
45 Ve UNGY5 0.Jdcceb 0.0091]
50 0.0uUn5] Ne0260 Ge0054
55 O.ulbUS 0.02u9 0.0067
60 0.00601 C.0215% 0.u082
65 0.70719% 0,0193 0.0052
70 0.00/772 0.0144 0.00%0
75 ' 0.u0827 0.0122 0.0050
B5 0.00937 0.01c0 O.ul=2
90 0. 00992 Veuln9 Qe006b
95 0.001Un? 0.,0133 000069

FIRST 4O“EnT OF ENEWGY ~0,0002 ENERGY SUM 0.9399
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L SYSTEM A RADIAL SCAN

WM3E2 Or[GIivAL RAUL 1.:26:03 06/14/74
CycLe O

INE SPwESD FUNCTIOWN
“'AVELF:‘H)TH 000003575 EQF.LQ 762000 FIELD la70

AM, FREQe  1133.20 CrCLES/MM NORMAL TZING FACTUR 3.532

aD1aL sCaxn

NO o Y 1 VE
-100 =0,01103 0.0139 0.0036
=05 =0.Ulvacn ODe00LY Oe044
~90 =0.00/93 0.01/73 0.90%5
55 =0.0092% Doul gm 0e.UUD3
-R0 -0.00”‘44 UaUl.’d 0-0098
=75 =0.00427 0 U3D 0.u111
"'70 '000‘.)/7( 0-0(2“ OQUO.’TQ
-65 =u.ul?l/ UaleYyy Detlu3
-60 =u,U0n52 UelcuD 0.00d¢6
’55 '0000"'07 Qelcon 0000‘4(‘
’50 -OQUO-)D? 0-0310 00012(
-45 =0 L0595 0.0:"‘0 0-0117
40 =0,u06b] VeU3n] Oetlal
=35 =0.00306 00433 O.Uul"e
-30 =Q0.un32! () 015 Sy 1)
-?25 =0,002/6 UeUbbS 0.0364
-20 =u,uH22l 0.1121 Vo 3us
-15 =0,00l10> 00,1090 Veubeo
-10 =0.u0ll0 De¢i3y Deud 34
"'5 ’0.000‘)5 O.l“'l? 00126‘)
0 0.0 0.o026 0.l400
5 0.00055 0.¢5nb 0.3670
v 0.00110 Oelned Getu593
15 0.00106> Oel¢11 0.u321
20 0.00221 0eOra? 0.1:297
25 0.unels 0.(7e3 0.0c0Y
39 0.00331 O.ual) 0.vl%9
35 0.0038% CoLaby DeUldH
40 0.U044] 00303 0.0113
45 0.00495 0.0321 UcUqu
50 0,0055¢2 0.,0¢02 0.0088
5% 0000507 Q.ucedy 000077
65 0.00717 0.0170 0.0050
70 0.00772 0.,0095 0.0040
15 0.00327 0.0150 0.0063
&0 0.00802 J.ula? 00370
85 0.00%3¢ 0.02V0e Jg.uu7¢0
()5 0.010‘~b 0.01’5 DelUDB
100 0O.u1104 DaulTl TS|

FIRST MO"EnNT OF ENEXRGY =0,0002 ENERGY Sum 0.9>22
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SYSTEM A RADIAL SCAN

MBER ORIGINAL RAUL 11:24:03 06/14/74
wYCLZ 0

INe SP=READ FUNCTION

' AAVELENGTH 0.0005876 EeFol e 762.00 FIELD 2450
IMe FREQGe 1131447 CYCLZS/MM NORMALIZING FACTOR 3.53¢

} ADIAL SCAN
NO. Y 1 vE

=100 =0.01105 0.012¢& 0.0035

=95 =0.01050 Veulle 0.,006%

=90} =0.,0U99Ye UelilYa Ved0D7

| =Ry =0.uNv39 VeUlb> VEVIL
=80 =0.00r36 0.0212 0.u0v4

=75 =0,09429 OeVdce 00055

=70 '0.\!(’773 Uo()lﬂ:’) 000075

| =65 =0.00118 Vel /1] Ve 0039]

l -60 -0-'./ ")b3 0-0((3 000082
=55 =0.u0%0% O.uce? 0.0099
H =50 =0.,0005¢ 0.9037 Daled

-45 0400497 Oeu3d3s 0.0120
=40 =0,1)04a2 00390 VeCl5e
1 =35 =0.00387 0,050 0.ucl)
=30 =V,U023]) U40mo9 VeE3y
'20 '0000821 Oelce? Ve037>
=15 =0.00166 O.icls 0.0692
=10 =0.,9911v hecl6) 0e 0589
-5 -00()0055 ’).1,35 001175
0 0.0 G,en07 001353

S 0.00055 0.¢230 Qevbn?
10 0.90110 0.1 /53 Deub6l
15 0.,00166 0.1232 D.0364
20 0000821 Ooufs'-‘ﬁb 00(3"7
25 0.00275 0evusly 0.0233
30 0.u0331 Vale 70 0.0167
35 00,0037 0.U>13 0.0161l
40 Oe0Qun? 0.0340 0.0107
45 0.006497 0.0409 Us00u%1
50 0.00552 UeUlT8 040066
55 6400508 0.0220 0.0062
60 0.U09263 DeUlUy 0.00064
65 0.00718 0.9163 0.0051
70 0.00773 0.01uY 0.00646
75 0.00bc9 0,173 0.0071
RO 0.00804 D.ulcl 0.0077
85 0.10939 G.0200 U.0068
90 0.0099« 0.0202 0.C0R3
95 0.010U50 OeVlcy Ue00a9
100 0.01105 LeVl7s v.0058

FIRST MOMENT OF ENE~GY =0,0003 ENERGY Sun 0.9514
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SYSA

MHE=R ORIGINAL RaUL Ta~vece~riar Scaw 11:24:03 06714774
L 0

INE SPrEAD FUNCTION
WAVELENGTH 0.,00UD876 EeF ol o 762,00 FIELD 2.50

IMe FRENQ. 1133.56 CYCLES/MM NORMAL IZING FACTUR 3.532

ANGENTIAL SCAN

NO . Z I (5] 2
100 =0,J1103 0.0102 0.0362
“95 =0,01U«» Vo011 0.00952
-Q0 'OQOJ‘IV?. OQUIDO OQUU.L“J
-85 «N,00v37 0e0120 2.00%0
=30 =0.004s2 Oeulnd Qeuusi)
75 =0.00527 Ued)n2 0.0041
70 =0.,90772 (140130 N.0U51
65 =0.00117 Qelicdus 0.00%08
60 =0.005%7 Oeueld3 t.0068
55 =0,205U5 0.0223 0e00U9Z
=50 «0.UNDD] 0s.0r23 DeUn7?
45 =0.00uv5 0edca6 C.ul62
40 =-0400s0¢l 0.uc3Y 0.00mn9
=35 =0.0Vd9> (VKLV} Vo132
=30 =0.u0351l VeuldaZ DeD146
=25 =U.n027% UeUD72 0.ul%D
20 =0.ub221 0.U911 Dely3
-15 =0.u00> O.luly 0,639
-10 =0.00110 0.212% 0.0670
'5 'OU'JOUbD UQC“33 001031
0 0.0 0.5132 0.1631
5 0,00055 0,c6433 0.Ub70
10 0.,00110 Ueclilo 0.u%36
15 0.0016>5 0.1079  0.0293
20 0.002¢1 Vo911 0eul9>
?25 0.00276 0.9575 (e0laY
30 0.0n331 0.03%2 0.ul32
35 0.0U3%6 0.0307 0.0089
40 O0.UNe&] 0eulad 0.C0%2
45 000495 0.0256 0.00R87
50 0.00o551 0.,0¢23 0.00%2
55 0.0000H U223 0.u008
60 0. 00962 Ueua23 0.00¢£8
6> 0.N0717 00204 0.0U5l1
15 0.00827 v.0082 0,000
80 0.00438¢2 UeUlb0 0.0054
as 0.00937 00120 0.00%0
90 0.00992 V.01%0 V0052
9> O.uluas 0.u!bl 0.00%2
100 0.01103 V.12 00082

R R R A —

PIRST MOYMENT OF ENExDY =0,0002 ENERGY Sums 0.9405
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VAUL
CrCLE

All SPMERICaAL

40

INE SPveau FUNCTION

TAVELENGTH

LIM,

FRen.,

+ANGENT 1AL SCAN

tO0.
=100
=95
=30
=as
=830
=75
=70
=65
=60
=55
=50
=45
=40
=35
=30
=25
=20
=15
~10
-5
0

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
&0
85
99
95
100

z
-0.,0]1102
=0.01047
=0.0099¢
=0.u0947
=0.00n31]
=0.00326
-00“0-’71
-0.()0716
-0.(‘0031
=0.N060s
=0.00551
=0.000496
=0,n04a]
=0.003%0
-0.00331
-U.UU.{I:J
=0.0u022V
=0.00105
'0.00110
"0.00055

0.')

0.00055
0.00110
Ve UUILBS
0.00220
O.u0e?5
0.00331
0e0305
0.00641
0.00496
0.0055]
00()06“6
0.0060]
0.0071%
0.00771
0.00826
0.008%]
De0OwI7
0.20992
Ve0l047
d.01102

FIRST MOMENT OF

0.00us870

1134450 CYCLES/MM

1
0.006%
0.')05b
0.\)0:"\
0.,0073
0eDUY3
UeUNBG
0eNVY3
0.0100
Ve0lol
0.0117v
V0300
O.U¢nl
0.0o07
Ued3o2
00,0720
OCOF)SC
Va1173
0.1131
0.2324
0.2331
0.912>
Coc33}
0.cacx
0.1131
0.1173
0.0652
00072”
UVeb3n2
V0507
C.02¢)
0.0300
0.0179
0.01%]
G.vl00
0.0094
0.00%¢
0.0093
0.0073
0. 009
0.00506
0.V005

TNERGY

SYVS D

EeFale

713
0.v020
0.0030
Vo227
0.0031
06.2032
0.00217
0.0039
0.00"2
040070
0.007>
O.0l106
0evl3l
00158
D179
00’1}8‘07
Veu3cH
0.03174
Ve 0657
0.072%
0.15%9
UelDY9
0.0725
060657
ve0378
060326
0e024T7
0.0176
0.0135
0.C131
0.0lue
VeU075
0.0070
0.00“2
Uesu039
0.,00208
060132
0.u03]
0.0027
0.0030
0.u020
Oe0U17

=0.0002 ENEKRGY SUM
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NORMALIZING FuCTuw

10:48:50 07/09/7a

1164.0 FIELD 0.0
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4.3.4 Conclusions

Both forms discussed above have the potential of meeting the require-
ments of the TEAL-AMBER I study. None of the designs have been fine-tuned
nor have tolerance studies been undertaken. Therefore, the MIF responses are

probably quite close to the hardware values.

A figure of merit for performance is MIF times optical efficiency
times one minus the area obscuration. As showu in Table 6 all the figures of
merit are very close. Therfore, ease of manufacture can become a larger
decision making factor. The all spherical system will be easier to fabricate

and obtain the necessary blanks since unusual glasses are not used.

The sensitivities of the aspheric system to melt variation in the
corrector glasses is higher than the all-spherical one. The.e variations
in the optical properties can be compensated for by making final adjustments
at the assembly phase of the telescopc. Such changes include changing the
spacing of the optical elements relative to each other and also retouching
the aspheric surfaces on one of the corrector elements in order to minimize
the residual chromatic variation. Obviously, this adds to the complexity of
fabrication. Based on chese results, the systems represented by C&D are the
recommended systems, strictly because all surfaces are spherical, the refractors

are common glass and the system will be easier to manufacture,

However, there are additional options to be exercised in both sub-
forms with a possible increase in total system performance. The position of
the focal plane keeps the total responsc of systems A& B away'from the
optimum. If the total camera could be inserted into the whole of the primary
a fair distance, the MTF .esponse would improve. Basically, the primary will
become less powerful, thus, easing the aberration p.oblem. Or the total sys-
tem could be increased in aperture size, (keeping fast f/#) thus increasing
the photon collectic1 efficiency of the system. There is a positive trade that
should be carried out of f/#, focal plane position, and photon flux density at
the photocathode surface for systems A & B. One will note that in system D.

the focal surface is very near the vertex of the reflecting surface of the
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TABLE 6.

TELESCOPE TRADEOFFS

Monochromatic MTF at
10 cycles/mm P
Field Angle MTF A B c D
0 Radial or 0.77 0.87 0.91 0.95
Tangential
187 Radial 0.77 0.85 0.92 0.90
Tangential 0.77 80 0.91 83
2.8° Radial 0.77 .82 0.89 .83
Tangeutial 0.77 0.56 0.80 0.75
Optical Efficiency 0.9 0.9 0.8 0.8
at 0.5u
Area Obscuration 0.30 0.36
Chromatic Aberration Needs three Done by Spherical 1
Correctors Elemencs
Simplicity ! Aspherics All Spheres |
FM: o 0.49 0.55 0.47 0.49
LSR5t 0.49/0.49] 0.54/0.51} 0.47/0.471 0.46/0.43
2.5 /% 0.49/0.49, 0.52/0.35| 0.45/0.41] 0.43/0.38
4
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Primary mangin mirror. Systems C&D could possibily be improved by not using
the Mangin Mirror, but a first surface mirror with the requirement for a

high field curvature correction transferred to the field group.

Based on the above study, the recommended specifications for the

TEAL-AMBER I telescope have been established. (Refer to table 7.)
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Lt 2 - v

TABLE 7. TEAL-AMSER TELESCOPE, KECOMMENDED SPECIFICATIONS

)
!
‘ Form Cassegrain
]
] *
Clear Aperture 30" diam.
t
£/# £/1.5
Total Optical Efficiency > 0.5
MTF at 10 cycles/mm > 0.75

Over Total Field in Both.

Radial and Tangential Directions
Blur Circle 80% of energy < 6 sec or 33u

Spectral Region 0.4 to 0.6u weighted for the

solar and S-20 responses

*
FOov SENET
Focal Surface Flat 6" behind the last optical
*
element  and near vertex or primary
mirror.
Distortion Cause less than 8 sec due to

mapping of a spherical heaven
onto a flat focal surface. (Sce

Section 4.4.)
0ff-Axis Rejection Reduce the moon at, 10° off

the FOV to 0.1 of the in-field

scattered energy - BRDF (at

10° or greater) of < 2:-:10-j
(See Section 4.5.)
*
Required by camera
] 4.4 MAPPING PROBLEM OF THE TEAL AMBER-I CAMERA
E' In the TEAL-AMBER I camera, it is desirable to transform the angle

space of the heavens onto a flat surface at the photocathode of the imaging tube.
: This is necessary because of the resolution requirements on the electron optics,
which transforms nhoton image at the photocathode into an electron image at the

storage device. Crdinarily, this would not cause a severe problem but would
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create a mapping function of £(8) = A(@ + k@3) with the associated distortion.
However, for the TEAL-AMBER I camera, the star's image will move across the
telescope focal surface during any one exposure or as the telescope is scan-
ned across the heavens. Thus, the star will move along a nonlinear path on
the flat surface. The concept is to track this star with the image-storing
device, a tape that will store clectrons with spatial distribution. However,
the tape has only one degree of freedom and 1t must be used to correct for

the major scan motion. Also, the motion can only be a constant linear move-
ment. The result of the nonlirear star's image motion and the linear one-
directional tape motion is an eifective motion of the star on the tape. This
motion could be detrimcﬁtal in the form of creating false alarms by making
star tracks that could be interpreted as satellites aund by reducing the photon
density of the satellite image on the tape. Therefore, it is highly desirable
to minimize or eliminate this motion. This section discusses the magnitude of

the problem.

4.4.1 Conclusions

The conclusion reached in this study is that stars will create
tracks on the storage tape on the order of 10 to 12 arc-sec. This is for an
isotropic imaging telescope in which the available parameters have been
optimized and the instantaneous FOV is 5% x 10°. Also, the scanned angular
space is not mapped onto ‘the tape in a limear fashion and the transform is

not achieved by multiplying the angle by the telescope focal length.

4.4.2 Small Angle Approximation of a Spherical lImage Surface

Figure 24 shows two stars in angle space, one at 0= ﬂo,

@ =0 and one at @ = ﬂo, e = 90, vhere @ is a line of latitude and @ is

a line of longitude within the telescope's FOV. The references for the
angles are the telescope optical axis (y) and scan axis (x). The telescope
will scan at a rate of P about he x-axis; thus, the star will move, refer-
enced to telescope optical axis, at the @ rate as shown by the arrows. If
angle space is imaged onto a concave spherical surface, this diagram also
suffices for the image surface. Now, if one would rotate the image sphere

at @ also, the star's image would not move on the image surface. This is the
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MAPPING OF SPHERICAL SURFACE ON TO A FLAT SURFACE

e SMALL ANGLE APPROXIMATION
X =t0 2=1f, 2=t

(]
o IF {;TAPE = Z, STAR'S IMAGE WILL NOT MOVE ON TAPE

Figure 24, Coordinate Definitions
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basic scanning philosophy of the TEAL-AMBER 1 camern. The same result would
also be approximately true if the initial angles (@o, 90) were small and the
image surface were flat. However, for the TEAL-AMBER I camera, @o and 90

are in the 2° to 5° range and residual motions on the order of 8 arc-sec are

of concern. Under these conditions, the small angle approximation is not

valid.

4.4.3 Mapping of a Spherical Surface onto a Flat Surface in a Rcal Optical

System

Figure 25 shows the two stars from angle space mapped onto a flat
surface with the third crder distortion coefficient K added to the linear or
small angle approximation. In this figure, K is symmetrical about the optical
axis (v), and X

is not equal to X

, nor is Z1 equal to Z Again as the tele-

scope is rotatej, star #2 moves toiards (Xl,O) and star #% moves towards
(0,0), both at a nonlinear rate in the Z direction since Z = £ (1 + 3K 92) @
(f is the focal leng:th). The actual motions are calcuiable. This is shown
in Figure 26. Tt should be noted that there exist higher order distortiog
coeff{icients, but they modify angles raised to the St power and thus can oo
neglected for this problem of 2° to 5°: (5° ::%) 0.436 RAD. (0.536)3 = 0,08
and (0.436)5 = 0.016).

For the case of a distortionless system (K = 1/3 8 » ftan® and
; = fé), there are motions on the order of 36 arc-sec. This is shown in
Figure 27 whe : the ideal positions of the star on the tape as shown as "o"
and the actual as "X". Each vertical line is the same line on the tape just
displaced in time. The bottom section of the figure shows the total motion

of the star's image on the tape for @o = 50 90 = 2.5° or a 5° x 10° tele-

scope FOV,

Looking at the equations in Figure 26, there are two parameters
that can be varied: K&L. In the optical design, K can be varied by changing
the classical distortion requirements of the primary optics or by introducting
some other mechanism such as fiber optics. ,L is just a gain value in the tape
servo control. Therefore, the question is: if one had complete f{reedom to

select K and L, what would be an optimum selection? It should be noted at



Image Star #2

(XZ' ZZ)

-z

Image Star #1
0y, Z )

Focal Plone at Y = f (Focal Length)

0+ K@)
f(¢+K¢3)

X
Z

Figure 25. Mapping of Sphericel Surfacce Onto a lat Surface



£(0 + KOE)

i

3
v(@ + K§°)
Angle Space Image Space
(1) From spherical trigonometry of a right sphericsl trisngle:

cos y « cos O cos 9
cos B « tan 9/ten y
sinp « ain O/8in y

(2) 1n lusge space:
X, = fly+ X)) stnp
z s f(y Kyj) coa B
X e £(8 K07
4

1
q © £(9 » k.l)

The total peak excurs‘on in the X direction s
xz - Xl o« f(y + Kyl) sin p - £(0 « KOJ)
(4) ihe instant~ne-"s variat ion of the actusl Z value from the dcsired
value (Z tape) i»

) “ (y+ Kv)) con g - 19t

sctusl 2"”

vhere L relates ¢ to i, 1 -~ Lot

Using the first tvo terms of the pover series expansiona for che

trigometric functions

sing = (0 -02/6)/y - y'16)

cosg = 0+ P/NIve
SR

(6) * Substituting the spproximations snd r-e'~cting high order terma
L-X & U690

2 2
l.“ © z“Pl w f(1-1) + (K = 1/3) 6" + X0°) 9 « &2

Typical sz for K = 1/3, 6 =0

Figure 26. Derivation of Star's Motion (Cont.)
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this point that K could be theoretically made direction sensitive where

Kx # Kz. The following optimization keeps K constant and independent cf
direction. The basic question is: what is an optimum system? The simplest
assumption is to select that operating point where the maximum star motion
at any point in the FOV is minimized. This may result in motions at some
points within the FOV that are larger than the minimum motion that could

be achieved by optimizing K&L for that specific point. Figures 28 through
34 show the maximum peak to peak excursions of AX and AZ as a function of K

for various L values. For example, based on the above rule, the optimum K

value for L = 1.001 would be 0.15. Under these conditions, a star will have

total motions in accordance with the table below:

° bz oM

0 13 arc-sec 0 arc-sec
2.0° 17 arc-sec 16 arc-sec
25N 20 arc-sec 20 arc-sec

Table 8 is a summary chart of the maximum excursions of the star's
image on the tape. Based on this chart, the optimum is within L = 0.9995,
K = 0.018 to L = 0.9997, K = 0.005 with worst case excursions of 10 to 12 arc-

sec.

An interesting point is that L is not equal to 1 for the optimum,
implying that the tape is moving at a slower velocity than the scan. However,
this is true only at 8 = 0. Effectively, the tape rate has been.matéhud to
the average velocity at another point within the FOV (91) where 2 (actual)=2Z

(tape) at the ends of the FOV or @ = Oo (see Figure 35).

4.4.4 Mapping of a Total Scan

The fact that L is not equal to one implies a distoriton in
the overall scanned FOV. This is effectively a gein function in tne scanned

direction (Z). The basic question is: what will a typical mapping of ¢, o
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Figure 27. Motion of Star for "Distortionless System"
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Figure 28. 'z, ‘x vs. K for L = 1.001
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Figure 29. 1z, Ax vs. K for L = 1.000
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It can be shown that

2 - el § _
6; = (1 L+h¢o_ J(K - 1/3)

Figure 35. Typical iz for Various @ (Latitude Lines)




TABLE 8. MAXINUM MOTION OF STAR'S IMAGE VERSUS L&K&® TR @ . = 5°
i 8 =0° 2.0° 385
L K AX Az AX AZ AX Az
1.001 0.15 0 13 16 17 20 20
1.000 0.03 0 8 10 64 13 13
0.9997 0.005 0 8 9 2 11 13
0.99968 0.0 0 12 9 2 11 11
0.9995  -0.018 0 13 8 2 10 11
0.0003  -0.045 0 14 6 4 8 13
0.999 -0.08 0 17 4 7 6 17

AX, AZ are in arc-sec

87




onto Z, X look like on the tape? ¢ and o are the angular coordinates of

the total scan (see figure below).

X

Chargg_/\

Patterns
\

P

]
2 z

Tape /

To answer the above question, one must define the star's point
position within an exposure. The stars create tracks, not point images,
during an exposure. Also, the beginning of the scan on the tape must be
identified and defined. The most obvious point on the tape for the star's
position is when the star has been within the telescope's FOV for one half
an exposure. As shown in Figures 26 and 35, the motion of the star's
image is symmetrical about this time point. For the beginning of scan, a
practical reference is when the optical axis (center of the telescope FOV)
is coincident with the starting scan angle of the total scan pattern (-

scan) (See Figure 36.)

Telescope FOV a

o / )
\Q Scan

]
-8
e,
% ’ I‘“
- +ws Scan
Scan =
where ¥ is scan angle referenced to celestial sphere

a Ls a latitude line of the scanned FoOV.
Figure 36, Telescope FOV as Related to the Total Scanned FOV

At the beginning of the scan (t = 0)1, a linear array of stars

in a at § = -~ scan would have bcen within the telescope's FOV for one-half
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of the total exposure. Thus, the actual scanning process would have started
att=+¢t
exposure/
the tape (See figure above).

At this point oo = 8 and X = u + Ka3; thus, a is not mapped

linearly into X. Similarly, and a-array of stars at ¢ = wo would have the

same charge pattern on the tape at t = to = -wo + ¢ scan
@
The pattern will be displaced on the tape by the dimension Zo’ where
= 7 = — +
Zo L@ to Lf ( wo /] scar)

Therefore, the mapping of angle space onto the tape is defined by:

X f(a + Ka3)

Z=1LE(-v + vy )

scan

4.5 OFF-AXIS REJECTION (BAFFLING)

In order to size the telescecpe, the gimbal, ard the dome in
which it will be housed, it is necessary to establish the length of fore-
baffle required to obtain the performance of the system in the presence of
off-axis sources of photons. It is the purpose of this section to make
certain assumptions about the problem, using this input size for the fore-

baffle. Basically, the results of this brief study are stated below:
a. The major source of off-axis energy is the moon.

b. The moon creates a large in-field source of diffuse
energy, thus reducing the effect of out-of-field

scurces.

c. A fore-baffle equal in length to one-quarter the
aperture diameter will reduce the moon's off-axis
energy to less than 107 of the in-field energy.

Thus, a long baffle is not required.

99 and a charge pattern would have already been deposited on




4.5.1 Off-Axis Rejection Requirements

The major consideration for determing the off-axis rejection
criteria for the telescope is the increase in noise created by this source
of photons. The general effect of energy sources outside the FOV is to
increase the photon flux at the image plane somewhat uniformly over the total I’
photocathode area. Thus, this increases the number of photons per sample and
the inherent photon noise level. The distribution of this added energy will
not be completely uniform but will have very low spatial frequencies (fractions
of a cycle/mm). The major source of extra energy is the moon. Its energy
can be scattered off the optical surfaces onto the photocathode. However,
the moon's energy is also scattered by the atmosphere and creates a background
level within the FOV of the telescope. Therefore, the off-axis energy is
added to the on-axis atmospheric scatter energy making the off-axis rejection
requirements less severe since the former cannot be avoided. The criterion
selected for the off-axis rejection requirement is to reduce the off-axis

photons to less than 10% of the in-field atmopsheric scattered photons.

4.5.2 Basic Definitions

Before proceeding with how the atove requirement reflects itself
in the telescope design, it is appropriate to establish some basic definitions.
There are three basic parameters: BRDF, PSRR, ESRR. Also, the effect of

a fore-baffle on a system.should be established.

4.5.2.1 Bidirectional Reflectance Distribution Function (BRDF)

a., Mirror Surfaces

The scatter characteristics of mirror surfaces can be described
by a bi-directional reflectance distribution function (BRDF), which describes
the fraction of energy scattered in a given direction as a function of two
angles: the angle of incidence on the surface (8) and the angle () between
the direction in which the scattered light is measured and the direction in

which the specularly reflected energy propagates.

The BRDF, as shown in Eq. 1 below, has the units of (fraction/
steradian) and can be physically interpreted as the amount of energy P(8, 0)

detected by a detector located at some angle @ with respect to the specularly
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reflected component divided by the total incident radiation P(8, o) and the

solid angle subtended by the detector. Thus,

BRDF (@, @) = igg’ g; Ql Fraction/Steradian (1)
2 DET
Incident “
Radiation Q e Specularly Reflected Radiation
P
o
Scattered Radiation P¢
: (Measured by QDET) '

For the analysis contained in this report, the BRDF has been
assumed to be a function of the angle § only, which is effectively the angular
distance between the detector and the source.

P(4) 1

BRDF (4) = Plo) O [Fraction/Steradian] (2)
“DET

b. Refractor Surfaces

For a refractor, a similar set of equations can be derived.

Fear
ot S

L
9 |
Refracted Scattered
Radiation Radiation

-]
~
i 8
e d
—

~

BRDF(6, ) = BRDF (@) =

DET

(3)

o~}
~
]

~
o]




c. Optical System

Just as the scatter characteristics of a surface can be described
by a BRDF, the scatter characteristics of an optical system can also be
described by a BRDF whose meaning is analogous to that of a surface; i.e.,
the BRDF of a system describes the fraction/steradian of the incident energy
“ being scattered onto a detector in the focal plane whose position in the

focal plane is such that its angular displacement from the source of the

collimated energy is the angle ¢.

_ P . _
BRDF = ?(0) 5 = S(4)

4.5.2.2 Point Source Rejection Ratio (PSRR)

For optical systems having the operational requirement that they
be able to search a2 field of view close to a single bright point source, t!

system performance parameter of interest is the point source rejeotion

b

ratio (PSRR), which describes the amount of energy from the unwanted point
source detected when the system's line of sight is displaced an angle ¢ from
the point source with respect to the amount of energy that would be detected

if the source were being imaged directly onto the detector.

P(4)

PSRR = (0)

= BRDF(4) ~ Q. (5)

o~

Thus, the point source rejection ratio is simply the BxDF of the system

multiplied by the angular subtense of the detector being used.

4.5.2.3 Extended Source Rejection Ratio (ESRR)

For optical systems having "he operational requirement that they

be able to search a field of view close to a bright extended source of unwanted
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energy (such as the carth), the system performance parameter of interest is
the extended source rejection ratfo (ESRR), which describes the ratio of
amount of energy from the unwanted extended source that is detected when the
system line of sight is displaced at some angle from the edge of the source
divided by tte amount of energy that would be detected were the source being

imaged directly ontn the detector. Thus, the ESRR will have che form

H(8) (6)

ESRR(4) = H(o)

where H(#) = focal plane irradiance due to extended source having edge angle
¢ from detector, and H(o) = focal plane irradiance due to the extended source

imaged directly on detector.

The ESRR given in Eq. 7 below can be shown to be equal to the
integral of the system BRDF over the offending extended source. Note that
the ESRR is ina:pendent of the angular subtense of the detector size being

used, unlike the PSRR.

ESSR = JS S(é) d N
Source

4.5.2.4 Effects of a Fore-Baffle

In an effort to reduce the total irradiation of the mirrors of
any system requiring high off-axis rejecticu, it is standard practice to
place a fore-baffle in the front of the leading optical element to reduce tue
subtense of the source ac seen by the element. The effect of a fore-baffle is
to impose a weighting function T(#) on the total irradiance of the front
element. When the effect of the reduced irradiance on the optical element

due to the fore-baffle is considered, the ESRR cf Eq. 7 becomes

ESRR = [/ S(#)T(o) df (8)
Source

In Eq. 8, two basic parameters of interest are implied, ao and
do. The first describes the angular separation between the detector of in-
terest and the edge of the offending source, while the second is the angle at
which the irradiance of the mirror goes to zerc du~ to the existence of the

fore-baffle. Thus, Eq. 8 can be written.

93




a./ é "-a
o} (o]
ESRR(ao,L/E',- = 2 ff T(a,8)S(a,B)dadB (C))
é o
o}

4.5.3 Relating BRDF Of The Optical Elements To System Requirements

In the telescope designs under consideration, there are two
effective sources of scattered light: (1) the front refractors and (2) the
primary reflector (see Figure 37). Making the assumption that the atmospheric
scattered light is directly proportional to the moonlight directly illuminating

the telescope, one can derive the BRDF requirement for the above elements.

Again usiag Eq. 6, the required system ISRR may be directly

written as

= !
ESRRreq'd Vb/wmoon
wb = allowed background brightness (l0)
asan T brightness

In addition, the required system BRDF may also be derived direct.y
from Eq. 10. The moon's angular subtense is considered sufficiently small as

to allow Eq. 7 to be approximated as
ESRR = [ BRDF(4) ° d2 = BRDF(4) * AQ (11)
where AQ) = angular subtense of the moon = 5.9)(10-S steradian
Thus, the required BRDF may be written

= | !
BRDFreq'd Ub/Umoon AQ (12)

4.5.3.1 Simple Calculation

It is perhaps convenient at this point to use a simple calculation

to gain insight to the magnitude of the BRDF required.




Moonlight

Corrector =

Scatter
Light Mirror
Scatter Light

Figure 37. Sources of Scattered Light
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A
K x n o AL eI (4) X QEEI =n x M cos é x BRDF{#) x ADET x & (13)
opt P moon f2 opt f2
where
K = 0.1 or desired attenuation of out-of-field sources
nopt = optical efficiency of the system
Ap = aperture area
2
L 4) = radiance of the background - (photons/sec)/m -ster
o or other appropriate units
ADET
= = effective FOV of the sample area (ster)
f
M = irradiance of tse moon on the telescope
(photons/sec)/m
cus$¢ = classical reduction in area when the area is not
normal to LOS.
BRDF(#) = fraction scatter/ster
A
No.e —% = solid anzle through which the detector sees the
f scattered light
Eliminating common terms,
e () = Mcos (#) BRDF (4) (14)
Figure 38 shows Lmoon (4) as a function of angle from the ‘moon

and the phasc of the moon. It was scaled from sun scattered data.

Also it

was assumed that either the moon is at zenith or only one air mass does the

scattering.

below is extracted

(The curve was supplied by Avco Systems Division.)

The table

from the RCA E-O Handbook showing the illuminance of the

moon on the earth at zenith for various phases of the moon.

100° full moon

3% 10—11umens/m2

= 120° 8 x 1072

)

6 = 90° I x 10 °
For a rough estimate of the BRDF, let us consider the condition

of full moon at

zenith and 10° from the optical axis with a small FOV on
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0° Phase)
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Quarter Moon

1 llll 1 ne=—mn ] 4 4

15

“t 16
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b2
=

0.2 0.6 1 4 10 20 40

Angular Distance From Moon (Degrees)

Figure 38. Atmospheric Scatter Moonlight
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axis. From the table above M = 3 x 10"1 lumens/m2 and form Figure 38,

L (10°) = 6 x 10-3 lumens/ster-m2
moon

From Eq. 14,

0.1) (6 x 10°%)

-3
3 x 10 cos (10°) A 29

BRDF (10°) =

4.5.3.2 Detailed Calculations

The results of a more rigorous calculation has been performed
using the actual moon brightness and the angle dependence of both in-or out-
of-field moonlight, coupled with the effect of a fore-baffle. The results are

shown in Figures 39 and 40. VFigure 39 shows:

a. The BRDF required for the firont refractive elements in
order to reduce the out-of-field energy to 0.1 of the in-

field energy for various L/D raties

b. The expected BRDF's for the same refractive elements

Note that for a typical lens, an L/D of 0.25 with a typical lens will meet

the 0.1 requirement for all angles greater than ¢° for the moon off the field.

Figure 40 is similar to the refractive one, except this one is
for the primary mirror. The mirror inherently has an L/D = 2 because of the

optical barrel.
4.5.3.3 Other Scatters

It should be noted that diffraction effects and scatter off

blackened surfaces are generally well below the optical element scatter and

therefore were not considered important to this first estimate.
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APPENDIX A

EQUATIONS OF MOTION OF MIRROR AND TELESCOPE

The fol.owing equations may be used to compute the motions of
a mirror anc telescope required to cause the reflected telescope axis to
scan a great circle while keeping the focal plane rollers positioned as
required to compensate image rotation. The telescope is assumed to be fixed
at a site on the earth's surface with freedom to rotate about its optical
axis. The mirror is assumed to be free to rotate about vertical (azimuth)
horizontal (elevation) axes. The various vectors are projected onto the
celestial sphere in the figure. Using the typical general case shown, we can

make the following statements:

f'—Pole

Telescope ™ __ Location

(90-v)
given

a, = right ascension of locacion
8 = declination of location (latitude of site)
= elevation of telescope* above local horizontal

0 = azimuth of telescope* clockwise from north

we may find

. = right ascension of telescope axis¥*

GT = declination of telescope axis*

*The telescope vector is colinear with the optical axis and points in the
direction of incoming light energy.
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as follows:

- = = ’ -
cos (90 GT) sin GT sin GL sin Y + cos GL cos Y cos (-0)

sin GT = sin GT sin Y + cos GL cos Y cos O

6T =
4 and
sin a _ sin (-0)
cos Y cos dT
-sin 0 cos ¢
sin a = 208 o
; T
a'-:
O.T =(1L—d
QT =
o
b'\
@3
Pointing

:'-
k— Pole

(=8¢)

Vector —-\ r I'J

(8)

Given

a = right ascention of scan velocity vector

GS = declination of scan velocity vector

= scan angle = w
e & st

we may find

ap = right ascention of pointing vector

6, = declination of pointing vector




as follows:

cos (90-5P) = sin 5P =
sin GP = cos 0 cos GS
GP =
and
sin a sin (90)
sin @ cos ('P) o
(90-6P)
Pointing __/

Vector

We may now compute n as follows:

cos 2n
2n

n

and

Mirror
Normal

i i + cos & cos & cos -
sin 6P sin 5T cos &, cos &y cos (aT o4

.

cos 8 cos (-Gs)

sin O

sina =
cos §

A
\‘,___

right ascensica of mirror normal

declination of mirror normal
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as follows:

sin Al i sin (a,r - OLP)
cos 6'1‘ sin 2n
=L, cos 6,1, sin (aT - OLP)
* 1 sin 2
n
Al =

cos (60-§ = sind = sind_cos n + cos &
( n) n P n

w s [

i A
p Sin n cos A,

and

sin A sin n sin >‘1

sin a 2
5 sin a = —

sin n cos §

cos §
n

3 [

|

¢ % g va =
n

e~}

Now we can find

a = elevation of mirror normal above loca horizontal

B = azimuth of mirror normal clockwise from north

as follows:

4~ ~ Pole
(o= ay)

(90-6L)

Mirror
Normal —J ﬁ l—Location
(90- :;.H'.l

104




cos (90-6M)

Yl

sin (-BM)

cos &
n

To find P = rotation of telescope about optic axis from a vertical plane, we

proceed as follows:

"

= <4- =
sin a sin GM sin GL cos Gn cos GL cos (aL a.)

M

sin (or.L - an) -cos Gn 3in (aL - aM)
i #ia BM i cos
M M

cos QO

Pole
Location
Pointing
Vector
c
Mirror
Normal

c O4— Telescope

# = a+b+c,c= Al - 90°
¢ = a+b+ Al - 90°
sin a . S5in (-0) T e i~ GL &in g
cos GL cos GT cos GT
a =
s ) cin (aT - aP) =k 1 cos GP sin (aT - aP)
cos 6P sin 2n 2 - sin 2n
b
¢ = a+b+ Al - 60° =
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APPENDIX B

EQUATIONS OF MOTION OF IMAGE SPACE

Assume a telescope and mirror as shown in Figure 41 with the XYZ
coordinates fixed in inertial space. The mirror has two degrees of rctational
freedom: about the X axis (azimuth) and about the inersection of the mirror
plane and the Y-Z plane (elevation). The optic axis is colinear with the Y
axis. The mirror creates a virtual image of object-space that appears to

move as the mirror is moved.

Equations are derived below that describe the apparent motion of
image space as a function of mirror motion. The motion of corresponding

images in the focal plane of the telescope also described.

Figure 42 shows the mirror in a typical position. If wer assume,
temporarily, that & (elevation) is constant and let BAC be a disk fixed in
object space, B'A'C' is the image of BAC. 1f we can determine the apparent
motion of B'A'C' due to rotation of the mirror about the X axis (azimuth),

we will have described the motion of image space.

The rotation o: B'A'C' is composed of two components; rotation
around the OP' axis and the motion of the OP' axis around the X ayis. The

magnitude of the latter is simply 2, the angular velocity of the mirror.

The magnitude of the first component is determined by noting that
90° of the rotation of the mirror about X will cause A' to mate with A, which
means that B'A'C' has rotated 90° on the OP' axis. The magnitude of the

angular velocity about OP' is therefore also equal to 8.
Adding the two components vectorally, we find that the total is
wiB = 2B cos u (1)

and is located at the intersection of the mirror plane with the XON plane.
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Scan Mirror

(00 e
Mirrcr

( ) “\Mount

Y Focal Plane

Figurc 42. Definition of Variables for the Scan Mirror
and Telescope
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In other words, the motion of B'A'C' and, therefore, image space
may be visualized by picturing the cone C'0'B' as rolling against the fixed
cone COB with the iine of tangency on the same plane as the X axis and the
mirror normal. The angular velocity of the image cone, about the line of

tangency is given by Eq. 1.

Figure 43 shows wy broken into components along the Y axis and

in the X-Z plane. (Note the st axes have been rotated 180° around the Y

axis in Figure 41 to clarifyv the picture.) The component along the Y, or
optic, axis will cause unwanted image rotation in the focal plane. The remain-
ing component in the X-Z plane causes image translation in the focal plane.

The components are determined from Figure 43 as follows:

w.,. sin a cos R (2)

8

w.

R8

i
= W '\/ 1l - (sin o cos ﬁ)z (3)
B iR

If we now hold 2 (azimuth) constant (see Figure 41) and var =

w

(elevation), a different situation ubtains. Now all points on the axis or
rotation (i.e., the intersection of the mirror plane with the Y-Z plane) have
zero velocity ir image-space. This line is therefore the axis of rotation of

image-space. The magnitude of the angular velocity of image-space is simply.

Wiy = 24
and the components corresponding to wRB and wTB are
= i 3
Upa w,  sin R (5!
and
Wre T Yo cos 8 (6)

Now, combining Eq. (2) and (5) to find the total image rotation velcoity,

= o = 1
wR wiB sin cos B wia sin B

28 cos a sin o cos B - 24 sin B

£
"

£
"

é sin 20 cos 8 - 20 sin B 7N




Figure 43. 1Imagc Space Motion
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Similarly, finding the sur of all components along the X axis,

W, = W

X cos a

iB

0 2
Wy 28 cos” a (8)

1 and along the Z axis,

1 o g
[ sz wiB sin o sin B wik sin B
: sz = Zé cos a sin o sin B + 2& cos B
Wep = B sin 2a sin £ + 22 cos B 9)

Equations (7), (8) and (9) can now be used to determine the velcoity components

of images in the focal plane of the telescope. Aésuming a focal length, f,

and using the focal plane coordinates shown in Figure 41, we can say, image

rotation is

we = B sin 2a cos B - 2a sin B (10)

Image velocity in the X direction is
Vx = f(—sz) = =-f[B sin 2a sin 8 + 2u cos B] (11)
Image velocity in the Z direction is
Ve sal SR(GETWE f[Zé cosza] (12)
YA TX

Note that Eq. (10), (11), and (12) assume that the focal plane is spherical
or that the field angle (@) is small enough to make 8 - tan 6. In other .ords,
image velocity components due to mapping errors that arise when a sphere is

mapped onto a plane have not been considered here.
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Report No. 11984-A

1.0 INTRODUCTION

The effort in the optical design area for the Teal Amber telescope
was extended to look at a variation in the all-spherical Cassegrain system
which is the recommended optical form. This variation was effectively letting
the focal surface be optimized for the optical system rather than being
governed by the mechanical interface with the CBS camera. Also, the system

would be made optically faster, F/1.2 from F/1.5. For the purpose of identifi-

cation this is System E. In the data that follows, the aperture was increased
| and the focal length kept constant. The results of the investigation showed
| an increased in-system response, throughout, with image quality being superior

over the other systems even though it is a faster system.

2.0 DATA PRESENTATION

Table #1 summarizes the parameters of the new System E and conpares

them to the recommended system in the final report (System D). Following the tables,
one will find the appropriate data. All definitions are per the final repect

#11984. The width of LSF within which 80% of the energy is contained has been

added to the table for comparison. This information is obtained from the column

DE in the tabular data. (1 arc-sec 5.5u). An examination of the classical

{ h-tan u curves show that color should not be a problem and can be controlled

I such that the data shown is representative of the systems polychromatic response.

One should note that the second optical surface is an aspheric which is verv mild,

however, all the glass is still BK7.

3.0 SUMMARY

From the optical system viewpoint, System E is superior. It vields
equal to or bette; than any ~f the previous systems. The fact that the svctenm
is optically faster implies high concentration of photons per unit area a: .he
photocathode. One can make use of the increased aperture area (l1.56 times

3 larger) hence collect more photons, or scale the system down to 30" and have a
: higher concentration of photons in a smaller area. The main disadvantage is
the location of the focal surface. It is well forward of the primary mirror
vertex (0.37m or 14.5 inches) and close to the field elements (0.096m or 3.8
inches). One should also note that the volume available for the camera is
not a cylinder of radius (0.4m or 15.7 inches) but a truncated cone. The cone

is limited by the rays leaving the primary arnd approaching the secondary.
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PERKIN-ELMER

Note: All Dimensions in Meters F/No. 1.2
Aperture 0.96 Meter

(Diameter)
Focal Length 1.14 Meters
Obscuration =~ 30%

A s/pheric Thruput >55%
VJ{ am— e e = = A
|
0.4
¥ 4
|
—o10.096 fe— o

1.1
i

L [*—— 0.37 —j

System E Optical Schematic

Figure 1,




TABLE 1.

Report No. 11984-A

COMPARISION OF SYSTEM D AND SYSTEM E

Parameter

Svstem D

System

F/#

Aper Diam

Focal Length

Optical EFF

MIF (10c/om) at 0°

80% Energy LSF

Simplicity

2.5%°Radial

2.5°Tangential

00
2.5°Radial

2.5°Tangential

00
2.5°Radial

2.5°Tangential

F/1.5

0.76m (30")

1l.14m

1.3 arc-sec
2.3 arc-sec
2.5 arc-sec

All Spheres

F/1.2

0.96m (38")

1.14m

552

0.92
0.96
0.88

0.51%*
0.53*
0.48%

2.1 arc-sec
2.0 arc-sec
1.6 arc-sec

1 Aspheric

*This comparison does not include increase in aperture.
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APPENDIX II

IMAGE SECTION DISTORTION ANALYSIS FOR

PANORAMIC SCANNING CAMERA
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APPENDIX II
IMAGE SECTION DISTORTION ANALYSIS FOR

PANORAMIC SCANNING CAMERA

)] INTRODUCTION

) In determining the camera configuration for use in this application,
the advantages and disadvantages of ardrum type vs. tape transport type camera
must be considered. Such factors as reliability, camera size vs. total stor-
age area, image distortion and image degradation must be considered in select-
ing the type of transport. As part of this study, an image section distortion
analysis has been made for a drum type camera. The purpose of this analysis
is to identify the factors centributing to image distortion and degradation in
such a configuration and to determine the magnitude of the distortion {530~

ciated with each factor.

)] While only the drum-type configuration is considered in this analysis,
many of the results and conclusions from this analysis are directly applicable
to an analysis of a tape transport camera where tape flexure rather than drum

curvature must be considered.

I 2. FACTORS CONTRIBUTING TO IMAGE DISTORTION AND DEGRADATION

(v Mounting the storage tape onto the surface of a drum introduces

certain factors which will tend to distort and degrade the electron image as

I1I-1
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it is transferred from the photocathode to the storage tape. These factors
include mapping errors, sagittal errors and non-uniform electric and mag-

netic field errors. Each of these factors is described in detail below.

I1.3. MAPPING A PLANE SURFACE ONTO A CURVED SURFACE

)] In the electromagnetic image section being proposed for this camera,
the photoelectrons which do not exit normal to the photocathode plane describe
helical paths in going from the photocathode to the storage tape. However,
the guiding center of each of these paths, as well as the actual trajectories
of those electrons exiting normal to the photocathode surface, are assumed to
follow paths which are themselves normal to that surface. This assumption is
valid except for those factors discussed separately in Sections I1.5 ard (I .6.
Consequently, as shown in Figure 1, if the storage surface were a plane,

parallel to the photocathode, dimensional integrity would be preserved in

mapping the photocathode image onto the storage surface (Lphotocathode =

L ). However, the curved storage surface results in a "stretching"
storage tape

of the image in the direction of the curvature (Lphotocathode +Dstorage —
In the case where the camera is operated in an integrating mode (i.e.,

panoramic scan) the tangential velocity of the drum is matched to the apparent
velocity of the object being observed. Under these conditions, this stre.ch-

ing will be observed as a smearing of the image in thc direction of the drum

curvature.




S= SAGITTAL DISTANCE
Dj-Do= INCREASE IN BUNDLE SIZE

Figure 2.DEFOCUSING DUE TO SAGITTAL ERROR
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II.4. SAGITTAL DISTANCE OF DRUM

V) In an electromagnetic image section, the magnetic field strength
and length of the image section length are selected so that the photoelec-
trons complete an intcgral number of helical paths in going from the photo-
cathode to the storage surface during their transit time. However, in a
drum camera, the length of the image section varies over the format as a
result of the sagittal distance of the drum. Consequently, while focus can
be achieved in parts of the format, a slightly defocussed image will exist in
o'her parts of the format. Figure 2 illustrates the case where the image is
a blur circle resulting from a point object. As shown in this figure, the
photoelectron bundle having a diameter 'Do' at the photocathode will have the

same diameter 'Do' at the focus plane. However, as the image section lcaygth

increases due to the sagittal distance 'S', the diameter of the electron

bundle will increase Do to Dl'

I1.5. BENDING OF THE ELECTRIC FIELD IN THE DRUM REGION

(00p) In the previous sections, the assumption has been made that the

electric and magnetic fields are both parallel to the optical axis of the

camera. While this is true for a uniform magnetic field, it is not truc for

the electric field in the region of the drum. Since the primed storage t ipe

forms an equipotential surface, the electric field just above the tape surface

will be normal to that surface. Consequently, near the dium surface the

electric field will bend towards the optical axis as shown in Figure 3. This,

in turn, will cause a bending of the photoelectron paths towards the optical
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axis. That is, the velocity v acquired by the photoelectrons as a result
of the electric field components parallel to the y-axis is also parallel to
the y-axis (i.e. 3 -+ vy and -vy). In the presence of the magnetic field B,
this velocity results in an additional Lorentz force (-ev x B) acting on the

photoelectrons. This additional force has the effect of increasing the radii

of the helixes being described by the electrons and at the same time imparting

a drift velocity to the guiding center of each helical path. This drift

velocity is perpendicular to the YZ plane.

Q) This bending of the electric field and its subsequent effect on the
photoelectron paths is greatest at the edges of the format width and reaches
a minimum at the optical axis. The degree of image distortion is thus a
function of position within the format. In the case where the camera is

operated in an integrating mode, this distortion will also have a smeariig

effect on the image.

1I1.6. NON-UNIFORM MAGNETIC FIELD

) All of the factors causing image distortion and degradation which
have so far been discussed have resulted from imaging onto a curved surface.
Another important factor that will exist in any type of camera utilizing an
electromagnetic image section is magnetic field non-uniformity. Since the

divergence of the magnetic field must be zero, variations in the strength of

the magnetic field parallel to the optical axis (Bz in Figure 3) are

II1-7
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accompanied by magnetic field gradients in the XY plaue. These gradients

act as a magnetic lens, and as a result, photoelectrons in different locations
in the image section are deflected in different amounts. This results in
additional image distortion, and, in the case of a camera operated in an

integrating mode, additional smear.

I1I.7. METHOD OF ANALYSIS AND FORMAT LIMITATIONS

) In this study, an analysis was conducted on the factors described

in Sections II.3 through II.5 to determine the extent that each factor would
distort and degrade the image. In this analysis, a format width of 0.79
inches, corresponding to a slit width of 1 degree and an optical focal length
of 45 inches, was selected. In addition, the drum radius was fixed by re-
quiring that the sagittal distance due to the drum be less than or equal to
0.010 inches over the format width. This part of the analysis is also applic-
able to a tape transport camera, since tape flexures of up to 0.010 inches
might be expected. From the trigonometric relationship given in Figure 4,
sagittal distance requirement corresponds to a minimum drum radius of about

8 inches.

I1.8. IMAGE SECTION PARAMETERS

An image section length of about 9 cm has been selected on the

basis of voltage gradient considerations. For optimum storage tape perform-

ance, the required photoelectron landing energy i: expected to be 15 KeV.

I11-9
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The required strength of the image section magnetic field for single-loop

focus can be calculated from

m (mv) 1/2, (1)
4 Il e

where

B = magnetic field strength

L' = image section length

V = potential difference between photocathode and storage tape
m = electron mass
e = electronic charge

This results in a required field strength of approximétely 150 gauss.

) The greatest amount of distortion resulting from each of the factors
discussed in Sections II.3 through II.5 oc: urs at the extremes of the format
width. Consequently, the following analyses concentrate on determining the

magnitude of the image distortion in these areas.

I11.9. ANALYSIS OF THE IMAGE DISTORTIONS RESULTING FROM MAPPING A

PLANE SURFACE ONTO A CYLINDRICAL SURFACE
(1)) As discussed in S¢ tion II.3, mapping a plane photocathode surface
onto a cylindrical storage drum results in a stretching of the image in the
direction of the drum curvature. Thus, this analysis consists of determining

the difference between the format width at the photocathode (L), and the

I11-10
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format width on the curved storage surface (D). Figure 5 shows the mapping

geometry and the resulting trigonometric relationships.

Thus,
wR
D= 30 arcsin (L/2R)
p - LelE
90 arcsin (L/2R) - L (2)

Using R = 8 inches and L = 0.79 inches,
D-L=3.21x 10_4 inches

= 8.2 microns

(1)) Thus the image from the photocathode will be stretched by up to
8.2 microns when it is mapped onto the drum surface. In the case where (he
camera is operated in an integrating mode, the entire photocathode image

will experience an 8.2 micron smear in the direction of the drum curvature.

I1.10. ANALYSIS OF THE IMAGE DEGRADATION RESULTING FROM THE CURVATURE OF
THE DRUM

) As discussed in Section II.3, the photoelectrons not exiting normal
to the photocathode will describe helical paths in going from the photocathode
to the storage surface. The image section length and magnetic field strength
are selected such that these electrons will complete a single loop during the
transit time (Section II.7). However, in those areas where the added sagittal
distance effectively increases the image section length, the electrons begin

a second loop. The purpose of this analysis is to determine the extent to

which this results in a defocused image.
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() For this analysis, a set of worst-case conditions have been

selected and applied to the case where the electron image at both the photo-
cathode and the focus plane of the drum is an electron bundle of diameter

Do [resulting from an optical blur circle of diameter Do being imaged onto

the photocathode].

()] These worst-case conditions are the following:
A.  The photoelectrons are assumed to exit parallel to the
photocathode with an initial energy (in that direction)
of 0.5 eV (the peak of typical photoelectron energy curves

occurs at ~0.2 eV when using a 2870°k incandescent source).

B. The initial velocities of these photoelectrons are assumed

to be from the blur circle.

*NOTE: 'B' is a worst-case condition only if the electrons complcte
only a small fraction of their second helix during the time required
to transit the sagittal distance. However, this will be established

by the end of the analysis.

U) As a result of condition ‘A', these electrons have a velocity com-

ponent YL' in the plane perpendicular to the optical axis with a magnitude of

4.2 x 10+7 cm/sec.

1/2
ie. v = (ng = 4.2 x 10+7 cm/sec (3)
=
m
where
E = electron energy
m = electron mass

I1-13
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Figure 6.ELECTRON MOTION DURING ADDED SAGITTAL DISTANCE
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(1)) Since the Lorentz force resulting from the magnetic field is per-
pendicular to this velocity component, the magnitude of 'vl' does not change
as the electrons are accelerated from the photocathode to the storage tape.
Consequently at the focus plane of the drum, 'v]' is still 4.2 x 10+7 cm/sec.

In addition, condition 'B' also exists at the focus plane.

1)) Figure 6 shows the paths that two such photoelectrons on the cir-
cumference of the blur circle will take in the plane perpendicular to the

optical axis during the time required to transit the added sagittal distance.

) The increase in the size of the electrcn bundle (D1 - Do) is simpiy
twice the distance traveled by one of these electrons (in this plane) during
the time ts required to transit the sagittal distance.

i.e., AD - D1 = Do = ZVJ_tS (&)

(v Since the landing energy of these photoeiectrons was selected to be
15 KeV, their velocity 'vy ' parzilel to the optical axis in vicinity of the
drum js approximately 7.3 x 10+9 cm/sec using equation (3) above. The time

'ts' required to transit the 0.010 inch (2.5 x 10-2 cm) sagittal distance 'S’

can thus be calculated:

E o8 B 5 1T see (5)

§

Substituting back into equation (4) results in

206.2 x 1077y (3.48 x 1071%)

AD

2.9 x 10-4 cm

2.9 microns




() It should be noted that this value for D can be reduced by a factor
of 2 by selecting the focus plane to be 0.050 inches below the "top" of the
drum. In that case, an effective sagittal distance of + 0.005 inches exists
which will result in a D of apprcximately 1.45 microns - both in the center

of the format and at the edges of the format width.

v The amount of electron travel in the record helix during the
transit of the sagittal distance will now be calculated. The radius, R, of

the helix can be calculated using the expression

mv |
§i e tmmT (6)
eB
where
m = electron mass
e = electronic charge
B = magnetic field strength
) Using 100 gauss for the magnetic field strength results in a radius
of 2.39 x 1072 cm or 239 microns.
u) Consequently, the distance that each electron travels in the plane

perpendicular to the optical axis during one loop of the helix is 1503 microns
(27R). Therefore, since the eclectrons in this analysis only travel (0.0019)
(2.9 microns/1503 microns) of their second helix during the time required to

transit the sagittal distance, condition B can be considered a "worst-case"

condition.




)63 (9 0 11 ANALYSIS OF IMAGE DISTORTION RESULTING FROM BENDING OF THE

ELECTRIC FIELD IN THE DRUM REGION
) As described in Section II.5, the bending of the electric field in
the drum region results in an initial bending of the photoelectron toward the
optical axis. In the presence of the magnetic field, the added velocity
associated with this bending results in an additional Lorentz force acting on

the photoelectrons.

) In general, the motion of an elect.on under these conditions can
be described by the following differential equations. The coordinate

system is illustrated in Figure 7.

d_zx. = -eBs dy (7
2 m dt )

dt

2 -eE eB

i_l = ___X + _Z g_x. (8)
2 m m dt

dt

2 ek

d’z z

dtz m

eBz m eBZ \n —J eBz m B::
L
\"4
»*
(o] t o t t
mv
$ = yo + —J_ sin eBz 4 ™y 1 - cos eBz + mEx cos eBz -1 (11)
eB m eB m 2 m
z eB
| )@
\ 4
%
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ek t2
z

2m

) In these equations, x°, yo and z° define the position of the elec-

tron at time 't' = 0 and vxo, vyo define the velocity of the electron at

t = 0.

u) The portions of equations 10, 11 and 12 that are marked with an
asterisk describe the behavior of the electron when both the electric and
- -
magnetic fields are parallel to the optical axis CGiiel E-*'Ez, B—'-BZ). As
> -
discussed in Section I1.7, the values of E and B were selected such that at
the focus plane of the drum, x = X and y = ¥, at the single-loop focus
point. Therefore, if the assumption is made that the magnitude of Ez docs
r not significantly change as a result of the field curvature towards the .
i

optical axis, the extent of the distortion can be established by determining

the magnitudes of the remaining terms in equations (10) and (11) as shown

below.

_ mE sl eth + E t
R = y . . (13)

+ - cos eBZt
Ay u =y = (14)
2 m

eB

(The assumption that the magnitude of Ez does not change significantly is valid

provided that the angle between the electric field and the z axis remains small.

This will be verified later.)
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Q) To determine the magnitude of Ey as a function of location within

the image section, the potentials at various points within the image section
have been determined by an iterative computer solution of the Laplace equa-
tion. The boundary conditions that approximate the actual image section
geometry, but also fall on a square numerical mesh were selected and are shown

in Figure 8.

()] The computer prozram prints out potential values on a square array
of points 0.2 mm apart. From this array of potentials, the magnitude and

direction of the electric field in any region of interest can be determined.
Calculations indicate that the electric field at the edge of the format can

be characterized in the following way:

1. The electric field begins bending toward the optical
axis at a point approximately 1.5 cm above the drum

surface.

2. In the region between the drum surface and the point
where the field first begins bending, the average

>

electric field 'EAve' (as defined in Figure 9) makes
an angle of O degrees, 34 minutes with the z-axis.
This confirms the assumption that Ez does not change

significantly in value as a result of the field bending

toward the optical axis.




B

Z =11.52 CM
,_I

~ L5CM

Z= 13.00 CM-

Z= 13.02 CM

Figure 9.ELECTRIC FIELD DISTORTION




Q) The extent of the distortion due to the field curvature can now

be calculated using equations (13) and (l4). The average value of Ey

associated with EAve was used for these calculations as shown below.

E = EAvetan 34"
yAve

11

= LS x 10+ abvolts/cm

Thus,  E = @) 1.14 x 10" abvolts/em
Ave

)] The sign of Ey designates which edge of the format width is
Ave

being considered.
Q)] This E acts on the electrons during the time required for them
Ave
to transit the last 1.5 centimeters of the image section. This transit time
has buen calculated to be approximately 2.13 x 10_lO seconds.
)] Using these values for E and the transit time equations (13)
Ave
and (14) have been used to calculate the amount of distortion at the edge of
the format resulting from the bending of the electric field. The results of
the calculations are as follows:
P4 + 0.6 microns (for Y,
- 0.6 microns (for Ty
- 4,5 microns (for Y,

+ 4.5 microns (for Y,
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) As in the cases of the other distortions analyzed, the magnitudes

of Ax and Ay decrease nearer the optical axis, except in the case where
the drum surface is moved closer to reduce the distortion at the edge of the

foruat as discussed in Section II.10.

Q)] It should be noted that Ay distortion due to this bending of the
electric field is opposite in direction to the Ay distortion caused by
mapping the plane photocathode surface onto the curved drum surface as shown

in Section I1.9. Thus, these two distortions tend to cancel each other.

) The net magnitudes (at the edge of the format) of the distortions

discussed in Sections II.9 through II.1l are summarized in the table below:

Cause of Distortion Magnitude ' Direction
Spot Growth 1.45 microns radial
Mapping and Field Bending - 0.6 microns (y <0) x-direction
Combined
+ 0.6 microns (y >0) x-direction
+ 0.4 microns (y <0) y-direction
- 0.4 microns (y >0) y-direction
Q1)) In the case where the camera is operated in an irtegrating mode and

the electron image at the photocathode is an electron bundle of diameter Do’
the total effect of all these distortions will be to:

1% Increase Do to D0 + 2.65 microns along the x axis, and

24 Increase D0 to D0 + 2.25 micrens along the y axis.
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APPEND'X III

STORAGE TARGET ANALYSIS

III.1 INTRODUCTION

(v) Study effort has been directed towards determining whether or not

the format size and electrical discharge sensitivity (drop in surface poten-
tial per unit of input photoelectron charge density) of the presently-available
storage targets can be increased to the level required by a Teal Amber tape
transport camera with unity image section magnification. The transport de-
sign necessitates a stainless steel foil tape 110 mm wide and 1.2 n long
covered with a Silicon Dioxide film. The electrical discharge sensitivity

11 volt-cmz/coulomb. The

required is anticipated to be on the order of 10+
largest stainless steel foil storage targets presently being fabricated bv
CBS Laboratories are 76 mm wide and 510 mm long, with an electrical discharge
sensitivity of approximately 5 x 10+9 volt—cmz/coulomb. Thus, a threefold
increase in area and a twentyfold increase in sensitivity over the present
targets are necessary for the Teal Amber application.

(V) From the Table I it can be seen that the highest experimentally

L volt-cmz/

verified sensitivity achieved in the current program was 6.4 x 10
coulomb. This is a 13-fold increase over that of the preseut targets. Al-
though this is not sufficient for a unity magnification image section, it can
be employed in conjunction with a framing camera demagnifying image section

to provide more than adequate sensitivity for the Teal Amber application.

The target size required for a framing camera is also easier to fabricate

than the large area surface required for a tape storage camera.
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I 2 STORAGE TARGET FABRIC.. 0N

45 The storage target fabrication process involves three operations:
cleaning; firing; and coating the stainless steel target substrate. 1In order
to fabricate larger targets, the fixtures which support the target substrate
during these operatings have to be changed. Experiments have been performed
with the sputtering system used for coating the tape substrates, but only
conceptual studies of the revised cleaning and firing processes have been

made, since the proper fixtures were not available.

TPHIR2 . Cleaning and Firing of Target Substrates

) Storage target substrates of stainless steel foil up to 800 m. long
have been cleaned and fired using the current support fixture, a cylinder
approximately 10" in diameter and 2" high made of a molybdenum wire screcn,
The stainless steel foil is wrapped once around the screen cylinder and tack-
welded in place. The foil and supporting screen subsequently undergo both

cleaning and firing operations together.

(v) The volume occupied by the foil and support fixture is limited to

a cube 10 inches on a side, representing the inside dimensions of the f;rnace.
In addition to the space requirement, other considerations include: ease of
loading and removing the substrate to avoid dents and scratches; no two arcis
of foil to be in contact in order to avoid welding; and minimum contact ' -
tween the foil and support in order to avoid uncleaned areas. It has been
found from experience that the firing process induces a permanent set accord-

ing to the curvature of the foil during the firing.

4)) Based on these limitations, the best method of supporting the Teal
Amber tape appears to be a spiral configuration with space between adjacent

wraps.
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I11.2.2  Target Substrate Coating Process

4] The storage target substrates are coated with SiO2 using a radial

rf sputtering system. Stainless steel substrate foils up to about 750 mm
long are presently being coated. The foil is formed against the inside of

an 8-inch diameter pyrex cylinder and spot-welded together. The foil and
pyrex cylinder assembly is then placed within the sputtering system concentrlc
to the quartz electrode. Coating the substrate with SiO2 to a thickness of
2300 R takes approximately three hours. In order to accommodats a substrate

foil 1.2 m long, the foil must be located against the inside of the pyrex

vacuum jar (1.4 m perimeter) used to enclose the sputtering system.

§0)) An experiment has been performed to establish whether storage targets
coated at the inner surface of the pyrex vacuum jar are equivalent to those
coated on the present fixture. For this experiment, a substrate foil about
750 mm long was fabricated using the standard cleaning and firing processes.
The substrate was then located on the inside surface of the pyrex vacuum jar
and coated to the standard 2300 R SiO2 thickness. The resulting coating
appeared very uniform over the tape surface. EBIC gain was comparable to that
of the standard storage targets (approximately 90), but the charge storage was
not as good. It ranged from a 2-volt to a 17-volt drop as opposed to a maxi-
mum 2-volt drop in the present targets. However, the results of this experi-
ment clearly demonstrate the feasibility of preparing storage targets with

the larger format.

I1I.3 STORAGE TARGET EVALUATION

(J) In addition to the storage target fabrication development activities,

the electrical characteristics of the standard format storage targets having
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various Si0, film chicknesses were investigated to determine the optimum
thickness range for a subsequent camera hardware program. Film thicknesses

0] 3 3
of 7200 R, 9700 R, 13,500 A and 17,000 R were investigated. These tapes were
fabricated using the same procedures and processes as for the present targets

having a 2000 R film thickness.

Q) An attempt was made to heat the tape samples to 385°C (under

vacuum) for a period of approximately 16 hours to simulate the thermal cycles
in the camera tube processing schedule. At this temperature, a good vacuum

(1 x 10_6 torr) was achieved using a relatively high-speed diffusion pump.
However, extensive outgassing was observed at temperitures greater than 300°¢
when using an ion pump vacuum system with a considerably lower pumping s-ecd.
Consequently, in those thermal cycles where the smaller ion pump svstem was
used, the temperature was limited to about 275°C.  The exact temperatur.s for
the tape samples in the specific tests are specified in the discussion of each

test.

u) At the conclusion of the test effort, the thermal cycling was ac-
complished using a second ion pump system equipped with a residual gas analy-
zer (RGA). No outgassing was observed in these runs, nor were any unusual
peaks noted on the RGA traces. This suggests that the previously-observed
outgassing was not from the tape samples but was due to a contaminated ion

pump.

) The following electrical characteristics of the storage targets

were evaluated:

1. DC EBIC Gain - The electron-bombardment-induced
conductivity exhibited by the storage target when
exposed to a steady state (dc) high-energy electron
beam and a low-energy surface potential stabiliza-
tion beam.
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TABLE II

OPTIMUM LANDING ENERGIES

Storage Target Landing Energy for
Film Thickness (Angstroms) Peak dc EBIC Gain
7,200 10 kev
9,700 13 kev
13,500 16 kev
17,000 19 kev
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2. Write-in Characteristic - The relationship between

a given high-energy input charge density and the

resultant change in surface potential of a primed

storage target.
| 3. Charge storage - The ability of the storage target

to retain a surface charge as demonstrated by the

surface potential vs. time characteristic.
’ IIT.3.1 DC EBIC Gain Measurements
l (v Samples from each of the four storage target tapes were thermally
l cycled at 385°C for approximately 16 hours. They were subsequently mounted

] on holders and placed in a vacuum system for dc EBIC gain measurements.

(v) In making these measurements, however, a high leakage current from
the potential stabilization gun was observed in tha target circuit which
tended to mask the EBIC gain current. Due to the existence of this higl leak-
age current, it was doubtful that the surface potentials of the samples were
in fact being stabilized at grid potential. Consequently, these dc gain
measurements were only used to identify the location of peaks in the dc¢ gain
vs. landing energy curves for each of the tapes. The landing energy associ-

ated with each of these peaks is presented in Table I'.
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III.3.2 Write-In Characteristic Measurements

(n Samples from each of the four storage target tapes were thermally
cycled at 250°C for about 22 hours and mounted on the drum of the write-in

characteristic test fixture. Write-in characteristic measurements were made
on all of the tapes shown in Table II except the 17,000 2 tape, due to dif-

ficulties in priming that tape to the proper level. Table I summarizes the

results of these measurements.

(v) An effort was also made to obtain write-in characteristic data
at lower input charge densities, (down to 9 x 10-11 coul/cmz), although it
was difficult to obtain a good writing beam spot at the required beam cur-
rent levels. It was felt that the poor spot geometry resulted in a non-
uniform deposition of charge from the writing beam which, in turn, affected

the shape of the write-in characteristic curve in that region.

(v) When the test samples were removed from the evaluation system, it
was observed that each sample had blotches on the surface. Later tests
indicated that these spots were the result of contaminants present on the

substrates prior to depositing the SiO2 coating.

IT1.3.3 Additional Write-In Characteristic Measurements

) Due to the difficulties experienced in making write-in character-
istic measurements at the lower input charge densities, some modifications
were made to both the write-in characteristic evaluation system and to the
test procedure in aa effort to improve the accuracy of these measurements.
Write-in characteristic measurements were made on a second 7200 X target

sample for an initial prime level of -206 volts and for input charge densities

III-8




in the range of 2.7 x 10-11

coul/cm2 to 1.27 x 10_9 coul/cmz. Next, the
effect of increasing the prime level to =312 volts investigated. Finally,
a recheck of the write-ir characteristic at the =206 volt prime level was
made. After making these measurements, the sample was removed from the

evaluation system. A visual inspection of the sample showed that this

sample had also acquired spots and blotches on its surface,

(V) The results of these measurements are presented in Figure 1 and

can be summarized as follows:

1. The relationship between input charge density and
the resultant clange in surface potential is approxi-
mately linear over the range of input charge densities
investigated.

2. The slope of this curve represents the electrical
discharge sensitivity, and is approximately

2
3.3 « 10+10 volt-cm™
coulomb
for the =206 volt initial prime level.

3. This slope incrcased from 17% to 31% in going from
the =206 volt to the -312 volt initial prime level.

4. The uncertainty in the amount of increase in this
slope is due to an apparent "aging" process; that is,
the slope of the =206 volt (repeated) curve is 1515
less than the slope associated with the data obtained
at the original -206 volt prime. The extent of this
aging process and its causes, such as time, ~lectrical
stress, or electron bombardment, have yet to be de-
termined.

w Subsequently, a target sample from an additional tape also having
a 7500 R film was installed in the evaluation system. This second tape had
been fabricated using a different stainless stecl substrate and a different
substrate preparation procedure. Write-in characteristic measurements were

made on this sample fo' a number of different initial prime levels and also

I11-9
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a number of different writing beam landing energies. The data obtained are

presented in Figure 2. The following observations were made:

1. The slope of the write-in characteristics curve
has its peak value when the landing energy of the
writing beam is approximately 7 kev. This fact
appears to contradict the early dc EBIC gain
measurements on the 7200 & tape that showed that
the gain peaked at 10 kev.

2. As a function of target priming level, the slope

of the write-in characteristic curve appears to

peak (or saturate) somewhat between -410 V and
-510 V.

40)) After taking the data presented in Figure 2, the write-in character-
istic of the target at the -205 V prime level and 9 kev landing energy was
remeasured to check for possible target aging. No such effect was observed.

In addition, no spots or blotches were observed on the surface of the tape
after taking the above data. It was, therefore, concluded that the spots
observed on the previous target samples were the result of contaminants present

on the substrates prior to depositing the Sioz.

I11.3.4 Charge Storage Measurements

v While the main goal cof the target evaluation work was to determine
the write-in characteristics of the storage target tapes, charge storage
measurements were also made on several of the tapes. The change in surface
potential as a function of time was used to measure the charge storage ability.
The results of these measurements are summarized in Table III. Since in the
proposed camera the time between write-in and readout is on the order of one

minute, these measured charge storage characteristics are more than satis-

factory.
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Film

Thickness

7200

7500

9700

TABLE 1II1

CHARGE STORAGE TEST RESULTS

Initial Surface
Potential

=213 Volte
=210 Volts

-211 Volts

Storage
Time

16 hrs

23 hrs

16 hrs

Change in Surface Potential
During the Storage Time

6 Volts
4% volts

2% Volts
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[11.4 STORAGE TARGET MEASUREMENT TECHNIQUES
(0

I11.4.1 EBIC Gain Measurement Procedure

v) EBIC gain measurements of the storage targets are made in a de-
mountable vacuum system which can evaluate eight tape samples simultaneously.
The measurement is made by first pr.ming Fhe target surface to the potential
of the grid positioned in front of the sample by flooding the surface with
electrons having an energy above the first secondary emission crossover for

SiO2 but below the threshold energy for EBIC gain,

Q1)) A second electron beam of known current IB whose electronr energy

can he varied from 2.5 kev to 25 kev, is then focused on the sample. The
current IT through the sample is then measured. The flood beam remainc on

in order to maintain the proper surface potentigl. After IT has been meuasured,
the high energy beam is biased off and the leakage current IL due to flood

beam is measured. The EBIC gain (n) of the tape sample is then calculated

using the formula

(1)

The EBIC gains measured by this technique are estimated to be accurate to with-

in +57. A schematic diagram of the experimental apparatus is shown in Figure 3.

ITI.5 WRITE~IN CHARACTERISTIC MEASUREMENT PROCEDURE

Q1)) Write-in characteristic measurements on the storage target are made
in a second demountable vacuum system, consisting of a rotatable drum on which

the tape samples are mounted, a prime/erase gun, a high-energy writing gun

ITI-15
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operated in a vertical line-scan mode, and a low-energy gun for making surface
potential measurements. The measurement is made by first priming the sample

to the desired potential using the prime/erase gun. Then, with the drum
rotating, the high-energy writing gun (5 kev - 20 kev) operated in a line scan
mode is used to incrementally discharge the tape sample. The current in the
high-energy beam is measured during the discharge process in order to determine
the charge density delivered to the samples. The surface potential of the
sample is then measured as described previously, the sample is reprimed, and

the procedure is repeated for other write-in charge densities.

I11.6 CHARGE STORAGE CHARACTERISTIC MEASUREMENT PROCEDURE

48] Charge storage measurements can be made using either the EBIC gain
test apparatus or the write-in characteristic apparatus. A tape sample is
first primed to the grid potential, and the surface potential is measured.
After a number of hours, the surface potential is again measured. The dif-

ference in potential is a measure of the storage property of the target.

(v To determine the value of the surface potential, the beam from a
low-energy (300 eV - 800 eV) electrcn gun is pulsed on for 10 usec and the
resulting current passing through the sample is monitored on an oscilloscope.
Since the energy of the electrons from this gun is above the first crossover
for secondary electron emission from SiOz, the potential difference between
the grid and sample surface determines the direction of the current. Neglect-

ing the energy distribution of the secondary electrons,

III-16




Where:

v grid potential,

g
\Y
T = target potential,
IT = current through the target,
IIB = low-energy beam current, (all potentials are
‘ negative with respect to ground).
) As a result, the surface potential of the tape sample can be de-

termined by varying the grid voltage until the current through the sample
drops to zero. Since the total charge delivered to the sample during a

single 10 usec pulse is very small - on the order to 10—ll coulombs - this
measurement can be made without appreciably changing the surface potential.

This measurement is estimated to be accurate to within +0.25 volts.
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APPENDIX IV

CBS ELECTROSTATIC CAMERA

ANALYTICAL MODEL

IV.1. INTRODUCTION

L) An analytical signal-to-noise model has been developed for the CBS

electrostatic camera that takes into consideration both internal and externally-
generated noise sources and MIFs 1. The following version of the model is
specifically tailored for the star magnitude inputs of the Teal Amber I Design

Study, but the signal and noise expressions are unchanged.

The description of the model will start with the various MIF ! orms,

and then continue with the input parameters, the signal term and the nci:c terms.

Finally, the signal expression will be combined with the MIF terms and the rms

noise to yield the complete signal-to-noise expression. A glossary of variables

is also included.

1v.2. MTF TERMS
) The modulation transfer function, or MIF, describes the amplitude
response of a system or device to a sine wave input of a given frequency. 1In

equation form,

1(K) = o ’ (€D

where

T(K) is the MIF at spatial frequency K,
HO(K) is the modulation at the output at spatial frequency K

Hi(K) is the modulation of the input at spatial frequency K.

Iv-1
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Since the MTF is a simple ratio of modulation amplitudes, the MTF

of a system composed of many components is simply the product of the MTFs of

the individual components.

The modulation of a sine wave signal on top of a DC offset is given by

Emax - Emin
M=% TE® ' (2)
max min

where Emax is the peak value of the sine wave, and Emin is the minimum value

(offset) of the sine wave.

A graphical representation of these values is shown below.

——1— period

1

(!

} offset
zero level -

The various MTF terms comprising the total system MIF will be

described in the paragraphs that follow.




IV 251 Image Motion MTF

(U) The image motion MTF is due to the shifting of the scene light over
the photocathode surface. This can be due to telesccpe tracking errors, mount
vibration, image mapping errors, or atmospheric refraction. The MTF is different
3 depending on whether the image motion is linear, parabolic, sinuscidal or random.

An equat.ion for the MIF due to each type of motion is given belowz.

! Linear Motion MTF is given by

(K) = sin (TAK) (3)

! where A is the magnitude of the image motion and K is the spatial freoc'tency.

: Parabolic Motion MTF is given by :
%
2/AK
.

1(K) = e /i [ cos( g-xz ) + sin ( %—xz )] dx (4)
2V/AK o

where A and K are already defined, and x is a dummy variable used in the

integration.
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Sinusoidal Motion MTF is given by

T(K) = Jo (TAK) (5

where
it

Jo(x) = -TlT / cos (x sin 6)d6 (6)
o

is the zero-order Bessel function, and A and K are already defined. Here,

however, A represents the peak-to-peak amplitude of the sinusoidal motion.

F andom Motion MTF is given by

2
T(K) = e-2(nAK) @)

where A and K are already defined, and A is the rms ‘amplitude of the random

motion.

The image motion MTF term used in the model may be only one of the
above terms or the product of two or more of the terms, depending on the
amplitude and waveform of each component of image motion. For instance, the
telescope mount vibration might be sinusoidal with some amplitude, while the
tracking error might be linear with a different amplitude. In this case, the
total image motion MTF due to both of these terms would be the product of

equations (5) and (3), with the proper amplitude in each case.

V-4




V.:2.2 Scene Modulation

)] The Scene Modulation is due to the contrast ratio of the light
received from the scene. It assumes that this light is sinusoidal, although
this is rarely the case, especially in the Teal Amber I application. However,
the resulting error is usually justified by the simplicity of the MTF calcula-

tions. The contrast ratio of the light from the scene is given by

E
CR Emax
min (8)

where Emax and Em are defined in equation (2). The scene modulation is then

in
given by

1
= 9

Cx =
T o —— e —
+

scene CR

IvV.2,3 Imaye Section MTF

) The analytical expression for the MIF of the image .section is too

complicated to use in this model. A table of experimental values will be used

instead.

1V.2.4 Telescope MTF

(v The analytical expression for the MIF of the telescope is also too
complicated to use in this model. A table of values for a particular tele-

scope, or the MTF of a diffraction-limited lens can be used instead. The

equation for the lens MIF is given below3.

T T TS =,



-1 ,1K (35)

(-B—) s (& 10)

1)

D is the aperture diameter,
F is the foca™ length,
A is the wavelength

K is the spatial frequency

In this case, however, the calculated MTF for the particular

telescope will be used.

IvV.2.5 Target MIF

(U) The MTF of the Silicon Dioxide storage target in the electrostatic

camera has been derived by Krittmana. It is given below.

: _ e G 2k &
target 41Kt (k1) + (k_l)e-AnKt

where
K is the spatial frequency
k is the dielectric constant

t is the dielectric thickness.
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1v.2.6 Read Beam MTF

) The MIF of the read beam can be calculated assuming that the intensity
distribution of the beam is Gaussian3. The expression for the MTF is then

the Fourier transform of the Gaussian distribution,

"read beam '2(“K0)2 (13)
where o is the standard deviation ~f the beam. For this study, it has been
assumed that the diameter of the 1ead beam spot is equivalent to 4o.

Iv.3 INPUT PARAMETERS
¢3)) The Teal Amber inputs are usually given in terrs of equivalent stellar

visual magnitudes, which must be converted to exposure in electrons per pixel
before they can be input to the model. This is done by comparing the visual
magnitude of the object (or background) to that of the sun over the spectral
range of interest. The resulting intensity in watts per square centimeter is
then multiplied by the area of the collecting aperture and optics transmission

to get the total watts, and then converted from v tts to electrons per pixel.

This is shown below.

n. = C.& D At (i"i) (ER) (14
T T4 "¢ ‘"o vT e )
where
.- (-26.7 - m )
Cp= 742 x107° « £, + 2.512 Vp (15)
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and
n_ 1is the number of target electrons per pixel

m is the visual magnitude of the target

t is the atmospheric transmission

C.. is the watts/cm2 given off by the target
D is the collecting aperture diameter

t is the trunsmission of the optics

d is the optics blur circle diameter

v, 1s the target velocity

R is the photocathode responsivity

e is the electron charge.

Tf the term —< is larger than the exposure time, it should be

repLaced by the exposure time Te.

In a similar manner, the number of background electrons per pixel
can be calculated given the background visual magnitude per unit of solid

angle (usually square arc-seconds).

- R
ny = G0 G dap D e (DT, (16)
where
= (-26.7 - m, )
Cy = 74.2x 107 + ¢, » 2.512 B (17)
and

n, is the number of background electrons per pixel,
. 2,~2
C, is the watts/cm“/sec” given off by the background,

T 1is the exposure time.
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expression for n_.

T
IV.4 SIGNAL TERM
() The input signal current from a scene with infinite contrast is
given by
Iscene e Jae MthQD
where
Mk = GmmGth
C*
L (nT/2 + nB)e
. Ap
and

Mk is

QD is

€ is
Gt is

G is

m

m is
6t is
Ib is

The rest of the parameters are identical to those in the previous

a multijlying factor,

the

the

the

the

the

the

average input charge d nsity

return beam collection ratio,

storage tape gain,

e¢lectron multiplier gain,

slope of the readout characteristic,
secondary emission ratio of the storage tube,
read beam current,

capicitance per unit area of the storage tape,

(18)

(19)

(20)



number of target electrons per pixel
number of background electrons per pixel
electron charge

pixel area

This signal term must also be modified by the MTF terms to get the

actual output signal.

IV.4.1 Output Signal Calculation

) The signal remaining at the output of the camera is the product of
the input scene current, the scene modulation, and the MIF terms of the camera

components at the frequency of interest.

signal T Timage Ttarget Timage Tread Ttelescope "scene Iscene (1)

motion section beam

IV.5 NOISE TERMS

(V) The major noise terms affecting the camera output are the scene noise,

dielectric noise, read beam noise, thermal noise and amplifier noise. Each of

these will be considered separately.




BV 5L Scene Noise

)] The scene noise, or quantum noise, is due to the rms fluctuations
in the input signal and the randomiiess of the target gain process. The current

at the output due to this noise is given by

1 of 58 v 2%@apeeion | (22)
“scene i 2 Mk t “tpD
where =
1 K 2
B K fo 'Ttarget(K) Tread beam (K)I o (23)

is a noise correction factor described by Schades, and the other variables were

previously described in Section 1IV.

IV.5.2 Dielectric Noise

) This noise is dus to the target charging during readout. The
equivalent current at the output due to the dielectric (uvr target) noise is
1
3
I 8 A e o LT (24)
dielectric A 2 Mk 2B ¢
where P
6

x 1s a noise characteristic of the target ,
B 1is the bandwidth,

and the rest of the terms have been previously described.
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IV.5.3 Read Beam Noise

()] This noise is due to the shot noise in the read beam, modified by
the electron multiplier noise, the secondary emission noise of the dielectric,

and the energy analyzer partition noise. The equivalent current is given by

caé
2 t 2 2D
Gm 2erB(6m_1 + (aeét) +a"¢ (K—Gt)ét

Iread .-

Y
+ a(l—a)eét) (25)
where
G is the electron multiplier gain

é is the secondary emission ratio of the first dynode of
the electron multiplier

a is the fraction of the return beam passing through the
energy analyzer,

and the rest of the terms have already been described.

1V.5.4 FET Noise

(V) The preamplifier chosen for this sensor model incorporates a low-
noise junction field effect transistor. The shot noise current due to the

channel current of the FET is given by

1
8el B C2 1
I = L

FET 7 (26)

&m

where
IF is the FET channel current
C is the shunt capacitance to ground
g is the FET transconductance

and che rest of the terms have previously been described.
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RV5%5 Thermal Noise

Q1)) The thermal noise current generated by the output load impedance

of the sensor 1is given by

b

4kBTB
Ithermal = [ RL ] (27)

where

is Boltzmann's constant

S

is the absolute temperature
RL is the load impedance
B

is the bandwidth.

IV.5.6 Total Noise Calculation

V) The total noise due to each of the individual noise terms is the
rms sum of these terms as shown below, where the quantum noise correction

factor is calculated for the frequency of interest.

2 2 2 2
Itotal noise [Iquantum = Idielectric ¥ Iread g IFET

¥

2
$ Ithermal ]
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IV.6 SIGNAL-TO-NOISE RATIO CALCYULATIONS

U)) The signal-to-noise ratio at the camera output is given by the ratio

of the signal current in equation (21) to the total noise current in equation

(28),

z i 1
SNR = —S1gnal (29)

total noise

This can be compared to the quantum-limited signal-to-noise ratic available at
the input to get a quantitative measure of the amount of signal degradation and
noise introduced by the camera. The quantum-limited signal-to-noise ratio is

given by

SNR | St (30)

where np and ng are the numbers of target and background electrons, respectively.

The camera signal-to-noise ratio can be improved by altering the size
of the read beam with respect to the pixel size. As the read beam diameter
decreases, the effective camera signal-to-noise ratio increases due to the area
correlation in the output signal. This increase in the signal-to-noise ratio

is shown below:

Isignal 4A
SNReff. = . (31)

I :
total noise

where Ap is the pixel area and d is the diameter of the read beam.
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However, the effect of decreasing the read beam diameter is often

offset by consequent increases in the bandwidth and the beam current.
IvV.7 EQUIVALENT INPUT NOISE

(1)) It is sometimes desirable to equate the noise current at the output

of the camera to an equivalent number of "noise" photoelectrons at the photocatlode.
A simplified calculation of this can be performed by examining how the camera
degrades the quantum-limited signai—to-noise ratio. Referring to equation (30),

the signal term is degraded by all the MTF terms (except the scene modulation),
while the noise term is increased by the equivalent number of noise photo-

electrons. This 1is shown below.

SNR = TsxstemnT
camera

output “hT % g ¥ nN

L =1 i s i 1
system image target image recad telescope’
motion secticn beam

and the SNR is given in equation (31).
Thus, to find the number of equivalent noise electrons at the

photocathode, use equation (31) to get the signal-to-noise ratio at the camera

output, and then solve equation '32) for .




Iv.8 CAMERA NOISE BANDWIDTH

(0 In order vo be able to find the total noise by taking the rum sum

of the individual noise terms, each of the terms must have a normal distribu-
tion. This represents white noise, where the noise power per unit bandwidth
is constant. Although not all of the noise terms have a normal distribution,
such as the scene noise, for example, it is close enough for this type of

calculation. Hence, thc noise bandwidth i- limited only by the transfer

processes that follow each noise source.
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1V.9. GLOSSARY

(U) A complete listing of the parameters used in the analytical

model is given helow.

PARAMETER DESCRIPTION UNITS
a energy analyzer transmission =
j A image motion magnitude, eq. (3) - eq. (7) -
f Ap pixel area cm2
1 \ b product of terms, eq. (10) -
B bandwidth Hz
c FET shunt capacitance Farad
C* Target capacitance per unit area F/cm2
CB background irradiance watts/cm2/§EE2
CR contrast ratio, eq. (8) ’ -
CT target irradiance watts/cm2
d read bear diameter Um
dpe telescope blur circle diameter Sec
Dc collection aperture diameter inches
e electron charge 1.6 x 10_19 coul,
F telescope focal length inches
g, FET transconductance mhos
Gm electron multiplier gain -
Gt target gain -
i Ib read beam current amps
IF FET channel current amps
k target dielectric constant 3.8
Iv-17
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PARAMETER DESCRIPTION UNITS

kB Boltzmann's constant 1.38 x 10_23J/°K
K spatial frequency 1p/mm
| m readout slope amp/amp/volt
MK multiplying factor, eq. (19) =
ng number of background electrons, eq. (16) =
] N, number of target electrons, eq. (14) -
I QD input charge density, en. (20) coul/cm2
R camera load resistance chms
RP photocathode responsivity (S-20) amp/watt
t target thickness angstroms
ta atmospheric transmission (average) =
to optics transmission =
T absolute temperature %kelvin
Te exposure time seconds
Vi target velocity arc-sec/sec
B noise correction factor, eq. (23) =
Gm electron multiplier secondary emission ratio -
ét target secondary emission ratio -
g return beam collection ratio =
K target noise characteristic 5
A wavelength of light through lens angstroms l

o standard deviation of the beam =

M e SR s o T T
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PARAMETER

T
image
motion

T
image
section

T
lens

T
read beam

g
telescope

DESCRIPTION

image motion MTF, eq. (3) - eq. (7)

image section MTF (at 11 1p/mm)

lens MTF, eq. (10)

read beam MIF, eq. (13)
scene modulation, eq. (9)
target MIF, eq. (12)

telescope MTF (at 11 1p/mm)
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APPENDIX V

ASTRONOMICAL DATA AND CONVERSION FACTORS

Visual magnitude of sun -26.7 m

Total solar irradiance .1353 Watts/mn2
(outside atmosphere) y

- 9
Solar irradiance between 300 and 800 nm  74.16 x 10~ W/cn’
(outside atmosphere)

Solar irradiance between 300 and 800 nm 44.17 x 10-3 W/cm2
(at sea level)

Atmospheric light transmission, 0.60

1 sphere

1 steradian

300 to 800 nm

4 steraql.tans

4.2545 x 1010 square arc scconds (Q‘:EZ)

1 radian = 57.296 degrees

1 degree = 60 minutes of arc

1 minute of arc = 60 arc-~seconds

1 nautical mile (nmi) = 1852 meters

1 statute mile = 1609 meters

1 meter = 39.37 inches

1 micron (n) = 10.6 meters

1 nanometer (nm) = 10.9 meters

1 Angstrom (X) = 10-10 meters

1 electron charge = 1.602 x 10-19 Coulombs




