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1.0 INTRODUCTION AND SUMMARY

This report presents the results of an 18 month breadboard
development program to demonstrate the feasibility and performance of
critical elements of the Hughes Thematic Mapper (TM). The work was per-
formed under Contract NAS 5-20589 dated 29 June 1974 and subsequent
modifications, The original contract was limited to development of a 40. 6 cm
version of the earlier 23 em Multispectral Scanner {(MSS) scan mirror asseme-
bly (SMA). Near the close of this original one year eifort the coniract was
modified and extended to permit several new design improvements to be
made to the torquing control and mirror reversal mechanism. At about the
same time two additional modifications to the contract were made to permit
development of a scan line corrector (SL.C) and a silicon photodiode array
(SiPDA). The work on the SMA, SLC, and SiPDA was carried on as separate
projects which have culminated in demonstration of the desired performance
at the close of the contract, though not 1n every detail for every parameter,

Figure 1-1 depicts the general concept of the Hughes Thematic
Mapper. The three new elements are called out among the total complement
of instrument assemblies which are already flight proven,

A general summary of the program requirements and results is
presented in the following paragraphs. Subsequent sections are organized
as essentially autonomous reports of the three projects, each containing its
own detailed summary. Section 2 presents the details of the design, develop-
ment, and test of the SLC. Section 3 presents similar data on the SiPDA and
Section 4 presents the detailed coverage of the SMA effort., Formal test data
logs are presented as appendices for each of the assemblies, Further
details of development and diagnostic testing can be found in the engineering

log books which are submitted separately from this report.
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I.1 SCAN LINE CORRECTOR

The requirement for high scan efficiency in the TM makes 1t
necessary to use both the forward and reverse scans of the_ scan mirror for
taking data. The MSS sampled its detectors only during the forward scan,

1. €., the east to west sweeps of the mapped strip and as such was able to
achieve 45% scanning efficiency. Successive sweeps then are contiguous

and collinear. Thematic Mapper is expected to achieve 80% or higher scan
efficiency so as to minimize the peak data rates, hence the data handling
difficulties, A large oscillating scan rmirror, such as in MSS or larger, is
lirmuted by inertial forces to moving essentially at constant angular velocity,
i.e., no fast flyback after scan. This then dictates the use of equal period
data producmg scans alternating in the forward and reverse directions and
with minimal time spent during reversal. Scanning thus, the alternate
sweeps are not collinear since the in track motion {(north to south) of the
spacecraft would cause the east-west and west-east sweeps to overlap each
other at the edges of the swath, A solution to this is provided by a beam
steering mirror which during scan mirror reversals, snaps torward along
the spacecraft path by a distance equal to the width of a sweep and then
slowly moves back to its original position during the scan period. In this
way the crisscrossing scan mirror sweeps are corrected so that they become
collinear as portrayed in Figure 2,1-1, The device which has been developed
to perform this corrective motion is called a scan line corrector,

The SLC is composed of a two-mirror assembly which is rotated
back and forth on a motor driven shaft. This assembly is mounted in the
converging beam just ahead of the first focus of the telescope. Because the
total along track deflection of the beam which the SLC performs is just the
width of one scan of 16 scan lmes, oxr approximately 16 instantaneous fields
of view (IFFQVs), while the scan mirror is sweeping over 6000 IFOVs across
track, the control precision required of the SLC is several hundred times
less than that required of the scan mirror assembly.

The performance of the SLC must be such that 1t causes less than
3 microradians of blurring in the image. This is accomplished by mini-

mizing the flexibility of its structures, or its susceptibility to vibration,



and by maximizing the flatness of 1ts mirrors. The mirror quality in both
flatness and reflectivity was not a feasibility issue, Vibrational performance
of this untried mechanism was at i1ssue and durmg the early phases of testing
structural stiffening was necessary. The final tests were conducted with a
mechanism which demonstrated a good margin in structural stiffness.

The other performance requirements of the SLC related to geometric
accuracy in the scanning process, Since the SI.C moves the heam of focussed
rays in a direction which is perpendicular to the scan lines, the precision
of motion in the cross scan direction 1s critical. The design objective is to
produce geometric errors of less than 0. 05 IFOV. Motion errors in the
other direction, 1.e., along sweep, are not critical since errors greater
than one part in 200 would be necessary to create 0, 08 IFOV image error
and simple analysis of the test data and structural analysis indicates that
this magnitude of SI.C cross scan error is not possible. The reqguirement
in the SLC slong scan, or scanner cross sweep direction, 1s that the syn-
chronization with the scan mirror, i.e., SLC repeatability, and the linearity
of its angular rate be such that image errors of much less than 0.1 IFOV
be maintained. These requirements and the measured values zre tabulated
in Table 1.1-1 as IFOV spatial error., The error budget, or performance
requirement, is stated in one sigma values and the measured performance
is given in worst case values. It is seen that very comfortable margins
exist in the present design which itself has further room for refinement if

necessary for instruments of higher precision than TM.

TABILE 1.1-1. SLC ROTATIONAL PERFORMANCE SUMMARY

Geomietric ‘ Demonstrated in Test,
Requirement,le Worst Case Pealk,
Parameter IFOVs IFOVs
Deviation from linear scan
Short term 0.035 0.033
Over 2 weeks 0.100 0.033
Repeatability
Scan to scan 0. 047 0.016
Over 30 seconds 0.160 0.022
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The critical geometric requirements on the SLC precision were set
so that errors would not significantly increase the total system geometric
accuracy when combined with the scan mirror assembly crrors, Short term
one sigma errors were set at approximately one-third to one-half the values
of like errors in the SMA.

Scan efficiency of 85% was designed into the device so that it would
match the expected efficiency of the SMA, The test results showed that a
linear portion of the SI.C scan is available both before and aiter the active
scan period to allow for timing errors,

The SLC was tested over a range of frequencies from 14 to 19 Hz to
assure its compatibility with an operating range of 7 to 10 Hz for the SMA

(SMA produces two scans per cycle).

1.2 SILICON PHOTODIODE ARRAY ASSEMBLY

The resolution and signal-tounoise performance being sought for the
Thematic Mapper represents substantial improvements over the performance
obtained in the MS55. When a reasonable increase 1s made 1 the size of the
optics (aperture diameter of 23 cm for MSS to 41 cm for TM) a major
increase in the number of detectors per spectral band is still required to
meet the desired TM performance, MSS carried 6 photomulfiplier tubes
for each of its first three spectral bands., In TM, this number would have
to increase 12 or more per band. Implementation of this would, in turn,
impose a heavy technical and cost burden on TM. It was recognized by
NASA, therefore, that an attemnpt should be made to simplify the detection
scheme for TM by using photodiode arrays mounted directly on the focal
plane. The development of low noise, high bandwidth silicon detector arrays
and demonstration of their feasibility for meeting the TM requirements were
set as the principal objectives of this breadboard development task.

The specific performance requirements for the arrays was estab-
lished on the basis of results of earlier development of a single hybrid
detector/preamplifier unit. The best performance achieved in this single
hybrid detector channel became the design goal for the array. The most
important performance parameters of the hybrid detector were the frequency

response and wideband noise. The frequency response after treble boost
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was flat over the required 50 kHz bandwidth except for a 1 dB peak at 5 kHz
9

and produced 2.1 millivolts noise in the 10° ohm load resistor over this

bandwidth.

Detector arrays were designed to specification and built by two
vendors: K, G and G and United Detector Technology, Inc. (UDT). A layout
assembly for the detector arrays and the source fcllower input stages of the
preamplifiers was designed and built. On this assembly were mounted Texas
Instruments (Great Briton affiliate) BF 805 J-FET chips and an array of
107
remainder of the preamplifier, located out of the focal plane, which included

ohm load resistors. This hybrid array was then connected to the

the treble boost circuits and presample filters., The detector arrays included
24 active elements and 2 inactive (opaque covered) elements for crosstalk
measurements. The design goals and measured performance are listed in

Table 1.2-1,

TABLE 1.2-1. 51PDA PERFORMANCE

Parameter Design Goal Dermonstrated

Detector Array

Dark Current, Amps 3.0 x 107 max 1.5x 10711

Impedance, ohms 2.0 x lO9 min 1010

Capacitance, picofarads | 1.0 1.0

Responsivity Equal HP 4205 Less than spec

Stray Responsivity <5% beyond active area Excessive
Focal Plane Assembly

Frequency Response Flat to 50 kH= Flat to 50 kHz*

(boosted)

Wideband Noise, mV 2.1 2.3"

o

Measurements taken with light source focussed inside active area.
When array was flooded with light, response from stray capacitance
produced uneven frequency response with substantial increase in noise
at high frequency end of the band; wideband noise varied from 2.5 to
4.0 mV depending on geometry of circuits tested.

T
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In summary, combined effects of excessive stray capacitance due
to imprope-r design of photomasks and stray capacitances from lese than
optimum circuit board layout produced undesirable noise performance. By
extensive diagnostic testing, the sources of the problems have been identi-
fied. Improved designs and improved measurement methods learned from
these results are being pursued further on Company funds, From improve-
ments in board layout, photomask design and state of the art responsivity,
the achievement of the desired signal-fo-noise and crosstalk performance

is highly probable.

1.3 SCAN MIRROR ASSEMBLY

The development of a large scale version of the SMA flown on the
MSS was the initial objective of this contractual effort, The MSS employed
an elliptical scan mirror 23 ¢m wide by 35 ¢cm long. The TM mirror
minimum size was expected to be 41 by 48 cm with a corresponding increase
in inertial effects on both the instrument and the spacecraft. The goals of
the development were to construct and demonstrate such a scan mirror
which operates with sufficient precision to provide the geometric perform-
ance increase which the TM should provide over MSS, and also to do so
without unacceptably distorting the scan mirror figure or other optical
properties of the TM instrument or other instruments operating on the same
spacecraft with TM.,

Design, fabrication, and testing of the mirror itself was undertaken
as the first order of business while development of the mechanical and
electronic control assemblies was phased so as to be completed when the
mirror was ready for integration and dynamic testing. This was expected
to occur 10 months from go-ahead. Meanwhile, the checkout of the mechan-
ical and electronic assemblies, as well as an improved MSS SMA test
facility would be carried out by using a mass and inertial representation of
the actual mirror, The cruciform "dummy" marror and its fittings were
also constructed to the same dimensional tolerances as the flight mirror,

Its optical and mechanical properties were expected to differ slightly because

of its lower stiffness to weight ratio compared with the flight mirror.
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In the eleventh month of the program the simultaneous combination
of a delay in receipt of the flight type mirror, the unexpected high values of
jitter experienced with the dummy mirror and the availability of a newly
proven, Company funded technique for torquing during turnaround with much
less massive bumpers than the MSS type, presented an opportunity fo
reassess the design of the SMA. Incorporation of the new torquer and
bumpers offered the possibility of demonstrating a near linear forward and
reverse scan with very low jitter. NASA chose this course and the SMA
development was extended six months to permit these performance improve~

ments to be demonstrated.

1.3.1 Scan Mirror Development

A 23 cm MSS scan mirror scaled up to the 41 cmm TM size would
increase in mertia by somewhat greater than the mncrease in surface area
{a factor of 4 1n inertia versus 3.1 in area). The increase in spacecraft
reaction to this oscillating inertia and the increase 1n vibration resulting
from the turnaround impulses going into the support structure, suggested
that some lighter weight construction should be considered. A brazed
beryllium eggcrate mirror 51 cm in diameter had been constructed by
Grant and Kamper of San Diego and had been polished successfully by Perkin
Elmer. This approach would permit the size growth with only a 50%
increase in mertia. This eggcrate construction would also be much stiffer
than the MSS construction, thereby causing mirror surface vibrations to
damp more quickly, For these reasons this design approach was selected
over the earlier MSS and other analyzed mirror designs,

The progress in assembling and polishing the chosen eggcrate design
was far less than ideal and required a substantial number of corrective
operations before the mirror was ready for final testing. Although the
resulting mirror quality was far from perfection at the completion of polish-
ing as a result of the extensive rework during manufacturing operations, it
has performed successfully both optically and mechanically. After exhaus-
tive testing for almost a year, often under heavily overstressed conditions,

it has shown no optical or structural degradation.
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The principal measure of performance in the mirror is its resistance
to optical d:egradation. This can be divided into throughput and image quality
factors,

The main throughput factor is reflectivity. Demonstration of high
reflectivity with low pola,rizatit;n differential had been demonsirated on the
MSS and VISSR flight mirrors and was not a feasibility issue. A serviceable
coating of aluminum with protective overcoating was applied to the polished
beryllium both for protection and for improved throughput in the bench test
setup. The aluminum can be remowved if the customary silver coating would
be needed for flight use or flight qualification.

Image quality factors were clearly at issue for this large oscillating
mirror. These factors are identifiable as slope errors of various forms,
each of which contribute to increased blur spot size, or MTF degradation,
in the instrument, These slope errors can also be equated to errors
created by an equivalent first mode bend in the murror with an amplitude
measured in wavelengths or nmucrometers. With MSS performance as a
model, a goal was established for the TM mirror so as to limit this total
amplitude from all sources to 0. 91 micrometers. The conversionfrom the

many irregular slope patterns which form on the mirror due to thermal and

mechanical forces is inexact but does provide a reasonable estimate in
common terms of how well the mirror performs. The low amplitude, high
frequency pattern of the core on the surface is better treated as an MTF
loss. The values in Table 1. 3-1 are converted from the various test data
found in Section 4.

When the manufacturing and polishing tolerances were established for
the TM scan mirror, only the height variation and surface quality parameters
were specified. This is typically adequate for mirrors with more massive
surface thickness. A value of 0.5 fringe (0. 14 mmicrometer) was imposed on
the polisher. As can be seen in Table 1, 2-1, it would have been impractical
to hold to this value since, with the laightweight characteristics of the TM
mirror, other errors have predominated. To achieve the most flexibility
and economy, a better means would be to measure the surface in terms of
systern MTF degradation so that effort is applied on each feature of perw

formance in proportion to its effect on total system performance. This is
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TABLE 1.3-1. SCAN MIRROR SURFACE ERRORS
(Heights of Equivalent First Mode Shape in Micrometers)

Polishing o o o
Temperature Temp +2,.8°C | =5H.5°C +=11°C
Basic figure after polishing 0.226 0.262 0.294 0.307
Dynamics (worst case 0,127 0.127 0,127 0.127
during active scan)

Total 0. 353 0. 389 0.421 0.434
Maximum allowable 0.91¢C 0.910 0.910 0.910
(System MTE degradation due primarily to core print through on

sample mirror, %)
Core print through pattern 0 1.3 3.4 6.2

especially important 1f the demonstrated advantages of this new lightweight

mirror technology are to be applied properly in mirrors of much larger size.

1.3.2 Scan Mirror Assembly Performance

In addition to the mirror contributions to immage blur, the scanning
performance of the SMA must be such as to minimize significant geometric
errors such as loss of data due to overlap or underlap of scan lines; non-
linearities which produce mapping errors and misregistration between
spectral bands; and repeatability errors which distort the image. Other
precision features of less critical significance are scan efficiency and oper-

ational flexibility.

1.3.2.1 Operational Flexibility

The demonstrated SMA design is readily adjustable to permit scan
frequencies between 5 and 15 Hz with probably a factor 2 greater range above
and below these values with minor redesign. Scan amplitudes are also
adjustable from small fractions of the current 185 km swath to values up to

3 times greater,



1.3.2.2 Scan Efficiency

An original objective of the program was to increase the scan
efficiency of the MSS SMA design from 45% to 80%. The increase to 80%
with the original breadboard design was marginal with the MSS torquing
format in which the energy restoration was accomplished by torquing through-
out most of the scan period. In this MSS control mode and with the lossy
MSS type bumpers, the mirror is accelerated on the rescan to a velocity well
above the average, thereby limiting scan efficiency., With the conversion to
low loss bumpers and torque during turnaround, forward and reverse scans
are permitted to run at nearly constant velocity and the efficiency is limited
only by the turnaround duration, Since turnaround time is an adjustable
parameter with leaf spring bumpers, SMA scanning efficiency up to 90% is
possible with the current mission requirement for a 7 Hz scan frequency.
The breadboard testing at 7 Hz was done at an efficiency of 85% to minimize
structural resonance unique to the bench setup. This limitation is not

expected to prevail with the flight support structure.

1.3.2.3 Cross Axis Jitter

Cross axis motion of the mirror which does not repeat on successive
forward and reverse scans causes overlap or underlap in the imagery. This
apparent jitter is typically caused by unequal bouncing of the mirror on each
of its supporting flex pivots. A portion of the measured jitter is also created
by test set electrical and optical noise which the detector in the laboratory
test setup interprets as mirror angular motion,

Prior to the changeover in the torquer and bumper designs an exten-
sive period of diagnostic testing was accomplished in an attempt to reduce
the vibration-induced jitter. Minimum values obtained during this phase of
the program were approximately 8 microradians in mirror coordinates.,

With the change to low mass bumpers, which provide a significant increase

in the coefficient of restitution, much less energy was converted to vibration,
‘The jitter was almost immediately reduced to within the measurement
accuracy of the test setup which 1s on the order of 1 microradian. The bulk
of the subsequent effort over the final five months of the program was devoted

to reducing the along scan repeatability errors to a minimum.
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1.3.2.4 Along Scan Repeatability

An objective to reduce repeatability errors to a point which would
obviate the requirement for corrective ground processing was introduced
along with the redesign for torque while turnaround. This requires that
each scan line produce an equal number of data samples and, further, that
equal numbered samples on adjacent lines be aligned within 0.1 IFOV, or
4,25 microradians., With IFOV dwell times on the order of 10 microseconds,
this meant scan period repeatability errors should be held to 1 microsecond.

Absolute achievement of this value has not been demonstrated although
1t can be shown that when measurement errors are removed from the data,
a2 1 microsecond RMS error 1n scan to rescan repeatability has been achieved.
This error results from the integration of the mirror velocity error at start
of scan and, therefore, reaches this value of time or position error only at
the end of scan, The average error across the swathis half this value.

The mechanical noise, which is the principal contributor to this
error, has been measured independently of the control system noise and has
been found to be essentially random with gaussian distribution. Its RMS
value is less than 0.7 microsecond, or less than 3 microradians in scan
angle coordinates {0,07 IFOV).

The current bumper design may be amenable to improvements which
will reduce the mechanical noise. The control electronics are also amenable
to more precise operation by conversion irom analog to digital circuits. By
these approaches, which are being pursued on Company funds, the random
and some systematic noise sources hopefully will be reduced to peak values
which are well within the 0. 1 IFOV requirement,

The tendency of the scan period to drift over periods of minutes to
weeks is suppressed by the crystal control reference, the phase lock loop
and the velocity damping controls. Margins in these controls will maintain
constant line length as mechanical wear and electrical changes occur over

periods of months to years.

1.3.2.5 Scan Linearity

The scan mirror, during the active portion of the scanning cycle, is

inertially free of all forces except the weak flex pivot torque. This torque
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modifies an otherwise perfectly linear and repeatable scan motion with a
slight sinusoidal velocity variation. This has been calculated and measured
to be +1.3 and -2, 0% from linear. The variation of the MSS mirror was
somewhat larger and means for removing the error were provided in the
ground processor. The TM sampling precision and band-to-band registra-
tion requirements are such that a means for removing the nonlinearity at
the source would be desirable. Such means have been developed on an
earlier IR&D program. The technique is simple, reliable, and uses no
power or mechanical devices. A torque equal and opposite to the flex pivot
torque is applied to the mirror by the interaction of permanent magnets
mounted on both the mirror and the support structure. Using this technique
residual nonlinearity in the mirror velocity is such as to produce less than
10 microradians mapping error. This is a factor of 50 less than the uncom-

pensated nonlinearity measured on the contract.

1.3.2.6 Summary of SMA Performance

Table 1, 3-2 summarizes the significant design objectives and
measured performance values of the scan mechanism. These are oriented
essentially to geometric accuracy since the optical characteristics are

given in Table 1. 3-1,

TABLE 1.3-2, SMA PERFORMANCE SUMMARY

Parameter Design Goal Demonstrated
Along Scan Repeatability, prad, rms 4.2 4.1
. Cross Scan Jitter, prad, rms 3.0 2.8
Scan Linearity, prad 21 +10
Scan Frequency, Hz 7 to 10 5to 11
Scan Efficiency, % 80 85




2.0 SCAN LINE CORRECTOR

2.1 TASK DESCRIPTION

2.1.1 Background

The data rate of the Thematic Mapper can be minimized by maximizing
the scan efficiency of the sensor. The MSS used an oscillating scan mirror
which takes data during the forward portion of the cycle only and has a scan-
ning efficiency of approximately 45%. By taking data during both the forward
and reverse scans the scanning efficiency of the Thematic Mapper can be
increased to approximately 85%. This will simplify the design of the multi-
plexer and telemetry channels and will reduce the bandwidth requirements
of sensor data channels, o

However, when both the forward and reverse scans of an oscillating
scan mirror are used to take data, traces contiguous at the nadir will under-
lap and overlap at mirror reversal due to spacecraft motion along the ground

track., This effect, grossly exaggerated, is shown in Figure 2. 1-la.

2.1.2 SLC Concept

The underlap and overlap can be removed by the addition of another
mirror system (a Scan Line Corrcctor) which produces the correcting motion
shown in Figure 2, 1-1b resulting in the corrected scan pattern shown in
Figure 2.1-1c. The concept of adding a Scan Line Gorrector (SLC) to produce
an increase in scanning efficiency without underlap or overlap was introduced

during the point design study phase of the Thematic Mapper program.
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The SLC generates a sawtooth motion during the active portions of
the scan mirror cycle (with a fast retrace during scan mirror turnarounds)
to compensate for spacecraft motion along the ground track and produce
contiguous, bidirectional scans. The SLC angle/time relationship is shown

in Figure 2.1-2. The values of 8 are generally less than 1 milliradian.

S1L.C

2.1.3 Development Task

Due to the untried SLC concept and the rather fast linear motion
required, a developmental program was instituted. The purpose of this
program was to demonstrate the feasibility of the SLC concept through
analysis, design, fabrication and test of an engineering model SLC.

The SLC design parameters for this development task were chosen
to cover an amplitude range for 16 to 24 detectors and a frequency range
for scan mirror frequencies from 7 to 10 Hz. To show that the design
frequency chosen was not critical, it was decided that it would be best to
test the SLC over a range of frequencies which would bracket those antici-
pated for the Thematic Mapper applications. The task began in April 1975
and was completed in January 1976. Performance testing was completed

in December 1975.

SCAN PERIOD

TURNAROUND—  |=— o p |

ACTIVE
SCAN

i -MIDSCAN

Figure 2.1-2. SLC motion.




2.2 RESULTS SUMMARY

An engineering model of the SLC with control electronics was
fabricated and extensively tested. The tests results exceeded the design
goals and indicate that an SLC can be fabricated which will meet its require-
ments with substantial margin. A photograph of the SL.C is shown in
Figure 2.2-1. Due to the high cost and long lead time required for the

procurement of beryllium mirrors and mirror holders, the model SLC was

Motor Housing

Motor/Mirror Housing |
Interface

Figure 2.2-1. Breadboard model SLC (arrows indicate areas
which required stiffening).
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built using undersized mirrors mounted in a cylindrical aluminum housing.
The housing was designed to simulate the inertia of the beryllium flight
components, The mechanism consisted of an Aeroflex Mode‘l TMC20-1P
moving coil dc torque motor; a cylindrical, masg simulating, aluminum
mirror housing; and an Aeroflex Model TG1l0Y-59P tachometer, all supported
by a pair of Bendix flex pivots. The scan mechanism inertia was measured
and found to be 117 gm crn2 as compared to a calculated flight design value
of 91.7 gm em?, _The torque constant of the flex pivots was measured and
found to be 4.6 x )107 dyne ¢m/rad as conipa.red to a nominal value of

5.0x 107 dyne cm/rad. The natural frequency of the breadboard scan
mechanism was found to be 100 Hsz.

When the SI.C was first integrated with the control electronics, four
locations of torsional weakness were discovered in the mechanism which
caused underdamped oscillations to be produced at scan turnaround. The
areas of weakness are indicated by the arrows in Figure 2.2-1, One by
one these areas were strengthened until acceptable performance of the SLC
was obtained. The motor coil housing was stiffened by the addition of the
cruciform rib, which can be seen in the photograph, but will be completely
redesigned for the flight program to maximize stiffness. A sketch showing
a possible configuration for the motor coil housing is shown 1n Figure 2, 2-2.

After the integration of the SI.C mechanism and control electronics
was completed and the operation appeared to be as desired, the SLC was
tested to determine scan deviation (from linear angular rate), repeatability,
and jitter at frequencies of 13.0, 14.2, and 19.0 Hz. An SLC frequency of
14. 2 Hz corresponds to the present baseline Thematic Mapper scan mirror
frequency of 7.1 Hz. .

An oscilloscope photograph of the SL.C motion is shown in Figure 2.2-3.
The photograph was made by projecting a HeNe laser beam through the SLC
onto a United Detector Technology position sensitive detector located where
the focal plane of the Thematic Mapper would be. The photograph was taken
with the SLC operating at 14, 2 Hz. The oscilloscope time base was adjusted
such that two cycles of the SLC motion occupied 10 cm of the display. The
photograph of Figure 2.2-4 shows one cycle of the SLC motion along with the
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Support
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Motor Coil

Figure 2.2-2. Improved motor coil housing design.

output of the tachometer. The vertical calibration of the tachometer trace
18 50 mv/cm with zero volts corresponding to the dashed graticule line near
the top of the photograph. The tachometer sensitivity 1s 60 mv/rad/sec
which at 564 mrad/sec (the nominal SLC rate) corresponds to 33, 84 myv,
The variations in the tachometer output are caused primarily by an under-
damped flexing of the motor coil housing during retrace and should be
eliminated to provide an even greater margin of performance than demon-
strated by a simple improvement in the motor housing design, The peak
displacements caused by these rate variations are quite small because of the
relatively high frequency at which they occur,

The scan rate, linearity, repeatability, and jitter results are tabu-
lated in‘Table 2.2-1 along with the applicable Thematic Mapper requirements.
The scan deviation indicates how the SLC performance deviates from a per-

fect nominal scan.
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Figuyre 2. 2-3. SLC motion

Tachometer
Signal

SLC Motion

Time

Figure 2.2-4. SLC motion and tachometer signal

The long term rate and position stability were monitored for a period
of 14 days. The scan rate showed a peak-to-peak variation of 0.71% during
that period which corresponds to a scan deviation of 4,4 prad, During the
same period the position of the SL.C was monitored and the peak-to-peak
variation of the image in the focal plane was found to be 0, 0018 inch, This

corresponds to a boresight error of only 18, 7 prad, which is negligible.



TABLE 2.2-1. RESULTS SUMMARY

Values, prad

Parameter At 13,0 Hz At 19.0 Hz Requirement

Scan Deviation

Worst Case, 0.99 1.40
lo 0.45 0.67 1.5 {1a)
Repeatability
Scan to Scan
Worst Case, 0. 66 0.47
lo 0.15 0.12 2.0 (lo)
Over 30 Seconds
Worst Case 0.94 0.75 6.0 (30)

The cross-axis motion of the SL.C was not measured during this
program due to both the difficulty in making the measurement and the rela-
tive insensitivity of the optical system to this type of error. For example,
to produce a cross-axis jitter in the image plane of 2 urad would require a
differential center shift between the two flex pivots of approximately 2.5 mm.
The maximum specified center shift for the flex pivots at a rotation of
17.5 mrad is 0. 003% of the diameter which in this case is 1.25 cm, This
would produce a maximum center shift in each pivot of approximately 38 um
and a differential center shift of at least an order of magnitude less. The
actual SI.C amplitude is less than 1 mrad.

The results of this development program indicate that the SLC concept
is sound and that the required motion can be produced with more than sufficient
accuracy for the Thematic Mapper application, Prior to building an SLC for
a flight program the mechanical design must be reviewed with particular
attention given to the stiffness of the components, especially the motor coil

housing,



2.3 BASELINE SLC DESCRIPTION

2.3.1 Principles of Operation

2.3.1.1 Fundamentals of SLLC Mechanization

The exclusive purpose of the Scan Line Corrector (SLC)‘is to correct
the scan pattern of a bidirectional object space scan system to compensate
for spacecraft motion along the ground track during the active portion of the
scan, This function is provided by the motion of a pair of plane parallel
mirrors located slightly ahead of the telescope focal plane (see Figure 2. 3-1})
which rotate about a common axis insuch a manner as to keep the sensor's
detectors looking perpendicular to the ground track during each active scan.,
The required motion of the SL.C is a sawtooth motion (see Figure 2. 1-2)
with a freguency of twice the scan mirror frequency.

A drawing showing a possible flight model conﬁguz"ation of the SL.C
is shown in Figure 2.3-2. The drive for the SLC is very similar to a galva-
nometer movement, A torque generating device, a moving-coil, brushless,
de torque motor, is suspended on a shaft by flexure pivots. On the same
shaft is a tachometer generator to supply rate feedback to the control system
and a beryllium housing which holds a pair of plane beryllium mirrors which
deflect the optical rays from the telescope in such a manner as to produce an
image in the focal plane which is corrected for spacecraft motion.

A block diagram of the SLIC and control electronics is shown in
Figure 2.3-3. A triggered function generator produces a waveform that
defines the shape of the ramp to be followed by the mirror mechanism. The
generator waveform is summed with the tachometer feedback signal and an
offset control signal, and together drive a power amplifier which drives the
torgue motor.

The SLC is synchronized to the main scan mirror by the ""end of scan'
pulses which are generated by the scan monitor. The "end of scan' pulses
are used to reset the function generator which in turn causes the SL.C mirzror
mechanism to retrace. The "end of scan' pulses also initiate a precision

delay function after which the next ramp function begins. The retrace time
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is determined primarily by the natural frequency of the SIL.C mechanism and
can be minimized by keeping the inertia low and the torque constant of the
flexure pivots as high as possible consistent with the torque capabilities of
the motor. After turnaround, the delay function permits adequate shait

jitter settling time before start of scan occurs.

2.3.2 SLC Design Parameters

The relationship of the SLC motion to the orbital parameters and
other instrument parameters is as follows: By knowing the orbital altitude,
a parameter v/h can be calculated. The v/h has the dimensions of radians/
second and is the apparent angular ground rate. This is the rate that the SL.C
is intended to compensate; i. e., the SLC must produce a rate which in object
space is equal to v/h. In an instrument using bidirectional scanning, the

frequency of oscillation of the scan mirror is connected to v/h through the

relationship
%- = fs Zna (1)
where
fs = the scan frequency
n = the namber of detectors per band along track
a = the instantaneous field of view

The scan frequency (fs) is determined by selecting the number of
detectors (of the specified field of view) required to meet the signal-to-noise
requirements of the instrument and calculating the frequency from equation (1).
The frequency of the SLC motion is equal to 2 fs as the SLC must correct for
the ground motion during both the forward and reverse portions of the scan
mirror cycle. The amplitude of the SLC motion 1s determined from the

following relationship

- 3(3)
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where

B = the SLC amplitude 1n radians in object space
k., = the scanning efficiency
}
T = the scan mirror period (llfs}

It can be seen fromegquation (2) that the SL/C amplitude is directly
proportional to the scanning efficiency, i.e., the SL.C must correct for the
ground rate for only that portion of the scan cycle during which data are
being taken. From equations (1} and (2), it can be seen that the amplitude

of the SLC motion is related to na in the following manner

; =ksna

Since the SLC does not view object space directly but looks through the
instrument telescope, the actual SLC rate and amplitude are a function of
the telescope focal length and the SLC mirror separation, and can be found

by using the following equations:

8 -y i
SLC ~ h x
_ f1
%s1c T KM%
where
éSLC = the actual SLC rotational rate
GSL c = the actual SL.C rotational amplitude
f1 = the telescope focal length
x = the SLC mirror separation

A list of parameters which were used to design the developmental
model of the SLC is included in Table 2. 3-1, and a sketch showing the mirror
spacing and focal plane location is shown in Figure 2.3-2. A range of scan
frequencies was chosen which would bracket the anticipated Thematic Mapper

frequency. The SLC was designed with the ability to operate over this range
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TABLE 2, 3-1,

S1L.C DESIGN PARAMETERS

Parameter Symbol Design Value
Telescope Aperture D 41 cm
Effective ¥ocal Length EFL 244 cm
Relative Aperture i/ No. 6.0
Orbital Altitude h 717 km
Apparent Angular Ground v/h 9.4 mr/sec
Rate
SL.C Scan Rate éSLC 564 mr/sec
Image Displacement Rate \F] 2.29 cm/sec
Scan Efficiency (SMA) ks 0.85
Settling Time Before Scan sy 0.06 scan
Scan Frequency (SMA) fs 6.5 to 9.5 Hz
S1L.C Frequency 2 fs 13,0 to 19.0 Hz
SL.C Duty Cycle ke, + ks z0. 90
Time for Active Scan ts

19 Hz =47. 4 msec

13 Hz =69. 2 msec
SLC Rotational Amplitude Ogrc =t bcr o

19 Hz =26, 7 mrad

13 H=z =39, 0 mrad
Amplitude of Image d=t vy
Displacement ~

19 Hz 109 mm

13 Hz 157 mm

of frequencies. The settling time was established as a means of relating the

SLC scan duration to the SMA scan. This ensures that the SLC 1s moving at

the desired rate prior to the start of the SMA active scan,

2. 3.3 Electronic Design

A breadboard scan driver was constructed which is similar to a
computer model described in Section 2. 4.3, Electronic Analysis. The sys-

tem used a tachometer feedback for rate control of the mirror. A linear
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ramp was generated by a capacitor integrator, and reset at the end of scan.
The integrator initial condition deterrmned mirror position after retrace.
Tachometer feedback was separated into positive and negative components,
amplified, then summed with the linear ramp. This signal was connected to
a current mode power amplifier which drove the motor.

Initial testing of this system showed that the mechanical components
had resonances which were not 1n phase with the tachometer signal, so that
they were not controlled. The mechanical components were stiffened to
eliminate the resonances and tests were made of scan position versus time,.
The testing showed that the system was working well, but had a scan-to-scan
jitter, This jitter can be seen as variations in the SLC amplitude as shown
in the photograph of Figure 2,3-4. The photograph was taken by reflecting a
laser beam off of an external mirror mounted on the SLC onto a paper target
and panning a camera across the target with its shutter open. The conical
motion was generated by the camera. The source of this jitter was traced
to the integrator which generated the linear ramp signal. A variation in the
dc level of the integrator was caused by insertion of the initial condition at
the integrator input.

The 1nitial condition, or mirror position after retrace, was changed
to a constant level at the amplifier which sums the ramp and tachometer
feedback signals. This eliminated the jitter. A photograph showing the
jitter-free SL.C amplitude is shown in Figure 2.3-5. The difference between
the start of scan time and a constant is on the order of a microsecond, or
0.0115 prad in object space.

Further testing showed that the system was within specification, but
that greater margin was desired. A delay was introduced into the tachometer
feedback, so that no feedback was applied during a variable period starfing
from the end of scansignal. By a'tdjusting the delay period and tachometer
gain, it is possible to obtain a near ideal response. Figure 2,3-6 shows the
breadboard scan drive in its present configuration. In a form suitable for
flight use, the electronics would require an average power of approximately
4.5 watts. J

+
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2.4 SCAN LINE CORRECTOR ANALYSIS

2.4.1 Structural Analysis

2.4.1.1 Summary

The design for the SLC flight mirror assembly was analyzed to
determine 1ts structural integrity during retrace inertial loading, The
analysis procedure was basically to: 1) determine the mass properties of
the yoke, mirrors, and mirror assembly, 2) formulate a three-dimensional
) flr;l‘!:e element model of the complete SLC, 3) find the lowest several vibra-
tion mocie shapes and frequencies of the structure, 4) determine the maximum
angular acceleration of the structure during retrace, 5) calculate the stresses
and displacements inthe structure assuming the maximum angular accelera-
tion to be a steady-state acceleration.

The results of the analysis show that the maximum stress generated
in the structure during retrace is less than 140 psi, Maximum rotation of
the lower mirror relative to the upper mirror is 2 yrad about the rotation
axis. The fundamental frequency of vibration is 6200 Hz in a torsional mode
about the rotation axis.

The combination of low stress, small displacements, and-high
fundamental frequency (relative to its scan frequency) indicates the scan line

corr ector is a structurally sound design.

2.4.1.2 Analysis

The objectives of this analysis were basically twofold: 1) the capability
of the scan line corrector (SI.C) to withstand operational inertial loads needed
to be determined; 2) the capability of the SL.C to maintain mirror alignment
during operation needed to be determined. The analysis procedure used to
meet these objectives was basically to do the following.

1. Calculate the mass properties of the mirrors, yoke, and

assembled structure.

2. Using these mass properties, make rough hand calculations
of the torsional natural frequency.

3. Formulate a three-dimensional mathematical (finite element)
model of the SL.C.



4. Determine the lowest several vibration node shapes and
corresponding frequencies of the model.

5. Find the maximum instantaneous acceleration of the SLC
during retrace,

6. Calculate the displacements and stresses in the SLC model
assuming the maximum angular acceleration to be steady state.

7. Ewvaluate the stress level relative to material strength, and
evaluate the displacements in terms of mirror alignment and
distortion.

8. Select and pair flex pivot supports from Bendix catalog.

The details of this procedure follow.

2.4.1.3 Mass Properties

The detailed mass properties calculations of the mirrors, yoke, and
assembled SLC are shown in Appendix A. The mass moment of inertia

calculations are summarized as follows:

1b-in, -sec2 x 10"6

Upper Mirror 10. 3
Lower Mirror 6.9
Channel Selection 21,6
Mirror Support Plates 0.6
Bottom Flange 2.2
Top Flange 1.1
Flex Pivot Adapter, Nut 0.9
Flex Pivot Adapter 0.7

Total SL.C 44, 3
Tachometer 2.
Motor 34,

Total 81.2

2.4.1.4 Hand Calculations

Rough hand calculations were made of the torsional fundamental
irequency. Using first conservatively flexible, then conservatively stiff

estimates of the torsional stiffness, frequency values of 1700 and 7000 Iz
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were obtained. A best estimate was made of about 5000 Hz, These

calculations were made as a rough check on the finite element results, and

did indeed bracket the final solution.

2.4.1.5 Mathematical Model of SL.C -

The mathematical approach used for the analysis was the finite element
method. The computer program STARDYNE was utilized.

The finite element model of the SLC is shown in Figures 2.4-1 and
2.4-2. The model assumes linear elasticity and small displacements. The
yoke is beryllium while the mirrors are nickel (0. 005 inch thick Kanigen)
plated beryllium. To account for density and modulus differences between
the nickel and beryllium, cross-sectional area.weighted material properties
were used for the mirrors. The material properties used for the yoke and

mirrors were:

Modulus Poisson Dens 1t§'
)

(psi) Ratio {1b/in.
Yoke (Be) 42.0E6 0.025 0.0670
Mirrors (Be + Ni) 40, 4E6 0.062 0.0108

The yoke channel sections were modeled by assembling quadrilateral
thin plate elements (for the web) and beam elements (for the flanges). The
mirrors were modeled as an assembly of triangular and quadrilateral thin
plate elements with beams between the rib stiffeners.

The top of the yoke was considered a fixed boundary since the control
system prescribed the rotation of the top. Also, the axial stifiness of the
flex pivots (SLC supports) is high relative to inertial loading in that direction.
The bottom of the yoke was modeled with very stiff beams connecting the yoke
channels to a center node (see Figure 2,4-2). Springs connected to this
center node appro:;imated the radial stiffness of the bottom flex pivot. Addi.
tional springs connected to the nodes at the bottorm of the yoke channels
represented the axial stiffness of the bottom flex pivot.

A listing of the STARDYNE input for the model is given in Table 2.4.1,



1.56

1-21

0.85

r

0.50

[}

0.14

VIEW X3 AXIS

-0.21
h

TOP

-0.57

i

.92

-4.28

-1.33 -0.38 -0.62 -0.27 0.09 0.44 0.80 1.16

~1.64

Figure 2. 4-1, Finite element model of SLC (side view)



£9-0 61-0
Saxy f1314L0Y

62" 0-
M3TA EX

9. 0-

e

T
.—l

L

T
ﬂl

0g-é-

Figure 2 4-2. TFinite element model of SL.C {perspective view)

2-24



Table 2. 4~1. ILasting of STARDYNE input for SLC analysis
START 22311
PLOTS 1w scupa . -
SCAM | ThE CORRECTOR AMALYSIS, CGMPLETE STRCTURE,
FATI & 1 RERYLLIUM BELER + 025 €T
MATLG z 1.E8
FATLG 3 8 + NI 40,8EF D8R .1r7%56
ERP
hODES wrmep—RE——3—- =04 1.6 Bako2 - 0,492
2 2 3 G.0 =1.6  Ge492 [
3 27 3 0,4 1.6 0,492 f,u392
PE B2 2 -4 “1,€ «G492 - 0,197
2 53 3 ~1,6 =0.492 -0.u92
30 Su 3 0,4 «l,6 =D.492 -0,u497
HEPE B e 116
NORE =7 -
LOCE  =f 146
NOCE =& Za 0,492
NODF  =o ~0,643 0,157 52
an 0,576 -1,37¢ 292
B i xR ~f 357
ey -0,4 (.4
a2 -0 A4 -l 8
AU P
A5 0,4 -p B
£r 1.7
- — AT e — ~1.2
£a 4,576 -1, 376
F] =0,643 -l G167 wl gh 9P
7 0,576 =1.276 " 4,92
It - «B,F97 1.557 JSLE2
7P 0,69 fa11 ep
m—— B e B3R — 1,827
Ty -0,4 1 ?
- 7% - 1.2
TR C.R
™ 0,4 9.8
or a,4 n,y
7o d,€9 .11
ap 0,797 1.597 o u@2
a1 8,69 r.11 BT F
£EMe .
RESTR z 1
HESTR £5 1
HESTG 5 1
RESTE EF 1
HESTR g 1
RESTC bi 1
RESTG by 1
RESTC 2z 1
RERTE 11 - 1
RESTSR 14 1
RESTR 17 1
RESTSG 73 1
RESTR 78 i
ESTS +C 1
HESTR PE 111311
FERTE e 111111
HESTR ?7 113111
HESTG e THIrIY - -
RESTG 3 111111
AESTE L 111311
LNG
BRFCT 1 8 1 3 4 3 57 1 b
9 1¢ 3 8 & T 87 1 1
17 <4 -2 @ W 3 s& 1 %
re 32 3¢ 3 33 3 frg 1 1
ERECT 3 55 - 1 g 2
Ty 55 7 z 2
-1 55 - 3 g 2
6 55 28 2 2
—— 3 E5— - -£9 ¢ 2
B 55 in 1 ?
9 2e 1 2 2
Lg 30 3 2 2
BRECT L33 - 7 63 3 3
up £3 3
L Sihaantee- -3
L4 &6 32



-~ Table 2 24-1. Listing of STARDYNE input for SL.C analysts (Cont)

5% 50 TE
LE TE 23
w7 ) 7
LE 77 a1
ENf -~ - - --
3PROP2 1 . NE 1% 1.7 1,%
2RrROP2 F4 «25 25 1.5 1.5
BPROP2 3 .06 W06 1,5 1.7
END
TRTIAR 1 59 7 1e 31 .0A
IRTAR — ——F— 7— - ie
3 7 b &
4 5 - & 8
5 = &q [
& - &Y E3 &2
7 63 a4 =7
—_— = e f——— R =6 o
] &6 67 [ ]
in .Y -Y:) 7
11 &9 36 7 \ ’r}:;%
12 Iy 35 37 %
13 3% 32 zs BEPE{ODU GIBHJITYEL% @@ﬁ
14 L+ ] 32 2R GE
) 32 74 a3 OINAL PAS
ie 71 27 ;2 ﬁ?“’ggbﬁ
17 2? 20 23
18 20 21 3
1< 26 18 21
A0 ia T2 21
Z23 T T4 7%
¢F T4 76 %5
3 7a 77 7%
L T 7B 7
7z 78 79 7
Y Aq 49 514
7 ug “7 =
H 47 48 Eg
s m—— EL e T
30 45 21 48
Eig
SUADR i 2] 1 k- ? x & 2 L2 3 1 1 &,0%50 2
G-t —2 3 3 3 4 2 4 2 1 1
17 24 28 3 29 F I 34 2 5N ) 1 1
- ir—3 223 E— 3 3—3d-- 3 ~32 3 1 1
QuUANE 33 is &2 61 59 3 1
- - = 34— —p 6t &2 i
25 & 67 &4 ]
- et B& t7 £
a7 &? 37 £9 a1
5 i =25 P~ a2
ae 67 3z -] &l
s mmemlf———4A 70 33 &7
%] 49 T4 72 a0
em—— s Y ————HF-- == TE TR 49
u3 [y 78 76 u7
44 a4 F2 -- 28 wE
45 T4 22 T 7
-— ) FE- - 2n 2? T4
uy 78 1a zn 78
- i T2 72 1A 78
Ene
A AERE _— - - -
»ACDX 1 2 200400,
—_—— 2888400,
3 2 200080,
Fai f—-260600, -
e 2 2boecec,
£ 848, -— ~—= .-
ENGEL
& ——t e
YalD¥ =] i idaeco0g0, toGanng,
ENPFL -
EMNE
ENP AT O - - - e mae
I~vrFeefr ITERATION TO FINC FIRSYT THREE MODES.
IMYITR - -1 3 1. 1.E€
cPTINM 1 3
ENO40Ne

226



2.4, 1.6 Fundamental Modes of Vibration

To determine the sensitivity of the SLC to the dynamic environment,
the lowest three natural modes of vibration were first determined. Fig-
ures 2.4-3, 2.4-4, and 2.4-5 illustrate these mode shapes. The vibration
frequencies for the flight mirror assembly were found to be 6300, 6900, and
8900 Hz.

2.4.1.7 Dynamic Environment

The dynamic environment seen by the SLC is 1llustrated by the angulax
position versus time plot shown in Figure 2.4-6. This plot was generated by
the continuous systems modeling computer program with which the SLC
control system was analyzed. The program also computes the SLC angular
acceleration versus fime. The maximum angular acceleration of the SLC
(during retrace) was computed as 18700 rad/s eca.

Since the fundamental period (0. 158 msec) 15 much smaller than the
period of the excitation during trace (2. 0 msec), a constant angular accelera-
tion solution for the SL.C response was obtained. The SL.C was assumed to
be subject to inertial loads resulting from 20, 000 rad/sec‘2 angular accelera-
tion, somewhat greater than the expected peak of 18700 rad/secz. This
loading condition imposes conservatively high stresses and displacements
relative to the actual dynamic case.

The deformed shape of the SLC under this loading condition is shown
in Figure 2.4-7. The maximum calculated rotation of the lower mirror
relative to the upper mirror 1s 4 pr. Peak stress occurs in the yoke and is
less than 140 psi. Cross-axis jitter should be small since the maximum off-

axis displacement of the mirror centers 1s less than 1 microinch.

2.4.1.8 Conclusions

The scan line corrector appears to be well designed. Its fundamental
ifrequency 1s high, relative to its operational frequency and the maximum
stress is low. Additionally, the maximum distortion of the structure is
small, and occurs during retrace. It is therefore concluded that the scan

line corrector 1s a structurally sound design.
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4.5, Second mode, 6900 Hz
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2. 4.2 Optical Analysis

2.4.2.1 Optical Considerations

The system shown 1n Figure 2.3-1 shows the Scan Line Corrector (SLC)
and 1its function within an optical system. The concept chosen represents a
good balance,of mechanical sumplicity and high optical performance.

Initi1al SLC design parameters were established as a baseline for
design. For review, certain parameters critical to the optical analysis

are stated here.

Telescope Aperture 40.6 cm

Telescope £/No. 6

IFQV 42.6 pr

Number of Detectors 16

Array Length 682 prad (1. 66 mm)

A model of the SLC system was entered into the POSD optical ray
trace program for analysis. The model included Ritchey Chretien primary
optics followed by two mirrors for the scan line corrector, and the image
plane. Rotation of the SLC mirrors 18 accomplished by a simple angle change
in the computer, with resulis printed for the same image plane. Edge rays
are traced through the optical system and their crossing point is indicative
of the focal point. Rays were traced at 0, 4.4, 8.8, 13, and 18 mrad rota-
tion of the SL:C and at object space field angles of 0, 0.5, and 1.0 mrad.
From these rays, most of the optical effects as influenced by the SLC can

be determined.

2.4,2.2 Amplitude of Motion

The SL.C must create a maximum image motion equal to the array
length, defined previously as 1. 66 mm. Using the SLC dimensions shown in
Figure 2.3-2 with a 4 cm mirror separation, the required 1. 66 mm (0. 83 mm)
motion is achieved by an SLC rotation of £20. 05 mr, There is a 60:1 ratio
of SLC rotation to displacement in object space. This 60:1 ratio is also an
indication of the amount that tolerances are less stringent on the SLC as

compared to the object plane scan mirror,
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2.4.2.3 Out of Focus

For the scan angle above, the SLC moves the image out of focus by
7.6 pm at the extreme end of scan. It would be normal to position a detector
array midway in this focal range so that the defocus experienced would be
+3. 8 um. In terms of energy blur, this would create a spot 0.65 pwm in
diameter or 0.24 prad in diameter., This blur 1s insignificant. If it were a

full order of magnitude worse, it would be of liftle concern,

2.4.2.4 ILine Straightness

The scan motion created by the SLC projected into object space shows
no tendency to create curved lines. Using rays 1 mrad off axis, the projected

line 1s straight to 0. 008 yrad.

2.4.,2.5 Scan ILaneanty

The scan motion 1s linear with SL.C rotation. From the first increment
of SLC rotation (4. 4 mrad) there 1s an 1mage displacement of 177 um. At
8. 8 mrad rotaticn exactly twice this displacement is desired; at 18 mrad
rotation, four times the displacement is desired. Calculated values differed
from the desired displacement by 0.02 pm. This corresponds to an object

space displacement of 0. 008 urad.

2.4.2.6 Sensitivity of Mirror Alignment

It was necessary to determine if unusually tight assembly tolerances
were necessary. The values used for the tilt angles in the computer program
were altered to simulate a misaligned optical systerm. Initially an error of
18 mrad was put on both SL.C mirrors such that they remained parzallel to
each other but with the optical axis incident at 0. 8 rad. The resultant scan
defects were small. In a second test, a f1lt error of 18 mrad was imposed
on two different axes of one SLC mirror. The results can be summarized to
say:

1. Defocus by scanning is unaifected by as gross a value as 18 mrad

misalignment of the marrors.

2. Line straightness in object space 1s 0.24 p.rad in the worst case.

Linearity of motion deviates by 0. 016 prad in the worst case.
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These values would all seem acceptable for flight use. Alignment

errors should never even approach 18 mrad.

2.4.2.7 Surface Flatness

Suitable operation of the SLC will require that the mirrors be flat.
Preliminary tolerance check has started with the assumption that no ray
be deviated from its ideal position by more than 1 prad. This leads to the
eventual conclusion that the SLC mirrors should have a slope error no

greater than one fringe/inch on the surface.

2.4.2.8 Miscellaneous Comments

The SLC will be guite insensitivie toward introducing jitter in the
image. Any translation of the SLC mechanism produced no change in image
position. Internal scan modulation should not be a problém as 1) the image
motion 15 very small, and 2) the same optical elements are needed in all

cases.

2.4.2.9 Image Rotation

Properly assembled SLC mirrors will produce no image rotation. If
the mirrors have a relative displacement @ 1 the direction of SL.C rotation,
the image will rotate by @, Misalignments in the other two axes do not produce

image rotation.

2.4,3 Electronic Analysis

Prior to design of the electronics, the SLC system was modeled using
the Continuous System Modeling Program. This program is useful for model-
1ng servomechanisms with the capability of modifying system parameters as
variables, and furnishes both variables printout and an X-Y plot. A block
diagram of the SLC simulation 1s shown in Figure 2.4-8. A typical X-Y plot
of mirror postition versus time 1s shown in Figure 2. 4-9. The variables
printout corresponding to the X-Y plot is shown in Table 2.4-2 for a time
interval between 150 msec and 162 msec from start. The frequency for this

example 15 20 Hz. The total spring constant is 649 oz~in/rad with an assumed
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Table 2. 4-2, Computer output - SLC simulation

Rate
Time Ofiset Feedback Torque Velocity Position
(sec) Ramp Signal (in-oz) (rad/s) {rad)
0,130 77 e2,7280 0.,0000 ~E 0622 -3.8710 0,0131
0,15t -2,694Q 0.0000 _ -5.9822 -8,0722 0.,0117
0,181 L ,€58¢ C,00600 -8,%p2? T .3,7635 90,0059
0,151 2,200 ¢,0000 5,8222 .13,9531 . 0,0078
0,181 7T «2,88%0 77"  g,0008 eS.TU22 -1t.7000 90,0058
0,151 ~2,5489 0,0000 -F L EE22 -12,0124 0.0032
g.152 -2,8120 77 77 g,0000 7 .5,3822 -11.9u4%9 0,0008
0.152 ~2,4760 0.6800 -5.5022 -11.5470 =0,0016
0,182 «2,44%00 “p,0000 -5,4222 ~ 7 .10,P70%& =-0,0038
0,152 _  .2,404%0__ _  ©,0000 ___ .E,3422 -7,%689 -0,0035
0,152 7 -2,3680 0,0000 =5.,2672 -3,83%45 -3,0078
0,153 _=2,33e0 _ 08,0008  -E.1822 -T.6979 -8,0055
00155 "2-9960 0-0000 —5;10?2 -6.4258 "010109
0,153 «2,26040 80,0000 -E.,0272 -G.1267 _  -0,0120
0.183 7 =2.z24%0 7 @.0000 ~4,9422 T -3,8307 ~0,0129
0,133 -2,188¢ G.0000 “4,8622  =2,2788 _ =0,0136
0,154 =2,1i%2¢° o,0000 ~ -4,7822 =1,337p -0,01490
0,154 -2,1169 0.0000___ -4,7022 ___ -0,30%90 __ _ -0.0141
g,154 =2,£200 1.2121 ~7.3157 N.3978 -0,014%1
0.154 =-2,0%40 1,70¢00 -8,32n0 0.558g 0,010
0,15%  =~2,0089 1,8305 -8,5310°  D,bLg09 -0,0139
0,155 -1,9720 1.8661 -8,5290 0.6125 -0,0138
0,185 T -1,9380 T T 31.8755 ° T .8,4699 11,6156 -0,6136
0,155 -1,3000 1,8780 -8,3955 "0.e188 -0,0135
041557 - =1,8643 1,878 7 T -8.3170 N.6166 -0,0134
8,155 -1,e280 1,8788 _ -8,2373 06168 -0,0133
9,156 -1.7920 1.8788 -8,1574 00,6167 -0,0131
0,138 «1,7560  1,8788 _  .£,077¢ 0,617 -0,0130
0,156 «1,7209 1,8788 -7.9974 U.6167 -0,0129
0,156 -1.68480 1,8788 ~7.,9173 0.,6166 ~,0128
0.156 -1,864%80° 31,8788 .7,8273 T 70,6168 -0,0126
8.157 -1,6120 1,8788 .7,7572 0.6166 -0,0125
6,157 -1,5760 1.8787 -7.8772 777 0,6166 7 0,024
0'157 - .-1.5400 s 1.8787 o -?'5972 llo5156 '0.0123
0,157 -1,50%0 1,8787 -7.517T1 (.6165 ~0,0122
0,157 _ ~1,%680 _  1,8787 ___ ~7.4371 D.6168 -0,0120
p.138 -1,4320 1,87a7 «7,3571 0.616¢& -0,0119
0,138 -1,2%60 11,8787 =7,2770 0.6168 ~0,0118
01,1387 «1,2600 1.8787 ~  -7.1270 ° 77 0.618s «0,0117
0,158  «1,3280 1.878¢ ~7.1170 0,.E6166 -0,0115
0.138 -1,2380 1.6786 ~T.02FY 0,e166 ~0,011y
8,159 __ =1,252p 1.8786 -E, 9560 B.E164 -0,0113
0.189 -1,7160 1.87R5 -E 48769 0.E168 ~0,0112
0.159 '1'1800 —— 108786 . -6.7959 015166 '000110
0.1597  =1,184¢ 1.8786 =-6,7168 0.6186 =0.n1u¢
0,159 =1,1080 __ _ 1,8788 _ o€ ,6368 Ci€186 0,108
0,160 =1,0720 1,878% »£.5868 t.6168 -0,0107
6,160 -1,0300 _ 1.8785 6, 4767 0,6165 =0,010%
0,160 «1,0000 1,8785 «6,3967 0,616k -0,010y
0,16V =0,9640 3.8785 _  «6,3167 0,166 ~0,0103
0.,1607 «0,9280°  1,874% «6,2367 0.6165 00,0102
0.161 -0,8920 _ _ 1,8788 -6,1568, 0.56165 -0,0191
0,161 =0,8560 1.8785 =6,0768 P,5165 -0, 0099
0.161 =0,8200 _ 1,8785 _ 58,9986 0.6185 -0,3098
0,361  =0,7840 1,8785 =5,%166 0.6155 «0,0097
0,161 -0,7480 1,878 =5,8365 0.6165 =0,0096
0.l82 -0,7128 1.8784 «5,7565 0.6165 -0,0094
0edb2 =0,6760 1,8784% _ _ #5,67¢5 D.6163 =0,0093



inertia of 9 x 10-4 oz-in. secz. With a scan interval of 50 msec, the retrace
started 0. 8 msec before the first line of printout in this example. The velocity
is 0. 6167 rad/sec at 156 msec, indicating a small overshoot from the final value
of 0. 6165 rad/sec at 162 msec. To minimize retrace time, the tachometer feed-
back was separated into separate gain values for positive and negative ampli-
tudes. This worked well for the computer simulation but was abandoned in favor

of a delayed tachometer signal during breadboard development.

2.5 PERFORMANCE TESTING

Two types of tests were conducted to verify the performance of the
SLC. When the mechanical assembly of the mechanism was completed,
measurements were made to determine that the inertia, torque constant, and
natural frequency were compatible with the calculated values of the anticipated
flight model design. After integration with the control electronics, tests
were conducted to verify that the dynamic performance (including scan rate,
linearity, scan jitter, and repeatability) was consistent with the requirements

of the Thematic Mapper instrument.

2.5.1 Mechanical Tests

The test setup for the mechanical tests is shown in Figure 2. 5-1.
The SLC was positioned on a rotary table in front of an autocollimator. The
cross hairs from the focal plane of the autocollimator can be seen being
projected through the mirrors of the SLC in Figure 2. 5-2. Test mirrors
were temporarily cemented to both sides of the mirror housing to allow for
measurement of the angle of rotation of the SLC during these tests.

The torque constant of the flex pivots was determined by hanging
known masses from a lever arm of known length, thereby producing a rota-
tional torque on the system as shown in Figure 2. 5-3.

The resultant angular displacement of the SLC was measured by the
autocollimator. The torque constant was determined at four increments of

torque in each direction about the rest position. The value of the torque
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Figure 2. 5-1. Test setup for mechanical tests
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Figure 2. 5-2,

Test setup for mechanical tests
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Figure 2, 5-3.

Determination of torque constant




constant was found to be 4. 64 X 107 dyne cm/rad. The nominal value of the
Bendix flex pivots was 4. 97 X 107 dyne cm/rad + 10%.

The inertia was determined by mechanically exciting the system and
observing the natural frequency as indicated by the tachometer output on an

oscilloscope. The natural frequency was found to be 100 Hz. The inertia

was then calculated using the following equation:

%
I= (l) K 2117.5gmcm2'
2m

where I = inertia (gm cmz)

K

torque constant (dyne cm/rad)

4.

period of oscillation (sec)
A photograph of the tachometer output which shows the natural frequency of

the SLC mechanism is shown in Figure 2. 5-4.

Tachometer
Signal

Time (10 msec/cm)

Figure 2. 5-4. Determination of natural frequency



The value of the inertia anticipated for the flight version of the SLC
using beryllium mirrors on a beryllium mirror holder was calculated to be
92 gm cm?. The breadboard model therefore is a fairly good simulation of
the flight SL.C, and should be slightly more difficult to produce the desired
motion than the flight model, due to its higher inertia.

The test data for these tests are contained in pages 1 to 13 of the log
book.

2.5.2 Dynamic Performance Tests

2.5.2.1 Test Setup

The test setup for the dynamic performance tests is shown in Fig-
ure 2.5-5. From left to right along the front edge of the granite slab are
the test electronics box, the control electronics box, an HeNe laser (which
projected a beam of light into the SL.C), the SLC, and a linear detector array

(with amplifiers).

2.5.2.2 Test Method

The motion of the SLLC mechanism was measured by positioning a

linear array of regularly spaced silicon detectors behind the SLC in the
location of the Thematic Mapper focal plane, and projecting a beam of light
from an HeNe laser through the SLLC and onto the detector array. A photo-
graph showing a close-up of the laser, the SLC, and the detector array is
shown in Figure 2.5-6. The detector array consists of 50, 0.2 x 0. 16 mm
detectors spaced 0. 038 mmapart as shown in Figure 2.5-7. Since the maxi-
mum expected scan amplitude corresponds to a displacement of 1.57 mm in
the focal plane, only ten adjacent detectors were connected. The detector
array was mounted on an x, y, z micrometer stage so it could be accurately
positioned. As the SLC rotated, the laser beam was scanned along the
array illuminating the individual diodes sequentially. As the beam crossed

the edge of each diode, a pulse was generated.




1% Al

Figure 2.5-5. Test setup for dynamic tests




Figure 2. 5-6. Laser, SLC, and detector array
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Figure 2, 5-7.

cm

Silicon detector array




The test electronics box is shown in the left half of Figure 2. 5-8. It has a

pair of thumbwheel switches which enable the operator to select the pair of
detectors between which the time interval is measured. Another set of five
thumbwheel switches (labeled sample) allows the operator to select the num-
ber of SLC scans (from 1 to 99, 999) over which the selected time interval

is measured. The digital display shows the minimum and maximum time
intervals measured for the selected pair of detectors for the selected number

of scans.

The SLC was tested for scan rate, linearity, repeatability, and jitter
at operating frequencies of 13. 0, 14.2, and 19. 0 Hz. Data sheets for all

tests are contained in Appendix B.

2.5.2.3 Test Procedure. The tests were conducted in the following manner:

The scan period was set up for the desired frequency using the thumbwheel

switches on the control electronics box; the offset, gain, and slope controls

were varied until the tachometer output indicated that the linearity was op-
timized. A pair of detectors was selected which spanned as much of the
active scan as possible and the time interval was measured over five pairs
of scan cycles to determine that the rate was very close to the desired rate.
Figure 2. 5-9 shows a photograph of the tachometer output along with the
pulses from detectors 3 and 10, Detector No. 3 is positioned approximately
10% of the way into the scan period (the beginning of the active portion of the
scan). Detector No. 10 is located at the end of the scan.

A confirmation of the scan amplitude was then made manually, posi-
tioning the detector array (using the micrometer adjustment) at varying
positions from 10% to 90% throughout the scan and recording the micrometer
reading. By using the intensified portion of the oscilloscope trace, a given
detector was accurately positioned at any desired position in the scan. The
photographs in Figure 2. 5-10 show detector No. 7 at positions of 50% and 99%

into the scan. The scan amplitude and a rough indication of scan linearity

could be derived from this information.
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Tachometer
Signal

Detector
Signals

' s

Detector 3 Detector 10
Output Output

Figure 2. 5-9. Detector signals

The scan linearity and scan-to-scan repeatability measurements were
made by dividing the scan amplitude into an integral number of segments, with

each segment being as close as possible to 0. 2mm, and then positioning by

micrometer an adjacent pair of detectors so that it spans one segment, and taking

20 pairs of minimum and maximum time interval measurements at each seg-
ment successively. The sample switch on the test box was set at 2 so that
each data pair gave scan-to-scan repeatability information and the 20 data
pairs were averaged to find the average scan rate over each segment.

By seeing how the rate varied, segment by segment, the displacement
as a function of time was calculated and the deviation from a perfect scan at
the nominal rate was determined. The photographs of Figure 2. 5-11 show
detectors 7 and 8 at three different positions in the scan.

The scan jitter was determined by measuring the time interval be-
tween the SLC reset pulse (''end of scan'') and the start of scan. This was
done by setting the first detector thumbwheel to 0 (the 0 on this thumbwheel is
connected to the SLC reset pulse) and the second detector thumbwheel to 7

with detector No. 7 positioned at the start of scan (10% into the scan period).
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Figure 2.5-10. Detector 7 at 50% and 99% of scan
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Figure 2.5-11, Detectors 7 and 8 at various positions in scan

2-52



The 30-second repeatability was measured by setting the '"sample
thumbwheel switches on the test electronics box for the number of cycles
which would occur in a 30-second period (at 14. 2 Hz, the number of samples
is 426} and noting the peak-to-peak variation in the time interval to cover
the full scan amplitude. For the 14.2-Hz case, detectors 3 and 10.were
used and positioned as shown in Figure 2.5-9. t

Summaries of the test data taken at the three frequencies are shown
in Tables 2.5-1 through 2.5-3 and Figures 2.5-12 through 2.5-14. (Each
Table has a corresponding Figure.) The complete test data are included in
Appendix B,



Table 2. 5-1. 13 0-Hz data summary

1!

214
T

13,0 Hz
0.0769 sec 0.9T = 0. 0692 sec

0.9 T/7 =0,009887 sec (seven equal increments)

Scan Deviation Data

Cumulative Nominal Error

Time Rate Displ Displ Displ A %
{msec) (in./sec) (mils) {(rmls) (mils) (rmls) Full Scale
9.886 0.905 8,947 8. 947 8.912 +0.035 0. 056
19.771 0,902 8,917 17.864 17 834 40,030 0. 048
29.657 0.900 8 897 26 761 26,751 +0,010 0.016
39 543 (0.898 8.877 35. 638 35.668 -0.030 0. 048
49.429 0 900 8.897 44 535 44 585 -0.050 0. 080
59,314 0, 901 8.907~- 53,442 53,501 -0.059 0,094
69.200 0.904 8.937 62. 379 62.418 -0.039 0. 062
displacement = 62. 379 mils norminal displacement = 62.418 mls

average rate = 0.9014 in./sec nominal rate = 0. 902 1n./sec

Repeatability

Scan to Scan (data from all seven increments)
Worst Case = 0, 07 msec = 0. 66 purad
o) = 0,016 msec =0, 15 prad

30-Second Period (one frame)

Worst Case = 0.10 msec 0. 94 prad

All angles
(from 10 runs) referrged to
Worst Case = 0.67 msec = 0,63 prad object space

Average (of 10)
Scan Jitter {Scan to Scan)

Worst Case = 0. 04 msec = 0, 38 prad
a = 0,021 msec = 0,20 prad

Iy
1

[
TN




SL.C Rate {in./sec)

56-¢

0 906 Y i ! I I | I | {
0 904 l———~|
e — e —— e — o — — = — —— = — —] 3.10 Rate
0. 902 = — == 902 = Desired Rate
i a'l‘-ﬂ Average Rate
i
0 900 b= i -
0 898~ t 1
Total Dhsplacement
=0 063 nch
I+ Scan Displacement f>| for 90% of
Scan Periwod
i ] ] 1 ] 1 | ! |
0 120 0,110 0. 100 0. 090 0 080 6 070 0 060 ¢ 050

Scan Position (inch)

Figure 2 5-12, 13, 0-Hz test data, 8 December 1975



Table 2. 5-2 14.2-Hz data summary

2f5 = 14.236 Hz
T = 0.0702 sec 0.9T = 0 0632 sec
0.9 T/7 =0,009026 sec (seven equal time increments)

Scan Deviation Data

Curmulative Nominal Error

Time Rate Displ Displ Displ A %o
(msec) (in./sec) (mils) {mils) {rmls)} {(muls) Full Scale

9.031 0.8891 8.030 8. 030 8.146 -0.116 0.20
18.063 0.8922 8.058 16. 088 16,293 -0.205 0. 36
27 094 0.9004 8.132 24,220 24.439 -0.219 0. 38
36.126 0.8995 8 124 32, 344 32.585 -0.241 0. 42
45,157 0.8995 8,124 40. 468 40,732 -0.264 0. 46
54,189 0 8997 8,126 48. 594 48.878 -0.284 0.50
63.220 0 9016 8. 143 56. 737 57.024 -0.287 0.50
displacement = 56, 737 muls normnal displacement = 57. 024 rmls

1}

average rate = 0.8794 in./sec nominal rate = 0, 902 1n./sec

Repeatability

Scan to Scan (data from all seven increments)
Worst Case = 0. 07 msec = 0, 66 prad
o =0.0114 msec = 0. 11 prad

30-Second Period (one frame)

Worst Cage = 0,11 msec =1, 03 prad
Average (of = 0,07 msec = 0. 66 prad
10 Worst

Cases)

Scan Jitter (Scan to Scan)

Worst Case = 0, 05 msec = 0. 47 prad

o 0, 028 msec = 0. 26 prad
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Table 2, 5-3. 19 0-Hz data summaxry

26, =19.0 Hz
T =0.0526 sec 0.9T =0,0474 sec
0.9 T/6 = 0,.007895 sec (six equal increments)

Scan Deviation Data

Cumulative Nominal Error

Time Rate  Displ Displ Displ A o
(msec) (n./sec) (mils) (mils) (mils) (muils) Full Scale

7.985 0.898 7.089 7. 089 7.121 -20.032 0.075
15,789 0.898 7,089 14,178 14,242 -0,.064 0.150
23.684 0.902 7.121 21,299 21,363 v-0.064 0.150
31,579 0.9025 7.125 28,424 28,484 -0.060 0. 140
39.474  0.9025 7,125 35,549 35,605 -0.056 0.131
47 368 0.900 7,105 42, 654 42.726 -0.072 0.169
displacement = 42, 654 mils nominal displacement = 42, 726 mils

average rate =0.9005 in./sec nomuinal rate = 0, 902 1n./sec

Repeatability

Scan to Scan (data from all six increments)

Worst Case

0. 05 msec = 0. 47 prad
g

0.013 msec = 0,12 prad

30-Second Period {one frame)
Worst Case = 0.08 msec = 0.75 prad

Average 0.069 msec = 0.65 prad
(of 10 Wozxrst

Cases)

Scan Jitter (Scan to Scan)

3}

Worst Case = 0 07 msec =0, 66 prad

g

0. 028 msec = 0,26 prad

™
1

7]
]
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SLC Rate (in./sec)

0. 906

0, 904

0, 902

0, %00

0.898

0. 896

0. 894

L
!——I ~—0.902 = Desired Rate
— | 7-8 Average Rate
—
= — e e e e e e =] 3-8 Rate

——

Total Displacement

j@—————~ Scan Displacement  ————p| = 0 0426 inch

for 909% of Scan Period

L ] | i | | |

0.120

0.110 0.100 0. 090 0. 080 ¢ 070

Scan Pogition (1nch)

Figure 2.5-14. 19, 0-Hz test data, 8 December 1975




3.0 SILICON FHOTODIODE ARRAY ASSEMBLY

3.1 TASK DESCRIPTION
3.1.1 Purpose

The purpose of this task was to demonstrate the feasibility of using
monolithic silicon photodetector diode arrays for satisfying the performance
requirements of the Thematic Mapper. The application of very low noise,
high bandwidth si1licon arrays in high resolution mechanical scanners had
not been demonstrated and was therefore determined to be a critical element
requiring breadboard development prior to a design commitment, It is the
purpose of this report to briefly review the selected array/preamplifier
configuration and to summarize all the test results.

3.1.2 Background

The Multispectral Scanner (MSS) which has successfully flown on
Landsats 1 and 2 measures the reflected solar radiation from earth in four
spectral bands covering the wavelength region from 0.5 gm to 1.1 gm. The
first three bands employ six photomultiplier tubes each and the fourth band
uses six discrete silicon photodiodes. The energy is collected by an array of
optical fibers in the instrument focal plane and piped to the photomultipliers
and silicon diodes which due to their large physical size were required to be
packaged sorme distance away.

The goal of the Thematic Mapper 1s to provide improved spatial and
spectral resolution as compared to the performance of the M55, while pre-
serving the signal {o noise ratio {S/N). It was felt that this could best be
accomplished by increasing the number of detectors per band (approximately
16 to 32) and by locating the detectors themselves in the focal plane to
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eliminate the fiber optics losses and minimize the size and complexity of
packaging between 64 and 128 discrete detectors. To mount the detectors 1n
the telescope focal plane would reguire the development of monolithic detec-
tor arrays and their associated preamphfiers. In the Hughes Thematic
Mapper baseline design 16 detectors per band have been estimated to meet
the expected performance requirement. However, this would necessitate the
development of low noise preamplifiers (approximately 3X better than the
equivalent MSS performance) with bandwidths of approximately 50 kHz. .

The first step in this development was the evaluation of the design,
assembly and testing of a single channel hybrid detector/preamplifier which
had been accomplished on an earlier contract, NAS 5-20528, which supported
defimition studies for an Earth Observation Satellite., This evaluation was
accomplished during the first half of 1975 and reported in the final report of
that contract in Dec.:ember 1975, The measured results of that development
were very favorable with the detector responsivity being adequate and the
preamplifier wideband noise (2.1 mv rms for a transimpedence amplifier
with a 107 ohm feedback resistance, 50 kHz) 1n good agreement with that )
predicted by 2 computerized noise model. This performance was thereafter
established as the criterion for the array. The next phase of the development
was to procure a monolithic silicon detector array and test it with preampli-
fiers identical to the one above in a focal plane assembly (FPA). The
balance of this report will describe the focal plane agsembly and the mea-

sured test results.

3.2 RESULTS SUMMARY

Silicon detector arrays were purchased from EG& Gand United Detector
Technology (UDT) in accordance with SBRC Specification 15483 and SBRC
Drawing 49788 which are included in Appendix C. Photographs of the EG& G
and UDT arrays are shown in Figures 3.2-1 and 3. 2-2, respectively. Each
diode array contained 24 active elements and two opaque elements for the

measurement of crosstalk.
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3.2.1 Detector Tests

The diode arrays were tested for leakage current, impedance,
capacitance, responsivity, and sensitivity contour prior to assembly into the
FPA. The leakage current, impedance, and capacitance of both the EG&G
and UDT arrays were well within the specification limits. The responsivities
of each array were less than the minimum specified value. Attempts by UDT
to bring up their responsivity with an antireflection (AR) coating were and
continue to be unsuccessful. The EG& G device was uncoated, and it is
believed that with a proper AR coating the EG& G device could easily meet
the specification requirements. As an example of the potential of the
EG&G array, the responsivity of a discrete EG& G device with a newly
developed AR coating was measured at SBRC and is plotted in Figure 3. 2- 3.
Both the EG&G and UDT arrays displayed an excessive amount of response
to photocarriers generated in areas outside of the active area diffusion. The
ma jor cause of this stray response is due to inadequate masking. The solu-
tion to this problem appears to be the addition of an insulating layer over the
complete array surface, except for the active areas, followed by an opaque
metal mask or absorbing layer. Neither UDT nor EG&G have the capability
to apply such a mask. Another source of stray response was due to the
generation of carriers in adjacent active areas which diffused to the detector
being measured. This was particularly evident in the tests of the EG&G
array whose adjacent elements were left floating during the crosstalk tests.
When performing this test on the UDT array, grounding the adjacent elements
reduced this effect by an order of magnitude. These results are discussed
later and portrayed in Figures 3. 3-6 and 3. 3-7. Biasing the adjacent ele-
ments would further reduce the effect to an acceptable level. Although time
did not allow for the procurement of new devices with improved responsi-
tivity patterns during this program it is believed that future array procure-

ments can overcome these deficiencies.

3.2.2 Focal Plane Assembly Tests

The discussion that follows refers to the anticipated performance of
the circuit shown in Section 3.5. Upon completion of the device related tests,

the EG&G and UDT arrays were assembled into a focal plane concept which
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Figure 3.2-3, EG&G 0,020 inch diameter silicon detector chip responsibility
. Example of response from single discrete detector,

RESISTOR ARRAY
BF 805 J-FETS

DETECTOR ARRAY

. Figure 3,2-4., Focal plane assembly in test fixture
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included the preamplifier input FETs and the feedback resistors. A

photograph showing one of the focal plane assemblies mounted in a test
fixture is shown in Figure 3.2-4. Five adjacent channels were built up in
both the UDT and EG&G FPAs as it was felt that all the necessary operational
information could be determined without the complexity of connecting up all
of the channels.

Initially, frequency response tests and spectral noise tests of the
unboosted preamplifier were conducted on each of the UDT and EG&G arrays.
Two problems were immediately obvious. The spectral noise at 50 kHz was
significantly higher than that experienced on the single channel hybrid device.
The frequency response did not follow a simple 6 dB/octave RC rolloff, but
was down approximately 8 dB at the corner frequency as determined from
the eventual 6 dB/octave assymtote.

After boosting, the response of the FPAs had significant dips in the
passband at the unboosted corner frequency and the wideband noise was
significantly greater than the 2. 1 mv predicted by the noise model and
experienced by the single channel hybrid configuration. The increased noise
and uneven frequency response were both attributed to the FPA layout.
Attempts were made to separate the effects of the various noise contributors
and layout restrictions but time did not allow for the design and assembly of
a new, improved FPA configuration. From experimental investigations on
this imperfect layout it is believed that by exercising extreme care a layout
can be generated which, when accompanied by a properly masked diode
array, will attain the performance desired for the Thematic Mapper
application.

3.3 DETECTOR TESTS

The EGG and UDT arrays were checked for the following
characteristics:

1) Leakage current

2) Impedance
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3) Capacitance
4} Responsivity
5) Semnsitivity contour

3.3.1 Leakage Current and Impedance

Leakage current and impedance were measured by making a V-I plot
for each detector site. Plots were made under conditions of total darkness
and sufficient illumination to produce the approximate Thematic Mapper full
scale signal current (2.0 x 10-9 A). Results are shown in Figure 3.3-1
for dark and Figure 3.3-2 for 1lluminated detectors. Figure 3.3-1 shows
the dark leakage to be well within the 30 pA allotted and the dark impedance

to be about 2.5 X 1011

Q for both devices. Figure 3.3-2 shows the illuminated
impedance to be about 10100 for the UDT and slightly greater for EGG. The
minimum specified impedance was 2.0 X 10%.

Although Figures 3.3-1 and 3.3-2 are taken for single sites, both

arrays were quite uniform from site to site.

3.3.2 Capacitance

Capacitance was measured using the circuit of Figure3:3-3. The
1/2wRi3gp frequency was measured with and without the detector connected
and an input capacitance calculated for each case according to the formula
Cy = 1/2wRSE

IN 3dB’
with the detector was 4.8 pF and without the detector was 3. 8. This means

Results were similar for both arrays. The capacitance

the detector capacitance 1s about 1 pF which is the maximum specified value.
This test was made for several values of Vr’ the detector reverse bias
voltage. No change in capacitance was observed. This is probably because
the junction capacitance is quite small compared to the lead and mask

capacitance.

3.3.3 Responsivily

Responsivity tests were made by comparing an array site to the
response of a standard calibrated detector under the same conditions of

illumination. The luminating source was focused down to a spot
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approximately 0.001 inch in diameter. In this way all the energy from the
illuminating source fell onto the detec)tor surface for both the standard and
test detectors. The spot size was verified by moving the array horizontally
0. 001 inch at a2 taime and recording the signal intensity. The distance between
the half power powints on the resulting curve of intensity versus displacement
was about 0. 0035 inch, indicating that the spot s1ze was small compared to
the 0. 003 inch detector. Optical filters with 20 nm spectral bandwidths
were used to measure the responsivity at approximately 100 nm intervals,
Typical results are plotted in Figure 3. 3-4. The dotted lines show the
specified average responsivity within given spectrzl bands, WNeither EG&G
nor UDT met the requirement 1n any band, although both were confident at
the start that they could. If the detectors had been masked better, 1t

would have been easier to determine the responsivity, because the array

“could have been flooded with a calibrated light source and comparisons to a
standard detector could have been made on the basis of area, As it is, so
much light from outside the active area contributes to the signal current that
it is necessary to use the focused spot which could produce efrors due to
scattering.

3.3.4 Sensitivity Contour

Sensitivity plots were made using the same focused spot of light. The
detector array was mounted on an x-y table and intensity was plotted over the
detector active area and its immediate neighborhood. The plots are shown in
Figures 3,3-5 and 3. 3-6. In these tests, the output current of the detector
marked ""lead" was monitored. The numbers on the plot are the values of
current in nA produced when the light spot illuminated the locations of the
number. Thus, at the beginning of the test, the light is focused onto the
center of the detector being monitored. The value of the output current is
written on the plot in the center of the monitored de/tector. Then the spot
1s moved to the edge or to a point outside the monitored detector and the
current again recorded. The process is continued until a complete contour

is obtamed. Rough calculations based on these results indicate that if the
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array were flooded with light, about 20 percent of the signal current would
be due to stray light falling outside the active area. This of course means a
1 percent crosstalk specification could not be met. The manufacturers now
feel that adequate masking is not readily obtained using their available
technology. The Carlsbad Division of Hughes Aircraft Company is currently
under contract to SBRC to produce a detector array using multilayer
processes of the type used in the manufacture of charge coupled devices,

Excellent masking should be obtained with this device.
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3.4 FOCAL PLANE ASSEMBLY CONFIGURATION

3.4.1 Design Requirements

The primary requirement of the FPA was to provide a means for
mounting and interconnecting the detector arrays and their associated
critical preamplifier components (input FET chips and 1090 feedback
resistors) in an assembly which was a maximum of . 10 inch wide in the
along scan direction. This dimension was chosen as a reasonable value
which if increased would make it more difficult to mount five arrays side
by side in the telescope focal plane. An additional concern for the FPA
design was the circuit layout and the choice of materials that would ensure
a high impedance path between adjacent circuits and between all circuits
and ground,

3.4.2 Major Components

The assembly consists of an aluminum frame which is used to support
the electronic components and enable the mechanical attachment to an optical
housing. -

Sapphire amplifier boards with vacuum deposited gold circuitry are
bonded to each side of the frame to provide the support and wiring for the
transistor chip, resistor array, silicon diode array, and the output wiring.

A silver filled epoxy (Epoxy Technology PN EPO-TEK HZ0E) was used
to bond the transistor chip to the amplifier board and provide the electrical
connection between the gate of the FET and its circuit pad. All other parts
of the assembly were bonded with an Epoxy Technology insulating material,
PN EPO-TEK H54. Both materials showed excellent handling, bonding,
conducting, and insulating properties,

Figure 3.4-1 shows the circuit layout, components, and wiring.

Also, the released assembly and detail drawings are listed in Appendix C,

Figure 3.4-2 indicates a fixture that was designed for assembly and

test of the SiPDA assembly.
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3.4.3 Intercomnmnect Wiring

The wiring between components was accomplished using a Hughes
pulse bonding instrument, Model HPB 360, which is suitable for thermal
compression (TC) bonding. One mil diameter gold wire was stitch bonded
to each component pad to provide the connections. Weld schedules were
established in all cases on sarnp-les supplied by the vendors for this purpose
to ensure the integrity of each bond. The final weld schedules were such
that the wire would break before the actual bond failed.

3.4.4 Output Wiring

The output wiring utilized a round multiconductor cable to facilitate
the testing of the assembly.

The ultimate design would use a flat shielded cable that would allow
several of the assemblies to be stacked side by side. Also, the flat cable
provides better shielding and reduces crosstalk between adjacent signal

channels.

3.4.5 Silicon Photodetector Diode Array

The array shown in Figure 3. 4-3 contains 26 elements for this design
of which two end elements are used for crosstalk measurements between
adjacent channels. The detectors are layed out in a staggered geometry to
provide contiguous scan lines with acceptable crosstalk between adjacent
detector channels. Future designs may require only 16 active elements
per assembly plus two crosstalk elements, allowing 8 spare channels,

Minor changes will be requred in the layout in that experience gained
in the assembly techniques has indicated means for improving the design.

The changes are as follows:

1) Two vendors supplied array assemblies for this contract: UDT
and EG&G,

2) Assembly personnel at SBRC were able to weld directly to the
array substrate, therefore eliminating additional jumpers to the
common substrate. This is desirable for the reason that reli-
ability 1s improved because of fewer weld joints. The change
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would mean increasing the width of the array substrate to
provide a more optimum "Fan-Out'" of the detector bonding pads
on its surface. This would be accomplished without increase in
the overall width of the package.

The wider arra;lr would alseo facilitate handling. The bonding of
the array to the support frame and the wiring was otherwise

successful.

3.4.6 Resistor Array

The resistor array containing 15 resistive elements of 109 ohms each
(2 spares) was successfully integrated into the assembly (see Figure 4. 3-3
for layout). A design change however may be incorporated to increase the
s1ze of the array for future systems for the following reasons:
1} To allow a larger centerline spacing between elements.
2) Prowvide areas for trimming the resistors to the drawing
requirements (the delivered resistances were 109 + 100 percent,

- 50 percent).

3) To enhance the design so that other vendors will respond for
procurement. Only one responded for the present contract
(ELTEC).
4) To facilitate handling and tests because of the larger size,
5) To allow minimization of undesirable effects due to
distributed capacitance along the feedback resistor to the
common substrate and to other resistors.
3.4.7 Conclusions
The conceptual studies in this phase of the program have provided
an insight into the feasibility of the SiPDA assembly., The integration of
state of the art devices will allow the packaging to be accomplished

effectively. The density and associated reliability features have been
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improved by a significant factor over the earlier MSS and VISSR detector

packaging designs. The completed design integrated with the final mechanical
configuration shows promise of being a highly relia'ble a:nd maintainable
system. A complete set of drawings for the FPA is included in Appendix C,
3.5 AMPLIFIER CIRCUIT

The preamplifier schematic is shown in Figure 3.5-1. It 1s divided
into three sections: a preamplifier, boost amplifier, and low pass filter.

A current mode preamplifier is used to reduce electrical crosstalk at the
mput. Because of the close spacing of the detectors within the array, there
w1ll be some capacitive coupling between adjacent detector cutput leads.

The magnitude of a signal coupled across this capacitance at a given
frequency depends on the magnitude of the source signal and the impedance
of the sending and receiving modes. Figure 3.5-2 shows a crosstalk model
for voltage and current mode circuits. Taking some typical values,
Cg=.05pF, C,=.05pF, K= 1000, Cjn = 5 pF, the model gives 0.1 percent
crosstalk 1n the current mode case and 1 percent in the voltage mode.

The current mode amplifier frequency response typically extends to
3 to 5 kHz, usinga 1 X 109Q feedback resistor, whereas the voltage mode
amplifier can roll off as low as 30 Hz. Thus, in the current mode a boost
factor of about 10 is required instead of 100.

The preamplifier itself is divided into two parts., The input stage 1s
located adjacent to the detector on the focal plane and the remainder is
located some distance away. This division is made since it is desirable to .
have the preamplifier as close as possible to the detector to minimize pickup
and input capacitance, but there is not room for the complete preamplifiex
at the detector array.

The input stage should provide a low output impedance to reduce pickup
along the cable to the remainder of the preamplifier and should be as simple
as possible to allow packaging within the immediate neighborhood of the

detector array. Also power dissipation rmust be minimized so as not to
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increase the temperature more than about 20°C zbove ambient.

As the

temperature increases, transistor and detector leakage currents increase

and become significant noise contributors.

It is difficult to design a package

to remove a great deal of heat and still maintain low capacitance to ground,

therefore low dissipation is important.
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A single FET source follower seemed to satisfy all'these requirements
best. It has the disadvantage that there will be some second stage degradation
of the input FET noise voltage. For the circuit shown, there is second stage
noise generated by the €, of the differential bipolar pair (0,70 nv//Hz each)
and the thermal noise of the two 500 resistors (0.91 nv// Hz each). This
gives an rss total of 1.62nv// Hz, Since the FET source follower gain is
typically 0. 92, this noise must be multiplied by 1. 08 to refer it to the
preamplifier input. The result is that the 2.4 nv//Hz FET _n is degraded by
about 24 percent by the second stage. This is acceptable since e, is not the
dominant noise source for frequencies below about 200 kHz. The 3-pole
Butterworth filter at 50 kHz has rolled the noise off almost 40 dB by 200 kHz.
{See Section 3. 6.2 for details of noise. )

The closed loop frequency response of the detector-preamplifier rolls
off anywhere between 2 and 10 kHz, depending on the particular layout. The
boost amplifier following the preamp has the transfer function shown in
Figure 3.5-1 to provide a rising response to compensate the preamplifier's
falling response out to 52 kHz. The combined preamplifier and boost
amplifier response will then be approximately flat from dc approaching
50 kHz, down 3 dB at 52 kHz and rolling off at 20 dB/decade for frequencies
>>50 kHz. The signal and noise levels are sufficiently high at the preamp
output that no measurable noise is added due to the boost amplifier. Another
way to say this is that the signal to noise ratio is determined at the preamplifier
output and signal and noise are amplified and filtered equally in the following
stages.

The LRC filter at the boost amplifier output provides two complex
conjugate poles which, acting with the 52 kHz real pole in the boost ampli-

fier, generate a 3-pole Bulterworth filter response at 52 kH=z,



3.6 AMPLIFIER SIGNAL AND NOISE TESTING

Tests of the completed focal plane array indicated two major
dafficulties; the high frequency noise was excessive and the frequency response
was not such that it could be boosted by means of a simple RC filter to pro-
duce a flat response to the desired corner frequency of 52 kHz. Also the
gignal response rolled off much earlier than was expected based on tests of

the individual detector hybrid circuits completed earlier.

3.6.1 Frequency Response Measurements

Faigures 3, 6-1 and 3.6-2 show plots of unboosted and boosted frequency
response for several channels using the UDT detector array connected into
the focal plane assembly (FPA) package. Itis seen that the unboosted
response is down anywhere from 6 to 8 dB at the corner frequency which
causes a 3 to 5 dB sag in the boosted response around the unboosted corner
frequency. The opposite of this effect was observed during the earlier single
detector hybrid testing where the unboosted response was down only 2 dB at
the corner, resulting in a +1 dB response in the boosted response at the
unboosted corner frequency. The effect 1s attributable to two causes. One
is stray capacitance from the feedback resistor to ground and to the FET
source lead acting with the feedback resistor shunt capacitance. The two
capacitances produce a complex pole pair in the frequency response which
may have a damping factor greater or less than umty depending on their rela-
tive magnitudes., By making further tests with identical components 1n vari-
ous layouts, the dependency of this effect on layout was demonstrated.

Figure 3. 6-3 shows the response of a UDT detector array from the same lot
connected in the same circuit, but mounted in a flat planar configuration on a
sapphire "'sunburst'" substrate. This layout used a chip feedback registor,
rather than one of the array resistors, This signal response 1s down 3 dB
at the 7 KHz unboosted corner, although it appears to have a small amount of
sag in the 2 to 5 KHz area. This i1s probably due to the second of the causes,
namely detector secondary time constants. A non-ideal detector frequency
response can be produced if the modulated signal laght energy strikes the

detector chip outside 1ts active area. Thus if several hole-electron pairs
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are produced some distance from the junction, a few will diffuse into the
depletion under the effect of their concentration gradient. This requires
some time, so that if the number of carriers produced outside the depletion
region becomes comparable with the number produced inside, then a
"secondary time constant'” in the step response is produced which leads to
the frequency response shown in Figure 3. 6-4. The dotted lines show the
curves as they would be if the inactive chip areas were perfectly masked.
The extent of the spurious response depends on the ratio of exposed inactive
to active chip area and the incident energy pattern. To determine the pre-
sence of absence of this effect, a test setup is being constructed that can focus
the modulated light intensity into a small spot about the size of the detector,
Results are not available at the tirne of this writing, but improvement is
expected based on the contour plots made earlier on the UDT array. These
showed about 20 percent of the low frequency signal current was due to energy
falling outside the active area. It 15 reasonable to expect that some ''destruc-
tive interference" due to phase shift would occur at or below 50 kHz.

To sumrnarize, it is expected that the frequency response problem
can be solved by careful amplifier layout to reduce stray capacitance and by

improved detector masking.
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3,6.2 Noise Model

The various noise sources are plotted in Figure 3.6-5 for the follow-

ing asdumed parameters which are worst case specification values:

Parameter Symbol Value
Amplifier Input Noise Voltage "e‘n 3nV/N Hz
Feedback Resistor Thermal Noise Voltage E"r 4,08 uV/N Hz
Amplifier Input Noise Current In 6 x 10-10 A/N Hz
Input Capacitance Gin 5 pF
Dielectric Loss Tangent tan & . 003
Detector Leakage Current ID 30 pA

® AMPLIFIER NOISE CURRENT 0 14x10 '22mps  ASHOT NOISE DARK CURRENT 0 71x10" 2amps
A AMPLIFIER NOISE VOLTAGE/RF 0 70x10 12 amp; [IDIELECTRIC NOISE CURRENT 0 16x10 ' amps_
¥ THERMAL NOISE CURRENT 0 11xt0° Tamps ~ ORSS NOISE CURRENT 0 22x10°" amps
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Figure 3. 6-5 and previous calculations show that for these assumed

parameters the spectral noise should be up 6 dB about the thermal noise of

the feedback resistor at 50 KHz. Low frequency {(zero signal) noise is

due primarily to the feedback resistor thermal noise. The high frequency
noise boost is due to diclectric loss resistance noise current which increases
with frequency at the rate of 10 dB/decade, and to ;n boost which increases
with frequency at the rate of 20 dB/decade. In the noise model, these two
components are equal at approximately 200 kHz with the dielectric loss

resistance noise dominating below 200 kHz,

3.6.3 Noise Tests

The various sources in Figure 3.6-5 are shaped by a 3-pole Butter~
worth filter at 54 KHz, then summed (rgs) to form a composite curve, A
noise integration (neglecting the signal shot noise) shows the wideband noise
to be about 2.1 mv. Wideband noise tests on the hybrid circuits, reported
a previous document, agreed well with this calculated value and had a basically
flat frequency response, All efforts to date have been unsuccessful in dupli~
cating this result using the array detectors with the focal plane assembly or
other modified assemblies,

Results seem to vary considerably depending on the detector array,
the channel within the array, and the type of layout. In general there are
two problems. The first is that each individual channel operating by itself
is too noisy, and the second is that all the channels operating together
are even noisier.

Considering the first problem, although wideband noise measurements
have been obtained as low as 2,4 mv on FPA channels, a more typical
single channel value is 3,3 mv. Figures 3.6-6 and 3,6-7 show data taken
on a UDT array channel where the original FPA layout was modified to
move the source lead away from the feedback resistor. The wideband noise
in this channel was 2.5 mv. The layout modification is shown in Figure
3.6-8, The idea was to build a channel fairly well removed from the
others, and to locate the FET source output trace away from the feedback
resistor. The wideband noise was not bad., The spectral noise is up about

8 dB above thermal noise at 50 KHz, instead of the desired 6 dB. However,
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boosted spectral plot (Figure 3.6-7) shows a sag of about 2.5 dB at 5 kHaz.
This could be due to detector secondary time constant as mentioned earlier.

To check the effect of the resistor array (15 resistors on a single
substrate) and to further isolate the resistor from circuit traces, a discrete
chip resistor was used in place of one of the array resistors. The individual
resistor chip was simply glued onto the resistor array and connected as
shown in Figure 3.6-9. The spectral signal and noise plots, unboosted and
boosted, are shown in Figures 3.6-10 and 3.6-11. They are not significantly
different from those of Figures 3.6-6 and 3.6-7, but the wideband noise was
measured at 3.3 mv instead of 2.5. The only explanation for this other
than measurement error is that a different FET chip was used with the
discrete resistor. This brought vp the possibility that some of the FET
chips were not meeting the noise specification. More will be said about this
later.

To check the effect of the UDT detector in the layout, a Hewleti-
Packard 4205 detector chip was installed in place of the UDT detector
on a FPA circuit board. The configuration is shown in Figure 3.6-12.

The unboosted and boosted spectral response is shown in Figures 3,6-13
and 3.6-14, Noise is about 8.3 dB above thermal noise at 50 KHz and

the wideband boosted noise is 2.8 mv. The boosted signal response tends
to peak rather than sag with this detector. The peaking or sagging appears
to be detector related, based on comparison of this data with that shown
in Figure 3.6-11.

To determine if the FET chips were meeting the noise specification,
thirteen of them were silver epoxied to a circuit of the type shown in
Figure 3.6-12, and connections were made using micro-probes. In this
way there was no possibility of degrading the chip performance as a result
of bonding the leads to the metalization, According to these measurements,
about 1/3 of the devices met the noise specification at 50 kHz, and another “
third were slightly (25%) over. A good electrical connection was difficult
to obtain using the probes because the chip pads are so small, but fairly con-
sistent results were obtained with a little practice,

TI, Ltd. in England was conta:cted to determine if the chips were

tested for noise before delivery. The answer was that they can test noise
!
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of an encased device only. They take a sample lot of about 30 chips from
each wafer, put them in cans and check the noise. If the 30 are all good,

the several thousand individual devices on the wafer are considered to be good
also.

After learning of this, chips were purchased in TO-18 cans and aiter
checking them on commercial noise measuring equipment for 'En< 2.4 nv/N Hz
at 50 kHz, the chips were removed from the cans for use on the arrays. The
technique used was to saw off the header lead upon which the chip is mounted,
immediately below the chip. The gate contact of the FET is located on the
bottom of the chip., The source and drain wire bonds, which are made to the
top of the chip, were left intact. The chip, wires, and lead stub were
transferred to the test circuit and the lead stub was conducti’vely epoxied to
the sapphire substrate. The gate connection to the detector and feedback
resistor was made by bonding to the top of the lead stub {which 1s larger in
diameter than the FET chip) and the source and drain leads, still attached to
the chip were bonded to the test circuit pads.

Some én tests on the preamplifier circuit were made using an
"ex-canned' device at the front end. The test circuit is shown in Figure
3.6-15. ‘The results are shown in Figure 3.6-16, They compare with
the 3.0nv/{/Hz used in the computer calculation of Figure 3.6-5.

It was also desired to measuare the input capacitance of the preamp
since this is the major factor in the magnitude of the high frequency noise.
This was done by making a frequency response test from the nominverting
bipolar input stage transistor base, as shown in Figure 3.6-17. Measurements
were made with and without the detector connected., The results are shown
in Figures 3.6-18 and 3.6-19. The gain e_/e_ is nearly unity at very low
frequency, then starts to increase due to the effect of Rf and Cin' C _is

n
determined by the frequency where the low frequency response is up 3 dB.
1

Cin =

2TReL | 345

Such a calculation yields about 2.5 pF with the detector and about 1.5 pF
without it. These values are for the apparent or unbootstrapped input capa-

citance. In determining noise effects, the bootstrapped gate-to-source
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capacitance CgS of the input FET, typically 2.2 pF per the data sheet, must
be added. This brings the total to 4.7 pF, which compares well with the
5 pF used in the noise model calculation.

Detector leakage current was also measured and found to be any-
where between 5 and 10 pA depending on the array, the site and the
reverse bias. This is well below the 30 pA used in the calculation. In
summary, all the known parameters affecting noise have been tested with
the exception of the FET Tn and tand , the cin loss tangent. The reason
these have not been tested is primarily because it is very difficult to do
so. The FET Tn’ being specified at 6 x 10104

thermal noise ofRf and by dielectric loss resistance noise above about

Hz, is dominated by the

1 KHz, Because -{n is the shot noise of the gate leakage current, cal~
culable by the shot noise formula, it is expected to be flat with frequency.
At 50 XHz it would be over an order of magnitude below the dominant
noise source. Since our excessive noise is at high frequencies only, it is
not expected that i-n should be causing the problem,

A high loss tangent could easily be the cause of excess high fre-
quency noise, The problem is that the majority of our input is device
capacitance. The tand of these devices cannot be altered. High quality
dielectric materials such as sapphire and alumina in the substrates and
circuit boards have been used wherever there has been a choice.

3.6.4 Additional Frequency Response and Noise Measurements

In making the Cin tests, it became apparent that here was a way to
make frequency response tests without a detector. After turning up at low
frequency, the gain <—:-0/eS (see Figures 3,6-18 and 3.6-19) increases,
then levels off to a constant value at high frequency. The feedback resistor
shunt capacitance Cf, may be calculated from the frequency at which the
high frequency gain is down 3 dB. Stated another way, the transimpedance
frequency response will be flat in the area where the plot of Figure 3.6-18 _
is rising, and will fall off at -20 dB/decade in the area where Figure 3.6-18
is flat, In this way the optical frequency response obtained by illuminating
the detector may be compared with the electrical frequency response with
and without the detector. Signal and noise plots may also be made. Figure

3.6-20 shows the electrical frequency response and spectral noise of a
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single channel with no detector. The noise is up 5.5 dB above the signal

level at 50 kHz. The plot was repeated in Figure 3,621 with a UDT detector
array added. The 50 kHz noise is now up 6.7 dB, The increase is attributable
to the 1 pF inerease in C.ln caused by the detector.

The plot was repeated again as shown in Figure 3.6-22, with an
optical input signal. The noise was the same, but the frequency response
was down an additional 1.4 dB at 50 kHz, making the "signal-to-noise ratio!
at 50 kHz 1. 4 dB worse, The noise is 8,1 dB up, in this case, which 1s very
typical of earlier plots with optical inputs. Further testing will determine
whether a focused light signal will produce a better optical signal re sponse.

The second noise problem, mentioned earlier, is that a channel
operating in the neighborhood of other operating channels is noisier than it
is if 1ts neighbors are turned off. This is particularly noticeable if one of
the neighbors happens to be excessively noisy. In tests of the original UDT
FPA, chamnel 24 exhibited the best noise performance. The wideband noise
of channel 24 varied from 3.6 mV with the other channels turned off to 4.2 mV
with the other four channels operating., The excess noise was primarily due
to the adjacent channel (channel 22) as the wideband noise in channel 24 was
3.7 mV with all channels operating with the exception of channel 22, There
was some indication that the frequency response of a particular-channel can
be affected by its neighbors. In the above test, the boost on all 5 channels
was adjusted so the optical frequency response was down 3 dB at 54 kHz with
all channels operating. After channel 24's neighbors had been turned off,
not only did its noise go down, but its frequency response went up. Upon
readjusting its boost for -3 dB at 54 kHz, the wideband noise was 2.9 mV.
This interaction between channels is related to the layout of the FPA, These
problems can be largely eliminated by incorporating the following guidelines

in future layouts.

1) Greater channel-to-channel spacing to obtain better isolation.

2) Ground plane shields between traces and ground barriers
between feedback resistors also to help reduce cross-talk.

3) Reconfigure ground planes around the feedback resistors
to improve irequency response.

4) Include ground planes beneath the FETs to aid in removing
the heat generated by them. It is undesirable to have a

3-42



GAIN, DB

GAIN, DB
5
[=]

+20

= 6.7 dB WITH
DETECTOR

l

-60 1 T | | 1 L 1 | 1 | I | 1 1 1 i 1 1
10 100 1K 10K 100K

FREQUENCY, HZ

Figure 3.6-21, Signal and noise plot using electrical
input signal and UDT array detector

+20

C 81 dB FLLOODED
DETECTOR

l

4
h3
(=}

'
-60 ) 1 1 l 1 | 1 ! ) | i I 1 ! ] I H
10 100 K 10K 100K
FREQUENCY, HZ

Figure 3.6-22, Signal and noise plot using optical input
sighal to UDT array detector
3-43




chip temperature over about 50°C, because leakage current

increases to the point where it becomes a significant noise

contributor, ' .
(To further aid in reducing the chip temperature, reduction of the drain cur-
rent ID has been considered. The penalty for doing this is increased 'En and
reduced 8 The currently used parameters are specified at ID = 3.0 mA on
the data sheet, which is the current at which test operations have been con-
ducted, At 5 volts the voltage between source and drain of the FET, VD <’
15 mW per channel are dissipated. Tests show that if I, were cut in half,
en'would increase by about 15 percent and the device transconductance 8
would decrease by about 20 percent. Further study is required to determine
the effect of this variation on the system performance, but it would seem
from the plot of Figure 3. 6.5, that En could be increased 15 percent without

serious degradation. )

3.7 SUMMARY

Because of timme limitation research on the contract has been terminated,
but work should be continued on refining the design of the arrays and assembly
packaging to correct problems which now have been clearly 1dentified. Such
continued work is being carried on by Hughes/SBRC. As of this printing, the
indications are that the probability of resolving the herein reported dis«

crepancies with redesigned hardware 1s close to unity.
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4.0 SCAN MIRROR ASSEMBLY

4.1 TASK DESCRIPTION

The Scan Mirror Assembly, SMA, breadboard development was

undertaken to investigate certain critical design parameters that were known

to significantly affect the overall TM performance. Design goals for these

parameters were defined and the main purpose of the subject program was to

prove how well these individual goals could be met. It is therefore worth-

while delineating these specific critical parameters:

R}

Mirror Fabrication. As a baseline for the TM SMA the
Multispectral Scanner {(MSS) was flight proven. However, the
MSS murror is significantly smaller. Increasing the size of

the MSS mirror while utilizing the same fabrication techniques
was a possible approach. However there was a strong desire

to minimize spacecraft momentum transfer effects and this
suggested a mirror of significantly less inertia than could be
achieved by the MSS approach. A new, lightweight, brazed
beryllium mirror structure was proposed based on a 51 cm
diameter model which had been successfully built and polished.
As a design goal it was required that the mirror remain flat
over a 20°C temperature range and under the dynamics. of opera-
tion. A totzl flatness goal of 0.9 micrometers was set; however
a meaningful MTF specification was not defined at the start of
the program.

SMA Line Scan Accuracy. At the beginning of the program the
SMA was defined to operate with the logic and basic mechanics
of the MSS SMA. As such it would have a quasi-linear scan in
one direction (forward) and would have a torqued and quite non-
linear scan in the reverse direction. The TM system scans in
both directions for efficiency, so the non-linear rescan would
be highly undesirable. A low risk (minimal change to MSS)
design was the basic program philosophy, and a means for




torquing during the turnaround had not yet been demonstrated.

The along scan repeatability of the MSS was adequate, and the

goal was to demonstrate equal performance 1n a larger SMA.

The measured cross-axis motion of the MSS SMA exceeded the

TM requirement, but significant improvement could be achieved:

by careful balancing of the mirror on its flexural pivots, by

individually matching the shear stiffness of the flexural

pivots, and by adjusting the bumpers to create equal and

opposite forces on the marror,
Thus the scope of effort originally consisted of developing a2 new mirror
technology and of scaling up an MSS-type SMA to demonstrate along scan
repeatability and cross-axis motion parameters, Two events came to pass
which indicated that a basic scope change was desirable, The first of these
was the completion of an IR&D effort which strongly indicated that a torgue-
while-turn-around design existed which could be adapted to the TM SMA
without major changes to the new mirror (which by that time had been fabri-
cated and was 1n the process of being polished). The second event was the
cross-axis measurements taken on the MSS-«type SMA utilizing a dummy mir-
ror. These measurements showed that the mass of the MSS-type bumpers
was causing significant cross-axis motion, The torque-while-turn-around
concept utilized extremely light bumpers, It was thus proposed to include
the new torque-while-turn-around concept, to re-build the SMA appropri-
ately and to re-test. The expected pay-off was: reduced cross-axis motion,
reduced vibration, and a nearly linear scan and rescan.

With NASA consent and approval, direction was received to stop all

testing of the MSS-type SMA and to fabricate necessary parts, re-assemble
and test a torque-while-turn-around TM SMA, The results of this testing

are the principal content of this report on the SMA,

4,2 RESULTS SUMMARY

The test results demonstrate the feasibility of the SMA and light-
weight mirror design concept, The original SMA specification (DS 31649-001)
contemplated a quasi-linear forward scan {=2 percent) followed by a quite
non-linear reverse scan. This would require a computer to make the two

functions equal, linear, and of the same scan length. In the final breadboard
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configuration the goal was to achieve repeatable along scan registration

without computer corrections.

Scan Marror Assembly Results

Figure 4. 2-1 presents SMA test results in summary form by compar-
g the original goals, the revised goals and what has been demonstrated by
test or analysis. FEach parameter in Figure 4.2-1 is briefly discussed

below. .

e Scan Freqguency. The baseline flight design scan frequency has
changed from 9.78 to 7.1 Hz, The tested design can be operated
easily between 5 and 11 Hz., As the frequency is increased,
the energy put in during turn-around must increase, All else
being equal, this requires lengthening of the torque pulse, TUlti-
mately this increase would reduce scan efficiency. For this
reason, most data was taken at 9.2 Hz to show a healthy margin
over the requirement. Higher efficiency at frequencies in excess
of 11 Hz would require more voltage to the torquer or a torquer
with larger torquing coils.

e Scan Linearity. The linearity was defined originally as the ratio
of scan velocity at a particular scan angle divided by the average
scan velocity over the total scan angle. For a truly torque free
scan the linearity would be 100 percent by definition. For the
forward scan of MSS or both scans of the TM, the-predominant
torque is from the flex pivots., ZFor this program it was orig-
inally assumed that the reverse scan would contain the energy
restoring torque pulse. Thus the original design goal for linearity
was +3.7/-7 percent (measured from 100 percent) during the
untorgued scan and 20 percent during the rescan. The aciual
linearity of the TM SMA as tested and computed for a vacuum
environment was +1.3/-2 percent. This was based upon the
mirror scan natural frequency, the scan angle and the average
scan rate as measured. However a device has been built and
tested on IR&D funds which applies a magnetic torque which
approximately cancels the flex-pivot restoring torque. By mea-
suring the net static torque on the mirror as a function of scan
angle the mn-vacuum linearity can be predicted assuming no sig-
nificant eddy-current torques exist in the torquer. From this it
can be shown that the maximum angular deviation from a truly




Parameter

Origmal Goal
(DS 31449-001)

Pregent Goal

Achieved

By Test on SMA

By Other Means

Scan Frequency

9.78 0. ¢} Hz

7.1 Hz

Any desired frequency
between 5 and 11,0 Hz
Most tests at 9.2 Hz to
show margin

$can Linearity

{B(t)/é for avg
scan)

+3 7/-7 0% forward
=20% reverse

New Definmition

8 actual = @ lLinear
21,3 microradians
[0,5 IFOV)

Not applicable but eaual
to +1.3, -2.0%

<10 mycroradians
Tested upon IR&D
device

AMong Scan
Repeatabilzty
{Object Space)

4 prad RMS with
"rubber banding'' and
knowledge of fwd/rev,
scan functions

4, 2 prad RMS with-
out ‘'rubber banding

1. 0 prad with
processing

~4 1 urad RMS without
"rubber banding"

Analysis of test
setup errors sug-
gests that the real
error tnay be one-
half the measured
values

Cross Scan Error
[Objective Space
Non-nested}

2 prad RMS (Marror) =
2x 1 73 = 3.5 prad :n
object space for 609
Mirrox

3.0 prad RMS in
object space

4.0 prad RMS worst
case 1n object space

2.0 prad RMS nomunal

Approx 1,0 prad
RMS achievable
with optimurn piv-
ots anec mirror

mass
Scan Amplitude Q¢ 2595 rad ~0. 27 radian in test
setup
Scan Efficiency >80% No known change 84.2% at 7. 1 Hz Note Turn around

79 6% at 9 2 Hz

time of 11. 6 ms
could be shortened

somewnat
Phase Stability Locked to clock within £17 psec
3 msec
Start-up Time =30 sec =10 sec

Mirror Inertia to
Cause Less than
2.5 Microradians
5C Motion with
1000 Slug ftZ SC
and 0 1297 rad
Mirror Motion

=0 231 :1n. le, see?

0,292 in lby stac2
because of retrofit to
mirror

<0 230 1n. b sec®
calculated with flex
pivots on CG and
maghesiumt forquer
mounting plates

Power

=20 watts

~T watts

Figure 4. 2-1, Results summary for SMA.

linear scan can be closely matched to constant earth surface

scanning rate. This variable angular rate cannot be achieved
with constant angular rate scanners which scan the earth surface
at a variable, hence nonlinear rate.

A device which removes flex pivot restoring torque, was not
incorporated into the breadboard TM SMA for severzl reasons:
(1) its operation had already been demonstrated on an IR&I? SMA;
(2) adding the hardware to the already~built, flight-type mirror
would be cumbersome from a mechanical design point of view and



would not be cost-effective from a knowledge-gathering viewpoint;
{3) quantitative linearity measurements would require total
redesign of the test equipment. The appropriate place to incor-
porate this device is in the Engineering Model phase, since there
is no question that the desired degree of scan linearity can be
obtained; feasibility has been well proven.

Along Scan Repeatability. The original goal specified in the
Development Specification was that the expected along scan sepa-
ration of two IFOV's on adjacent scan lines and whose object
space scan angle is identical be less than 1/10 of an IFOV (or <

4. 2 microradians) when processed and printed by the ground sta-
tion. The ground station was assumed to know the times of cross-
ing a beginning and end fiducial ground angle and to know the times
of all video data. The assumed processing technique '"rubber-
banded all scans between the start and stop fiducial times to a
constant, processed scan length. And in addition, it was assumed
that the basic forward and reverse nominal scan functions of
marror angle versus time were known and used in the processing.
With the implementation of torque-while-turn-around, the require-
ment goal was changed to 0.1 IFOV unprocessed. This means
that the difference in forward and reverse scan pairs should be
less than 4.2 microradians. This goal has essentially been met.
The measured value of the scan-to-rescan standard deviation is
about 4.1 microradians. When scan periods are normalized it
has been shown that measured data taken on the breadboard SMA
in a helium tent provides along scan repeatability with an expected
deviation of less than 2 microradian in object space.

Cross-Scan Error. This is the measure of the deviation in the
along-~track direction. It amounts to overlap and underlap in the
raster format of the picture; the latter represents a loss of

data that is not recoverable. The original SMA design goal was
to keep the rms value of cross-scan error under 3.5 microradians
1n object space for a sensor system whose nominal incident-to-
reflected scan mirror ray 1s 60 degrees, This corresponds to a
rms goal of 2.0 microradians for the cross-scan mirror angle
itself. The design goal has recently been changed (because of
system error budgeting and a change in IFQOV size) to require that
the object space cross-scan error be less than 3 microradians,
rms, independent of sensor/SMA geometry.

Actual measurements taken on the breadboard SMA indicate that
cross-axis error is caused by the existence of firgt-mode, rigid-
body motion of the mirror bouncing on the flex-pivots (which are
springs in shear). To a large extent, however, the cross-axis
vibration so described is correlated from scan to rescan. To the



extent that this motion in the scan and rescan traces nest with
each other, no cross-axis error exists (except for mapping error
but this error can be made much less than the specification of

1/2 IFOV). Measurements show that the true non-nested cross-
scan error is a function of the exact scan frequency chosen and
the particular natural frequency of the mirror (in the first-mode
motion described), which is presently 320 Hz. The rms value of
the resulting cross-scah error (scan-to-rescan) was measured
for slightly differing scan frequency and found to be between about
! and 2.8 microradians (mirror coordinates). This suggests that
in the flight system, where the SMA period is predetermined
exactly, the natural first mode frequency should be tuned for best
cross-axis results., In object space the cross-axis error would
then be 1.4 and 1.8 microradians rms for a 90 degree and

60 degree mirror respectively. The worst-case cross-axis
motion measured near a vibrational resonant peak was 4 micro-
radians in mirror coordinates.

Scan Amplitude. The required scan amplitude is 20.2595. In
actual practice all tests have been run with a scan amplitude
greater than this mnimum requirement. The scan ammplitude

for test purposes 1s the active scan angle and must be less than
the angle between bumper contacts; this has been assured by
placing the scan measuring split diodes slightly inside of the angle
defined by the bumper contacts. It should be pointed out that the
scan angle 1s adjustable on the breadboard and scan angles larger
and smaller by a factor of two are quite feasible.

Scan Efficiency. Scan efficiency, for a quasi-linear scan mecha-
nism, 1s simply the percent time spent actively scanning. The
design goal of the development specification was 80 percent mini-
mum (the active forward plus active reverse scans, divided by
the total mirror period). The turn-around time thus determines
the scan efficiency once the total period is specified. The turn-
around time is defined by the bumper spring length and can be
adjusted. Once adjusted, the turn-around time is largely inde-
pendent of scan frequency. The turn-around time includes all of
the time spent between active scans (a bit larger than the bumper/
mirror contact time). On the test unit the scan efficiency was
79.6 percent at 9.2 Hz where most of the data on jitter and scan
repeatability were taken. This corresponds to 84.2 percent at
7.1 Hz. In an optimized design; the bumper spring length can be
shortened to decrease the turn-around time and further increase
scan efficiency, perhaps to 90 percent (estimated).
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Phase Stability, The requirement that the phase time lead or lag
between the control clock and the SMA not change by more than

5 milliseconds in five years can be easily met with the torque-
while-~turn-around logic of the breadboard SMA. Changes in
phase measured over several minutes do not exceed three micro-
seconds, Assuming major changes in the electronic or mechani-
cal parameters (simulated by significantly varying an electronic
input) result in phase changes of less than 17 microseconds. It
should be pointed out, howewver, that the start of scan should not
be controlled directly by the master clock, but by an SMA output

(magnetic bumper pick-off or by the baseline Scan Mirror Moni-
tor device).

Start Up Time. The MSS SMA does not have a special start logic
and is self starting. The TM SMA breadboard is not self starting,
No attempt has been made to put a realistic start-up logic on the
present breadboard. This is because the present breadboard self
centers the mirror at rest with its uncompensated flex pivots.

The breadboard is easy to start by applying a momentary voltage
to the magnetic pick-off cireuit (butits rest position is always at
mid-scan). The actual flight mirror, at rest, may assume any
position. The proper logic for the flight system would apply a
small voltage to the torquer to place the mirror in contact with
one particular bumper. This voltage would persist for 3 to

7 seconds to insure that the mirror is at rest. Then a fixed-
length pulse would be applied to drive the mirror away from the
bumper. During this start-up sequence, the normal logic would
be inhibited. At the end of the fixed pulse the logic would be
freed and the mirror would coast into the opposite bumper. This
logic was built and demonstrated on the TR &D unit (which had flex-
pivot torque compensation). The end result is a simple, reliable
"SMA-On-Off" switch.

Mirror Inertia. The present breadboard mirror (including torquer
components and counter weights) has unnecessary inertia. This is
because the redesign of the mirror and bumpers for the torque-
while-turn-around set-up changed the location of the center of
gravity with respect to the flex-pivot axis., Additional counter-
weight was required to move the c.g. back onto this axis. In a
proper redesign the flex.pivots would be slightly relocated, there
would be no MSS-type bumper cups, the torquer magnetic struc-
ture would be lightened and the counterweight would be much
smaller. ‘There is no problem in meeting the desired inertial goal
of 0.231 in-lbs-sec? with a 60° mirror.

Power. The design goal of less than 20 watts drive power was
based upon what might be achieved with MSS-type logic. In early
tests of the TM SMA with MSS-type logic about 40 watts were
required. The torque-while-turn-around concept brings about a
sharp reduction in power consumption. In recent tests of the SMA
about 7 watts is used by the drive electronics at 9.2 Hz scan
frequency. At other operating frequencies the power required is
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approximately proportional to the square of the operating
frequency.

Scan Mirror Flatness Measurements

The original specification for marror quality was in terms of flatness
over the operating environment. The defined operating environment consists
of the operating dynamic loads and the temperature range: 20 % 10°C. Flat~
ness 1s the largest spacing obtained between a flat plate placed in contact
with the mirror and the marror tself. A design goal of 0.9 micrometers,
maximum, was set.

A proper criteria for the mirror surface should be based upon an
assessment of the scan mirror contribution to image blur., The SMA, scan
line corrector, and optics all contribute to the mmage blur, and the detector
geometry and following electronic filters also affect system MTF. Origi-
nally a lack of system definition dictated that the above simple flatness cri-
teria be used based upon what was thought to be reasonably attainable. In
addition a requirement was placed upon the polishing vendor that the mirror
be polisﬁed flat to within 1/4 wavelength (A = 0.6328 micrometers) at the

olishing temperature of 20°C over the clear aperture of the mirror,
P g P |2

Because of a series of problems that occurred during the fabrication of the
mirror blank, i1t proved difficult to obtain this desired flatness. In addition,
these problems delayed the program to the point where it became necessary
to accept the mirror in order to complete other tests. The mirror was flat
to 1/2 wavelength at that point. Subsequent thermal testing showed that over
20 °F temperature range the peak static flatness error measured was

0. 158 micrometers. This is well within the specified goal.

The smallest change 1n flatness that can be discerned by the dynamic
flatness test 1s 0. 2 micrometers. Dynamic flatness testing was done at a
conservatively high scan rate (10 Hz) and no motion was detected. Thus the
basic requirements, as specified, were met with margin.

The thermal tests showed a print-through of the mirror blank core

pattern which appeared as the temperature was raised or lowered from 20°C



(the polishing temperature), Although the perturbations of the core print
through are small and within the flatness requirement, the spatial frequency
is high (3/4 inch core). The slopes could be significant and degrade system
MTF. The planned test procedure could not handle this case.

Through analysis the effect of the print through on MTF was bounded,
but only loosely. Tighter bounding was achieved by a special test procedure.
This involved a line spread measurement of the sample mirror which showed
that only a 6 percent degradation will occur at +10°C from the polishing tem-
perature. Experience has now shown that in future manufacture, far less
aluminum braze alloy need be used and hence less print through will result
on subsequent mirrors. But even this tested case shows performance that
exceeds the TM system requirement. There is, the;‘efore, no question
regarding the ability to achieve sufficient surface quality over the specified

20 £10°C temperature range.

4.3 BASELINE SMA DESCRIPTION

This section describes the logic, mechanics and electronics of the
breadboard TM SMA. It is largely a functional description of this newly
developed SMA. -

. The original program plan called for building an SMA which adopted
the logic, electronics, and bumper design of the MSS SMA. Initial develop-
mental test on this unif, using a dummy mirror, showed that the cross axis
error could not be reduced to within the design goal, As discussed in sec-
tion 4,1 the program was redirected towards producing and testing a torque-
while-turn-around SMA. It therefore seems inappropriate to describe the
operafion and hardware of the abandoned MSS-type approach. The remainder

of this section is devoted to a description of the present baseline.

4,3,1 Logic

A scan mirror assembly requires that periodic torques be applied
to maintain speed. Bang-bang SMA's can produce very linear and repeat-

able bidirectional scanning 1f, and only if, the torque can be applied
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during the unused portions of the scans, i.e., the turn-around periods. In
order to minimize the power requirement, spring ""bummpers' are utilized
to store the mirror's kinetic energy during turn-around. This significantly
reduces thetorquer's requirementto provide energy. A problem inherent
with 2 torque~while-turn-around system is torquer inefficiency. 1In the
first place, torque powertransferred to the mirror is the product of torque
and mifror speed as indicated in Figure 4.3-1, )
To achieve maximum scan efficiency the turn-around period should
be as short as possible. But all electromagnetic torquers possess some
time constant., Thus the steady state torque for a given applied voltage can-
not be achieved throughout the torgue pulse (as it essentially can when torque
is applied during an active scan), The requirement that torque be terminated
prior to the end of turn-around (so as not to offset the active gcan) limits
the duration of the torque pulse further. The power transferred to the mir-
ror is degraded by the fact that the mirror speed is far from constant during
turn-around. Thus for a given size magnetic torquer, the turn-around tor-
quer is hampered by time constants and.slow mirror speed.
To enable a torgque-while-turn-around system to work the coefficient
of restitution of the bumper mmst be maximized, i.e., the less energy lost
during turn-around, the less energy must be replaced. In an MSS-type bumper

the two major causes of energy loss are the mass of the bumpers and the

larger dampers. Bumper mass subtracts energy in the following manner:
1 4, °

m in

Initial Mirror Energy prior to Impact = >

Since energy is conserved (without dampers)
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Figure 4, 3-1,

Typical torque functions during turn-around.
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where m and r are the mass and distance from the pivot axis of the bumper

moving mass, is the speed the mirror would leave with if no torque

eov.t
pulse were added. Thus the energy lost to the bumper mass 1s

2
] Im—z-mr . 2
mze 2 R — P
T out Im n
2 - 2

By minimizing the bumper mass, this energy loss is minimized, In
addition, if no dampers are used which damp the motion of the mirror,
then no damping loss will occur. In practice the new bumpers provide no
mirror damping and have such small mass that the energy loss 1s predomi-
nately due to contact friction, This subject is discussed further in the
mechanics section {Section 4, 3. 2) however for the purpose of explaining
the logic it is sufficient to state that the coefficient of restitution as a func-
tion of 6 is known and 1s approximately constant. The mechanical energy

lost at each bumper contact (turn around) is thus approximately a function

2
Im (6 ine)
% lost mechan:cally = _..__i._._

of the square of the scan rate, 8:

ut/ein
untorqued), Consider now the manner of adding energy to the mirror,

where ¢ 15 the coefficient of restitution with no torque input (e= 80
Figure 4, 3-2 shows the motion as a function of time and in a phase plane,

The basic stability requirement is that, given a perturbation from stable

operation, perturbations decay with time,
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Figure 4. 3-2. SMA motion versus time, and in-phase plane.

In the general case one needs consider only a single operating cycle,
Assume that Figure 4. 3-2 shows a steady state operating condition. Then
if there is a perturbation in ) (say in the reverse scan), for stable
operation, the magnitude of this perturbation must be reduced after two
bumper contacts, i, e., during the next reverse scan. There is no basic
stability requirement that 6 forward equal O reverse. Since esnergy is
lost mechanically at each turn around, energy must be added during at

least one turn around, If the coefficient of restitution is strictly defined
as,
_ Bout
6.

in

independent of whether energy is added or not then as a corollary to the

basic stability requirement,

where the subscripts denote the top and bottom bumper. This equation

indicates that the two coefficients need not be equal and, in fact, it is
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perfectly possible to drive the system on only one turn around while taking
a passive loss on the other, However since 1t 1s desirable to have equal
scan speeds 1n each direction, and since it 1s undesirable to allow a pertur-
bation in velocity to propagate for a longer time than necessary, it 1s best
that controlled energy be added during both turn arounds,

in proceeding with the development of the logic, for simplicity, it is
first a.?sumed that both ?umpers act identically, that is €p = &g = 1,
aominally. Stability can now be viewed on a plot of energy as a function of
operating speed as shown in Figure 4, 3-3, ‘Using this figure as a guide
it is instructive to look at the mirror energy taken out by the bumper., It

. .. . 2
1s the quadratic function previously discussed, AElost = I, (em e) /2.

AE TAKEN QUT
BY THE BUMPER

~. SOME POSSIBLE

\ CHOICE FOR *AETOHQUEH

AE /

\ UPPER STABILITY BOUNDARY

! \FOR +AE

|

LOWER STABILITY BOUNDARY
FOR*AE rhpquen

TORQUER

gin
Figure 4, 3-3. Choosing a stable torquing function.
If some proper function of éin 158 chosen, as shown in the figure,
which puts energy in, then the SMA will operate at the intersection of

these two functions, Still assuming that these functions are identical for

top and bottom bumpers, the identical intersection will thus provide



0in = Q%out ~ Crorward = ereverse' Now the question of how to choose the

best input function will be addressed,
There are two absolute stability boundaries. The lower stability

boundaryis the tangent to the AE curve, This boundary describes a situa-

lost
tion in which not enough energy is supplied to keep the SMA running, The
upper boundaryisdefined such that a Aéin (displacement from the nominal
out einl > 6 . For this
case a small error would grow without bounds. Waith a simple speed control

operating point) causes a net AE sogreat that [f

every ianput function between these two bounds is stable, The stability
bounds become closer together only when we consider the noise response
and the effect of control loops with inherent lags. From a simplistic
standpoint an upper bound might be that value such that AE net is sufficient
to reduce the input error Aéin) to zero in one turn around., The problem
with this is that a control system cannot differentiate between noise and
error, To reduce noise throughput, the gain should be lowered from this
simplistic case. Note that the initial upper stability boundary is, by defini-
tion, the point of no damping; the case where an error is removed in one
turn-around corresponds to critical damping; and what is being suggested
to minimize noise is a slightly over damped case, Before further synthe-
sizing a proper energy input function it is necessary to postulate how the
operating point (crossover of input and loss functions) is established,

There are two requirements: one is to maintain a constant scan
rate and the other is to synchronize the total scan cycle to a reference
clock, Both of these requirements can be done with a phase-lock loop.
From Figure 4, 3-3 it can be seen that if nothing changed with age, i. e.,
if the input and output functions stayed where they were initially set, a
constant energy input function could be defined and adjusted to a desired and
unchanging scan rate, éd' Figure 4.3-4 dezcribes how a clock can be used

to correct for changes that can occur in the input and output functions.
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Figure 4.3-4, Phase control added to a constant input.

If the duration of the torque pulse were the control function, a constant value
of this torque pulse length will produce an input energy function which 1s
approximately proportional to scan rate, éin' From Figure 4.3-1 this can
be derived. The power transferred to the mirror 1s the product of torque

and mirror speed. Thus for a constant length torque pulse

-
AEaddedzf TO dt
0

where 7 1s the constant torque pulse duration and 7 starts after a fixed time
delay following the instant of bumper impact. To a first approximation the
torgue function does not significantly change 6 during the turnaround (¢ with
no torque pulse is about 0.975). But é': éin cos wt from Figure 4,3-1,
Therefore AEadded 1s proportional to CI

Figure 4.3-4 shows how the phase between the SMA and a reference
clock can be measured and used to shaft the AEadded function as a function
of a lead or lag phase error. The logic of the TM SMA is based upon the

fact that an electromagnetic pick off responds to each instance wherein



the mirror makes first contact with the bumper. Thus the time of a fixed
angle (actually two angles) is measured. This time, or any time corres-
ponding to a fixed angle, provides a measure of a series of SMA cycles,
By comparing this series of events with a reference clock it is easy to
derive an analog measure of the phase between the clock and the SMA.
The phase voltage looks like:

et reas

NN N

VOLTS
| l | I l

180° LAG 20% LAG o s0®LEAD  180° LEAD

Notice that a linear phase voltage is developed over a £90° range of
phase ghift between the clock and the SMA, Using this voltage the dura-
tion of the torgue pulse can be controlled, With reference to

Figure 4. 3-1 we can write:

T = TD +T¢q})

which states that the torque pulse is of constant duration, T if no phase
error exists, and grows with a gain, Ty » BS a linear function of the phase
error, The net effect of this logic, in Figure 4. 3-4, is to raise the
level of the input energy function as a quasi-linear function of SMA lag.
The shape of the input energy function remains unchanged, 1.e., the slope
with respect to 6 is unaffected. In closed loop operation, the steady
state behavior is as follows:

1. Assume 7, is picked such that the operating frequency exactly

matches the clock. Then after start up, the SMA will lock

to the clock with exactly no phase error. The desired operat-
g or crass-over point, 6 4s 1S DOW established,
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2. Now assume that 7 Ty OT the energy lost function drifts to
slightly different values. The net result 1s that the energy input
function will raise or lower to establish exactly the same previous
value of 83. The SMA 1s still locked to the clock but now a
constant phase error will exist,
The phase lock loop thus raises and lowers the energy input function by a
fixed amount to establish a balanced phase error which maintains éd and also
maintains the operating frequency of the SMA i1dentical to the clock. The next
consideration is how to set the limits on the gain T
Since the loop has usable phase limits of 2909 the gain must be large
enough to produce changes in v which can move the input energy function far
enough up or down to cover all drifts that can occur in Tor T 2
loss function. In practice a term, capture range, can be defined. This 1s

or the energy

the range over which the drive clock can be changed without exceeding a
£90° phase shift, This range 1s a direct function of o For the operating
breadboard TM SMA this range 1s slightly more than =1/2 Hz. Thus the
lower limit on phase gain is that value required to lim:t long term phase
shift to less than 90°. The upper Limtit on phase gain 1s more complicated,
The phase angle 1s measured on a stable basis at each instant of
bumper impact. Phase errors then require a controlled value of T to be
applied. But on any one measurement there exists noise, In order to pre-
cisely lock the SMA frequency without responding to notse, the phase signal

1s filtered in the following manner

@0
b = Z ¢A Ae-bn

n=1

n=1, 2, ...; 1 1s the last impact, 2 1s the previous impact, etc.



Thus the phase locked loop is less responsive to noise at the expense of
being slow. However, since no sudden changes in the electronic or
mechanical parameters are expected to occur, this should present no
penalty. Unfortunately the lag in the phase loop tends to cause oscillatory
behavior of §.

From Figure 4.3-4 it can be seen that the 6 behavior is related to

the angle between the input energy and energy lost in the neighborhood of

the cross-over point, éd as in the following sketch.

4

8 GAIN IS THE TANGENT
OF THIS ANGLE CR

AFNeT

GAIN =
A

AE

v
@O

The operating ;) gan for 7 = To T Ted is rather low since the two energy
functions do not cross each other at a very steep angle. One 1s a quadratic

and the other a positive linear function. In order to see the relationship
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between 6 gain and phase gain, T, , a simple frequercy domain system 1s

shown below,

Vv
T ¢ 6
s »
K1 iS5 @ GAIN
K, IS PHASE GAIN
K « 2
1 -
|1 i
KZ 5 [*

The transfer function s CS/(S2 + CKlS + CKZ) and the denowtnator 1s the
full quadratic of a symple harmonic oscillator. If K, is too large with respect
to K.l

zero {no phase lock) the system 1s always exponential and is always stable.

then the transfer function is oscillatory and could be unstable. If K2 18

For the case of the TM SMA the value of the § gain with a constant T
input and no phase control 1s sufficient to cause stable "open loop' operation.
However, with the phase control adjusted to provide +1/2 Hz capture range,
the system s underdamped and the speed continues to hunt with rather large
fluctuations., Thus it can be seen that the upper limuit of the phase gawmn depends
upon the slope of the input energy function or § gain. Thus far the input
energy function has been described only for the case where T 1s independent
of .

The mirror speed cannot be accurately measured at the instant of
bumper impact. Yet to use 6 in the control loop requires that it be measured
with very little error since errors would propagate. Therefore, what s
implemented 15 a nearly equivalent measure of time. Figure 4.3-5 shows
how a time 1s obtained which 1s strongly related to 8. If ta could be easily
measured, then 6 at the time of interest, tn, could be closely approximated
by escan
However, the TM SMA measures only the times of bumper impact, tn’ t

/(tn - tA). This would be a rather noise free measurement of é(tn).

n-1°

tn-Z’ ... etc, The approximation used 1s
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§ =
(k) = thp = &)

where

tl 1s a constant approximation of tbump'

For small variations in the neighborhood of the operating point 1t can be shown
that this is an exact approximation, given that C can be arbitrarily chosen.
This approximation 1s, however, sensitive to fluctuations in the turn around
time which are independent of 6. 6information is used to rotate the input
energy function, as shown 1n Figure 4.3-4, in a clockwise manner about the
intersection point. A summary of the logic is shown i1n Figure 4.3-6. A

pair of electromagnetic pickoffs utilizes the velocity of the leaf spring bumpers
to measure the instant of mirror/bumper 1mpact. Because of subsequent
ringing, these pickoffs are followed by a device which measures a threshold
crossing and then self inhibits for a duration sufficient to insure that ringing
will not y1eld further threshold crossings. The two resulting signals are
combined to form a pulse train of bumper tmpacts. The state of the pulse
train determines which of the bumpers was last hit, The pulse trainis com-

pared with a reference clock for phase and the result filtered. This signal,
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Figure 4.3-6. Simplified logic block diagram.
when muliiplied by a preset but variable gain, becomes the phase control

signal, The SMA pulse train 1s also used to obtain the velocity control signal

where

-t .

t, is 2 constant and equal to the nominal value of t -l

1 8
The phase and velocity control signals are added to a constant (level) to

produce the torquer duration, T.



T= K+ Gyt -t

- tl) + G¢ (phase error)
Note T has the value K when the gains and levels are adjusted such that the
SMA is running at its nominal speed with no § or phase error. Should a
perturbation in speed occur after the bumper 1mpact at tn-l’ the gain, Gé,
will decrease the next pulse length, T, if the speed is high and the converse.
In concept, the phase control will do very little unless the constant, and preset
level changes; in which case the phase loop will compensate the level change
by accepting a balancing phase error.

The above logic has been described assuming both bumper pairs are
mechanically and electrically identical. It is also important to show what
happens when the bumpers are not equal. Consider first unequal coefficients

of restitution. Then, as discussed previously,

‘A B

1

However, need not equal € although it is an objective in the design

‘A

to make these coefficients mechanically equal. If €a and ¢, are not equal

the scan rates will not be equal. s

The second parameter of the turn around 1s its duration. From
Figure 4.3-1 it can be seen that each turn around fime is primarily a func-
tion of the leaf spring constant in torsion about the flex-pivot axis. The
spring constant of each bumper can be adjusted by adjusting the length of
the leaf in cantilever and equal turn-arounds are closely approximated. For
the purposes of the remainder of the logic discussion it will be assumed that
the sum of the two turn-around times is constant,

Considering unequal bumper characteristics, Figure 4.3-7 helps to
explain the system behavior. For stable operation the period, 'I'P, must
nominally be a constant. In addition, it is assumed that T, + Ty, the sum
of the two turn around times, is 2 constant. Thus, if we define éB, A as the
nominal average scan rate going from bumper A to B, and eA, B conversely,

we have
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a constant which states that the total period is constant. From this eguation

and the relationship, e =

B A, B/BB, A one may conclude

. (1} +e,)A0
9B,A.: B

€R (Tp - TA - TB}
é _ .
A, B = eg g 5

which 15 to state that 1f the coefficients are not equal, the scanning rates are
also unequal and uniquely determined by the coefficients of restitution. Fig-
ure 4.3-8 shows such stable operation for the general case wherein the energy
loss curves for each bumper are different and the constant levels (K) are
different for each bumper. Two operating speeds result, neither of which 1s
at a crossover point.

From this discussion a nurmmber of conclusions can be drawn regard-
ing the operation of the basic logic as implemented and tested on this program,

e Suitable gains, Gg and Gg, can be found which when combined with

a suitable level K will produce a torque while-turn-around time,
T, which will produce stable operation.
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® Stable operation will consist of two speeds {a forward and reverse
scan speed) which remain fixed if the turn around times remain
fixed and if the coefficients of restitution remain fixed.

¢ If, in addition, the coefficients of restitution are equal, then
the scan speeds will be 1dentical.
These conclusions have been born out 1n all tests performed on this program.
Before concluding this section 1t is worthwhile to describe how the logic might
be improved. Specifically, it would simplify the ground.procesgsing if both
scan speeds were forced to be identical and equal to a constant.

Since the turn around time will vary predominantly with changing
spring constant and since this is a function of temperature, a constant turn
around tirne may be difficult to maintain to the desired level of precision
passively., If the TM temperature remains within the narrow bounds which
MSS has experienced, there should be no problem.

If the two active scan periods are controlled to be equal {but not
necessarily constant) then ground readout can be at an equal and constant
rate, forward and reverse, without systematic image blur, If, 1n addition,

the scan periods can be held to a constant, then constant readout rate will
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produce no mapping error, As explained in Section 4.4, 2, the test
equipment was not capable of determining if long term drifts exist in the
turn~around time. They most likely do not, but 1f they do, then it 15 pos-
sible that the sum of the two active scan periods might drift by as much as

5 microseconds over a few hours. It will thus be possible to make the indi-
vidual scans, forward and reverse, equal to a constant within 5 microsec-
onds and mapping errors of less than 1/2 IFOV over a frame can be assured.
This is because the IFQV dwell time will be approximately 10 usec in the
flight system.

Nevertheless 1t is a rather simple matter to make the two scan speeds
absolutely equal. From Figure 4.3-8 it can be seen that 1f the two energy
input functions are moved 1n level alone in such a way as to cause the cross-
over points to occur at identical values of B, €A will equal €R and éA, g Will
equal éB, A Since an active measure of the scan times in both directions 1s
possible using the planned scan angle monitor, logic to produce equal scan

rates is easy to implement, Figure 4.3-9 suggests the implementation

— == ———— BUMPER A"

START &
END OF ACTIVE
SCAN AS MEASURED
BY SCAN ANGLE

~~— . BUMPER "B"
I —t , l I — I FORWARD AND REVERSE ACTIVE
P Py " scaN PERIODS

PHASE SIGNAL L ——————»

REF VELOCITY SIGNAL }——————»i PULSE
CLOCK CONSTANT LEVEL 1 — ) END R
=10 MHz2 TIME
Y t?f O—J

SCAN o pfeter G,
ANGLE |- COUNTER| 'p, SAMPLE & > TEYS o
MONITOR »| HOLD i

SWITCH

CLOSED

DURING

BUMP B

Figure 4.3-9. Suggested logic to provide equal forward and
reverse scan periods.
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Two counters would measure the active scan period in both directions for each
cycle. The difference, accurate to about 0.2 microseconds, would be filtered
with a low pass time constant on the order of 10-50 seconds. This signal
would then be used on one of the two torque pulses. Since expected system
drifts are very slow, the long time constant is compatible with the system and
assures that there is minimal crosstalk between this loop and the phase
control.

A "hands-on' equivalent to this control has been accomplished by
watching two active scan period counters and adjusting one of the two driver
power supply voltages. This adjustment causes the level of one input energy
function to raise and lower with respect to the other input. In practice it is
easy to "hand-control' the two scans such that they are equal to within a

microsecond.

4,3.2 Mechanics of the SMA

This section describes the SMA mechanical design including: the mirror
design and structural analysis; the torquer design; the flex pivots and their
impact upon performance; the flex pivot compensator and measurements of
linear scans; the bumper design and analysis of cross-axis motion effects: and

mechanical measurements which are required for system analysis.

SMA Mechanical Overview

Figure 4.3-10 is a sketch of the breadboard SMA indicating the major
subassemblies. The mirror is mounted to the housing on two flex pivots.
The housing is anchored to a magnesium fixture. On the housing are two
bumper holders each of which holds one bumper assembly comprised of two
bumper springs. The housing also holds the coil subassembly of the torquer.
The magnet subassembly of the torquer is mounted to the back of the mirror.
The magnesium fixture is mounted to a granite slab under a set of extender

blocks. A photograph of the SMA is shown in Figure 4.3-11.
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This breadboard SMA has evolved from the original TM SMA which
was designed with MSS-type bumpers., In order to minimize the net force on
the mirror, it was decided to use 'end-type'' bumper assemblies. This is a
concept that has been proven to be most 1deal and has been selected for the
flight model. The bumper holders are cantilever fixtures (on the bread-
board only} designed to adapt the housing to the bumper assemblies. The
magnesium fixture was also originally designed to hold the MSS-type SMA.
Once the end-type bumpers were installed the magnesium fixture required
additional granite slab clearance, hence the extender blocks.

In operation the mirror rotates on the flex pivots in a sinusoidal
fashion with a natural frequency of about 1.9 Hz. This sinusoidal motion 1%
stopped each time a bumper is hit as shown 1n Figure 4.3~12. The turn
around motion 15 the result of the mirror contacting the leaf springs of two
bumper assemblies, one at each end of the mirror. The turn-around motion
1s also sinusoidal with a duration equal to the half period of a sinusoid whose
frequency, approximately 60 Hz, 1s that determined by the mirror inertia

and effective bumper spring constant.

!

NATURAL
AMPLITUDE

N

ACTUAL
/ SMA MOTION

ACTIVE
SCAN ANGLE

TURN-AROUNDS /

vNATURAL MOTION

OF MIRROR ON
FLEX PIVOTS

Figure 4. 3-12. Scan motion.
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The linearity of the scan angular velocity i1s determined by the portion
of the natural sinuscid that 1s used for the active scan angle. The center of
the natural sinusoid 1s adjusted to be essentially the center of the active scan
angle. The flight model will also employ a2 magnetic device which will further
linearize the scan. This device was developed and proven on an IR&D project.

The following brief review of the design requirements introduces the
more detailed description of the SMA assemblies. .

The mirror should be of minimal mmertia to minimize the purturbations
to the scanner optics and the spacecraft. Mimnimum inertia also minmimizes
the electrical drive power since drive power 1s directly proportional to mir-
ror inertia. The mirror inertia is proportional to the third power of the

mirror major axis dimension which, in turn, is related to the nominal reflec-

tion angle which the mirror provides between nadir and the telescope axis.

LOCAL HORIZONTAL

TO
EARTH
¥ NADIR

The breadboard mirror is 19 inches long corresponding to a 60-degree angle,
If the telescope axis were horizontal as in MSS, a 90-degree mirror would be
required which would be 25 inches long.” This would increase the mirror
inertia by about 130 percent,

The nurror pivot design should provide a repeatable and nearly linear
scan, The use of flex-pivots as opposed to bearings does provide truly
repeatable torgues during active scans,

The mirror should have minimal bending motion as a free body, i.e.,
it should ajct as a perfectly rigid body. This can best be achieved by min-
mazing the forces acting on the mirror and by maximizing its stiffness-to-

weight ratio.
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The mirror should have mimimum cross-scan (or cross-axis) motion.
This can be accomplished by muinimizing the applied forces which cause cross-
axis motion and by providing maximum shear stiffness in the pivot mounts.

Flex-pivots are mmherently flexible in shear as well as in torsion.

¥ Ncross

AXIS
MOTION
i [ [} AXIS OF ROTATION

\ SPRING CONSTANT OF

— — THE PIVOT IN SHEAR

This in turn requires careful selection of flex pivot design to maximize shear
stiffness. Since the original breadboard SMA design did not include any fea-
ture for balancaing out flex pivot torsional force on the mirror, the pivots
were selected so as to minimize the marror's natural frequency (~1.9 Hz)

in order to maximize scan velocity linearity. The ratio of shear/flexural
stiffness on Bendix pivots 1s at least a factor of 3 higher than that achievable
with designs optimized for minimizing cross-axis mirror motion, but these
were selected because of proven reliability (lifetime).

At a given scan frequency and active scan period the product of turn-
around.time and torque 1s a constant and establishes scan efficiency. The
fraction of total period spent in turn-around determines scan efficiency. The
breadboard SMA has an adjustable turn-around time. Throughout the program
effort was made to use no more than 20 percent of the total cycle in turn-
around (80 percent minimum scan efficiency). The two forces used to pPro-
duce turn-around torque should be equal and opposite and the torque profile
should be as smooth as possible. The smoothest theoretical turn-around
force would be achieved by a massless bumper spring which would absorb
zero mirror momentum while reversing the mirror motion.

The bumper springs should be at rest upon imitial impact. This 1s a

requirement for along-scan motion repeatability, This requirement states
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that the springs used for turn-.around should be damped 1n some manner. In
addition the rest position of the springs should be fixed in space. This
requires a relatively rigid housing and mounting fixture.

The torquer should not disturb the motion of the mirror during either
forward or reverse active scans. Thus the torque energy must be supplied
during turn-around and the mirror should be mechanically end magnetically
free of the torquer during active scan. This requires that the torquer sys-
tem have as short a time constant as possible (air core coils are therefore
preferable to 1ron core coils),

A method must be provided for sensing the time of bumper 1mpact,
This 1s done 1n the bumper assembly via electromagnetic coils,

With this overview of the basic SMA mechanical design requirements
as an introduction, the remainder of this section 1s devoted to a description

of the mechanical hardware components.

Mirror Design and Structural Analysis

Prior to starting the mirror design, i1t was determaned that there
were three possible contenders for the mirror substrate configuration; all
were based upon the use of beryllium since 1t is a material of high stiffness/
weight ratio. These contenders were: the MSS-type design utilizing machined
solid block; a machined eggcrate with a brazed back face; and a brazed egg-
crate assembly design.

Figure 4,3-13 lists some preliminary estimates for the inertia of the
bare mirror (without inserts, counterweights, or torquer components
attached) as a function of design parameters, Three mirror widths were
used: 16, 15,5 and 15 inches, Where brazed joints were involved, the mass
of aluminum alloy in 0,05 inch fillets was included. The construction of
brazed eggcrate designs starts with individual webbs which are slotted to form
an eggcrate web assembly. This assembly 15 brazed between front and back

sheets to form the final mirror blank. The construction of the machined
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eggcrate starts with a solid blank of approximately the final thickness. The

gg
eggcrate "holes'" are machined out by electro-discharge machining (EDM)
leaving a face sheet and web structure. The back sheet 1s then brazed on

to create a rigid blank. The minimum allowable web width was thought to

be about 0.020 inches as limited by this machining technique, EDM appeared
to be the only allowable machining method that would not produce residual
stresses. The MSS-type design 1s a simple scale-up of the MSS mirror
wherein a solid blank 1s EDM'd from the blank edge, radially inward.

The two types of eggcrate constructions would each allow a mirror
of less inertia than could be achieved by the MSS EDM technique. The natu-
ral symmetry of the brazed eggcrate strongly influenced its choice because
of thermal considerations. The chosen design incorporates a 3/4 1nch egg-
crate pattern with a nomanal 0.080 inch front face sheet and a 0.068 inch back
sheet.

The brazing alloy used 15 aluminum-silicon. Due to expected thermal
stresses between brazing alloy and the beryllium core material, it was
decided to limat the brazing alloy to the region of the front and rear sheets
to mainimize possible show through of the aluminum posts which would
otherwise connect between front and back optical surfaces. At temperatures
above or below the polishing temperature the factor of a higher thermal
expansion of aluminum compared to beryllium was the eifect whach was to be
avoided. To facilitate this, '"'stop flow' holes were put in the core strips
so that aluminum brazing material would not flow across from front to back
along the webb nodes. A reduced copy of the mirror blank drawing
(3439382} 1s shown in Fagure 4.3.14 (sheet 1, 2 and 3).

The design inertia and weight of the bare mirror were estimated
to be 0. 217 in-1b- secz' and 3.7 pounds. The two inserts on the 16 inch axis
are for the 3/4 inch diameter flex pivots. The fore-aft location of the flex -
pivots was based upon the added weight of an MSS-type torquer. When fabri-
cation started, no definitive weight estimates existed for the new torquer hard-

ware which would permit torquing during turnaround. The central insert is
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for the counter weight that 1s used to achieve final balance. The two inserts
outboard of center along the major axis serve two purposes: the inboard holes
accept the magnet assembly of the torquer and the outboard holes were
designed to accept the bumper cups for the MSS-type bumpers.

In the next phase of development a slight mirror redesign would elimi-
nate the two bumper cup holes and bumper inserts would be added at the ends
of the major axis, In addition, the flex pivot inserts would be redesigned to
nomunally place the center of gravity on the scan axis. When the new parts
were added to the original breadboard for testing with the torque-while-turn-
around leaf spring bumpers the total weight of the assembly mirror was
increased to about 7.5 pounds to maintain balance, thus a 3 pound reducfion
would occur with the flight model.

Prior to PDR a dynamac structural analysis of the mirror was per-
formed to check two criteria: stresses must be sufficiently low that fatigue
and permanent mirror surface guality degradation will not occur; and dynamic
deformations must be small enough as to not degrade MTF. Prelimnary
stiffness/ineitia calculations showed that the mirror should bend less than
the MSS mirror and dynamic flatness measurements of the MSS mirror showed
no deleterious bending. Thus there was significant reason for optimism.

In an a priori analysis, two areas of uncertainty exist: the exact
nature of the turn-around forces and the validity of the structural model. In
the preliminary analysis mentioned above, the turn-around forces were
assumed to be half-sinusocids. This approximation 1s exact only for massless
spring bumpers. The model approximation used was a simple beam. Forces
were based upon the location of MSS-type bumpers at an operating frequency
of 9.78 Hz, and an & m.s. turn-around time was assumed.

Results of the analysis indicated that dynamic flatness should be well
within opfical requirerments. The analysis recognized that the dynamic deflec~

tion of any particular point on the mirror surface woud be defined by the

equation

® =Z.A A. sin w.f
i1 71 i

4-38



with A, representing some dynamic factor, A, representing some static
factor, and W, the natural frequency of a particular mode, i, of motion,

The dynamic factor for half-sine acceleration inputs 1s a function of the ratio
of-the half-sine exciting frequency, @ to the natural frequency of the system,
®_ specifically which has been plotted in Figure 4.3 -15,

w w

e ™
- 0S8

n
w 2w

=]
D

The following modes of deflection were i1dentified and studied:

61 = Torsion of the mirror about the flex pivot *
6, = First mode bending of mirror due to bumper loads
63 = First nfode bending of mirror due to a 5 percent imbalance
in the bumper loads ’
5, = Deformation due to torquer (MSS type) and counterweight inertias
6; = Deformation due to flex pivot shear vibration,

The total maximum deflection during scan was computed to be 0.7 micro-
inches occurring at the mirror end points and resulting in a peak slope

error of 0. 11 microradian. The simplified model used for the calculations
was such that the predicted mirror response would be somewhat 1n error, but
the magnitudés were 50 small compared to the allowable dynamic deforma-
tions (12 microinches) that further analysis did not seem warranted at that

time.

“There will be no si1gnificant deflection in this mode 1n the flight
design because the flexpivot torque will be countered by the flex
pivot compensator (see discussion on page 4-54).
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After assembly, the mirror was tested by optical techniques for
ciynamlc flatness {see Section 4.5) and no deflection within the resolving capa-
bility of the instrumentation (8 microinches) was noted. After final testing
of the SMA, accelerometers were placed on the mirror, running at 10 Hz,
and two distinct modes of motion were measured. A 330 Hz mode, associated
‘with deformation due to vibration of the mirror in shear on the flex pivots,
was measured with a peak amplitude of 2. 0 microinches compared with a
0.7 macromnch calculated., A 2350 Hz mode, associated with 62, 63 and 64,
was measured at 3.5 microinches. Thais high frequency mode quickly damps
out during scan while the 330 Hz mode does not, These measured results
are of significance since they include the important effects of the non-
sinusoidal components of the turn-around forces. The effect of bumper mass
1s to create high frequency slapping which, in turn, causes significant
response {(at 2700 Hz for example} that would not be seen in the early struc-
tural analysis. Of all of the techniques used to determine dynamic deforma-
tion, this last one, based upon zccelerometer measurements is the most
definitive. Thus it can be concluded that the real deformations are signifi-
cantly less than 12 microinches which would be required to cause a noticable
degradation in system MTF.

The question of peak stresses, however, can be determined by purely

analytic techniques. Shear stresses were calculated according to beam



theory; that 1s, 1t was assumed that the mirror was a beam with bumper

forces acting as shear loads as follows:

BUMPER FORCES

/ INERT{A FORCES
/M

D

Vv = SHEAR FORCE

+#

RN
N

Inertia forces account for the slopes in the shear diagram. Beam equations

for flexural shear stress were then used to calculate stress for each of two
extreme conditions. The first condition was based upon the conservative
assumption that all shear was carried only by the four center core strips.
Under that assumption, the maximum shear stress would be 300 psi. The
other (lower) extreme condition was based upon the assumption that all panels
carried shear equally. Shear stress under that condition would be 55 psi.

The core strips contain 0.5 in diameter holes around which higher
stresses might be -expected. Those holes, however, were not present in
the vicinity of the bumper cups; consequently, 300 psi remained an upper
Iimat on shear siress.

The shear buckling stress for a simply supported plate without holes
would be 145, 000 ps1 without correction for plasticity. That value exceeded
even the 70, 000 psi tensile stress for beryllium, suggesting that core panels
were probably not susceptible to buckling.

It should be noted that the actual failure stress would have been

affected by the presence of holes and by the fact that 45 percent of the lengths
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of the strips near the mirror edges were actually free rather than simply

supported as assumed. It was not only dificult but impossible to calculate
failure strength accurately, but conservative judgement placed that value
somewhere above 10, 000 psi based upon the above calculation. Consequently,
even with the beam approximations used in calculating stresses, the margin
of safety was large enough to inspire a large degree of confidence in the
design.

A stress concentration of approximately 600 psi exists in the core
panels near the counterweight., This is not in an optically critical area on
the face sheet and also would not pose any problem in fatigue. The magnet
assembly induces no shear and only small tensile and compressive stresses
in the core panels thus producing maximum face sheet stresses of about
20 psi.

The modification to the stress estimate caused by the new end-
mounted bumpers and lower operating frequency will be to reduce all stresses
somewhat. In the final design an insert will be provided at each end of the

mirror to pick up the turn-arognd force and distribute them optimally into

the mirror.

Torquer Design

The torquer used on the original breadboard SMA was designed to
operate with MSS«type logic and bumpers. It had been used earlier on an
IR&D prototype SMA to aid in the development of new control logic. Fig-
ure 4.3-16 is a photograph of the IR&D SMA. The mirror-mounted torquer
components consist of a mounting plate holding eleven magnet plates. Each
plate holds two magnets and the end plates contain an iron flux path. The
support housing-mounted components consist of a mounting plate and ten
epoxy encapsulated coils. The coils contain no iron and thus permit a short
time constant for torque buildup. This feature made it possible to retain
this torquer for use in the later torque-while-turnaround redesign. It has, in
fact, performed very well in this short torque pulse mode, however, a

lighter design will be used to further increase stiffness on the next model.




Figure 4.3-16. Torquer components shown on
early IR&D SMA hardware.

This new design would utilize the same added inertia to the mirror but would
rearrange the magnetic structure to achieve higher flux density and thus
higher torque per \watt with a lower time constant. This new design is shown
in Figure 4.3-17.

The existing prototype coils and the suggested coils are of identical
size and construction. However a change in the wire size (holding the total
wire weight constant) could be utilized to adjust the impedance to the driver.
At present this impedance has been adjusted by selecting a particular series-
paralleled combination of wiring the ten coils. Both designs are capable of

applying torque in either direction and at all scan angles. Thus these torquers
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Figure 1.3-17. Suggested redesign of torquer,

can be used to start the SMA. A comparison between the parameters of the

existing torquer and the torquer shown in Figure 4.3-17 15 as follows:

Breadboard Redesign
Torquer Calculated
Inch-pounds per \/W 2,54 3.15
Flux density in gaps, kilogauss 3.2 4.8
Time constanft, malliseconds 3.1 2.4
Inertia added to mairror, 1b~-1n2 10.4 10,4
Mass unbalance, lb-in 2.9 2.9

The effect of the force mmbalance created by the torque pulse 1s negligible.
The decreased time constant and increased torque for the same power input
would probably reduce the total drive power by at least 30 percent,

Other torquer designs have been investigated with the goal of reducing
mirror mertia and torquer time constant, As yet no better design has been

found.

Flex Pivot Choice and its Effect Upon Performance

Because of the along-scan repeatability requirement, no random

torque caa be allowed during the active scan., This precludes any form of
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bearing except the flex pivot. A flex prvot, however, has two disagreeable
characteristics: it torques the mirror proportional to angular deflection
and it 1s not infinitely rigid in shear. During this program all flex-pivots
used on the SMA were obtained from the Bendix Corporation. The fatigue
life of these umits has been proven and they were used on the MSS. The
Bendix design 1s unigque in that they are cylindrical in form factor and tend

to rotate at an 1maginary plane through the center;

ROTATING HALF

“————S5TATIONARY HALF

They are thus easy to mount 1n a variety of applications. The disadvantage
of the design 1s that supports for the flexure are cantilevered from the
mounting surface resulting in a loss in shear stiffness.

Pivois were selected from the following chart abstracted from the

Bendix catalog:

Load
N Capaczty Torsional Mounting
Norunal Wt Pounds Constant Dia Length Length
ha Cat. No. {Oz.} v, v, Lb-In-Rad-1 {In} {(In) (In)
5012-400 | 0,1312 225 © 225.0 22.0
3/81 5012-600 | 0 1216 80.0 113, 0 2.75 0.3750 | 0.600 0 285
5012-800 | 0 1136 99 315 0,331
5016-400 | o0 3152 400.0 400.0 52,0
1/z2r 5016-600 | 0.2928 141, 0 200.0 6 50 0 3000 | 0 800 0.380
5016-800 | 0.2704 17.7 56 3 0.813
5020-£00 | 0,6124 625,0 625 0 106.0
/81 5020-600 | 0,5696 221 0 312.0 13 3 0.6250 | 1,000 0.475
5020-800 | 0,5280 27.6 87.8 1 69
5024-400 | 1, 0880 900.0 900 0 182 0
3/4n 5024-600 | I.0080 318.0 450.0 22.8 0.7500 | 1 200 0.570
5024-800 | 0,9344 38 9 127 0 2.85
5028-400 | 1,7280 | 1220.0 | 1220 O 289.0
7/8 5028-600 | 1.6 431.0 610.0 36,1 0.8750 | 1,400 0 670
5028-800 | 1 485 53.0 172.0 4,44
5032-400 | 2.584 1600,.0 | 1600.0 431 ¢
in 5032-600 2,397 566,0 800.0 53.8 1 0000 1.600 0.770
5032-800 | 2,221 70 7 225,0 6,73

4-46



The shear load capacity 1s measured in two orthogonal directions: V. puts
both flexures 1in compression while V; puts one flexure in tension and one in
compression,

The first basis of selection was to pick a pivot which would see no
greater launch stress than the MSS pivot. It was assumed that the MSS and

TM launch environments would be identical. Therefore it was required that

Vc TM Pavot - Mass TM Mirror
Vc MSS Pivot ~ Mass MSS Mirror

The second hasis of selection was to require that the torsional constant be
such that the SMA natural frequency would be about 2 Hz or less. Pivot num-
ber 5024-600 met both reguirements. The torsional stiffness results 1 a
natural frequency of 1,88 Hz waith the mirror assembly, as built and the shear
load requirement was met. The shear stiffness of this pavot, as mounted, 1s
33,000 lbs/in for each pivot. ¢

It 15 important to consider the effect of the shear constant on cross-
axis motion. If we consider the scan mirror ko be much stiffer than the
flex pivot on which i1t 1s mounted, the following 1s a model of the SMA 1n a

two dimensional, cross-axis sense:

et 49 ot £ 5

Ny ‘ly

M
' e.G.
X
1 Kz

The two springs of stiffness kl, and kZ are the flex pivots in shear, and

lengths El and 22 determine the location of the c.g. of the mirror whose mass
15 M and whose inertia 1s I. The motion of the mirror for this two dimension
model is a translation, x and a rotation 8. The equation of motion 1n matrix

form 1s



as a force free body (after leaving bumpers). The solution of this equation
yields two modes of motion. In the first mode both springs compress and
expand i1n phase. The natural frequency of this mode 1s 330 Hz for the SMA
as built, In this mode the center of gravity tends to move up and down and
the mirror rotates to the extent that Blkl does not equal ﬂzkz. In the second
mode the compression and expansion of the two springs are out-of-phase
and the mirror tends to move up and down very little but rotates about the
c.g. The natural frequency of the TM SMA second mode 1s 1200 Hz. The
first mode 1s excited by net forces on the marror through the c.g. The
second mode 1s excited by net torques on the mairror. In a dynamaic sense,
applicable to the SMA, the power spectrum of the forces and torques applied
determine the magnitude of motion of each mode. However with the real
SMA the situation 1s not two dirnensional and each pivot contains two dimen-
sions of shear. What can be concluded, however, regarding the minimiza-
tion of cross-axis motion 15 the following:
* For the second mode. Minimize cross-axis torque applied by
the bumpers. Minimize all forces or torques occurring at high
frequencies (near the mode natural frequency). Maximize flex

pivot shear stiffness since, for agiven energy put into the mirror

in f}/nz second mode, the angular deflection 1s proportional to
-

.

. For the first mode. Balance the mirror and select equal pivots
to make klﬂ -k IZZ = 0. This will tend to straighten the mode
shape and mimumize © for a given x (only 6 causes cross-axis
motion). Minimize the net forces on the marror, especially at
mode frequency. Maximize the flex pivot shear stiffness,

The general subject of minirmizing cross-axis motion will be discussed further
mn other sections, however with respect to selecting flex pivots it 1s clear

that an attempt at matching should be done and 1t was., A test fixture was
buailt that allowed matching the pivots in shear to one percent, However, in
SMA tests it was found that no significant change in first mode cross-axis

motion could be achieved by this selection process. The reason 1s only
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partially undeistood but a few facts are clear. In three dimensions the
shear stiffness at each mirror/housing interface is two dirmensional and
dependent upon the stiffness of the mounting as well as that of the pivot. The
pivots were matched in one dimension. Selection of pivots on the basis of
two dimensional shear stiffness i1s possible (given enough pivots) but probably
not useful, since a major portion of the loss of stiffness 1s clearly in the
mounting technigue.

. The other clear fact regarding the relationship of the pivots to cross-
axis rmotion 1s the desire for increased stiffness. Unfortunately, the ratio
of shear stiffness to torsional stiffness 1s fixed for a particular design. Thus
for Bendix pivots the only way to increase shear stiffness would be to accept
a higher mirror natural frequency which would degrade the scan linearity.
{With the new flex pivot compensator, discussed in the next section, it as
possible to accept a higher torsional stiffness, and thus this 1s a legitimate
design parameter.) The Bendix design does possess a poor shear/torsional
stiffness ratio and this fact was intensely studied.

A project was undertaken to analyze and test a flex pivot design that
will have greater shear stiffness than the Bendix pivot with equal torsional
stiffness and fatigue life. Imitial calculations indicated that the cantilevered
supports of the Bendix flex pivots contribute about half of the loss in stiff-
ness., The proposed design was a classical flex pivot where the flexure
supports are directly mounted (bolted) to the mirror and housing rather than
clamped as with the Bendix pivots.

A set of pivots was built with flexures of exactly the same dimension
as those used by Bendix. Figure 4.3-18 shows the design drawing. Analysis
of the '"1deal! shear stiffness indicated 490, 000 1bs/in. "Ideal!! refers to the
flexures alone. It was not expected that "ideal'' stiffness could be obtained,
however, some improvement over the 33,000 1b/in achieved by the Bendix

design was expected.
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Faigure 4.3-18. Classical flex pivot built and tested.

The test set-up consisted of a pair of pivots mounted to a base and
connected by a rigid bar. A similar set-up was buwlt to test Bendix pivots.
It was realized that the mounting stiffness of these test set-ups probably
exceeded that of the TM SMA. The test fuxtures were mounted on an Instron
te st machine and forée-deflectlon data taken., The pivots were rotated such
that both axes (VC and Vt) could be tested. The test results, shown in

Figure 4,3-.19, indicate that the classical design 1s at least 2.6 times as
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BENDIX CLASSICAL

COMPRESSION
LOADING

86,000 LB/IN 223,000 LB/IN
EACH PIVOT EACHPIVOT
BENDIX CLASSICAL
COMPRESSION-
TENSION
LOADING
73,000 LBAN 200,000 LB/IN

Figure 4.3-19. Comparable shear stiffness test results.

stiff as the Bendix design. The diiference between the shear stiffness of the
Bendix pivot, as tested above (73, 000 Ib/1in) and as mounted in the TM SMA
(33, 000 1b/1n) 15 1n the rigadity of the mounting, The equivalent stiffness of
the presentdesign canbe conservatively estimated by assuming that the stiff-

ness of the test set-up was infinite. From the sketch

Kq K,
- 4112

™ BENDIX
MOUNTING PIVOT
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the mounting stiffness may be calculated

Lo, 111, 1
kl kz kt 33, 000 k1 73, 000
to be kl = 60,300 1lbs/in, Now even if no mncrease could be achieved in the

stifiness of the mounting then a simple replacement of the classical pivot

for the Bendix type would yield (with k3 = 200, 000)

k, = Tk - 46, 000 lbs/in

or a 40 percent increase in effective shear stiffness. By a reasonable design
effort directed at increasing the mounting stiffness, it is expected that the
classical pivot will yield a net increase of 100 percent. This would increase
the natural frequency of both cross-axis modes and decrease the cross-axis
angular amplitude for a given energy level by the square root of the stiffness
increase. However, since most energy inputs tend to decrease with higher
irequency it 1s reasonable to expect that this substitution could reduce by
about a factor of two, the presently measured cross-axis motion.

Such a substitution could not be made without proof of fatigue life,
however, it is strongly recommended that such steps be taken prior to final-
ization of the flight design.

A final problem with Bendix flex pivots 1s the fact that the axis of
rotation shifts with deflection. This 1s true for both the Bendix pivot and the
classical pivot as tested. This shift 1s shown in Figure 4, 3-20, I two pivots
behaved identically then no cross-axis motion would result, Unfortunately,
no two pivots are exactly identical and this causes a repeatable cross-axis
m&:ion as a function of scan angle. Since it is repeatable no scan-to-scan
cross-scan error results and forward and reverse scans nest perfectly. How-
ever, a mapping error does result. By carefully selecting pivots and by
rotating the pivots relative to each other in their mounts, this nested cross-

ax1s motion can be minimized. The test log book shows that for one mounting
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Figure 4.3-~20. Center shift of common flex pivots,

arrangement the nested motion was less than 4 microradians. Generally,
about 20 microradians of the nested motion result from flex pivot centex
shifts.

Figure 4.3-21 shows a design for a flex pivot of the classical type
which wall have a minimal center shaft. It consists of two classical flexure

pairs rmounted such that their center shifts are complementary.
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Figure 4.3-21, Minimal center shift classical flex pivot.

However, since the natural center shift 1s restrained, the compression in
each flexure 1s increased (by about 20 percent for the scan angles as large
as =5° of mirror motion). Should it prove desirable to reduce built-in
mapping errors in the cross scan direction, pivots of this type should be

built and tested.

The Flex Pivot Compensator

Scan linearity 1s defined as the nominal or average scan rate at a
specific scan angle referenced, in percent, to the average scan rate over
the entire active scan (half scan only). Thus the linearity of a constant
speed scan would be 100 percent at all points along the scan angle. Referring
to Figure 4.3-12 it can be seen that the flex pivot causes a sinusoidal scan-

ning motion. At the start of the subject contract a design goal was set to
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‘control the linearity to stay between 93.0 and 103.7 percent during the
forward scan (where no torque occurred).

As part of the formal measurement program linearity 1s measured
with the SMA running in air. These measurements are subject to maccura-
cies of air drag and the uncertainty in placements of position measuring
diodes (see Test Procedure).

A more accurate measure of linearity, for pure flex pivot effects
can be obtained by measuring the mirror natural frequency, w, the total
object space active scan, 83, and the time required to scan, t_, the total
angle. Assuming that the rest position of the marror 1s equadistant between
start and end of active scan and equidistant between turn-arounds and
assuming no alr drag nor significant residual torgquer effects, the following

sketch can be used to develop an exact measure of linearity:

NATURAL PERIODIC LOCUS

ACTUAL sSMA

LOCuUS
~
VA
/ \

; - €
; ACTIVE SCAN ANGLE, 4,
/ -
/

Define: 8= A sinwt where t = 0 at § crossing

Then f= A wcos wt
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and we can calculate the average scan rate over the active scan angle,

t /2
P
f Aw cos wt dt
0 A sin (wtp/Z)

g = -
t /2 t_/2
p/ p/

But 6 also equals g, /tp, both of which are known. Thus we can solve for

A. Then the maximum scan speed is

max

and the mimymum scan speed 1s

& =g {t = tp/z) = Awcos (wtplz)

for the TM SMA with end bumpers and running in helium, the following were

measured:
t = 0.043 sec
P
GS = 0.273 rad (in object space)
w = 11.8 rad/sec
therefore:
- 6
_ s _ 0,273 _ NOTE: 6 1s the object
® =1 = 0.0a3 = 6-35 rad/sec space angle and not
P the mirror angle
. A sin (wtp/Z) é(tp/?.) 6.35 (0.0215)
6 tP/Z = A= sin (w tp/z) = Sin {11.8 = 0. 0215 rad)
_ 6.35 (0.0215) _ 6.35 {0.0215) _
A= TI570. 254 rad = 14.59) - 0.25 - 0.544 rad
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Aw=0.544 (11.8) = 6.43 rad/sec

farl)
I

max

D+
]

mm =A@ ces.(et /2) = 6.43 cos (14, 5°) = 6.43 (0.968) = 6,22 rad/sec

Expressed in percent:

6 = 6,35 rad/sec = 100%
8 nax ° 6,43 rad/sec = 101.3%
emm = 6,22 rad/sec = 98%
102

101 /-\

RN

L/ \
/

0 144 172 3/4 1
ACTIVE SCAN ANGLE

LINEARITY, %

o8

About the time that the torque-while-turnaround feature was added
to the breadboard it became apparent that a new goal for scan linearity should
be established to eliminate the need for ground processing correction to linear-
ize the scan. This may require that the actual nominal scan angle should not
deviate repeatably from a linear scan by more than 21.3 microradians at any

along scan location. This is a restriction for the existing flex pivots. The
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difference between the actual scan angle and the linear scan angle 1s given
by

A8 = A sinwt -
where

8t 1s the linear scan angle

0.54387 rad/sec

&
H

= 6.,3488 rad/sec

De|
]

plotting the difference, A8, against the linear angle Bt giwves the curve

shown 1n Figure 4.3-.22, and it can be seen that the departure of 560 micro-

radians far exceeds the goal of 21.3 microradians or less.
As part of an IR&D project a spring compensator was built and tested.

This device consists of two "EY magnet and armature bars on either end

of the pivot axis of the mirror as indicated in the following sketch

ONE SET ON THIS SI1DE ALSO

/
/AHMATUHE

=S o @l
PERMENANT MAGNET /

MAGNET
“E"” CORE SOFT |IRON

The torque produced by the set-up 1s

OA
(P - a’)?

where A 1s the motion of the armature over one pole divided by the nominal

air gap when the armature 1s centered. P 1s a dimensionless ratio of air gap
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Figure 4.3.22. Departure of scan from linear.

length end areas (= 4), Q 1s dependent upon the strength of the magnet.

The torque curve is zero at zero deflection and 1ncreases with increasing
deflection 1n a slightly greater than linear manner. For the test set-up
{which did not have exactly the same characteristics as the breadboard TM
SMA) the torque curves are shown in Figure 4.3-23. Both the flex pivot
torque and the E magnet torgque were individually measured. The E magnet
was adjusted to produce a net torque cross over at the center of scan (a
natural phenomenon 1if centering 18 exact) and at two points near the end of
scan. The concept is to reduce the net torque at all scan angles and to make

the average torque as a function of scan angle (measured from the center to
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Figure 4.3-23. Torque curve for IR&D magnetic
compensator set-up.
one extreme) zero. Since the E magnet torque 1s non-linear this can only
be done approximately. It 1s important to note, however, that as curve
A of Fagure 4.3-23 increases (increased pivot torsional constant), curve B

can be increased equally by supplying greater magnetic strength. The per-

cent difference in curves A and B will remain constant and thus curve c,
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the resultant, is directly dependent upon the strength of the flex pivot., There
1s thus a trade-off between linearity and flexural stiffness.

The conversion from torque~position data to tume-~rate or time-
position 1s somewhat complex. We start without knowledge of inmitial mirror
rate and only know the total angle and total scan time. By numer:ically or
graphically integrating the torque-position curve increments of energy are
obtained. These imcrements are then divided by half the mirror nertia,
and the square of an assumed i1nitial rate 1s added. Then the sguare root
of the sums gives a set of rates as function of position. By dividing equal
mcrements of angle by these rates unequal increments of time are obtained.
When these At's are added up the exact time of the scan is not obtained so

a new 1nitial rate 1s chosen and the process 1s repeated.

Expressed in algebraic terms,

R 2,2]
w as f(g) = w, t7F T 49

AD
w{8)

A =

One 1iteration using an assumed initial rate of 3.333 rad/sec was
accomplished and the rates tabulated.

By taking running totals of these At's, and listing beside them the
running totals of a set of equal At's which add up to the same half-scan time,
the difierence between these columns will be the time by which the mirror
arrives late or early at each value of scan angle, These lead or lag times
can be multiplied by the appropariate rates to get angular departures from
linearity. These departures are shown in Figure 4, 3-24, It ¢can be seen
that the largest corrected departure is about 23 microradians., A greater
departure for the same set-up applied to the TM should be expected because
the natural frequency of the TM murror 1s higher, As seen from Fig-

ure 4, 3-24 the uncompensated object space departure is 230 x 2 = 460 macro-

radians compared to 560 microradians for the TM mirror shown in

4-61



MICRORADIANS DEPARTURE FROM IDEAL LINEARITY, MIRROR ANGLE [NOT OBJECT SPACE)

240

m \

180
/
120 /
80
40
L] \
0
\_______/
T COMPENSATED
40
-89

o0 /
\

NOT

VCOMPENSATED

TN\

-240

-80 =63 -40 =20 Q 20 40 60
MILLIRADIANS SCAN ANGLE

Figure 4.3-24, Departure from linearity for actual
E magnet test set-up.
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Figure 4.3-22, However, since building and testing the compensator, a much

more linear E magnet arrangement has been found, There is a possible

improvement by about a factor of three i1n linearity: b

- —— | N

. 7 _ 7,

IT WAS BUILT LIKE THIS ANDSHOULD HAVE BEEN LIKE THIS

The reason for the change 1s the A in the demoninator of torque equation:

QA
T = —="—
(P - AZ)Z

The ceramic magnet material used has a permeability almost equal to air,
thus an 1nch of magnetic material 1s equivalent to an inch air gap. As pre-
sently configured, the nominal air gap 1s 0, 25 inches and the corrective
motion 15 £ 0, 187 inches. As a function of scan, A goes from ~0.75 to
+0.75. The magnet 15 0.5 inches long., With the magnets on the ends of the
E, A would range hetween = 0. 25, In addition, the value of P decreases
slightly so the maximum torque ocutput i1s about constant. But the change in
P - AZ) 15 much less, The resultant peak net torque can be reduced to
4/13 of its preset value and thus no problem i1n meeting the desired

21.3 microradian maximum perturbation from linearity 1s foreseen., This
technique also offers a control of sufficient precision to shape the angular
scan velocity profile to be nonlinear in a prescribed way so as to result in
a linear scan rate over the curved earth surface. A perfectly constant
angular scan rate produces scene displacements in the image of approxi-
mately 500 microradians according to a profile which 1s quite similar to that
produced by the flex pivots and shown in Figure 4.3-22, but of opposite
polarity.



Thus far we have assumed that residual torquer forces can still the
neglected. Such forces will be quite small and will be a linear function of
scan speed. Therefore if any non-constant scan rate is seen it could easily
be exactly removed by applying a very sm:':l,ll constant current to the torquer
during active scan. This brings up the more basic problem of quantitative
knowledge regarding linearity.

For the breadboard SMA the analytic determination of linearity shown
in Figure 4.3-22 1s correct to within a few percent, since flex-pivot torques
predominate overwhelmingly., But when the flex-pivot forces are essentially
cancelled by the E magnet, angular linearity based on integration of statically
measured torques (as in Figure 4,3-24) will no longer be a reliable estimate.
The present test set, which was deemed adequate to measure the linearity
requirements initially specified, cannot accurately measure the uprated linear-
ity requirements. The test set accuracy 1s deficient in two ways: neither
air nor helium sufficiently approximate the zero density of space; the five-
diode placement technique does not yield sufficient information and the infor-
mation it does vield 1s in error because of the uncertainty in diode location.

What will be required 15 a vacuum chamber test with a laser inter-
ferometer and/or a diode placement technique which is insensitive to the
knowledge of diode separation. One such set-up consists of placing a moving

pair of split diodes in the path of a reflected laser beam as shown in

Figure 4. 3-25,
/ \ROTAT:NG ARM
A

MIRROR
SCAN AXIS

Figure 4,3-25. Suggested high accuracy
linearity test set.
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The set-up consists of an arm which can be rotated about the scan axis and
fixed at any approximate angle. A laser beam 1s located such that its
reflected ray describes a cone about the scan axis, Two diocdes on the mov-
able arm intercept the reflected conical ray path in a perfect circle. The
conical scan angle between the two diodes 1s exactly equal to a specific
change 1n scan angle for all positions of the arm. (Actually this 1s true only
1f the arm length doesn't change and if the mirror surface passes through
the scan axis.. These two anomalies can be corrected by simple mathemati-
cal adjustment and measurement of the temperature of the arm.) The angle
between diodes 1s set approximately equal to 1/20 of the total scan. With the
SMA running the arm 1s approximately positioned at 20 equal scan incre-
ments along the total scan and the time of diode pair traversal of the beam
measured. Not shown in the figure are diodes near the top and bottom of the
gcan used to measure the total scan angle. These diodes need not be accu-
rately located, their purpose being to correct for any change 1n the nominal
scan rate. The rtnaccuracy of measuring the time between traversal of two
diodes has previously been shown to have a standard deviation of less than

1 microsecond. The procedure for measuring linearity 1s as follows,

Define linearity,

where §(8) 15 the nominal value of 8 for a scan whose average scan
rate over the full scan i1s 8.

Define T(9)as the average value of the time of traversal of the total
scan (out board diodes) during the measurement of AT(8) which 1s
the average time of traversal of the diode pair on the arm set at a
particular 8.

Then even with slow drifts or fluctuations in the scan period

_8(e) _ AT . T(e)
Li8) = =5 = 2wy T
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where AT 1s the average value of AT(6) over the twenty angular
samples and T 1s the average value of T(8) over the twenty samples.

Now plot L(8) against 6 and piecewise integrate to produce the angu-
lar deviation in the nominal scan from a perfectly linear scan.

A8(8) =f9(L(e) - 1) de

(o]

Note that an error in the estimate of A0, the departure from
linearity can only come from an error in L(8), By defimition the
average value of Li{8) 1s umity so no constant error can exist,

The most difficult error to detect would be a slope error in L(8)}.

If 1t 15 required that the maximum allowable error in the know-
ledge of Li(8) 1s that which could cause AB(6) to be less than

Z microradians anywhere {this 1s sufficiently small compared to

the desired linearity goal where AB(6) i1s to be less than 21.3 micro-
radians) than from the sketch

: / €L i8sean?
ZERO ERROR
IN ESTIMATE OF L. {€)
€L (D)

ZERO EAROR IN
ESTIMATE OF 48(8)

— — — =k — 2 RAD
=0 € = FULL SCAN
we have
eL(o) Yscan 4% 10 x 107° -3
max ¢AB(0) = . = eli(8)< = 0.15 %10
2 2 . 26

whach states that the maximum allowable error in measuring linearity,
1.(8), should be less than 0.15 x 10-3. The total scan time 1s about
44 x 10-3 seconds, so AT will be about 2 x 10~3 seconds. AT(8)

will be measured with fifty consecutive readings, each of which has

an expected error of less than 0.1 x 10-6 seconds. Thus the
expected error in AT(8) will be 0.1 x 10'6/‘/% or 0,014 x 10-6 sec-
onds. The expected error in L(8) will thus be
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-3

e1.(6) = 0.014 x 10°%/2 = 1073 = 0.007 % 1073

which 1s a factor of twenty better than the requirement,

The point of presenting all of this under the subject of flex pivot compensator
is to show why mnclusion of the compensator on the TM breadboard SMA dur-
ing this contract would not yield useful data. The test egquipment available
under this contract simply could not measure the improvement. It makes
more sense to include the compensator after other parameters, such as the
flex pivot torsional stiffness, are finalized and under a situation where

vacuum chamber testing can be justified.

The Bumper Design

Once 1t became clear that the MSS-type logic and bumpers would
be abandoned, the design and location of the new leaf spring bumpers began.
Test data from the IR&D SMA was used to develop and reduce to practice
the new logic. The principal constraint was that the mirror had been fabri-
cated to the old design. ’

Two basic principles were adhered to in the conceptual design of
the new bumpers: (1) the bumpers were to have minimum moving mass;
and (2) the bumpers would be damped between impacts but no damping would
be applied to the mirror. The position of the bumpers must be predictably
fixed during each impact so as to produce accurate impact timing pulses for
mirror control.

These two principles guarantee that a minimal amount of mechanical
energy is removed from the mirror during turn-around and thus ease the
problem of restoring the lost energy with a short torque pulse.

An impertant effect of the first principle :1s the reduction of high fre-

quency forces upon the mairroxr which cause cross-axis motion. Figure 4, 3-26

presents an analysis of furn-around forces for the TM SMA with MSS type

bumpers. The ideal case of a2 massless turn-around spring would produce

a smooth sinusoidal turn-around force on the mirror whose frequency 1s a
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Figure 4.3-26. Turn-around dynanucs with MSS-type bumpers,

function only of the muirror inertia and spring constant of the turn-around
spring. However, for the case of the MSS-type bumpers, the bumper mass
15 so large that much higher frequency force components exist., The first
mode natural frequency of the mirror on the flex pivots 15 about 320 to 330 Hz
and the second mode 1s about 1000 to 1200 Ha. It 1s therefore extremely
important to reduce all high frequency components of turn-around forces.
The chosen concept used to achieve the desired goals was a
single tapered leaf spring backed by a rubber bumper. The tapered leaf

spring has the property that bending moment at any station along the axis of
N

4-68



the spring is proportional to the distance from the ympact force, but the
spring cross sectional area 1s also proportional to the same distance.
Therefore the peak compressive and tensile stress 1s constant at all stations
(approximately). Since one of the objectives of the spring design 1s to mini-
maze moving mass and since the energy that the spring must absorb and
return during turn-around 1s fixed, this objective 1s achieved by making the
peak stress constant throughout the length of the spring.

The spring need deflect an only one direction during turn-around if
separate springs are used for each turn-around. This allows placement of
a damper on one side of the spring which will stop the spring after turn-
around but will not damp the motion of the mirror,

Upon abandoning the M5S~-bumper concept, the TM SMA was equipped
with a dummy mairror which could be quickly fitted with leaf spring bumpers
to try out the torque-while-turn-around logic on the TM SMA., A sketch
of this quick adaptation 1s shown 1n Figute 4.3-27. This bumper assembly

EQRCE ON MIRROR 153 PERFPENDICULAR
TO LINE DRAWN THROUGH FLEX PIVOT

NYLON BUMPER
DAMPER

LEAF SPRING
’//SENSOR coiL

BUMPER MOQUNTED
N EXISTING
MIRROR
CUPS
P AT “.‘ -
ot e ety CS
et et AP TS
LS “.“ A e e S A O Uy
e e e et S e et st e
- el et et el eiat e Nl
R
Sateheytate
SRR
el
DUMMY
MIRROR

Figure 4,3.27. Quick adaptation of leaf spring concept
to the TM SMA wnith the dummy mairror.
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(one on each end of the mirror} employs a cylindrical ny‘lonr bumper

mounted on the back of the muarror utilizing the exasting cups 1n the marror
which previously contained the mirror mounted, MSS-type bumper parts.
The leaf springs are arranged in such a manner that relative motion between
the nylon bumper and the steel spring 1s mimimized during spring deflection
with the objective of minimizing friction and wear, The placement of the
bumpers 1s such that a pair of springs makes contact upon each turn-around,
This allows a period of almost a full cycle for the rubber dampers to bring
the spring to rest prior to the next impact. Also shown on the sketch 1s an
electromagnetic device whose output closely approximates the velocity of the
tip of the spring. Thas device can be used by the logic to measure the time

of bumper impact. The output of the sensor coil 1s shown in the sketch

below:

L

RFECT SENSOR COIL

/
7

-
?
|

VOLTS
/
M

e TURN
ARQUND

A 4

TIME

AY

At the start of turn-around the spring velocity quickly approaches
that of the mirror. There is then a low magnitude extremely high frequency
(about 45 KHz) ringing of the spring which 1s quickly damped out by the nylon
bumper., The motion of the spring 1s then essentially quiet until the mirror
leaves the spring. At this point it rings with its natural canfilever fre-

quency. Were it not for the existence of the damper, the spring would ring
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throughout the scan period, However, as seen in the sketch, the motion of
the spring is reduced to zero in a period about equal to the turn.around time,
leaving plenty of margin prior to the next impact. It should be pointed out
that the sketch indicates that the spring nommal motion 1s not a perfect
sinusoid, This 1s sumply because the ''zain'' of the magnetic assembly is
low at the start and end of the turn-around, and high in the maddle, because
the leaf-spring/coil gap closes with increased deflection,

Initial data taken on the TM SMA with the dummy mirror and ''rear-
mounted!’ bumpers was quite encouraging. Along-scan repeatability appeared
acceptable, but more important, no second mode motion of the mirror on its
flex pivots was measurable. Thus a major breakthrough in the reduction of
cross axis motion had been achieved. However there were several known
- deficiencies in this quick adaptation, As shown in the following sketch the

net nomuinal force on the mirror was not zero:

FLEX PIVOT

L

MIRROR

To minimize friction, the spring face must be a projection of a line through
the flex pivot (for this design), thus the two turn-around forces are equal but
not opposite and a net force on the mirror results, A second deficiency

in the design is the inability to precisely control the position of the contact
force in the direction defined by the scan axis: A flat spring contacting a
cylindrical surface provides an indetermanant point of contact. Lastly, the

design did not provide for easy adjustment of several parameters. The
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parameters that might be adjusted (if for no other reason than to
parametrically understand their effect upon cross-axis motion) are:

1 Spring constant (spring length)

2 Simultaneity of contact of a spring pair

3. Posation of the damper to vary the damping time

4 Poszition of contact along the scan axis
Several bumper arrangements were considered for the final breadboard
configurations with the goal of improving the above known deficiencies. As
a starting point the choice of symple leaf springs was questioned. The
motion of the point of contact on the mirror is a large arc about the pivot
axis. For siumple tapered leaf springs, the motion of the point of contact
is approximately on a circle of radius equal to half the leaf spring length as
demonstrated in Figure 4.3-28. Thus the point of contact on the mirror

moves in a large arc while the point of contact on the spring moves in a

small arc, These two points cannot be made to traverse the same
locus.
- Two alternative spring choices are shown in Figure 4.3-.29, The

first of these is a "wishbone' consisting of two leaf springs, The traversal
of the point of contact 1s much more linear for this device but the moving
mass 1s greater than for the simple tapered leaf spring, The second approach
places a coil in a slightly preloaded condition against two cups. This device
produces a linear travel but again, 1s relatively massive., In addifion,
there would be some question regarding the repeatab:ility of seating the cups,
For the breadboard TM SMA with its restriction of an already-
fabricated mirror, technigques such as the coil spring device were not real-
istic approaches. For reasons of sumplicity and to minimize mass 1t was
felt that, at this time, the baseline approach of a simple, tapered leaf spring
should be maintained. The only question remaining was thus, where to mount
the springs. That 1s, how far from the flex pivots and how far from the cen-
tral plane of the mirror blank they would be mounted. If the contact surface

on the mirror is parallel to the mirror surface, the normal force of the
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Figure 4.3.28, Motion of the original
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tapered leaf spring.

spring (the only force except friction) will be perpendicular to the marror
surface and the pair of turn-around forces will be equal and opposite. Thus

a slight modification of the design of Figure 4,3-27 as indicated in the
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following sketch would cause the net force on the mirror to be zero {except

< MIRROR
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for friction):

CONTACT SURFACES
PARALLEL TO MIRAOR

T T

This would require a contact radius on the spring to provide pownt or line con-
tact as the spring deflected. There are three reasons why it was felt that

the contact should be near the mirror end, First, analysis of deflection of
the mirror showed that there was no great advantage 1n requiring the forces
to go through the center of percussion as they did in the MSS and the early
TM design. Second, end mounting would be extremely attractive for a flight-
design since 1t would allow direct mounting of the bumper assemblies to the
scanner structure. The scanner structure must be a necessary link in trans-
mitting bumper loads and torques to the rest of the optical path and to the

spacecraft. It thus must be quite rigid to manimize angular errors. To add



additional rigid structure behind the mirror would only be regmired if the
bumper assemblies are behind the mirror. In addition, placing the bumpers
at the end of the mirror will tend to minimize the scanner length., Thard,
placing the bumpers at the end of the marror tends to reduce the forces
required for turn-around. The torque-time function is independent of length
and 1s only dependent upon mirror inertia, scan speed and turn-arocund-time
allowed. However the force required 1s inversely proportional to the lever
from the pivot axis, and the energy stored in the spring is a constant inde-
pendent of this distance. The equivalent moving mass of the bumper 1s linear
function of the stored energy since the spring design sizes the mass on the
basis of an allowable working stress. The rotational inertia of the moving
bumper mass about the flex pivot axis ungieuly determines the energy loss

directly to the mass

Mbumpe r bumper

2
rZ M r2 ®in
IMNiryor
E =
bumper mass I
mirror

but additional energy 15 lost to friction at the spring/mirror contact point

Efrlctlon - Hdes

where F 1s the normsal force of one turn-around spring, pis the coefficient

of friction (0.2 — 0.4) and the integral 1s over the displaced distance of
sliding of the contact point, All estimates of these two energy losses indi-
cate that for leaf springs the predominate loss 15 frictional. This loss 1s
reduced by reducing the normal force. Maximizing the lever arm of the
bumper thus reduces the net forces transferred to the scanner, reduces the
mass of the bumper and thus the components of high frequency ringing which

disturbs the mirror in cross axis motion, and reduces the energy loss,
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A proper end-bumper design would place the bumper contact point
outboard of the mirror to reduce the net size of the bumper assembly and

to avoid optical occlusion. Thus a final flight configuration would look like:

ARQ

/ )J% -
TO s’

BLUMPER INSERT
IN MIRROR

RAY % BUMPER
_—

However for the already polished mirror it seemed 1nadvisable to braze or

bond an insert into the mirror eggcrate structure. For completion of the
tests it was not required tifat the full optical aperture be available. A simple
solution, suitable for breadboard purposes, was to glue a stainless steel ‘
striker plate on to the front and rear mirror surfaces, This resulted i1n the
bumper design pictured mn Faigure 4.3-30 and sketched in Figure 4.3.31.

This bumper assembly was designed to allow adjustment of several
parameters., These adjustments, and the general operation of the assembly
can be best described through the use of Figures 4.3-30 and 4, 3-31. The
marror and stainless striker plate are clearly seen in Figure 4,3-30. The
striker plate makes contact with the nylon bumper pad (1)¥, This pad lessens
vibration due to contact and provides a rounded surface to maintain a point
contact during spring deflection. The tapered leaf spring (2) 1s sandwiched
between two spring holders (3). The spring constant can be varied by adjust-

ing the length of the spring that protrudes from the holders:

{ i D
=

“Parenthetical numbers refer to callouts on Figure 4, 3-31.
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Figure 4.3-30. TM breadboard SMA
bumper photo.

In addition the point of contact of the nylon pad can be moved in and out along
the major mirror axis by adjusting the position of the gpring holder on the
channel block (4). A requirement for simultaneity of impact of opposing
springs (on diagonally opposite ends of the mirror) is met by raising and
lowering the channel block (4) with respect to orthogonal translator {5). The
simultaneity adjustment screw (6) raises and lowers the orthogonal trans-
lator through the use of two height wedges (7). After this adjustment, four
screws accessible from the top of the top spring holder are tightened, clamp-
ing the spring tightly in the spring holders and rigidly clamping all of above

mentioned parts to the orthogonal translator. The orthogonal translator
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adjusts the pad contact pomnt in 2 direction normal to the mirrer major
ax1s {along the scan axis) by the use of the orthogonal adjustment screw (8).
After adjustment four screws (two seen near the ruler in Figure 4.3-30)
clamp the above parts to the bumper base (9). The silicon rubber damper
(10) can be raised and lowered with respect to the leaf spring by a second
wedge mechanism through the damper preload adjustment screw (11). Thas
allows mimimizing the damping effect on the mirror while assuring that the
spring 1s fully damped prior to the next tmirror contact. The eiectromag-
netic sensor consists of a permanent magnet (12), an i1ron holder (13}, and
a sensor coil (14). The magnetic path is completed through the steal leaf
spring and the coil output 15 a measure of the speed of the spring tip (mulfi-
plied by a variable gain caused by the changing gap).

The highly adjustable bumper design permitted a variety of design
sensitivity tests to be made on the breadboard. In the flight model no
continuously variable adjustments are thought necessary. The orthogonal
adjustment will not be required at all and cross axis motion will not be
degraded by normal manufacturing tolerances. But this was not known when
the breadboard bumper was designed. It is probable that spring length will
not be adjusted, but for the breadboard, several turn-around times were
tested. There will be a requirement for an adjustment of impact simultan-
eity, however, this would be done with shims which are more difficult to
adjust but provide a more secure and reliable mount. The damper preload
adjustment would also probably be done with shims. With all of these adjust-
ments out of the way, the sensor assembly will be placed on the other side
of the leaf spring. This accomplishes two objectives: the iron holder and
sensor coil would not obstruct the optical path and the magnetic gap would be
smallest at the instant of impact which mcreases the signal output. The

assembly might look like the following sketch:

I I — SPRING

|
P T \_/=—— PAD
MaG colIL

77777777777 PAMPER

—————— SHIMS
BASE
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Energy is lost during turnaround 1n two ways. First, energy is
transierred from the mirror to the spring mass and left--lost--n the spring
mass after turnaround. This energy loss 1s easily calculated and 1s less
than 0.1 percent of mirror energy per turnaround. Second, energy 1s lost
in friction at the contact point between the marror and the spring. This
energy loss, although not easily calculated, could be as high as 1 percent of
mirror energy at each turnaround based on measurements made with and
without lubrication.

Friction forces affect cross-axis motion since they are of nearly the
same magnitude as net bumper forces and are of an uncontrollable, erratic
frequency. This effect of friction 15 of far greater importance than energy
loss. Friction forces are expected to be the major contributor to cross
axis motion. The related problems of contact wear and material selection
also must be addressed in conjunction with their effects upon friction.

In order to reduce friction forces, an analysis of bumper contact
geometry has been developed, The analysis provides a first-order method
of finding a combination of contact radius and spring angle to provide as
much rolling and as little sliding friction as possible. The analysis 1s of a
a rotating and translating radius n contact with a rotating and translating
flat surface. The purpose 1s to calculate some geometry in which the dis-
tance that the contact pomnt travels on the flat surface will be equal to the
distance the contact point travels on the round surface. The procedure is
first-order because it considers only the total distance travelled and does
not consider the variation in velocity along the way. Examination of the
numbers developed for the TM design suggests that the effects of ordinary
fabrication tolerances will exceed the effect of expected velocity variations.
Therefore the analys:is 1s cons:dered adequate.

Two geometries are illustrated. The first (Figure 4, 3-32) assumes
that the flat mirror contact surface and the leaf spring are parallel at initial
contact. The second (Figure 4.3-33) allows these surfaces to have an angle,
BMB’ between them.

The analysis 1s fairly general and may be applied to many conditions
of rotating and translating radii in constant contact with a rotating and trans-
lating flat surface. The murror and bumper rotation during turnaround at
maximun spring deflection, GM and 8p , are calculated based upon the

dimension of the mirror and bumper, the speed and inertia of the marror,
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Figure 4. 3-32. Geometry of spring/marror
motion (simple case).
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Figure 4, 3-33., Geometry of spring/mirror
motion (general case).

and the desired turn around time (utilizing Figure 4, 3-28 for an approximation

of the tapered leaf spring motion, A'F and FA). .
Whether or not the simple case of eMB = 0 or some other OB

should be used remains uncertain., The basic problem i1s that 1t 1s 1mpos-

sible to determine exactly when there is slipping and where the point of

contact sticks. FI:OI‘D. an energy standpoint, and assuming sliding friction

prevails, the natural desire would be to minimaize p des, or to mimimize

the total travel (on either surface) of the contact point. An alternative would
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be to minimize the relative velocity at the contact point when the normal
force F is largest (a linear function of spring displacement, maximum at
maximum deflection). For the present breadboard the choice was to mini-

6 = 0.
MB ®
The actual dimensions of the bumper pad were sized under the

mize energy loss and this turned out to be:

assumption that there would be an initial flattening of the nylon. This phe-
nominon is a natural one, was encountered on MSS and on TM with MSS type
bumpers, and can be reasonably predicted. With a spherical pad a point
contact exists. This point contact produces infinite stress and thus a flatten-
ing yield of the nylon will occur until the stress is reduced, locally, below
the yield point.

Photographs of four types of tapered leaf springs are shown in
Figure 4.3-34. The right-most spring was used with the rear-mounted
bumper wherein the nylon cylinder was carried on the mirror. The initial
deformation pattern shows that the forces were not equal along the line con-
tact. The first spring from the left was the first one used on the final bread-
board. The extremely small deformation of the nylon pad (permanent set)
is barely visible. The next spring to the right utilized a titanium pad. This
pad clearly wore rather than yielding to a work-in position. It was tried
because it would not yield (very much) under the known loads and, if wear
were not a problem, could be expected to be manufactured to finer tolerances.
It was an unusable choice. The spring with the large spherical pad was
designed to allow greater SMA running speeds. At some time it may prove
desirable to '"life-test! the mirror structure by running the SMA at speeds
significantly greater than any planned real-life speed. This spring was
designed for 20 Hz operation. Unfortunately it would not fit the existing
bumper assembly and cut-outs were required (the notches on either side of
the spring). Nevertheless this spring has been used at speeds up to 15 Hz.
The larger bumper pad was used when it was realized that frictional forces
far out weighed forces due to spring inertia. The larger pad provides a larger
spherical radius, and as would be expected, less initial yield deformation.
After two months of testing (averaging about 4 hours per working day) no notic -

able change in the initial yield spot was seen.




During the final weeks of breadboard testing, two additional button
materials, rubber and Delrin AF, were tried to compare friction and wear
characteristics. Wear and set were found to be imperceptible on both button
typeé, but the rubber appeared to excite the second mode of mirror cross
axis jitter by a greater amount than any of the other materials. The choice
was then narrowed down to nylon and Delrin AF, with Delrin AF showing a

slight advantage over nylon in yield and wear characteristics.
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Figure 4.3-34, Photos of four leaf spring
designs used in development.
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4 3.3 TM Electronics

The electronics control system used to implement the previously
described logic is described by the schematic shown in Figure 4,3-35, An
analog timing control has been adapted from an earlier IR&D project for this
breadboard design. Although the desired performance has been demounstrated
with this electronic design, considerations of long term stability may make a
digital processor more desirable for the flaght version, However the analog

“approach did offer a very straightiorward method of utilizing well -developed
monolithic op-amps and logic elements, Preliminary implementation con-
cepts of the required functions with digital processing have been examined
and found to offer a direct conversion to digital form of the tested analog
controls.

In the analog electronics, marror timing information 1s derived from
magnetic coil pickups that generate a pulse when the mirror contacts the turn-
around spring. These pulses are mput to voltage comparators (QZO’ QZI)
whose thresholds are set to eliminate false triggering between turnarounds.
The leading edge of the comparator outputs triggers monostable oscillators
(QZZ’ Q23) that hold their changed state for a little less than half a scan
period. In the breadboard electronics, this time has been set at
30 msec. The function of these one shots 1s to produce a timing reference
that has a sharp leading edge and also to 1nhibit any false triggering that
might be caused by ringing in the output of the magnetic coil as the mirror
leaves the spring bumper at the start of scan, Figure 4,3-36 shows the wave-
forms for the coil output and resulting processing, Trace Three is the unpro-
cessed output of the pickoff coil Itis a measure of the leaf spring velocaty,
The ringing of the spring just after the murror has left turn-around can be
seen, Also, a stray pick-up between turn arounds caused by the alternate
turnaround torque pulse can also be seen., Trace Two shows the output of

the comparator and how 1t 1s triggered on the sharp rise of Trace Three,
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Figure 4,3 -36, Channel A pickoff and resulting signals,

Trace Four 1s the resulting output of the one-shot, i.e., a pulse which spans
the compiete turnaround period plus the ringing of the spring thus preventing
false triggering during this period. The two one-shot outputs (Channel A and
B) enter a nand gate Q1 (1&2) that inverts and combines the two pulse trains,
These outputs also enter Q9 (9&13) to produce the "Mirror Clock! signal
shown 1n Trace One. This Mirror Clock signal 1s compared to the reference
clock to determaine the phase error,

The leading edge output of the nand Gate Q1 (3) is used to trigger both
a drive pulse delay monostable, Q2 (4) and a drive pulse end monostable,
Q2 (12). With reference to Figure 4,3-5, the drive pulse delay is the fixed
time between the bumper 1mpact and the start of the applied voltage to the
torquer. The drive pulse end is that time after bumper impact at which the
drive voltage 1s commanded to stop the drive current. The difference of
these two times 1s the control variable, 7, or drive time,

Figure 4,3-37 shows, again, the mirror clock at an expanded time
base as Trace One. And for reference, the coil output 1s again shown in
Trace Two, Because of the expanded scale, the ringing 1s easier to see.

Trace Three of this scope photo shows the delay pulse waveform relative to
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DELAY PULSE Q2:'(B)

DRIVE PULSE Q% (6)

Figure 4,3-37. Producing a drive pulse,

the coil output. The drive pulse end is not shown, but Trace Four shows how
the delay pulse, Q2 (6) and the drive pulse end Q2 (9, 11) are combined to
produce the torquer drive on-time pulse whose duration 1s the control vari-
able, T . )

The delay pulse from Q2 (6) has a sign {*) as determined by which
bumper was last hit., This information 1s entered at Q1 (12&4) producing the
drive polarity control Ql (8). The drive pulse duration Q9 (6) is multiplied
by the polarity control in the drive polarity generator, Q5 and Q3, thus pro-
ducing a drive voltage pulse of proper polarity, Q3 (9,5). The length of the
drive pulse delay fime 1s set such that inmitiation of the torque pL;LlSe occurs
slightly before the point of maximum spring compression, This point 1is
optimized to maximize drive efficiency. The absolute setting 1s not critical.
The repeatability of this time interval, however, 1s quite critical,

The length of the drive pulse waidth, 7, 1-s the controlling element of
mirror operation., Control circuits that generate error voltages based on
marror phase and velocity information are summed with a nominal constant
voltage input to provide the controlling voltage input to the drive pulse end

time monostable, The output of this monostable 1s a rectangular pulse that
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is initiated by the mirror impact with the spring and terminated at a time set
by the input voltage and a timing capacitor, Cop. For a fixed value of Cops
the pulse length 1s inversely proportional to the absolute value of the input
voltage, The largest input to the control loop summing amplifier (Q10) is
provided by the constant nomnal voltage. Waith the phase and velocity loops
switched off, the nominal voltage 1s set to drive the mirror at the desired
frequency. The monostable output pulse kength 1s constant in this open loop
form of operation. In this mode, the mirror exhibits very smail scan period
to scan period differences but drifts sigmficantly over a large number of
scans,

Veloeity control 1s implemented by an integrator (Q12) that develops
a negative ramp function at the output of the summing amplifier. The start
of this ramp 1s set by a fixed delay after mirror impact with the spring,
When summed with the nomanal input, the effect of the velocity loop 15 to
decrease (or increase) the voltage input to the drive pulse width monostable
if the mrror runs slower {or faster) than desired, This results in an adjust-
ment of the pulse width for the next torque pulse that tends to correct the
speed of the mirror, thus seeking a constant velocity for each scan,

The phase control loop provides long term frequency control by refer-
encing scan operation to a stable crystal controlled oscillator, In the case of
the breadboard system, a 16 MHz crystal was used 1n conyunction with fre-
quency dividers to provide a reference period that was stable to better than
one part in 106. The phase detector seciton of a phase locked loop integrated
circuit, Q8, is used to generate an error voltage proportional to the difference
in phase between the murror clock pulse train and the crystal reference clock,
A zero error voltage 1s produced by this circuit when the two clocks are
90 degrees out of phase, Lead or lag by the mirror clock relative to the ref-
erence clock results in a proportional voltage increase or decrease at the
output of the phase discriminator. The signal 1s filtered by an RC circuit to
provide a smooth, noise free average of the phase error as measured over
past cycles, Gain and offset adjustments are provided for each control loop
by potentiometers in series with the input to the summing amplifier,

Jigure 4.3-38 1s a scope photo that shows how the velocity control

affects the drive pulse lergth., Trace One i1s the drive pulse duration, Q9 (6),
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DRIVE DURATION Q9 (6}

VELOCITY RANGE Q12 (6)

MIRROR CLOCK

RAMP RESET Q13 (7}

Figure 4,3-38. Velocity ramp.

and Trace Three is the marror clock, Trace Four is a delay pulse created
by each bumper pulse from the output at Q1 (3). This delay pulse thus starts
when the mirror clock state changes, The delay pulse 15 created in the inte-
grator reset, Ql1l, and is used to create a ramp which closely approximates
the free scan time of forward or reverse scan, This ramp 15 shown 1n

Trace Two and 15 created by Q12. This ramp voltage 1s subtracted from the

constant input (and phase error input) at the summing amplifier, Q10. Its
effect 15 to reduce the voltage out of the summing amplifier 1f the mirror
strikes the bumper late and to increase the voltage if the impact 1s early. A
late impact implies a slow mirror speed, thus the reduced voltage causes the
torque drive duration to increase in turn putting extra energy into the marror,
The reason that the reset of the ramp 1s delayed past the drive pulse is that,
for noise reasons, it 1s important that the ramp, and total control voltage in
and out of Q1l0, not be disturbed during the integration which turns off the
drive pulse at Q2,

The actual drive circuitry, Q6, 7 and the following transistors, 1s a
current feedback driver. The drive voltage to the torquer coil 1s either off

or full on (* a preset drive voltage), Since the drive current slowly lags the
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drive voltage as a result of the torquer inductance, there is a lag in the
current rise at the start of the drive pulse, This lagging response 1s solely
determined by the impedance and the step voltage 1nput, Vd' However when
the drive circuit is told to stop, the current feedback provides total opposite
drive polarity and a step of 2 Vd 15 created, Thus the turn-off response 1s
twice as great as the turn-on response, Then as the driver voltage (feedback
current} approaches zero, the mode of operation 1s no longer saturated and
the torquer drive current 1s held at zero throughout the free scan.

Since the building of these analog electronics, the requirement that
the two scan times {forward and reverse) be equal has been analyzed. The
existing electronics do not do this, nor were they so intended. The present
analog electronics simply phase lock the mirror clock (SMA cycle) to the
reference clock in a reasonably noise free manner. The relationship between
the positive half cycle on the mirror clock (say forward scan) and the reverse
half cycle is such that they tried to be equal., But small differences 1n the
coefficients of restitution and the torquer drive circuitry, if not compensated,
keep these times from being exactly equal. As explained in Section 4. 3.1,
the logic to make the scans equal 1n duration to within a microsecond or
better requires digital logic.

When this requirement for a digital control loop is implemented there
1s no reason for not digitizing the entire logic, The threshold comparators
would st1ll be analog, but the phase loop, damping or velocity loop, and con-
stant input should all be digitized and operated from the same crystal used to
equalize the scan periods. Since the Scan Angle Monitor, SAM, monitors
both the scan periods (active forward and reverse half cycles) and provides
the start time for the multiplexer, it should be the sensor used to establish
the length of the drive pulse. It is also the best source of damping and phase
data. A direct conversion to a digital mechanization would be as follows,
using Figure 4. 3-39 as a guide.

The delay for the start of the 1th torquer pulse, T should be a con-

th

stant and should be measured from the 1 bumper impact, tb(l). This

assures that a given torquer pulse,7,, will be timed 1dentrcally with the

2)
motion of the mirror and bumper to put a consisteat amount of energy into
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Figure 4,3 -39, Information for digital logic.

the mirror. This follows the existing logic except that T, would be
controlled by the digital clock operating at 10 MHz,

‘?The-torque time, Tz(l), would be computed digitally based upon the
reference clock and the extreme in SAM times. The logic would be identical
to the existing electronics with the addition of equal scan period control.

Defimng

I}

Error in Period = Ap(i) [tSAM(l) - tSAM(J.—.lH

[tSAM(i-Z) - tSAM(1-3)]

Phase Error = Period{i) = time between tSMA(i-l)
and the reference clock

state change
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Scan fime dampiag Error = Atl = [tSMA(i) - tSMA(l-l):l - C

where C 1s the nomuinal value of tSMA(l) - tSMA(I.-l)

then the conirol function would be

GdJ G
2 = To Gé (Atl) + 1+Tps (éerror) + l-'r-rps (4p)

where the phase and period errors are filtered values, (Phase 1s similarly
filtered in the present electromcs),

The net effect of this digital represeuntation of the logic would be, in
addition to equalizing the scan periods, to reduce errors in the pulse times
to the control capability of digital electronics based upon a 10 MHz
(0.1 psecond) clock., Since all of the gains are far less than umty (m:illi-
seconds per unit error equivalent to a mmllhisecond) and since the error times
are measurable to about a tenth of a microsecond, the totzal error in T would
be about a tenth of a mucrosecond and predominantly due to quantization,

Again it should be pointed out that the existing analog electronics was
built as a design tool. It has served its purpose well and does not contribute
to any measured errors in along scan repeatability, It has enabled testing
of the logic and established gain procedures and sensaitivity, With the excep-
tion of the period control loop, no logic changes are suggested, However,
with the digital requirement of period control, an a2ll digital system 1s an

obvious and easy-~to-implement design choice,
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4,4 SMA PERFORMANCE TESTS AND ANALYSIS

This section describes and discusses the tests that were performed
on the breadboard SMA and analyzes the results. The tests performed are
of two types: formal tests done 1n compliance with the Test Plan and Test
Procedure (TP 31891-350), and additional diagnostic tests which allow a
deep‘er understanding of the SMA, This section 1s arranged to follow the
order or the paragraphs of the test procedure. In this manner each formal
test will be described and other tests relating to the intent of the formal test
will be so grouped., Analysis related to individual tests will be placed with
the relevant tests,

The formal procedure was used to test the flight-type mirror with
bumpers mounted on the rear of the mirror. This data is appended. The
SMA was then modified to include the end-mounted bumpers and all forward
tests were repeated. In general this section will address tests of the latest

baseline assembly with end-mounted bumpers.

4.4.1 TestSet-Up Description

This subsection presents a brief overview of the test station, special
setups and a definition of terms. Detailed descriptions of the test equipment
are given in the referenced Test Procedure document.

Figure 4.4-1 is a photograph of the test set-up on the gramte slab.
Portions of the rackimounted test-station electronics can be seen at the
right, The rear of the magnesium holding fixture and a few of the SMA com-
ponents are visible. All slab-mounted components have been raised on
blocks to accommodate the end-mounted bumpers. The laser, which 15 used
in measuring all scan parameters, is seen mounted 1n a rigid housing. It is
important that all equipment related to angular measurements be rigidly
mounted to the slab and have low amplitudes of vibration at any of their
natural mechanical frequencies. Next to the laser is a vertical track with
three split optical diodes (and their preamps) attached. Using the lens as
shown, the laser beam is scanned, by reflection off the SMA, across the
three split diodes {(which can be placed anywhere along the scan). The time
that the laser beam crosses any split diode can be measured to 0.1 micro-

second accuracy. Next to the split diode track is a position sensitive photo
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Figure 4.4-1. Test setup showing granite slab and related
equipment,

diode mounted on an x-y mount. This diode is arranged to be sensitive to
horizontal displacement of the laser beam and thus measures cross-axis
motion of the scan mirror.

The scan mirror assembly electronics is attached to the bumper
sensor coils through two twisted leads (seen going to the top bumper assem-
bly) and to the torquer coil assembly (remaining wire over the magnesium
housing). The other wires to the SMA electronics go to power supplies and
to an oscilloscope as shown in Figure 4.4-2. In this figure the helium tent
is shown in position. The majority of testing was done in an ambient air
environment with the tent retracted. However certain along-scan measure-
ments were degraded by random fluctuations of pressure upon the mirror.
Pure helium would reduce the atmospheric density by a factor of seven and

reduce random disturbances to the motion of the mirror along the scan
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Figure 4.4-2. Test setup showing electronic portion of
test station.

direction. It is, at best, only a crude approximation to a vacuum
environment.

The position sensitive diode (cross-axis motion) is monitored on the
rack mounted oscilloscope which is its basic data recorder.

The split photo diodes, after preamplification to maintain S/N, are
processed in the split diode electronics shown in the figure. As the laser
beam crosses a split diode (actually two diodes with a line separation) the

following signal results:

Y
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The diode electronics can tell the direction of motion and thus trigger on a
posifive going and negative going zero crossing, separately, enabling one to
use both directional zero crossing epochs. Counters mounted above the split
diode electronics count time to 0.1 microseconds and these times can be
printed on a paper printer. The printer will print two times at once at a
rate slightly above 10 Hz, However a significant time must exist tn a print
cycle for resetting.

An auxiliary set of two counters and a Hewlett Packard computer can
be used to record and print times in a sumilar manner and at a2 greater rate.
In addition, this computer will store up to one hundred time measurements
and will process this data. This computer thus yields a quick look at the
statistical properties of along scan measurements,

Figure 4,4-3 15 representati\.re of a typical scan profile, that 1s,

angle vs. time. Several terms used throughout this analysis are defined in

terms of this figure;

) Scan Amplitude: The useful portion of the total scan angle 1g
defined, for test purposes, as the angle between the two monitor-
ing points (split diodes). On the flight configuration these points
will be monitored with the MSS-type Scan Angle Monitor,

] Turn Around Time+ The time the mirror is 1n contact with the
bumper spring af one extreme of the cycle, Since the turn
around must be accomplished outside the useful portion of the
scan, some small angle must exist between the monitored angle
and bumper contact, The effective turn around time is therefore
the total time (A and C i1n Figure 4,4-3) between active scans.

. Active Forward and Reverse Scans; Duration B and D are the

useful scan sequence, For purposes of consistency the forward
scan is defined as B,

Tests are performed with either of two basgic test set-ups on the slab.
All along scan measurements utilize the split diode array to measure the
time of specific angle crossings. The cross-scan set-up utilizes the position

sensitive diode and a porro (roof) mirror to amplify the cross scan angular

motion of the scan mirror.

Two techniques are used for measuring cross axis motion in the
basic test set up. These are referred to as the 'feven" and "odd'" bounce

techniques since the laser beam 1s forced by the porro mirror to make
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Figure 4,4-3. TM mirror scan profile.

four bounces off the scan mirror in one case and five bounces in the other.
These two techniques are diagrammed 1n Figure 4.4-4. For each bounce

off of the scan mirror the laser beamn rotates through an angle twice as
large as the cross axis deflection of the murror. After an odd number of
bounces, the final reflected beam will swing up and down with the scan angle
just as though no porro murror were in the path of the beam. However, with
an even number of bounces, the reflected beam will not scan up and down as
the scan mirror rotates but will stay fixed on the detector diode. The detec-
tor diode 1s sensitive to cross axis deflection (and unfortunately also to

changes 1n beam intensity). The cross axis deflection, &, is given by:

& = FZNB
x
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Figure 4.4-4., Two setups for measuring cross-axis rmotion.

'where
F = distance between lens and diode (focal length)
N = number of bounces off of the scan mirror
B, = cross axis angular motion of the scan mirror

For our tests N = 4 or 5. This magnification allows the signal to be suffi-

ciently greater than the noise to obtain meaningful data,
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A typical scope record for the even bounce technique shows a
complete scan. In order to interpret cross axis motion, it 1s necessary to
compare amplitudes at the same scan angle in forward and reverse scans,
Most of the motion shown on the photo 1s ''nested" and does not contribute to
cross-axis smear. The nested motion does, however, produce mapping
errors, The nested motion 1s due to unbalanced behavior of the flex pivots
and to light power effects such as dirt or scratches on the porro mirror
(since the detector diode is power sensitive). The even bounce set-up 1s
used primarily as a diagnostic tool since 1t shows the entire scan at a glance.

The odd bounce photo, as shown in Figure 4.4-4 records the cross-
ax1s deflection at the exact same spatial scan angle on forward and reverse
scans. This technique gives a direct reading of scan-to-scan cross axis
motion at one spatial scan angle. It 1s thus far more accurate (in concept)
since no nested motion i1s recorded, However, in order to deterrmne the
overall quality of cross-~axis behavior, the diode must be moved to several
positions along the scan. Unlike the sketch of Figure 4.4-4, about 50 pairs
of scans can be recorded on one photo; thus both systematic and random
behavior can be evaluated. By taking several photos several minutes apart,

any long term effects can be measured.

4,4,2 Scan Frequency and Turn Around Times

Using the along scan set-up, a diode is adjusted to coincide with the
pownt of contact of the mirror with the bumper spring. The formal data (see
data package I) was taken with a helium atmosphere and with the clock set to
produce 9.06 Hz (period of 110.2475 milliseconds which includes 2 scan
periods and 2 turnaround periods}. The total angle between the two diodes,
as measured from the mirror, was 268 mulliradians. This 1s slhghtly larger

than the requirement of 259.5 to demonstrate a wider choice of scan angles.

Total Scan Period

With the SMA and test-set adjusted as above, the total period of the
SMA was measured by recording the time between positive zero crossings of
one of the aforementioned diodes. Because of the nature of the phase lock

loop, the average period will always be identical to the clock. However the
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period does fluctuate from cycle to cycle. The measured standard deviation
of this fluctuation in 50 successive cycles was 2.8 mucroseconds, The mini-
mum and maximum periods measured were 110241,2 and 110251.6 macro- -
“seconds respectively, o c . ’ -

- oIt should be pmnted out that there 1s no hard and fast upper or lower
- limit on-scan frequencys There 15 some upper Lirmit at which the spring life,
as presently designed, would be degraded. For the existing configuration an
upper limit of around 15 Hz causes the springs to deflect into, ‘and touch the
sensor coils. This simply means that mach higher s;')eeds would requlre‘
adjusting the configuration of the bumper parts, There 15 no real lower
limit on the SMA speed, However, as presently configured, frequencies
that are too low would not deflect the bumper spring fast enough to cross the
trigger threshold. The present configuration has been operated smoothly
below 5 Hz.

Turnaround Period

With the same test-set up, the turn-around times were measured as
the time between positive and negative crossing of each of the two split
diodes., Again using 50 samples the following was measured.

Turn-around A, average period = 10, 754, 9 ps,

standard deviation = 1,7 us

Turn-around C, average period = 11,586,3 ps

standard deviation = 2,1 us
The above data was measured on 11-7-75,

The turn-around-time 1s adjustable by changing the cantilever length
cf the springs. The proper turn-around is that which provides the required
scan efficiency while not exciting vibrational modes in the mirror on the
flex pivots or in the supporting structure, The following chart (Figure 4, 4-5)
shows the relationship between turn around time and scan efficiency for
quasi-linear scans as a function of scan frequency,

Thus 1f the turnaround times are set in the nominal range of
8-10 malliseconds, a scan efficiency of 85 percent or better will be obtained

in the 7 to 9 Hz SMA frequency range. And even in the extreme case of
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Figure 4,4-5, Scan efficiency versus a function of
scan frequency and turn-around time,

11,5 ms turnaround, the scan efficiency would be 79 percent at 9 Hz and
83.5 percent at 7 Hz,

Since taking the above data a guestion arose regarding the long term
stability of the active forward and reverse scans, Measurements were
taken that indicated that the total active scan time, within the scan cycle,
was slowly drifting by several microseconds. As seen in the sketch, the
total scan time 1s the sum of the forward and reverse active scan
periods, i:f and tr' The total cycle period, Tcycle’ must be constant (except
for random noise) and equal fo the reference clock period, This fact has

been tested and found true. But the cycle, T 1s equal to the sum of

cycle’
the total scan time, tT’ and the two turn-around times, tbl and th plus a
small amount to account for the separation between photodiode and bumper
pick-off angles, Thus the only way that the total scan time can vary (on a

long term average) is for the turnaround times to vary.
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For the above reason the question was first reduced to an attempt at
determining the fluctuations, 1f any, that might be occuring in the turn
around times. In order to test the turn around time a diode 1s placed near

the bumper impact angle as shown in the sketch below,
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t BUMPER
SPLIT DIODE
[~ e

In order to measure possible drifts 1n the turn-around time, it i1s not suffi-
cient to measure the time between photo-diode crossings, T, alone. As the
temperature changes, the angle between the photodiode and the bumper may
well change and thus T maght be expected to drift even if ty is constant,
What 15 required is a measure of bumper contact, t,. The bumper pick-off
coil gives a measure of the time of contact, but no equivalent time can be

measured at the end of contact. By assumang that the split diode {(measured
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on either end of turn-around} can only move up or down with respect to the
bumper contact angle, the true turn around time should equal ty where

tb=T-2t

A test was run with the reference clock set for a period of

111009.1 macroseconds., T 1s measured between diode crossing for 50 con-
secutive cycles at the same time t 15 measured between the first crossing of
the diode and the bumper sensor coil output circuit. Each data point allows
an average for each measurement and a standard deviation, The error in
the average can be expected to be much smaller than the standard deviation
(by a factor of about ~/50). By measuring t and T several times over greater
than a three hour period with the SMA running continuously, the following

data was produced.

Turn Around
T £ Time

Temp| {50 Point Avg) gT {50 Points) ot (T - 2t)

Time| °F microsec microsec| microsec |microsec| microseconds
10:35}69.0 i2014,6 1,98 536.8 0.35 10,041 .8
10:36 - 12018, 2 1,89 540, 6 0.24 10,937.0
11.00}69.6 12038.9 1.59 553.5 .18 10,941, 9
11:15}1 69.8 12031.0 2,33 550.5 0.76 10,940,0
12:201 70,0 12058.1 1,62 561,3 0.47 10,935.5
12:49}1 70,0 12051.6 1,01 558.9 0.44 10,935, 8
1:151 70,1 12060.8 3.40 564, 6 1,53 10,932.6
1:18 — 12074.8 1.73 572.3 0.64 10,930.2
1.57]170.1 12064.7 1.36 568.1 0.66 10, 928.5
2:03 - 12078.1 1,63 576.4 0.58 10,925.3
Z2:04 - 12080.,0 1.50 577.7 0.64 10,924, 6

It 1s apparent that the temperature, as monitored at the bumper
assembly did not change by very much. It would appear that the time
between diode crossings, T, varied by about 65 microseconds over the test
period., This could, conceivably be due to temperature related motion of the

diode with respect to the bumper angle. But when the diode-to -bumper time
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13 subtracted from either side of the time, T, the resuliing turn-around time
still appears to vary by about 15 microseconds. The results of this test
would, if left unquestioned, suggest that the average turnaround times will
not remain constant and that the nomainal total scan period will thus not
remain constant, ‘

Such a change in turn-around times could not be explained upon the
basis of temperature, Then too, any kind of wear would cause a monotonic
change, which was not the observed case at all. An investigation of MSS
SMA related space history showed no indication of slowly changing turn-
around time. But the above long-term, split diode tests had never been done
on the MSS. Finally, in January, the diodes and related circuitry were
brought into question, The exact quantitative nature of the signal output of
the split diodes is not completely understood, However measurements have
been taken showing that the short term noise 15 extremely small, The
standard deviation of the noise created by measuring a time with two split
diodes has been shown to be less than 0.1 microseconds (many samples of
50 consecutive measurements). The qulstion of long term stability revolves
around understanding how a split diode measurement could slowly shift or
drift, The possible explanations are several: the laser power distribution
within the beam could shift; the angle of the laser could shift with tempera-
ture, causing changes 1n 1ts posifion when crossing a diode; the dicde
(actually two diodes with a separation) could have temperature dependent
characteristics; the threshold circuits (one for each direction of diode cross-
ing} could shift with time. But rather than deterrmine how the phcto diode
set-up could produce apparent drifts in measurements, a test was devised
to determine whether or not such a problem existed,

By runming the SMA 1n helium, in the closed loop mode, two times
could be measured whose relationship would show up any diode related drift,
The following sketch indicates the test. By obtaiming the average value of t
and T (50 data points each) over a long period it 1s possible to differentiate
between diode drifts and actual changes in the scan period, Of course the
average cycle time will, on the average, equal the reference clock, and the

reference clock must be shown to be constant.
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If the scan time actually changes, then because of the nature of the
non-torgued scan, the velocity of scan will change, essentially equally,
throughout scan, Therefore we can predict results for all possible situations.

1., 1If diode No, 1 drifts, t and T will drift by an equal and correlated
amount, ‘

If diodes No., 2 or No. 3 drift, t or T will be individually changed.

3. I1f the scan period alone 1s actually changing, then the change int
will be less than the change in T by a factor of T/t (about 20.3
for the actual test)

The following data was taken on 1/14/76 where the bars over t and T

indicate a 50 measurement average; the SMA was run continuously from

10:06 AM to 2 30 PM,

¥ ot T T Ref Clock
Time of Day {us) (ns) (1£s) {ps) {ps) Notes
10 06 2136.,0 0.22 43400, 2 1.65 111009.1
10 1o 2137 8 0.15 43403 5 1,49
10-12 2137.3 0.37 43405 6 1 49
10,17 2137 2 0.15 43405, 6 1 68
10 24 2137.0 0.14 43403,7 1,32
10 27 2136.9 0.16 43403, 7 1.89
10:35 2136.2 0.15 43399, 8 1,44
10:45 2135.8 0.18 43398. 8 1,94
10:55 2135 ¢ 0,11 43398, 1 1.77
11.05 2135 4 0,13 43398, 2 1.82
11,18 2135.4 0,28 43394, 7 2.28 111009 1
11 30 2135,2 0.44 43395, 9 1.85
11 40 2134.6 0.73 43396, 8 1.41
11 50 2134.6 0.27 43396, 4 1.77
1.20 2131,9 0.79 43395, 2 2.58 111009 1
130 2132.1 0.78 43394, 7 2.28 Hehum level high 1n tent,
1 490 2133 4 0.19 43398, 6 2,56 Possible air effect.
150 2134.3 0,95 43403 6 2. 44
2 00 2136.0 0.52 43404, 7 1.96 New helium added.
2.10 21357 0.79 43403, 2 2.14
2.20 2135,2 0.49 43402 1 1.78 111009.1
230 2135.0 0.24 43401,5 1.82
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This data is plotted m Figure 4.4-6. AT is the change in T from its
first measured value at 10:06 AM. At is a similar curve for the short scan
segment. If all of the fluctuations in AT were due to changes in initial scan
velocity, then At should look like AT/20.3 since T 1s nominally 20.3 times
as long as t. Thus 1if all of the fluctuation m AT were attributed to changes
in scan line length (velocity) there 15 a 4 microsecond discrepancy in At! It
must therefore be concluded that some elements of the test setup are fluc-
tuating during each scan and are producing apparent (to the controeller) changes
in the turnaround periods over long term. There is also seen in the listed
data and the plots of Figure 4.4-6 a direct correlation in the magnitude of
AT and At with the amount of air present in the tent and with the times of
helium replacement.

Until 2 more elaborate test setup incorporating a vacuum chamber
can be obtained, no definitive statements can be made as to the actual error
sources responsible for timing errors.

To be absolutely conservative, at this time, 1t should be assumed
that some small, slow variation in turn around tumes exists, This implies
that the two actiwe scan periods (forward and reverse) on the breadboard are

not absolutely equal to a constant, As described in Secticn 4.3 (see Fig-

ure 4,3-6), logic can be added to make the two scans equal to each other
(nominally within &2 microsecond). It i1s desirable that any slow drift over

tens of seconds in the active scan half cycles not exceed 0,5 IFOV or 5 micro-
seconds, This gozl has been reached, It also appears from the above analysis
of the data on Figure 4, 4-6 that this drift magmtude applies over periods of
many hours. As more of the diagnostic testing data 1s analyzed, the sugges-
tion mncreases that almost all of the measured magnitudes of drift are largely
attributable to test setup error sources and not to the SMA. This anomaly

has been proven tc apply to the MSS SMA laboratory test data since errors
measured in the laboratory were not found to exist in the data measured

from the nstrument in orbait,

4.4.3 Start-Up Time

The logic for mirror start-up on the flight instrument was not

mnstalled on the breadboard SMA, A simple starter was employed on an IR&D
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SMA but this 1s not directly applicable to the flight-type system. See
Section 4, 2 subtitled "Start-Up Time! for a description of the baseline

start-up logic tested elsewhere,

4. 4.-4 Scan Center

The Development Specification set a design goal that the rest position
of the murror be within £4, 3 malliradians of the center angle between the
two bumpers (or spit-diodes in this case), This was accomplished by adjust-
ments during the imtial installation of the mirror into the SMA The pivot
holding blocks were loosened, the mirror was positioned and the blocks
retightened until the above requirement was met. This adjustment assures
that the torque produced by the flex pivots will be equal 1n both scan direc-

tions thus helping to insure along scan registration for bidirectional scanning,

4.4,5 Scan lLanearity

«  The original breadboard design goal for linearity, which 1s perturbed
primarily by the flex pivot restoring torque, was to be between +3,7/-7 per-
cent. The precision of the test procedure designed for this purpose was
entirely adequate, However when il later became an objective to produce
scans whose angle at any time 1s no further from a linear angle (8 = Ct) than
+21.3 microradians, that procedure became marginal. The new objective
can be met with a special test setup within a vacuum chamber which permits
temperature and air turbulence to be adequately controllied. Since such a
facility was not available, the originally planned test setup was used. This

employs three split diodes.

MIBROR FORWARD }/TOP DIODE
SCAN g

aomn
MIDDLE DIODE
/

G—~———_ BOTTOM DIODE

REVERSE
SCAN —
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This middle diode 1s individually set at five, near-equally spaced,
positions between the two end-of-scan diodes., Since linearity is defined as
the average scan speed at a particular along scan angle expressed as a per-
centage of the average speed taken over the entire active scan angle, we may

write

-

L. = average value ofi]_ e(e)
@ for a scan

For the case of the uncompensated flex pivot torque, the scan angle 1s a
portion of a sinusoid perturbed by air drag (the formal test was done 1n air),

A reasonably good functional form for the mirror posifion 1s

P(x) = Ax® + Bx? + Cx

where

ST = total angle of scan (0. 268 radians in test)

o)
fas)
1]

scan angle at time of maddle diode

T
- "
3 1
t2 -t = time between top diode and middle diode for forward scans
ty ~t; = time between top and bottom diode for forward scans

The test for forward scans was performed as follows., The two times 1nvolved
1n x are measured with the SMA runmng in air at 9.06 Hz., x 1s measured
several times at each location of the middle diode (10 measurements were
used at each diode location, Then all x were least square fitted to the poly-
nomal P(x) under the condition P(0) = 0, P(1) = 1 1dentically. The scan

speed (non dimensional) is given by

B(x) = 3Ax% + 2Bx + C

The routine 1s repeated for reverse scans where now
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and is a measure of angle 1n the same sense, The resulting data 1s plotted in
Figure 4. 4£-7, On the same figure is shown the thecretical value that would
be obtained in a vacuum, The accuracy of the measuring technique 1s about

one percent,
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Figure 4,4-7, Measured linearity in air
and theoretical linearity (uncompensated)
in vacuum,

4,4.6 Scan Amplitude

The scan amplitude was arbitrarily set at 0, 268 radians which 1s

slightly larger than the original requirement of 0.2595 radians. It should be
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noted, however, that the basic design is not sensitive to scan amplitude.
For instance, should it be desirable to double the scan amplitude the net

effect would bhe:

1. A proportional increase in momentum transfer to the space craft,
e.g., 5 rather than 2.5 prad spacecraft rigid body motion.

2. A tendency to create bumper obscuration of the clear aperture.
This would require a minor redesign to place the mirror/bumper
contact points slightly behind the mirror front surface:

/  SURFACE

|
/ MIRROR ~
g \J:I
- e
3. For the same cyclic rate, the scan rate would double and the

power requirement would gquadruple. To maintain the same scan
efficiency, the turn-around time must remain constant thus
requiring that greater torque capability be designed into the
torquer (approximately double).

4,4,7 Phase and Phase Stability

The design goal that the phase angle between the driving clock and the
SMA not change by more than the equivalent of 5 milliseconds over the life of
the unit 15 difficult to prove in this program, At an operating frequency of
7 Hz, 5 milliseconds corresponds to a change in phase angle of about
12.6 degrees,

it is possible to measure the time between a clock zero crossing and
an output of a bumper sensor, this being a measurement of phase, This has
been done and this measurement watched for several hours., The largest
noted drift in this parameter was 17 microseconds., This, however, is a
short term measurement in a parameter which would be expected to change
measurably only after a very long time. A proper estimate requires an
analysis based upon the expected changes that might occur in the SMA, Refer

back to the basic control equation:

ToE T4 GglAt) + Gy(ad)
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where:

7 1is the duration of the applied voltage which produces the torquer
pulse,

Gg 1s the frequency loop gain

At 1s the difference between the actual value and nominal value of the
time between the two most recent bumper impacts

Gy 1s the phase loop gain

Ad1s the error in phase, 1.e, the difference between the clock and
the pulse train created by the bumper impacts. Actually aAd 1s
zero when the phase 1s 90°, A . 18 limited by +90°,

From measurements taken with the unit runmnag at 7. 092 Hz and with
the lowest available settang of the phase loop gain (Gg = 0.021 ms/deg) the

equation becomes
T = 2,74 + 0,021 Ad (1n mallaseconds)

where the frequency loop isggnored because its normmnal contribution to T 1s
zero, For a 5 mallisecond change in phase (12 6 degrees) to occur, the con-
stant term (TO = 2,74 milliseconds) would have had to drift by 9.7 percent,
Without catastrophic failure, there is no way that this could occur electroni-
cally. The constant term is established by a well regulated power supply
and by a well specified monostable. The other source of change to the con-
stant term is the mechanics of the bumper. As presently measured, the
coefficient of restitution of the bumper 15 0,974 at 7 Hz i1n Helium, As the
coefficient of restitution reaches unity, the energy required to be added
during each bounce and the torquer on time are reduced to zero. A slight
change in restitution would then cause a very large relative change 1n the

torquer time, For the actual case at hand the energy required at each turn

around 15
E = C(l -¢2)

where C is a constant and ¢ 15 the coefficient of restitution. Then
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By measurement it has been shown that a constant extra microsecond of
torquer-on-time causes a decrease of 40 microseconds of scan time, tp'

That 13 1f

ar _ _ 1
T T 2740
then
- nbe A% 7.0
£ W1 e 6. 000 (at 7. z)
P
or
dt :
L LA 55— = 0.55 ggL
P

We now have the relationship between an increased scan speed and its causa-

tive increased torque time., Energy can be related to scan speed by

dE _ 249
E 6
Thus
2
dr _ d8 _ 0.55dE _ 0 55 2¢ de _ de
T—O.SS-——e—- > T - "3 'lﬁeze_lo'zj’e

for the measured case wherein € equals 0, 974. For the phase lag not to
change by more than 5 millisecond at the lowest gain setting (corresponding

to a change 1n T of no more than 9,7 percent) implies that

__d-_E 9.7{70 - o7
e = 10.2 0,9%
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The mechanical question thus becomes, will the coefficient of restitution
change, over a mission lifetime by more than 0,9 percent,

Over periods of several hours, no significant change in ¢ 1s measur-
able, It has been predicted that temperature could possibly change ¢ by
_changing the effective spring constant of the tapered leaf spring, However
no change in ¢ was noted when the temperature was changed by 8°F, The
other possible cause for changing ¢ might be wear of the nylon button contact,
Significant wear has not been seen in over 1000 hours of operation. The

following measurement of ¢ 1s used;

UPPER SPLIT
DIODRE

CLOSED
LOOP
DRIVE

N HELIUM
WITH ONE
TORQUE PULSE
DISABLED

LOWER
SPLIT DIODE

™

Then coefficient restitution, ¢, 1s defined as

R
il

NO TORQUE

T
in

Tout

€ =

where the average of over 50 measurements 1s used. This result will vary
depending upon the exact placement of the diodes. If the diodes were both close
to the bottom bumper, the slowdown eiffect of helium would be minimized and
the measurement would depend more upon the mechanical parameters. On the
other hand, moving the diodes further apart tends to eliminate diode measure-
ment noise from the calculation,

With the diodes moved to extreme poisitions (each near a bumper)the
following results were measured on the first day after assembly and again
after the bumper contact points had been worn into their stabilized configura-

tion as shown below:

Date Drive Frequency Tin Tout e
11-7-75 9.06 Hz 44350.3 ps 43338.7 ps 0,97719
12-18-75 9,00 H= 43911.3 42832.6 0.97543
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The difference 1n the absolute values of Tm and Tout is not sigmficant, as
the diode positions had been moved and not re-located exactly. It is also
known from previous test measurements that ¢ 1s a function of operating

frequency such that

de
aF

= 0,0024/Hz
With this covrrection factor, the change 1m ¢, as measured over the wear-in
period is about 0.165 percent. Some additional contact surface wear will
occur over a full mission lifetime but this 1s estimated to be small compared
to the initial wear-1in experienced at the time of this measurement,

To summarize, it is improbable that a 5 millisecond change in the
phase "angle! will occur because:

a. With the lowest phase gain possible a 0,9 percent change 1n ¢ 1s

required to exceed 5 rmlliseconds and the measured change was
0. 165 percent after wear-in,

b. The optimum phase gamn setfing is not the minimum one but
rather a factor of two greater (shown later in Section 4.4.10)
thus requiring twice as large a change mn ¢,
It should also be pointed out that should a situation present itself (such as a
mechanical design change) that would cause a slow drift in phase angle, then
a simple integration 1n the phase loop would hold the time average phase

angle 1dentically to zero.

4.4.8 Along Scan Image Displacement Repeatability

The basic design goal, established in the Development Specification,
is that adjacent scans {forward and reverse) when processed on the ground,
conformally map object space with no greater than 4 microradians expected
error between scans. It is assumed that the total scan angle, BT’ 18 rmoni-
tored by an MSS-type Scan Angle Monitor that correctly records the time of
the start and stop of the scan in both directions. It is assumed that the scan
will be mapped such that one end of the scans (say the start of forward scans
and the stop of reverse scans will be aligned, The following sketch suggests

how this mught look when so mapped,
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The first IFOV, at 6 = 0, would thus always be perfectly registered for all
scans. The crosshatched IFOV at 8, shows some degree of misregistra-

tion. The basic goal is that the expected value or standard deviation of

e1. Forward ~ 91 Reverse
4 microradians,

rms averaged over all 1 from 0 to B not exceed

At the beginming of this program it was assumed that torque would be
applied during the reverse scan and that the scan functions for each direction
would be quite dissimilar. It was also assumed that the difference between
the scanning functions would be systematic and known a priori, With appro-
priate processing the nominal forward and reverse scanming functions could
thus be made to equal identically, In addition it was assumed, based upon
experience from MSS, that, after processing for the difference in the scan-
ning functions, the remaimng random error between scans would be pri-
marily due to a single parameter, namely the random error in average scan
speed {this average 1s taken over an entire scan})., Since data proceésmg
would be required to compensate the scan functions, this major source of
statistical error could then be removed by linearly justifying each scan line,
The following sketch defines the times that were measured for the procedural
tests to measure along scan repeatability, The raw and unprocessed measure
of the object space location of a middle diode (8) would be the time between
start of scan ('I‘l for forward scans and 'I‘3 for reverse scans) and the time
that the middle diode ('I‘Z) was crossed, Assuming that the two scanning

functions were known and that the individual scans were linearly justified
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based upon the measured time of total scan allows a measureof the random

th
error for any scan. FIor forward scans the random 1™ error is

T, - T T, -T
_ |2 "1 —2 "1 ) _
Eef.(e) - T3 - Tl - T3 - Tl eT: 1 = 1, 3, 5 PP
* 1 AVG
and for reverse scans
T, - T T, - T
N B S 1 "2 . _
Eer (e) - Tl_T3 “Tl_T3 eT, 1—-2, 4, 6..-
* 1 AVG

r

The scans are numbered consecutively where the first is arbitrarily a for-
ward scan and the second 1s a reverse, etc. From these measured statistical
errors in the forward and reverse scans, the difference or misregistration

between scans can be developed
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A’G(G)I = EBI‘Z(G) = Eefl(e)
A6 (0}, = <6,_,(6) -€0.,(0)
-Ae'(e):s' = E'e 4(9)" Eéf3(e) .

AG’(B)A__ = €8,

r4(8? - “EefS(e)

FAY:) (9)1 QDD = €8 l(e) - eefl(e)

1+

26(8), myry = €0p,(8) - ¢Bp L 1 (0)

The expected value of the scan to scan deviation is thus

1/2 -

N
c6(0) = N E I z (Ae(e)l)z where N 15 large
i=1

This 1s the quantity that could be tested at several angles, 8, by
moving the maddle diode, The;n the expected value over all angles could be
obtained by rms averaging several measured angles. Because of the lineax
justification ¢9(8) will be :dentically zero at 6= 0 and ¢ = B‘I"

The procedural tests were based upon the above assumptions but
were perturbed by two constraints, First the test equipment {(borrowed from
MSS for these tests) was not capable of recording consecutive forward and
reverse scans at the same time. The mechamcal printer simply did not have
time to reset between print requirements, One could record consecufive
values of TZ - T and T3 -T, for forward scans, and then record a string
of reverse scan p_a.x_‘ameters (T1 - T2 and ’1‘1 - ‘I‘3).

The second perturbation is that it was originally planned to conduct
all t/@sté"l;:: air, This was done, however it was found that the statistical

_/flﬁgtuatlons of air drag swamp the results that would have been obtained in

vacuum or space,
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In any case, the procedural test consisted of measuring o-(eef(e) and

o (e 91.(8) and then assumed no correlation.

2 2| /2
co(8) assumed equal to {(cref(e)) + (aer(e)) .

This assumption was found to be overly conservative when 1t was
later shown that positive autocorrelation exists in scans in each direction
and positive correlation exists between forward and reverse scans, The
measured results of these procedural tests in air are shown 1n Figure 4,4-8.

Very little can be concluded from this data, other than the fact that
air swamps the real noise, It i1s quite obvious that 1f no forces act upon the
marror during its free travel, and if the scan function is as linear as it 1s
known to be (Figure 4,4-6), then linear justification will reduce the rms
error at any point to well under a microradian, It has also been shown that
the noise 1n measuring the time between two diode crossings 15 less than

0.1 microsecond (see Log Books) which should contribute about a

14

&
12 SMA SPEED 9 06 Hz \.

10 PATA POINTS FOR
EACH POINT SHOWN

t110/75

a8 FORWARD

MICRORADIANS

o RN

2 |— a8 REVERSE
Lo | | { j i ! |

0 01 02 03 0.4 05 (] 0.7 0.8 09 10

8lot

Figure 4, 4-8, Results of procedural tests in air of
along scan repeatability.
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microradian error, If is therefore clear that these measurements could only
have meaning 1f done 1n a more bemgn environment than air,

To test this hypothesis, the worst case of Fagure 4, 4-8 (forward
-T

2 1
and T3 - Tl were measured, The results were (see Log Book for data):

- scan) was repeated in a helium tent at 8/6,1, = 0,46, Fifty values of T

(T, - T

2 l) average = 20404.7 us, STD DEV

0.93 nps

(T - Ty) average = 44277.6 ps, STD DEV

1,808 ps

1.4 pradians

I

¢ 0 (B/BT = 0, 46)

which 1s sigmficantly less than was measured in air, Again it should be
peinted out that in all probability the true error i1s smaller than computed
since at least 1 & radian can be attributed solely to photodiode measurement
noigse and, although helium 1s a more benign environment than air, it does
not approach that of a vacuum. No estimdte of what perturbations are caused
by helium seems possible without actually testing 1in a vacuum, All that can
be concluded from the aforementioned testing 1s that, 1n a vacuum, the along
scan repeatability after linear justification would be expected to be better
than 1.4 microradians,

Further procedural-type tests at other angles were not attempted in
helium because the basic goal had changed, Wzith the design change to torque-
while -turn-around operation, the two scan functions were made nearly
identical, In addition the statistical fluctuation in mirror speed appeared to
be much less than expected, The new goal was to achieve less than 4 micro-
radians rms repeatability with minimal or no processing.

Prior to testing for torquing in turnaround, a change in the test
setup was accomplished. Using a Hewlett Packard recording computer full
forward scans (T3 - Tl) and full reverse scans ('I'1 - T3) can be measured
in succession. In this way, 100 consecutive scans can be recorded by the

computer (50 forward and 50 reverse). Figure 4.4-9 1s a data sample taken
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Forward Scans

Reverse Scans

Scan-~to-Scan

{microseconds) (microseconds) Differences
(20} (50) {(microseconds)
44008, 5 43907.8 100 7 |
44007.9 43908.0 100.5
44006.4 43907.9 100.0 0.8
44006 3 48908. 1 98.3 69,1
44006, 6 43907.3 Q9,90 99.7
44007.7 43908, 4 ag 2 29,0
14004, 6 43908, 0 99.7 99 6
44004, 4 43904.8 99,8 98. 9
44006, 0 43908, 0 97.4 97.8
44007.8 43907, 8 98 2 96. 2
44008, 4 43909, 7 98,1 97.1
44008, 6 43909, 7 a8, 7 96. 0
44008, 1 43908, 9 99. 7 97. 3\
44008 4 43908, 7 99, 4 97 b
44004, 3 43908, 8 99,6 9¢ 5
44005, 6 43906.9 99.4 101,1
44006, 3 43907.4 98,2 99.7
44007. 2 43908, 2 08,1 100.8
44006, 0 43908, 7 98.5 98 &
44006, 6 43907.0 99 0 100.8
44004, 3 43907.0 99.6 99.1
44005, 3 43906, 7 97.6 97.4
44006, 3 43907 7 97.6 98.3
44006. 2 43908, 5 97.8 96.5
44006.8 43909.0 97,2 97.0
44008, 1 43908.7 98.1 97.5
44007, 8 43908, 1 100, 0 99.0
44007, 1 43907.,5 100.3 99.9
44006, 4 43908.6 98.5 99,2
44004.8 43907.7 98. 7 97 4
44003, 7 43906, 4 38 4 97.5
44004, 0 43904.5 99.2 98.8
44005, 6 43905.9 98, 1 99,8
44006. 7 43908, 2 97.4 100.1
44009.0 43909.9 96.8 8.3
14007.3 43909. 0 100.0 96.8
44005, 5 43908.5 98.8 97.2
44006.0 43907.0 98.5 99,4
44006, 9 43907.7 98.3 99.9
44005, 1 43907.6 9.3 99.9
44006 4 43906. 6 98.5 98.5
44006. 7 43908, 4 g8.0 99.8
44005, 2 43908, 0 98,7 99.8
44007. 4 43907, 5 97.7 99.9
44007, 4 43908.9 98.5 98.8
44008 7 43908.9 98.5 98,0
44008, 8 439190, 0 98.7 g8 4
! 44008, 0 43909, 6 99. 2 97.8
44007. 4 43908. 7 99.3 98.7
44007.7 43908, 9 98.5 399.0
L 98.8
Scan Avg 44006, 7 Rescan Avg 43908.0 Avg 98 7
Scan Std Dev 1.3 Rescan Std Dev 1.1 Std Dev 1.1

S

Note thal maxunum {luctuation from average 1is

2.7 microseconds corresponding lo

Figure 4,4-9, Measurement of 100 consecutive scans,
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on 11/7/75 with the SMA runming in helium at 9,2 Hz, The first column
contains scans 2, 4, 6, 8 ... etc. The second column contains scans 1, 3,

5.,.. etc, The last two columns contain the scan to scan- differences,

iy scan 2 - scan 1

1

il

AZ scan 2 -~ scan 3
AS = scan 4» - scan 4
etc,

The standard deviation of the scan differences, 1.1 microseconds, when
multiplied by the nominal scan rate of 0.268 rad/0.044 sec = 6.1 rad/sec,
provides the scan-to-scan expected repeatability at the end of forward scan
or 8= BT. Thus 1.1 mmcroseconds corresponds to 6,7 microradians, rms

at one end of the picture; >

| — *
NO ERROR 6,7 MICRORADIANS
STANDARD DEVIATION

Since one must assume that the error is primarily related to a systematic
error in average scan rate, the average value of the expected scan-to-scan
error over the entire scan angle would be only half as large or 3.4 micro-
radians, The underlying assumptions are, again, that the scan speeds in
both directions nominally stay the same.

When this timing error is related to flight operating conditions where
an IFOV dwell time will be approximately 10 microseconds, the 1,1 micro-
second error, reached only at the end of scan, equates to 0.11 IFQOV.

It 1s important to note that Figure 4.4-9 shows a fairly strong posz-

tive correlation between successive scans, The relationship i1s of the form

TAt = {(crtf)z + (or,tr)z - 2P£’ r_crtfo—tr}l/z
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where

cAt is standard deviation in the scan time differences

t:rtf and ot = the standard deviations in the forward and reverse
scan times respectively

Pf . 18 the correlation between forward and reverse scans,
3

If successive scans were totally uncorrelated, Pf ;= 0, then

cAL = {(Utf)z + (crtr)z}llz - {(1.3)2 + (L. 1)2}1/2 = 1.7

but in fact, ¢At equals only 1.1 which suggests a reasonable degree of posi-

five correlation

2 2 2
otg)” + (o) " - 20”5124 102 a1y?

P ¢ T 20t ot _ 2(1.3)(1. 1)

= 0.59

The fact that there 1s positive correlation simply means that if the speed 1s
perturbed 1n one direction during a scan, then the perturbation will propagate
but diminish for successive scans,

This data, was quite encouraging and the major remaining questions
were how closely could this performance be maintained over long periods
and at other scan frequencies, The following data summary shows the net

frequency effect (data taken on 11-.7-75) (Tfor and Trev are 50 pt averages)

SMA Freq. TroORW, atf Trav ety oit oBend
(Hz) (ps) (ps) (ps) (s ) (1s) (prad)
61768 3.2 61603 3,2 2.3 10.0

56802 2,0 56645 2.0 1,6 7.5

52469 1.4 52328 1.5 1.4 7.1

45272 1.3 45135 1.2 1.1 6.5

44015 1.5 43908 1,3 1.1 6.7
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From this data it can be concluded that the time deviation will grow
as the scan time grows, but the scan rate tends to compensate resulting in a
nearly constant standard deviation in the angular error. The one point at
7 Hz tends to refute this but 1t suspected that the electromagnetic pick-up
was a bit noisy at this low rate., As configured during this test, the pick-up
flux path was poor and operation below 6.7 Hz was impossible because the
initial deflection rate of the spring produced insufficient voltage to cross the
threshold. This problem has since been solved by a minor redesign of the
bumper assembly. Noise free pulses can now be generated at speeds well
below 5 Hz, The first attempt to measure scan period repeatability over
long operating times was inconclusive, Figure 4,4-10 shows data taken on

11/18/75 over a two hour period.

Ttor Trev Total Active Scan Time
(ks) (ps) o | oty | vAt |per Cycle, Tfoyr + Trev
Time 50 pt. avg.| 50 pt. avg. | (ps}| (ps) | (ps) {pus)
? -

11:00 AM | 44640.6 44631,0 |1,68]1,48]11,48|89271.6

11.03 44641, 3 44634, 1 1,3911,60(1,.24189275.4
Data taken at
11:06:30 44646, 1 44632,2 2,08(1,68(1,35/89278,3 9,00 Hz in
helium
11.10 44647.3 44630,3 1,34[1.35}0.98]{89277.6
11.22 44643, 0 44627, 6 1,8911.79]1,22189270.6

12:10 PM | 44645,3 44622.0 |1,30(1.30(0.98]|89267.3

12:55 44639,8 44611,8 1,69|1,7811.46|89251.6

Figure 4,4-10, Extended measurement of forward and
reverse scans,
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The data 1ndicates an average scan rate change with time. Over
two hours time the forward scan period seemed to drift over a #3.5 micro-
second range. As previously described (see Figure 4,3 -9 and neighboring
text), the logic does not presently contain a loop to keep the forward scan
equal to the reverse scan, However the total active scan time (forward plus
reverse) should remain equal to a constant unless the turn-around-time
drifts, The data tabulated in Figure 4,4-10 indicates a £35 macrosecond
drift in total active scan time,

It 15 because of this apparent drift that the test of turn-around time
was made on 12/16/75 (see text following Figure 4,4-5), And as a result of
all such tests, the test to determane if the photo-diode circuits were drifting
was made (see Figure 4,4-6 and neighboring text). The conclusion reached
1s that the test set-up does drift to the extent that the quantitative constancy
of the active scan periods can not be determined, Ounly rough bounds to the
possible drifts of the forward and reverse scan periods can be estimated.

It 1s quite possible that i1f the scans were forced to be equal {by a control

loop) that the total drift of any active scan period would be less than a micro-
second, IL 1i1s also possible, but not probable, that the drift of the active scan
period could be as large as =5 microseconds after an hour or so. A new test
set-up should be built during the next program phase to resolve this question,

The important parameter of scan-to-scan registration, which can be
evaluated from the ¢At data in Figures 4,4-9 and 10, appears to be bounded
by values of 0.98 and 1.48 microseconds (at 9.0 - 9.06 Hz}. Assuming a
somewhat conservative figure of 1.4 microsecond as the expected musregis-
tration of full scan lines results 1n an expected value of 4, 1 microradians
misregistration for any two IFOV's over all scan angles. This 1s less than
0.1 IFOV's, An MSS-type Scan Angle Monitor would then permut line-to-line
justification through on-board or ground processing, This would further

improve registration by a factor of about three,
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4,4,9 Cross Scan Measurements

Cross scan motion of the mirror is rotation of the mirror-normal,
perpendicular to the scan direction. This motion causes an overlap or under-
lap of the scan line bundle ag 1t traverses the scanned swath., Cross scan
motion can be divided into two categories which are defined as '"nested" and
""non-nested.'" Nested motion is that which repeats exactly for all forward
scans and repeats in an inverse sense for all reverse scans. The following
sketch shows pure nested and non-nested .cross axis motion of successive

scan line bundles.

FORWARD

T PERFECTLY NESTED
REVERSE >
‘_'—-—-—._ \\\

NON-NESTED

F_OEV_‘\!.f-F‘D UNDERLAP

NON-NESTED OVERLAP

The design goal is to keep the rms value of the non-nested cross scan motion
well below 4 pradians 1in object space. The nested motion is less critical
since its effect is to create a mapping error which can be as large as

20 pradians. Nested motion, which has been demonstrated to be systematic
and constant in nature, can be removed, therefore, by ground processing

(1f desired).

The nature and source of non-nested cross axis motion, sometimes
referred to as cross axis jitter, was briefly introduced in Section 4.3,2
wherein it described how first and second mode motion of the mirror on its
flex pivots provide the major source of this undesirable mirror motion.

Two types of cross-scan measurement techniques were described 1n
Section 4.4.1. As previously described, the even bounce technique measures
an entire scan period and shows both nested and non-nested motion. The
odd bounce technique measures only non-nested motion, but allows measure-

ments of several cycles. An example of both types of measurement is shown
1n Figure 4.4-11.
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——‘ I—'ID M S fCM APPROX

BUMPER COIL OUTPUT
TRIGGERS SCOPE

8 9 pRAD/CM

EVEN BOUNCE {4} DATA {11/6/75}

MEASURING PHOTODIODE PLACED NEAR
B ONE BUMPER 3 PULSES CONSTITUTE
ONE CYCLE

i
f

47 pRAD/CM

ODD BOUNCE {5) DATA (11/7/78)

Figure 4.4-11, Examples of even and odd bounce
cross-scan data,

The top trace of the even bounce photo shows the output of one of the
pick-off bumper coils. This signal is used (with a delay) to trigger the scope.
This photo shows all of the cross scan motion, most of which nests perfectly.
In this photo the total nested motion is about 40 pradians or about an IFOV.

As previously described, 1t is possible to rotate one flex pivot with respect
to the other and to thus reduce this systematic motion. In addition it is
possible to design a flex pivot which has minimal center shift. The cross-

scan motion created by the flex pivots is not necessarily monotonic with scan
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angle, but is a simple and unique function of scan angle (once the laser noise,
mirror dust and detector peculiarities are rermoved). If the photo trace is
folded over such that the scan would lie on top of the inverted rescan then the

following sketch 1llustrates the result:

CENTER
OF TURN
ARQUND

The low frequency part of the strongly nested result 1s due to flex pivot
center shifts. The higher frequency, but nested motion, 1s primarily due
to dirt on the mirror surface and on the surfaces of the porro mirror, The
position sensitive diode 15 also power sensitive and thus such dirt results in
apparent, but imaginary, nested cross-scan motion. A careful analysis of
such a sketch would indicate some non-nested cross-axis motion. This par-
ticular trace 1ndicates a worst case peak forward to reverse scan difference
of 4 microradians. Beczuse of the power sensitivity of the diode and the
resulting high frequency nested components of the output, the even bounce
technique is not a sufficiently accurate way to determine quantitative non-
nested motion but 1s a very useful analytic tool. One can obgserve where
along the scan non-nested motion exists; the power spectrum of cross-axis
motion (with appropriate filters); and how random i1s the motion 1n time,

The odd-bounce technique, exemnplified by the lower photo of Fig-
ure 4.4~11, 1s an analytic tool of another sort and 1s the preferable technique
for obtaining quantitative estimates of non-nested motion or real jitter.
Since the diode 1s temporarily stationary, only one optical path is used
independent of scan direction. The principal measurement error sources
are then variations in the laser output and variations caused by air turbulence.
These variations have been measured with the SMA 1noperative and have been

shown to contribute less than half a mmicroradian of error. The diode must
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be calibrated for each position, but this calibration then holds for all tests at
a given detector position. Thus all data taken over a period of time 1s cali-
brated and all deviations are truly non-nested cross-axis motion. By care-
fully examining the first spike 1n each pair of spikes in the lower photo, a
small cyclic fluctuation in the forward scan, cross axis motion can be mea-
sured. The same phenomena can be measured for reverse scans (second
spike of each pair). This analytic tool allows computation of the randomness
of cross-axis motion at a given scan location and indicates the coupling of
vibrational frequencies, The true overlap and underlap can easily be mea-
sured for each scan (forward-reverse-forward, etc.)} by measuring the
differences in heights of each pulse pair.

As planned i1n the Test Procedure, the odd bounce technique was used
to measure non-nested cross axis motion at five positions along the complete
scan. The SMA was operated in air and a mimmum of 63 cross-scan differ-
ences were measured for each position in the scan. The SMA was operated

at 9,06 Hz., The results were:

¢

RMS

Dicde Location Mean Fwd-~Rvs Scan-to-Scan
Along Scan Cross-Scan Motion Motion

(fraction of full scan) (microradians) {microradians)

0.009 ) -0.25 1.16

0.275 -4.07 4,08

0.415 -0.34 0.71

0.662 -0.90 1.46

0.968 1.25 1.56

The mean of the above results is the average position of all forward scans
less the average position of all reverse scans, while the rms of the above
results is the root-mean-square of the difference between successive scans.
The following sketch indicates how these results are obtained from a typical
photo., Thus the mean indicates a systematic and time invariant non-nested
cross scan motion while the rms value indicates the expected amount of mis-~
alignment or smearing., The rms value includes random effects and 1s the

better indicator of the critical parameter of smear or over/under lap. From
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Al “MEAN" IS DIFF IN AVERAGES
{NEGATIVE IN THIS EXAMPLE)

—_— e e A ] | — = —s L ! AVG OF RVS SCANS

}-* , AVG OF FWD SCANS

%
RMS = (—:,-zn A"‘E.;)

/" / ~ ‘\ AN
FWD  FWD FW{ RVS  RVS
this limited data it can be seen that there is a bit less than a microradian of
random cross axis motion., It appears that there may also be a periodic
iluctuation in the systematic cross-scan, non-nested motion as a function of
scan angle,

For this reason many more data points were taken than required in
the formal procedure. The position sensitive diode was moved up and down
in quarter inch increments. Figure 4,4-12 15 a plot of this extensive data.

{(The rms value of the differences at each mean position are plotted). From

MICRORADIANS (MIRROR MOTION) SMA FREQ = 006 Hz
11675 —11.7 75
4 X 2) 1) 1 v 7 )
i n it I 1 i} DATA POINT I I !
AN ,"\ ;I\ H/ Ty |
2 :% ! ‘: II ‘1 L  SUPCRPOSED 320 H ] ‘1 ]
z
I i I \ ,’.'}l ‘f ! SINE WAVE I ,’.‘}' fr
N R S A Lo m L
ST v B RETIRY
ol ! | ‘ ? 1 \
2 l| I i b i1 l. ! ‘c ! 1y ‘;
\ ] [ ‘} i1 ¥
1 | 1
| | 4 1
' R} v o\
_4 o k] M £

—— INCHES OF DIQODE POSITION ALONG SCAN
153 INCHES FROM MIRROR)

Figure 4.4-12. Non-nested cross-scan motion 1n air,
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this plot it appeared that a sine wave of 4 microradians amplitude could

i1t to the data points. Since the first mode of the mirror on its flex pivots

was measured for this set-up at 320 Hz an attempt was made to superimpose

a 320 Hz, 4 prad sine wave. As seen in Figure 4.4-12 the fit 1s quite good.
This indicates that the major form of non-nested motion is caused by an
interaction of the mirror natural frequency on its flex pivot supports with the
drive frequency. That 13, the phase of mirror motion 18 almost constant for
forward scans and separately constant for reverse scans. The drive frequency
then determines whether forward cross-axis motion and reverse cross-axis
mmotion are in or out of phase (or in between).

Other data was taken as a function of small variations i1n drive fre-
quency, and the general result was that the peaks of scan-to-rescan cross
axis motion fluctuated between ! and 4 microradians. This should be
expected if Figure 4.4-12 1s a worst case drive frequency for a mirror
natural frequency of 320 Hz, One would expect there to be some point where
the phase of the cross scan motion of the mirror during forward scans iden-
tically equalled the phase during reverse scans., It was found that the maxima
and minima followed each other, occurring at each 0.3 Hz increase in drive
frequency. The rmaxima all tended to be near but never exceeded 4.0 micro-
radians. This test was checked between 7 Hz and 13 Hz. There was abso-
lutely no monotonic relationship with drive frequency noted within this range.

Limited testing of this sort was repeated in helium (it being a rather
difficult and dangerous process to move, adjust and calibrate each diode in a
helium atmosphere). No significant difference was noted. However one
interesting phenomena was noted: the phase of the cross axis motion in air
(causing a worst case} would not produce a worst case phase 1n helium. The
exact case of Figure 4.4-12 was repeated in helium with no changes to the
equipment except the addition of helium. (This data is shown in the log book.)
Significantly better results were recorded. Apparently the helium atmosphere
slightly changed the natural first mode frequency of the mirror away from
320 Hz and the forward and reverse motions tended to cancel. It can be

concluded that the SMA breadboard as-built, whether operating in helium,
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air, or vacuum, will have a systematic cross-scan, non-nested motion of

the form
e
¢ = Asin ( -——§—) +
prael
st
where
By - is the non-nested motion in radians

A is a peak amplitude between 0 and 4 uradians
Bg is the scan angle
15 the total scan angle (0.268 rad for our case)

n is a function of the first mode natural frequency and
the active scan period and was egual to
h =320 x 0.044 = 14 for the case shown
in Figure 4.4-12

15 random noise whose rms value 1s less than

Bxn .
one microradian,

The expected value of this jitter which contributes to overlap and underlap is
the rms of this function. For a conservative worst case, the rms value would
be 2.8 microradians. This value 1s considered to be the worst rms case for
several reasons. It is the worst case ever measured on the final baseline as
tested, and several cases were measured. Measurements were taken before
the nylon bumpers were worn into their final configuration, during wear-in,
and after wear-in. In addition, cross axis measurements were taken at
several adjustments of bumper impact time, bumper location, turn-around
time, and damper preload setting. Several flex pivots were substituted and
the mirror counterwerght was also completely removed to unbalance the
system. Cross scan non-nested motion never exceeded 4.1 microradians
peak or 2,8 microradians rms.

Now because the location of the SMA 1n the scanner has not been fixed,
the above reference to cross-scan motion has always been in mirror coordi-

nates, However the real requirement is 1n ohject space. The following
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sketch depicts the nominal position of the mirror with respect to the scanner

and the nadir:

#NADI’R

The object space cross-scan metion 1s thus related to mirror motion by

- =
Bobject space = Omirror 2 cos

For the contemplated situations wherein the angle, «, 1s about 90 degrees,
the 2.8 microradians rms of mirror motion corresponds to 4.0 microradians

of object space motion. Should an extreme angle of 60 degrees be chosen,

the equivalent object space motion would be 4.9 microradians.

Thus far this discussion has described performance testing and pro-
vided a2 conservative estimate of the cross scan motion that can be expected
from the breadboard SMA, The remainder of this section will discuss the
present limitations that cause cross scan motion with the result that con-
servative predictions can be made regarding the predicted performance of

the flight system.

Present Limitations

It had been speculated that bumper/mirror contact friction might be
a significant source of cross-scan energy. This appeared reasonable since
frictional forces were expected to have a magmtude of roughly 0.2-0.3 times
the normal forces and random in amplitude from 1mpact to ympact with a
power spectrum that includes the first mode natural frequency of 320 Hz.

To test this hypothesis, cross scan motion was measured before and after
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the contact surfaces had been lubricated with DuPont Slip Spray. A factor of
two improvement in cross-scan motion was observed after lubrication.
Friction 1s therefore definitely a major cross-scan energy source. This
conclusion was further established by the fact that a significant increase 1n
cross-scan motion did not occur when the unit was operated on two rather
than four bumpers which causes a large increase in net normal forces but
little change 1in frictional forces. Friction can be further reduced by optimal
choices in materials and contact configurations. i

Another lumitation in the present breadboard was discussed in Sec-
tion 4.3.2 with respect to the flex pivots. The Bendix flex pivot 1s only half
as stiff in shear as a flex pivot of conventional design, With a conventional
flex pivot of the same torsional stiffness as the Bendix pivots used in the
breadboard, the magnitude of the cross-scan deflection would be reduced by
a factor of the square root of two.

In addition, the existing mirror mass is about three pounds heavier
than it should be as a result of the design change to leaf spring late in the
program. A reduction in mass of this magnitude will significantly increase
the natural frequency of the first mode motion of the mirror on its pivots.
Such an increase will also cause a decrease in the cross axis deflection.

Finally, the existing bumper support structure 1s cantilevered from
the holding fixture., This, also, was an add-on design, and although an
attempt to maximize rigidity was made, the cantilevered supports vibrate
at a well defined natural {requency of 115 Hz, This caused the selection of
specific turn-around times which would not excite these cantilevers. In the
flight design, without the cantilevers, shorter turn-around times could, and
probably would, have been selected. As the turn-around time shortens,
normal forces increase but more importantly, the vibration spectrum caused
by friction shifts upward in frequency away from the first mode mirror fre-
guency. Tuning of the first-mode /drive frequency relationship then becomes

more feasible,
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Growth Potential for the Flight System

The nature of the present breadboard test program 1s such that the
results obtained should be different from what would be predicted for a flight
model.

The scanner support structure when designed will be maximally stiff
along the axis of the bumper forces. Conversely, the granite slab and the
280-pound magnesium support fixtures, despite their large mass and intrinsic
stiffness, could not be arranged so that these properties would counteract the
bumper loads in an optimal way. In the flight system, the bumper assemblies

will be directly mounted to the scanner support structure.

Since the bumper assemblies are directly mounted and not cantilevered, the
natural frequency of the mount should be at least as high as on the present
breadboard. In essence, the breadboard with its add-on design for conversion
to the new bumpers is not particularly rigid,

The potential for reducing the effect of contact friction has not been
guantified, The most promising concept appears to involve a slight change in
contact geometry. The present bumper geometry was chosen to minimize the
total sliding travel between the mirror and bumper contact points. This
choice causes the directions of motion of the bumper and mirror contact points

to be non-colinear when the maximum normal force occurs (at maximum spring
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MIRROR j

deflection). Since testing it has become apparent that yield or wear in of the
nylon bumper pad occurs almost solely at the point of maximnum deflection,
Therefore 1t would appear that a significant decrease 1n friction would occur
if the relative geometry were rotated such that less or zero shiding forces
exist at maximum deflection. It 1s conservatively felt that tmproved geometry
will reduce the frictional energy input to cross-scan motion by a factor of two.

Reducing the mirror mass by three pounds 1s a natural expected
improvement, It is also true that use of conventional flex pivots 1s a natural
improvement. The mounting of conventional pivots 1s easier and there 1s no
reason to expect any change 1n fatigue life. The same fabrication processes
would be utilized,

Optimezl tuning of the first-mode mirror frequency to the drive fre-
dquency will involve the selection of flex pivots for shear constant, fine tuning
of the mirror mass and elimination of atmospheric loads. The potential for
cross axis motion reduction has been shown to be large, but large :mprove-
ments are not needed at the expense of criticality in the selection and tuning

process,
- In summary, test data substantiates a conservafive estimate of
4.0 microradians rms cross-scan non-nested motion in object space for
the flight system. Slight changes in design and material selection can be
conservatively said to offer substantial improvernents to these measured
results. It is felt that 1.0 microradians rms 1s achievable with a 60~degree

mirror.
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4.4,10 System Gains and Gain Margins

As part of the program a determination of the system gains, fime
delays and gain margins was accomplished. Since this SMA 1s a time domain
and not a frequency domain servo, and since certain factors within the gains
are dependent upon mechanical effects which are difficult to quantify, a pure
analytic determination of gains was not attempted. Instead, actual test data
were used to determine the settings of gamn parameters and their effects upon
performance,

Unlike the MSS SMA, stability 1s insensitive to gain settings. The
stability gain margins are huge for the torque-while-turn~around logic, The
most critical measure of performance 1s along-scan repeatability. And thus,
the standard deviation in the active scan half cycle (forward or reverse scans)
was selected as the measure of performance. The control equation {see Sec-
tionn 4.3.1 and 4,3.3),

]

T = K + Gé (AT) + G¢ (b error)

describes the terms that were to be determaned by test

K = the nominal torquer drive voltage on-time with no error in
the tirne between the last two bumper 1mpacts and no phase
error

Q
@
}

the mcrease in torquer on time for positive error {increase)
in the time between the last two burnper impacts. This is
referred to as the damping gain.

Gy = the 1ncrease 1n torquer on fime (m.s.) for a degree of steady
phase error between the mirror clock and the reference
clock., This 1s the phase loop gain and is positive if the SMA
tends to lag the reference clock,

Prior to starting the gain parameter tests a new electromcs box was
fabricated. The main reason for building the new electronics box was that
the older breadboard was difficult to adjust and difficult to connect to the
SMA and power supplies. The new electronics was packaged in a chassis
box with simple connectors. Thus the SMA and power supplies were easy

to connect and such connection could be made reliably without undesirable
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ground loops. In addifion multi-turn dial potentiometers were installed in
place of the trimpots which had been used to adjust the gain and levels of
the constant, K, and the two control loops..

The first step 1n gain determination was the establishing of the nomi-
nal T or constant, K, as a function of operating drive frequency in helium,

Figure 4.4-13 is used to reference the required terminology. Xach time a

V INPUT TO DRIVE LENGTH MONOSTARLE

VK
AN SU——
v~ Gglan p| SUMMING 4 DRIVE LENGTH LI ;%IU’EHQUE
AMPLIFIER MONOSTABLE SIRCUITS
VoG, i)
Jhae.

|

|

Figure 4.4-13. Termmnology for gain determination,
]

gain potentiometer setting 1s changed, the d.c. level of the loop at

the 1nput to the summing amplifier changes a small amount. Thus 1n normal
operations (with no phase error), these levels must be zeroed in order that
the input proportional to K contains the entire d.c., mput. With this 1n mind,
it 1s possible to obtain the relationship between the K input pot setting, the
input to the summaing amplifier; the torque drive time, T; and the number K
{(which 1s nominally equal to the torque driwe time); and the drive frequency,

The following fable lists the data taken in open loop operations,

Drive

Monostable T, Scan Scan

K Dial Input K Per:od | Frequency
Pot Sett:ng {Volts} {(m s) (m.s) {Hz)

4.56 5 111 3.05 97.1 10 30
5 Q0 5.190 Z 95 116 4 8 89
5 50 5 285 2.88 | 121.95 8.200
5 86 5.344 2 82 | 124 11 8 057
6.00 5.382 2.80 | 126.5 7 905 Open Loop
6.30 5 444 2.74 1 141.2 7.082 Operation
4 70 5 138 3 00 97.9 10.215 Monostable
5.00 5 191 2.96 99.8 10 020 Capac:tor
5.50 5.287 - 121.95 8.200 at 0 0202 pf.
4 30 5.064 3.10 96.3 10 381
4,00 5.012 3 15 95.88 10 430
3.50 4.927 3.25 80.50 12.422
5 32 5.250 2.91 | 110.7 9 033
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Each scan period measurement consists of an average of 50 data points. The
scan frequency is then obtained as the period reciprocal. The data 1s plotted
in Figure 4.4-14., It can be seen that the electromic behavior was quite
stable with time and changing pot settings, however the resulting mirror
speed was not.

The next step 1s the determination of the phase gain, G¢ . In closed

loop operation, the squation to be used 1s

T =K + Gy (¢ error)

Where the damping term will be 1gnored because it contributes nothing when
operation is steady and it is the steady state gain, G¢,, that will be determained,
With the clock at 9.0 Hz and with the phase pot set at zero (this pot is adjust-

able from zero to about 9.5 and produces some gain when set at zero because

13—~ —
3.3 5,40+ /
12 =~ \n SCANM FREQ
2 MONOSTABLE INPUT
3.2+
5.30
AR o ‘E‘_“
Q
i =
— - L
L] [%]
: [~
Sk 2 Z 5,20-
&} a o3
& a =
o z =
z <330~ =
-
o]
3 o
? 2
;>u 510
2.9 =
a8
8
2.8 5.00 -
7 /
o
2.7 4 92 L ! ! | | I I 1 ] 1 ! ] 1 th
34 3.6 3.8 40 4.2 44 46 48 50 52 54 546 58 6.0 6.2 6.4

K BIAL POT SETTING

Figure 4.4-14. Open loop measurements.
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of a shunting resistor), the K dial pot 1s adjusted to produce zero phase

error. The pot is read and the drive timne measured. At this point

Gg dial pot = 0

K dial pot = 5.52

T=K+ Gg (0) = XK = 2.85 m.s.
0

The clock 1s now adjusted upwards until T increases by 0.3 m.s., the phase
error is no longer zero and read as 14 degrees by comparing the reference
clock and the mirror pulse train clock on an oscilloscope. The K dizl pot is
now adjusted to reduce the phase error to zero and then the clock 1s returned
to produce 9.0 Hz. The phase error 1s measured as a check and 1t was, in

fact 14 degrees. The gain can now be computed

a _ AT - 0.3
dDO - A phase 14°

= 0.021 m.s/deg

This 1s the phase gain at G¢ dial pot = 0. A second check was made for a

G4 dial pot setting of 6. For this case

_ AT _ 0.3 _
G¢6 = Aphase - 5450 ° 0.035 m.s/deg

Neither of these measurements are more accurate than about 5 percent.

As a second technique, the phase loop was opened (so that it could
not effect the monostable) and the phase loop output, referenced to the mono-
stable input, was read when a specific phase error was held by manually
controlling the frequency with the K dial pot. This allowed measuring the
phase loop input to the monostable per degree phasé error. This was done

as a function of Gg dial setting thus producing G4 m volts/deg for each dial
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setting, From Figure 4.4-14 the relationship between volts at the monostable

nput to change in 7 15 seen to be

AT _
AV 1nput

1.1 m.s/volt
Thus the above Gg volts per degree can be converted to G@ in milliseconds
per degree (in the neighborhood of 9 Hz operation). This 1s plotted below in
Figure 4,4-15. Also shown on the plot are the two previously calculated
check points performed by a completely closed loop test. The check is suf-
frciently accurate for the purpose of determining phase gain margins.

Finally the Gy gain was determined as a function of its dial pot set-
tings. Again by holding the speed of the SMA constant, 1n open loop operation,
the output of the damping loop, referenced to the monostable input can be mea-~

sured as a function of change in the time between bumper impacts. Using the

010

008 i~ /

008

007 -

Q06 i~

005

2

CHECKPOINTS
X

on3

e,

Gq‘:' PHASE LOOP GAIN, {MS/DEG PHASE ERROR}
o
=
<]

001~

0 2 4 6 8 10
Gy DIAL FOT SETTING

Figure 4.4-15. Phase gain in neighborhood
of 9 Hz for various gain pot settings,
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1.1 ms/volt factor previously discussed, the Gg damping gain 1s plotted
in Figure 4.4-16. Now the entire equation for drive tume can be established,
given the desired operating speed and the optimum (as yet to be determined)

gain pot settings. For instance, for 9.0 Hz with the phase pot at 7" and the

velocity pot at 7

T = 2.95m.s + 0.10 s/s (Aaf) + 0.03 m.s/deg (b error)

where At 1s in mulliseconds and ¢ error 1s in degrees. Similarly, for

7.09 Hz with the same gain settings,

T = 2.74m.s + 0.10 s/s (At) + 0.03 m.s/deg (& errorx)

The next investigation was to determine the optimum gain settings and

how sensitive to gain settings 1s the repeatability of scans. The 9.0 Hz

04

[=]
%
1

DAMPING GAIN, G{j {SEC/SEQ)
o
N
T

0 2 4 6 8 10
G, DIAL POT SETTING

Figure 4.4-16. Darmnping gain in the
neighborhood of 9 Hz for various
gam pot settings.



operation was used and the standard deviation in the forward scan length was
computed from a continuous string of 50 scans or more. At least three runs

were made for each data point and the averages plotted. Figure 4.4-17 shows

3.0 30 =
fe) PHASE POT ¢ PHASE POT AT 6
SET AT ZEROQ )
25 25+
@ )
2 20 2 20
s? &
15 |- 15 T
1 ! i ! [ 1 I | | 1
0 2 4 6 8 10 0 2 4 5 8 10
DAMPING DIAL POT DAMPING DIAL POT
30 - 30
(b} (d)
p PHASE POT AT 4 PHASE POT AT 8
4 0 AT ZERO
25 f= 25
- [a]
0 W —_
E4 E w
- 20 < 1200
s? > "o
= )
g [
18 @ 15+
=
" g
. U | 3 1 S ! |
o 2 4 & 8 10 0 2 4 6 8 10
DAMPING DIAL POT DAMPING DIAL POT
hY
2.4
te) DAMPING POT AT 7
ALL TESTING CLOSE LOOP AT
22 a 9 Hz IN HELIUM WITH MODIFIED
o - w_w ELECTONICS EACH POINT
Y ] a2z REPRESENTS AT LEAST 3 RUNS
- ' b s OF 80 CONSECUTIVE SAMPLES
7] ao>
® 20}t
18 1 { [ |
0 2 4 6 8 10

PHASE DIAL POT

Figure 4.4-17. Scan repeatability data as a function of phase
and damping loop gains.
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the effect of changing both gain settings, one at a time. Sketches {a) through
(d) indicate that a muimimum error rn repeatability might be achieved with a
phase pot set at about 5 on the dial while the damping pot was set at about 7.
Sketch (e) holds the damping pot fixed to indicate the effect of changes in the
phase gain pot. It would appear from sketch (b) and (c) that 1f the damping

pot were set at 7, then a plus or minus change of 1 in the phase pot will
make no noticeable change in along scan repeatability. Sketch (e) indicates
that changes from the nominal phase setting of 5 could be at least =1 without
significance. Figure 4.,4-15 shows that at a phase pot setting of 5 a =1 vari-
ation would require a 20 percent change 1n electronic drift, while Figure 4.4-16
shows that a +£1 variation from the optimum would require a 22 percent change
in the damping loop gain, Obviously the electronitc components should not be
expected to drift by this amount.

From the above data it can be concluded that gain settings are not
critical and can be easily selected to ensure significant gain "margin.' Elec-
tronic drift should not change the performance significantly. To this point,
the discus sion has involved steady state conditions. That 1s, no noise effects
have been analyzed and all gains have been assumed, and tested, as constants.
The damping gain is a constant, however the phase gain is not. As seen in
Figure 4.3-35, the phase detector (NE 565) contains a filter consisting of a
3.6K ohm resistor and a 4.7 pf capacitor (time constant equals 17 m.s. ).

This filter smooths the phase measurements made at each bumper contact
such that

G G
- ¢ _ o
Gy = 775,078 -~ T+

causing the phase signal to be insensitive to measurement noise. The choice
of the filter time constant is made by assuring that it 1s long enough to remove
noise, while short enough to control drifts that could occur in the electronics.
In the modified electronmics this controlling capacitor was replaced with a bank
of 5 switched capacitors. Figure 4.4-18 shows the effect of varying7¢ on the

forward scan standard deviation. The conclusion 1s that the phase filter time
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Figure 4.4-18. Effect upon scan deviation of phase loop filters.

1s not a critical parameter from a noise standpoint. It was set at 17 ms
for the data presented 1n Figure 4.4-17.

A special test was also performed to determine the transient response
to a step K input, The electronics was modified such that a resistor which
controlled the nominal mnput, K, to the summing amplifier was shunted with

a resistor and switch,

PHASE INPUT

DAMPING INPUT | sumMING ORIVE - -
- > AMPLIFIER - MONOSTABLE »

CONSTANT INPUT

REF VOLTAGE

|
L_‘-\‘\_m.__.l S—m— ADDED CIRCUIT

With the SMA running with the switch open, the active forward scans were
timed and recorded. With the recorder running, the switch was closed to
produce an instant step change in XK. The resulting record shows the tran-
sient behavior of the SMA. Figure 4.4-19 shows the effect of the phase gain.
It 1s the phase loop which makes up for any change in the nominal drive time
and which 15 responsible for returning the SMA frequency to the drive com-

mand of the reference clock. As can be seen in the figure, with the phase
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Figure 4.4-19. Transient behavior versus phase gain,

dial pot set at 5, about 50-60 cycles are required to bring the forward scan
period back to its original value. Wuith a phase dial pot setting of 9 (a gain
increase of about 2,4}, the scan period 1s corrected 1n about 17 cyeles. The
step changes in K were abnormal and only gradual drifts are expected 1n
actual operation.

Figure 4,4-20 shows the transient behavior as a function of damping
gain. The damping term can be thought of as a lead correction. Well before
the phase error has had a chance to build up, the damping {or velocity) loop
senses the effect of a step change 1n K. Thus the figure shows that as the
damping gain 1s increased the peak excursion is reduced. A comparison

between Figures 4.4-19 and 4.4-20 shows that the damping loop 1s far more
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Figure 4,4-20. Transient behavior
versus damping gain.

powerful than the phase loop early in the disturbances. However, after
several cycles, the total phase error 1s significant and the ;;hase loop 1s the
predominant controller., As seen in Figure 4.4-20, a large change in damping
gamn (a factor of about 1.4) does not significantly affect the total time required
to return the forward scan period to its original value.

Similar plots were made with variations 1n the phase loop time con-

stant,T¢ , but, as expected, no significant effect was noted.
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4.4.11 Mechanical Noise and Loop Control of Noise

It 1s important to know where 1in the SMA noise originates and how well
the logic and electronics suppress the random growth of noise. The following

sketch is used to aid in the discussion of this question. The most pertinent

BUMPER MOTION BUMPER
SO — —i ————
TDRAVER RESPONSE OF MIRROR PICKOER

h 4

TORQUE N
ELECTRONIC LOGIC
COMMAND l¢———— REFERENCE CLOCK

effect of noise 1s random changes in the active scan times. From the sketch
it can be seen that some noise inputs can theoretically be filtered so as not to
cause mirror motion perturbations. ‘

Starting with the control clock, 1t can be seen that high frequency clock
noise can be filtered by the phase comparator so as not to affect the torque
command., Clock drifts, on the other hand, will obvicusly affect mirror motion
and thus cannot be allowed. Bumper pick-off noise can be filtered out of the
phase loop (if it 15 not strongly auto correlated) but cannot (or at least 1s not
in the present logic) be filtered out of the damping loop. For this reason
measurements were taken of the time between a split diode crossing and the
bumper coil output. In this test the split diode was regularly located quite
close to the bumper contact point. The split diode 1s known to possess mea-
surement noise of less than a microsecond rms. The standard deviation of
the resulting time measurement was measured several times and all values
were between 0,1 and 0.2 microseconds, The conclusion reached was that the
uncorrelated noise produced by the bumper sensor coil and threshold circuitry
15 small indeed and would thus not contribute to perturbations of the mirror
motion.

There is no reason to believe that the torquer 1s a source of noise.

This leaves three noise sources. mechanical bumper noise, noise created by
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the air or helium atmosphere used to test the SMA, and noise created within
the electronics,

As yet no conclusive technique for separately measuring bumper
mechanical noise and atmospheric effects has been devised. Tests have
determaned that operation in helium creates smaller scan period fluctuation
than operation in air. And it has been presupposed that operation in vacuum
will show further improvements, but the degree of tmprovement has not
been determined.

In order to measure the combined noise created by the bumper
mechanics and helium atmosphere, a test was devised. Figure 4.4-21 18
used to describe this test and shows the data taken. The SMA was operated
in helium at 9.06 Hz. A split diode was located near each bumper such that
full forward and reverse scan periods could be measured. Torque was not
applied at one turn-around. That is, a switch on the electronics was installed
that would cause the logic to torque at the !"top" bumper but not at the ""bottom"!
as shown in the figure. The split photo diodes were arranged to record Tm
and Tout

scan (Tm) and the succeeding scan (Tout) were measured., Fifty such corre-

in succession such that for each passive turn-around, the previous

lated data points were recorded and plotted in the figure.
If no perturbations occured during a turn-around, and if the atmo-

sphere (helium) did not affect the scans, then

T, . = = identically

where ¢ is the nominal coefficient of restitution. The data was processed
and a linear fit to the data was passed

Thus wtth no

for average values of T, and T
in out

through this point (this checked with a slope of ¢ = Tm/Tout)'
mechamcal or atmospheric perturbations, the data points should all fall on
this ideal line, The error in Tout by which a data point missed the line was
measured and defined as Ai for the ™ data point. Then the average and

standard deviation of the As were taken;

-0.03 microseconds

A
cgA= 0.74 microseconds
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In addition the standard deviations of Tm and T0
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It would be expected that o T, would be larger than ¢ T since no

correction is made during the 1;2.581%"3 turn-around and the noise created at
that turn-around would add to the noise of the previcus scan,

The conclusion 1s that the bumper and atmosphere produce noise
equivalent to 0.74 microsecond rms measured at the end of a succeeding
scan, There 1s no way that the control system can reduce the total noise
in the system tested below this value since it can only operate upon the
noise after the succeeding scan. Some of this noise should be due to helium
and some due to nonopfimum bumper design. With both bumpers operating
the total system noise should be slightly better than o T1n = 1.} micro-
seconds. {(See Figure 4.4-9 showing data taken immediately prior to the
data of Figure 4.4-20.)

The last part of the question involves how much noise 1s created
within the electronics and how well does the electronics handle the growth
of the total noise mput. The electronics cannot reduce the total noise below
the real values of mechanical noise. In fact, noise 1s known to propagate
through several bounces. Examination of a time plot of a typical series of
scan period measurements provides some insight as to the possible magni-
tude of timing errors created by electronic disturbances. Figure 4.4-22 is
such a plot. Successive forward and reverse scan period errors from the
respective mean periods are plotted from left to right. The first point plotted
is a forward scan with zero error and the second point is for the following
reverse scan, etc. It can be seen that the first 44 scan periods (=2.5 sec-
onds) were reasonably unperturbed with an rms value of less than 0.5 micro-
second. Suddenly, a disturbance occurred which initially produced peak
errors of more than 2 microseconds, reducing to half this value after about
1 second This data, taken on the final day of testing, clearly suggests the
introduction of a transient perturbation in the electronics which probably

involved the drive or laser power or both.
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4,5 MIRROR FABRICATION AND TESTING

The basic design of the beryllium scan marror has been previously
described in Section 4,3, This section discusses the blank fabrication,
polishing, and mirror testing. This then leads to the conclusion that the
new, lightweight construction is suitable for Thematic Mapper over the full

range of the desired environmental conditions.

4,5,1 Blank Fabrication

At the beginning of the program 1t was anticipated that the blank fab-
rication and nurror polishing would be a critical path i1n the program sched-
ule. In order to uncover unforeseen problems early, two additional mirrors
were fabricated. The first was a small, 15 x 23 cm sample of the brazed
beryllium structure, This sample would allow the mirror manufacturer
(Grant and Kamper of San Diego) an opportunity to try out the brazing tech-
niques specified on the mirror blank drawing, In addition this samplé would
allow the polishing vendor (Applied Optics Center of Burlington, Mass.)
the same opportunity, Once polished, flatness tests on this sample were
intended to be performed prior to final assembly and brazing of the flight-
type murror blank, The other additional "murror' fabricated was the dummy
mirror which was a beryllium cruciform which could be used for imtial SMA
tests prior to delivery of the flight-type mirror,

During fabrication of the sample mirror several detail fabrication
problems were encountered and solved. The sample blank delivery date was
delayed but it was hoped that the information gathered would aid in fabricating
the large mirror. The sample mirror was deliberately built with brazed
eggerate joints (no stop-flow holes) on one half and unbrazed joints on the
other half. The object was to see if a "posting' effect would print through
the mirror surface under temperature cycles, Further processing delays in
the sample occured at the polishing vendor. Specifically, the time to
remove material was greater than the vendor anticipated. One result of
these delays was that the decision to not braze the joints in the eggcrates
had to be made prior to thermal flatness testing of the sample,

Interferograms of the sample marror at various temperatures are

shown in Figure 4.5-1a through e. The test set-up 1s shown in Figure 4,5-2.
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4°C
COMMENTS:
1. CORE PATTERN "SEE THRU”
IS APPARENT
2. APPROX A 2 FRINGE EDGE
ROLL-DOWN
3. DISREGARDING EDGE ROLL
DOWN, THE FLATNESS OF
EITHER SIDE IS ABOUT
1FRINGE

Figure 4,5-la, Sample mirror interferograms,




Figure 4.5-1b,

13%C
COMMENTS:

1. EDGE ROLL DOWN IS ~0.5 FRINGE

2. THE ACTIVE MIRROR IS FLAT
ALONG MAJOR AXIS

Sample mirror interferograms.




20°%

1. PHOTOS NEAREST THE POLISHING
TEMPERATURE

2. THE MIRROR SURFACE IS CONCAVE
ALONG THE MAJOR AXIS (CREASE
DOWN MINOR AXIS AND BENT UP ON
EITHER SIDE) BY ABOUT 1.5 FRINGES

3. LITTLE OR NO PRINT THRU SEEN

Figure 4.5-1lc., Sample mirror interferograms,




Figure 4. 5-1d.

24°C
ROOM
TEMPERATURE

. BENDING ABOUT MIRROR MINOR
AXIS IS MORE APPARENT AT THIS
ELEVATED TEMPERATURE

2. EACH HALF OF MIRROR IS FLAT TO

0.5 FRINGE
3. EGGCRATE STARTING TO PRINT THRU

-

Sample mirror interferograms.




Figure 4,5-le,

35%

COMMENTS:

1. BENDING ABOUT MINOR AXIS
QUITE APPARENT

2. EACH END ISSTILL FLAT
3. CORE PRINT THRU QUITE APPARENT

Sample mirror interferograms,




MOMNCCHROMATIC LIGHT SOURCE

/ BEAMSPLITTER

TEST CHAMBER
WINDOW

CAMERA

| __—— OPTICAL FLAT

P Y

SAMPLE MIRROR

THERMAL TEST CHAMBER

Figure 4.5-2. Sample mirror
thermal flatness test equip-
ment setup.

Conclusions that were reached based upon sample mirror tests and that were

directly applicable to manufacture of the flight-type mirror were as follows:

1

Posting due to the brazed eggcrate joints was not evident,
Therefore either core design can be used without expected
degradation,

Eggcrate pattern can be expected at high and low tempera-
ture extremes. No conclusion as to MTF degradation was
initially made,

Bending about the mirror minor axis may be due to the
fact that core nodes were brazed on one side but not on
the other, Or the cause could be related to the existence
of an insert in the center of the back face. Thus it was
not known if the existence of many inserts in the flight-
type mirror would cause temperature warpage of the
figure.

The edge roll off on the sample mirror surface increased
with temperature perturbations. The same effect should
be expected on the flight-type mirror. Edge roll could be
a problem if it extended into the clear aperture. Since
edge roll on the sample extended 0. 10 inch into the mirror
face, the planned oversize (0.1 inch) of the flight mirror
may be marginally acceptable,
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These conclusions would have led to building the flight type mirror a
bit larger to allow greater edge roll outside of the clear aperture, but the
fabrication cycle was too far downstream to allow this change, No other
changes would be indicated from these conclusions and the only concern was
the possible effect upon murror figure of the inserts, Only subsequent testing
of the flight-type mirror would prove that the bending problem seen in the
sample mirror was not due to 1nserts but rather to the asymmetrical brazing
of core nodes.

As the flight-type mairror blank progressed in 1ts fabrication process
several new problems arose that were not uncovered by the sample mirror,
There are two ways to achieve the elliptical profile, The parts of the blank
can be sized prior to brazing, as was done for the sample mirror, or they
can be assembled 1n an oversized condition and the enfire blank profiled after
brazing by an EDM ''band saw'' techmque. Because 1t would require sending
the blank to a separate vendor for profiling, which would have added to the
schedule, 1t was decided to pre-cut the face sheets just as had been done with
the sample mirror. The basic fabrication plan is shown 1n Figure 4, 5-3,

This choice was a rmastake, In the braze oven all parts must be jngged
and the assembly weighted to cause tight braze joints between the core and
the face sheets. Although jigging was a simple matter with the sample mirror
with 1ts single insert, pre-profiling made ngging much more difficult with the
large mirror. There were simply no edges upon which to jig,

During the rear face sheet brazing operation, the insert bosses moved
from their index positions on the rear face sheet, thus forcing the mirror front

face sheet out of flat:

N 2

—_— T
FRONT FACE SHEET ————
O RN

REAR FACE SHEET L|

(J
S LRSS S

———

PLANNED —t——— RESULT
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RECEIVE HOT PRESSED
BERYLLIUM BLOCK (HP 81}

QBTAIN BERYLLIUM INSERTS
{L A GAGE CORP )

v

SAWSHEETS
FRONT FACE SHEET
REAR FACE SHEET

EXTRA SHEET e

SAMPLE

A

CHEMICAL MILL
'FRONT SHEET #

» MIRROR
FAB

RECEIVE CROSS ROLLED

BERYLLIUM SHEET { 0215 *} =y

SAMPLE
= MIRROR
FAB

v

PROTO ETCH CORE STRIPS
[SAME FOR SAMPLE)

v

“REAR SHEET

h 4

ASSEMBLE CORE STRIPS
OM FRONT SHEET, WITH
COUNTER WEIGHT INSERT
FLUX AND ADD AIS:
BRAZE COMPOUND

Y

BRAZE IN OVEN
~11009F

v

VISUALLY INSPECT BRAZE

v

L

ADD REAR SHEET ALL
REMAINING INSERTS (EDM IN
PLACE) FLUX & S8RAZE ALLOY

y

BRAZE 2ND TIME IN OVEN

v

VISUAL & X RAY INPSECTION

* HP1 26

® ROUGH MACHINE .
® GRINDSHEETS FLAT TO 0 0005
® LAP

® ETCH FOR SURFACE STRESS

Figure 4, 5-3.
blank fabrication plan,

RELIEF
v

TO OPTICAL POLISH VENDOR

Flight type marror
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During the planned second braze operation the rear face sheet is on a flat in
the oven. Braze flux and alloy foil are placed on the rear face sheet and the
previously brazed subassembly and all of the remaining inserts are placed on
top of the rear face sheet. The parts are held in place laterally and weighted
down from the top. The temperature of brazing is near the yield point of
beryllium. Thus the result of improper fixturing was to put a 0.040 inch
bump in the front face sheet.

Rather than scrap the part an attempt was made to flatten the face
sheet by turning it over in the oven and pressing the face sheet against the
oven flat. (It would have been impossible to have unbrazed all parts and
started over, since each braze cycle causes the flux and braze alloy to etch
away (dissolve) beryllium.) This attempt worked to an extent, after several
oven cycles. The face sheet flatness was brought to within 0.015 inch.
However, the total of s1x braze cycles, that it had now been subjected,
created other problems. Prior to each braze cycle the entire interior was
flushed with flux. To do otherwise would insure that the alloy would ball-up
and leave the joints. This repeated application of flux and alloy took 1ts toll
on the beryllium. The results were voids in some brazed areas and migrated
braze alloy into some non-braze areas. Several of the core nodes were
completely brazed between the stop-flow holes. Pitting and etching of the
exterior of both front and rear face sheets was caused by excessive flow of
flux and braze alloy during the repeated oven braze cycles and by an unex-
pectedly high wetting characteristic on the HP-81 face sheet material (not on
the cross-rolled core strips).

All of these problems can be substantially alleviated on subsequent
units by elirminating some of the insert bosses and by leaving the murror
blank in a rectangular configuration until after all brazing (followed by an
EDM profile operation). This makes jigging far simpler and will keep flux
and braze alloy off the exterior surfaces of both face sheets.

Upon inspection after the final brazing operation the decision was made
to proceed with final machining and grinding since the polish vendor thought
it would be possible to polish the part flat even with the blank fabrication
discrepancies. During the final grinding operation (performed at Los Angeles
Gage Corporation), a compromise was required. The front face was already

too thin to grind to a final print dimension of 0.080 inch. Yet there were
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several small but deep pits distributed over the mirror surface and a rather
deep scar along one edge and extending inward about 3/8 inch. Again, these
were caused by flux and braze alloy. The part was ground to a flat which left
a few ptts and a small (approximately one square inch) remaining edge scar.
The final front face thickness was between 0.060 and 0.065 inch. The remain-
ing print through bump, due to the unseated boss had been removed.

It was concluded that if this blank could be poliched, the few front face
sheet imperfections would not interfere with the planned tests. Thus this
mmperfect mirror blank might be expected to allow successful completion
of the remainder of the program.

In addition, a series of i.r)nprovements to the fabrication process were
developed and demonstrated on a small sample by Grant and Kamper, This

provided assurance that a proper blank could be fabricated with a single oven

braze cycle.

4.5,2 Mirror Polishing and Coating

The slow rate of achieving figure on the sample muirror was repeated
on the flight-type mirror. Several re-estimates, by A,O.C., of the polish

completion date resulted, The slow polish rate was attributed to two factors.

First, the substrate material seemed to be unusually hard. Apparently
A.0O.C. had not polished the HP-81 beryllium in such large sizes before,
The material does yield an excellent surface quality and no change in the
material call-out on future mirrors is warranted. The fact of slow polish
rate will simply be accepted and planned for. The second problem was the
existence of severe pitting, These pits tended to break down the edges of
the polishing lap which, in turn, scratched the mirror and required cyclic
lap re-fabrication.

Finally on 11 June HAC was alerted by AOC that the desired figure
had just about been reached and a HAC representative was sent to AOC to
check figure and accept the mirror (actually a thermal cycle, re-check,
coating and buy-off would follow this check of flatness), Unfortunately AQOC
had made an error in the test set‘~up and procedure and thus thought the

mirror was flat when, in fact, it was cylindrical,
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The scan mirror was tested using a Ritchey sphere test set-up and a

laser interferometer. The equipment layout is shown in Figure 4.5-4.

The Ritchey test permits the testing of large flat mirrors in an uncollimated
beam of light. The flat mirror under test is used as a folding mirror in the
test. To thoroughly test the scan mirror surface in the Ritchey test, the
mirror's surface flatness is examined with the scan mirror major axis in
one orientation and then with the scan mirror axis rotated 90 degrees. The
interferograms shown on the left side of Figure 4.5-5 show the results of
the Ritchey test. It was determined from these interferograms that there
was still approximately 2 fringes of concave power along the short axis of
the mirror. This represents approximately 0.7 wavelength since the test
set-up makes 2.8 fringes equal to 1 wavelength. This conversion is due to
the scan mirror being mounted at 45 degrees with respect to the sphere and
because the laser light is reflected off the mirror twice. The requirement
for the scan mirror is #1/4 wavelength over the entire clear aperture of the

mirror. The test wavelength is 0.6328 micrometer.

TM SCAN MIRROR

e b=

SPHERICAL
MIRROR

LASER
INTERFEROMETER

Figure 4.5-4, Equipment
layout for Ritchey test at
AOC on 11-13 June, 1975.
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PRE-HEAT TREAT POST-HEAT TREAT
INTERFEROGRAMS INT=FEROGRAMS

SCAN NIRROR
MAJOR AXIS

FLEX PIVOT
“All

SCAN MIRROR
MAJOR AXIS

FLEX PIVOT
AN

“*,i_}

SCAN MIRRGR
MAJOR AXIS

FLEX PIVOT Bits |
IIAII ' b
\ e !

RITCHEY TEST CONVERSION
FACTOR: 2.8 FRINGES = 1\

Figure 4.5-5. Ritchey test interferograms taken at AOC on 11-13 June 1975.
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The mirror had thus been polished to a cylinder rather than a flat, and
this had occurred because of a procedural error in testing, 1.e,, by testing
the mirror in only one axis with the Ritchey sphere they were inadvertently
focusing out the astigmatism. Had AOC rotated the mirror they would have
quickly seen the problem. The test procedure and polishing cycle was
reviewed and it then appeared that further polishing and proper checking would
produce a flat mirror,

However, the mirror was nearly flat and this seemed like a good time
to test for temperature stability, The mirror drawing requires a post-
polishing 98°C thermal cycle flatness check. This check, which 1s a cus-
tomary requirement for all metal mirrors, assures flatness over a mulitary-
type storage environment and assures stability after hot coating operations.
The mirror 1s not required to be flat at 98°C, but it 15 not expected to warp
due to that exposure.

The morning after the heat treat a second set of interferograms were
taken, These pictures are shown on the right side of Figure 4.5-5, The
interferograms showed how the eggcrate print-thru occurred over the entire
front surface. The print-thru was more pronounced around the flex pivot
block labeled A" 1n Figure 4.5-5. Print-thru occurred on the back surface
only in the area of flex pivot "A"., After reviewing the post heat treat inter-
ferograms, it was decided to put the mirror back into polish.

At that point it was questioned whether the sample muirror had been
subjected to this final thermal cycle or not. It was therefore decided to
perform the test on the sample mirror at HAC. The results indicate that a
permanent print-thru problem did not occur on the sample marror after the
98°C temperature cycle. The mmterferograms of the sample mirror at HAC
were taken using a Fizeau interferometer, WNo evidence of permanent honey-
comb see-thru or increased edge roll off was detected.

The question of why the sample mirror behaved properly while the
flight-type mirror warped was paramount. The poor behavior could be blamed
only upon differences between the two mirrors. One difference is the con-
struction. The sample mirror has a thicker face sheet and has been through
far fewer braze cycles. These braze cycles cause the braze material to etch

into the face sheet., It is quite probable that the braze material, whose
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coefficlent of thermal expansion 1s twice that of beryllium, has eaten its way
well up into the underside of the face sheets. The cure 1s simply to make

the flight mirror like the sample, and in fact, future substrates will be
limited to one or at most, not more than two braze cycles and a final face
sheet thickness 1n excess of 0.080 inch., A second difference between the two
mirrors 15 the grinding and polishing history on the flight type mirror caused
by the braze material and the pits on the face sheet. It 1s conceivable that
excesgsive polishing or grinding forces in conjunction with a thin face sheet
causes residual stresses which were relieved at 9800. Here again, this
conforms to the fact that the sample mirror, which was not pitted, did not
experience a problem due to the 98°¢C cycles.

The plan of action from this point was thus to obtain a flat mirror,
reduce the post polish thermal cycle to 38°C and finish the rest of the pro—-
gram objectives without repeating the 98°C thermal cycle. The sample
mirror was evidence enough that a flight-type mirror could be made to
withstand a 98°C thermal cycle. The critical questions at that juncture were
whether or'not a mirror could be fabricated to the requirement of 1/2 fringe
and what thermal in-use variations could be tolerated.

On 19 and 20 June a second HAC representative met with AOC per-
sonnel to again go over procedures and the permanent print-through problem
as well as to assess polishing progress. At that time AOC was confident
that they could meet the full print requirements for static flatness. However,
the additional time required for polishing was difficult to quantify. In order
to accelerate delivery and yet still allow accuracy for dynamic and thermal
flatness, 1t was agreed upon to allow a one inch rolled edge around the mirror
(0.1 inch per print). This mimmizes the amount of material which must be
removed to attain final flatness and hence delivery time, yet maintains a
high quality figure over approximately 90 percent of the area for accurate
test measurements,

On 26 June a HAC representative arrived at AOC and inspected
interferograms which clearly indicated that the mirror was still 1,2 fringes
out-of-flat, AOC agreed.
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The figure of the mirror was essentially flat over the central half of
the area; the outside half rolled down all the way around. The plan for obtain-
ing flatness was to dish out the center, leaving a toroidal mound near the edge.
Then the toroidally high area would be worked outward. It was decided to
continue the polishing process but to send interferograms by telecopy machine
directly to HAC Culver City to allow Hughes concurrence (n the progress and
direction without round trips to Boston. By 9 July 1975 is was clear from the
interferograms that further progress was not being made. The mirror was
not within the 1/2 fringe goal and 1n fact had a large edge roll {~1 fringe).

At this point delivery of the mirror to allow continuation of testing at Hughes
had become critical,

It was determined by Hughes that the mirror was satisfactory for the
purpose of all remaining tests. Thati1s thermal effects could be measured,
dynamic performance was measurable with the existent figure, and all SMA
tests could be performed. In addition, although the existent mirror was not
as flat as could normally be expected for metal mirrors of this size, there.,
were known techniques for easing the polishing problem. Specifically, the
mirror could be thinly coated with nickel (one or two thousands of electroless
nickel) and this surface 1s known to be easier to control than beryllium. Then
too, a flight mirror would have a significantly thicker face sheet which would
tend to ease the edge roll-down problem. Lastly, 1t still had not been
determined just how flat the mirror must be. Hughes, accordingly, told AOC
to coat the mirror and the mirror was delivered and put into thermal flatness
testing on 17 July 1975,

It should be pointed out that the mirror was coated with aluminum
rather than silver. This choice was possible since there were no plans to
test the mirror for qualities of the coating such as reflectivity, absorptivity,
polarization, scattering, etc. The choice permitted a quick turnaround with
less risk of damaging the surface., The flight mirror will be silver coated,
The aluminum coating was sufficient for this program's needs.

At this point in time the remaining questions outweighed the conclu-
sions. The ability to polish the HP-81 beryllium has been established, but

the required and achievable figure quality had not.
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4,5.3 Mauirror Testing and Analysis

The critical tests of flatness were performed in accordance with the
Test Plan and Test Procedures. The procedures were changed in only two
ways., (1) Tests were performed 1n a thermal chamber to enable measure-
ment of flatness over the 20 *10°C temperature range, and (2) Tests were
performed prior to and after bonding operations to check the effect of bonding-
induced stresses and gravitational effects of the magnet assembly.

This was an extensive change in the scope of the static flatness mea-
surements compared to the original plan. The need for this change was to
assure that the cause of the bend down the maiddle at high and low tempera-
tures on the sample mirror would not be present.

The thermal/static flatness tests were accomplished and reported in
IDC 72123/87, "Thermal Flatness Test Report" by R.A. Johnson, dated
6 August 1975; and IDC 72123/113, "Post-Bonding Test Report" by
R.A. Johnson, dated 23 September 1975. Prior to bonding, the mirror was
tested using a2 Tinsley Unequal Path Interferometer at temperatures of 11, 15,
20, 23, 26, and 32°C. Interferograms were taken at each temperature and
each interferogram was reduced to determine the flatness at each tempera-
ture., Two effects were quickly noted.

The "bend-down-the-middle' seen on the sample mirror was not seen
in the flight type mirror. This data confirmed the hypothesis that the sample
mirror behavior of bending down the middle was due to the fact that the sample
mirror was made with complete braze posting on one side and no braze post-
ing on the other. In fact, the overall figure of the mirror behaved quite well
over the temperature extremes tested (which were slightly greater than the
20 £10°C required). The flatness of the flight-~type mirror at the polishing
temperature was not within the 1/2 fringe requirement required by the polish-
ing drawing. However, the temperature behavior or change in flatness from

the figure at 70°F was quite good, as shown in the following table

Peak to Peak Fringes
Temparature, °C | AT, °F | Wertical | Honizontal
11 -18 045 042
15 -10 030 005
20 0 0 0
23 3 020 —0605
26 8 022 055
27 11 025 035
32 20 005 0
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After bonding and assembling the torquer magnets to the mirror, the
mirror was again stafically tested at room temperature. The mirror was
tested with the pivot axis in both a2 horizontal and vertical mount. No bending
of the mirror due to bonding was noted. However, the magnet mass caused
a 1/8 fringe mirror bend when the pivot axis was vertical and a 1 fringe bend
when the pivot axis was horizontal. This static bending due to gravity is not
pertinent to flight performance; however, it 1s an indication that inertral
forces caused by the magnet mass during turn around should be considered
as a possible cause of any dynamic changes in flatness.

The second effect of thermal variations was the core pattern that
could be seen in the interferograms. The perturbation of the surface due to
the core pattern at temperature extremes 1s less than 1/8 fringe, which 1s
well within the overall flatness requirement, However, due to the high
spatial frequency of this pattern, the slope errors could conceivably degrade
the mirror MTF. The interferogram test method cannot be used to evaluate
the magnitude of the core print through effect upon MTF.

The first step 1n understanding the tetal effect upon MTEF of the figure
errors and core print through was taken by utilizing an analytic model. This
was reported in IDC 7212, 1/136, "TM Scan Mirror MTF Degradation Analy-
sis'* by W. W, Goodridge dated 17 September 1975, The analytic model is
only as good as the estimate of the surface error used in the model. By
reading the interferograms one can estimate the figure errors quite well,
However the core print through errors can oanly be bounded. This resulted

in the following estimated bounds on figure and core print through errors.

Surface Errors in Wavelength at 0, 6328 pm
for flight-type mirror as fabricated.

Temperature, °c

10 16 21 27 32
Probable Figure Errors 0,13 0.08 0. 06 0,11 0.13
Pessimistic Fagure Errors 0. 26 0.16 0.12 0.22 0. 26

Lower Bound on Core Errors| 1/20 1/40 1/40 1/20 1/16
Upper Bound on Core Errors 1/8 1/16 1/32 1/8 1/4
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These estimates were then utilized in the analytic model to produce
MTF degradations. The analytic model (developed in the above mentioned
IDC) separately models the effect upon MTF of the low spatial frequency fig-
ure errors and the high spatial frequency print through errors. For figure
errors the MTF degradation, T(v), as a function of spatial frequency, v, can

be expressed

2
-(27) (I - @.,(v)}
Tv) = e 11

where w? is the variance of the wavefront errors 1n wavelength squared, and
¢11(v) is the auto-correlation function of the perturbations expressed as a
function of spatial frequency. For this particular case where w < A8 and
the errors have a low spatial frequency content, the transfer funcfion is inde-
pendent of the form of the error, and depends only upon the magnitude of the
wavefront error. Figure 4. 5-6 expresses the MTF of the figure errors for

various magmtudes of the figure error {A/n) as a function of normalized

spatial frequency (v = v/v_where v D/N in cycles/radian),
q ¥ n o o)
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NORMALIZED SPATIAL FREQUENCY, u_

Figure 4, 5-6, MTF for figure errors.
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However it 1s the degradation 1n system MTEF due to scan murror imperfections
that needs to be determined rather than scan mirror MTF per se. For a cir-
cular aperture the perfect lens MTF in terms of the normalized spatial fre-

quency, vy, 1is

2 -1 . -1
= ¢ |cos {vy) - v, sin cos (un)
Then the degradation factor 1is T(vn)/TI(vn) and this degradation factor for

figure errors is plotted 1n Figure 4, 5-7.
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NORMALIZED SPATIAL FREQUENCY, v,

Figure 4. 5-7. Degradation factors for
figure errors.

An example of the use of this figure is as follows: For Band 5, the wave-
length 1s 1. 65 ym. From the table, the pessimistic figure error at 32°C is
0. 26 wavelengths at 0. 6328 pm. Therefore the curve selected from Fig-

ure 4, 5-7 is

_ 0.26 x 0.6328 _
w = 2% = 0.0996 — A/10O
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The IFOV is 42, 6 microradians and the cut-off frequency 1s 1/2 (IFOV) or
11. 7 eycles/mrad. The diffraction cut-off frequency for a 40.6 cm diam-
eter aperture is v, = D/n = 242 cycles/m radians at 1, 65 pm. By dividing,
the normalized spatial frequency 1s obtained, v_ = 11.7/242 = 0. 048,
Therefore Figure 4, 5-7 15 entered at w = A/10 and v, = 0. 048 obtalining

a degradation factor of 0. 98; that is, 2 loss in MTF of 2 percent from the
MTEF of a perfect 40.6 cm diameter aperture.

Now in addition to the basic figure errors, the print-through of the
eggcrate pattern must be considered. The degradation factor for the print-
through errors and the degradation factor for the figure errors can then be
multiplied to obtain the total degradation factor for the mirror as a function
of temperature (factor of 1 implying no degradation)., To evaluate the higher
frequency errors the following equation 2s developed in "Geometric Versus
Diffraction Predictions of Properties of a Star Image 1n the Presence of
Isotropic Random Wavefront Disturbance, " by R. V. Shack, Technical
Report 32, Optical Science Center, University of Arizona, 16 September 1968,

15 used:

2 2
T(v) = o H/2ETle) vy

n

where here:
0, is the departure, rms, 1n lens units
n is the rms correlation length of the departure
v is the angular spatial frequency in cycles/mr
D is the optical diameter
w = (cw)/\
A is the optical wavelength

v/(D/N)

<
1

2 = n/D
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This equation can alsc be normalized to obtain the factor of MTF relative
to a perfect aperture. Then by combining the factor for figure with the fac-
tor for the print-through errors, the total expected degradation can be

obtained. This results in the estimation shown 1 Figure 4.5-8.

DIFRACTION LIMIT
]
-OPTIMISTIC
UPPER
/\ BOUND

090
%

10

MTF OF MIRROR RELATIVE TO
DEFRACTION LIMIT AT 12 CYCLES/MRAD

080
PESSIMISTIC
LOWER
BOUND

070 =

45 10 16 21 27 32 38
TEMPERATURE, °c

Figure 4.5-8. Upper and lower bound of mirrcr MTF based upon
analysis and interferogram data expressed as a function of
temperature at 12 cycles/mrad.

Two boundaries are shown., The upper bound (optimistic) is based upon the
probable figure errors of the mirror (not including edge roll off) and the
lower bound on core errors as previously tabulated, The lower bound 1s
based upon doubling the measured figure errors (pessimistic figure errors
in the table) and by using the upper bound on the core errors, Three facts
are clear: The bounded MTF curves are not very close together, The uncer-
tainty in the core errors is the largest contributor to the uncertainty in MTF;
If the pessimistic estimate is used, a very narrow temperature range would
be permuissible,

In order to get a better estimate of what the true MTF degradation as
a function of temperature will be, a second type of test was performed. This

test set~up is shown in Figure 4. 5-9. The objective of this test is to directly
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THERMAL CHAMBER >T -}i}:— PROJECTION LAMP

AMEAN == 0§ pM)

{Z2) A EZ3 | TROPEL MINISCAN UNIT WITH
SLIT POS'TION 4 M WIDE TRAVELING SLIT

{1 M PRECISION] FICKOFF
PHOTOMULTIPLIES TUBE
IS 20 PHOTCATHODE)
CURRENT "SPECIALLY WIRED TO INTERFACE
AMPLIFIER WITH CALCULATOR
II PORTION OF
MIRROR APERTURE ,}
EVALUATED - HEWLETT
DIGITAL > PACKARD
VOLTMETER 9820 2> PLOTTER
{INTENSITY)
CALCULATOR
SIDE WITH SIDE WITH *
NO STOP- STOP FLOW DIGITAL +
FLOWHOLES  HOLES .| countea PRINTER
» {suT
SAMPLE SCAN MIRROR POSITION)

Figure 4. 5-9, Thematic Mapper sample scan mirror MTF
measurement setup.

measure the line spread function of the mirror under the conditions of the
temperature environment.,. The technique ufilizes a slit scanner, The image
of a point source, located at the focus of a collimator and after reflection off
of the mirror under test and reimaged through the collimator and beam split-
ter, is scanned with a narrow slit resulting in a line spread function (LSF).
The MTF 1s obtained by taking the Fourier Transform of the LLSF. Errors
in the murror flatness change the LSF and hence the MTF, In this set-up,
with the murror normal to the incident wavefront, surface errors are
doubled.

Since the basic objective is to determine how well a flight quality
mirror will perform with respect to temperature dependent core print-through,
the test was performed using the sample mirror., The sample mirror was

manufactured with the proper front face sheet thickness whilé the flight type
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rmarror has a much thinner than desired front face sheet, Fortunately this
technique does not require testing the entire surface. The only requirement
1s that the area tested be representative of the high spatial frequency defor-
mafions and that there be several cycles of core per diameter of the test
area.

The sample murror was located 1n a thermal chamber and the L.SF
measured at temperatures between 21° and 32°C. 1In addition the LSF was
measured using a reference mirror instalied in place of the sample mirror,
The test set-up automatically plots the LSF, taking 200 pownts and plotting
every other one, as shown in Figure 4,5-10 (for the 21°C case). Each data
point consists of the average of 50 measuremenis. In this fashion RMS noise

values were reduced to one point 1n 5000, and highly repeatable data resulted.

INTENSITY

100
80 |
NUMBER OF 200 {100 PLOTTED)
DATA POINTS
DATA FOINT 4 oM
SPACING
& = SAMPLES PER 10 -
DATA FOINT
SOURCE WIDTH 50
SLITWIDTH 4 pM
40 |- R
20 |
o b - DISTANCE ———=-
1
-20

Figure 4,5-10, Measured line spread function at 21°c.
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If one visually compares the resulting plotted line spread function at
21°G and 32°¢, by overlaying the computer produced curves, a barely dis-
cernable skirt spreading can be detected at the higher temperature, However,
for the required data reduction accuracy, these curves were not used and
the measured data is used numerically and directly,

The measured data includes the effect of finite source and slit size
along with test-set aberrations. However, these were compensated for by
deconvolving the slit and source width from the measured data {accomplished
by dividing the resulting measured MTF by the transfer functions of the
source and slit). Since the freguencies of interest are between approximately
0.1 and 0, 7 of the slit cut-off frequency and because of the low noise value
obtained, accurate estimates of MTF can thus be obtained. The effects of
set-up aberrations Were computed relative to a baseline system with the
reference mirror nstalled,

As discussed previously, performance estimates are derived 1n
terms of degradations at angular spatial frequencies below 12 cycles/mrad.
The system angular frequency in cycles/mrad can be converted to test sta-
tion hinear spatial frequencies in cycles/mm by dividing by the collimator

focal length of 914 mm. Thus 12 cycles/mrad corresponds to 12/(10"3 X

914) = 13 cycles/mm in the test-set. (The slit cut-off frequency 1s
18 cycles/mm., ) .

The measured MTF versus mirror temperature is shown in
Figure 4, 5-11. Please note that the scale of this figure 1s chosen to illus-
trate the MTF at all frequencies involved. Actual data and not this figure,
were used to compute MTF degradation, The following table expresses the
mirror MTF as a percentage degradation from the baseline system, Essen-
tially these results show that for a properly manufactured mirror substrate,
such as the sample mirror, there will be a negligible effect caused by core
print through at temperature extremes (only the higher extreme was tested,
however, it has been previously demonstrated by interferograms that the
behavior of print through is nearly symmetrical in both perturbations of
temperature). This test data confirms that the optimistic upper bound of
Figure 4,5-8, which was based upon estimates taken from interferograms 1s

essentially correct. Over the design environmental goal of 20 ilOOC, ali
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Temperature (OC)

MTF Degradation

Spatial Frequency

6 cycles/mrad

(6.5 cycles/mm at
test station)

12 cycles/mrad

(13 cycles/mm at
test station)

21
(baseline system)

24
27

32

0

0.2 percent
0.7 percent

1.5 percent

0

1.3 percent
3.4 percent

6.2 percent

data and analysis indicates that the mirror will cause no more than about a
6 percent degradation in MTF at 1/2 the system cut-off frequency of
12 cycles/mrad.

The original mirror manufacturing plan has now been revised based
upon uncovered problems and measured results. In future fabrication more
than two bralz.e cycles will not be allowed. Grant and Kamper have suggested
a lay-up technique allowing only one braze cycle. Total braze alloy will be
minimized. Mirror profile will bhe established by EDM after brazing and
prior to heat treat thereby ensuring ease of jigging and ensuring that no flux
or braze alloy touch the reflecting surfaces of the mirror blank, In addition
this will ensure that a blank 1s fabricated with a nearly constant and flat
(12 pym) face sheet. Peolishing ease will be increased by ensuring through
the above mentioned techniques, that no significant pitting exists. The final
polished surface specification will be changed to reflect angular surface
departures rather than height-departures, thus specifying the figure as it
relates to MTF.

In summary, the results based upon tests of the large flight-type
mirror and of the sample mirror show that brazed beryllium eggcrate
construction can yield a mirror that meets all TM requirements, In
addition, this technique has growth potential that should be explored for other

systems requiring larger, lightweight mirrors.
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5.0 NEW TECHNOLOGY

Periodic surveys of the contractual effort have been made throughout
the period of the contract. These consisted of monthly and quarterly examina-
tions of each breadboard assembly and part design, as well as test concepts
and special test equipment, for evidence of advances in the state of the art.
The results of these periodic surveys were then reported in the formal
monthly and quarterly reports. No instance of advanced design qualifying asg
""new technology" was found.

The underlying theme of the program was to adhere to proven tech-
niques and design experience in order to assure a successful demonstration
of feasibility, and under that guideline such advances were not expected to
be incurred, As a;z example, the initial design for the Scan Mirror
Assembly (SMA) was simply a scale up of the flight proven Multispectral
Scanner SMA. However, midway through the program, one application of
advanced technology did occur, but the new design was added to the SMA
only after it had been proven on an earlier IR&D breadboard development
project. This involved the application of a design for scan mirror torquing
in which drive torque 1s applied as a very short but controlled pulse during
the period that the mirror is bounding off the scan reversal springs.

All other techniques such as the Scan Line Corrector mechanism and
the photodiode arrays were based upon extensive earlier hardware

implementations.



Appendix A

MASS PROPERTIES OF SCAN LINE CORRECTOR

Reference: SBRC Layout 2792-1, Scan Line Corrector



Mass Moment of Imertia Summary

1b~in-sec2 pis 10—6
Upper Mirroer 10.3
Lower Mirror 6.9
Channel Sections 21.6
Mirtror Support Plates 0.6
Bottom Flange 2.2
Top Flange 1.1
Flex Pivet Adapter, Nut 0.9
Flex Pivot Adapter 0.7
Total SLC 44,3
Tachometer 2.5
Motor 34.4
Total 81.2



Ix, Iy For Center Rectangles

The three stiffening rectangular
plates on the mirror backs

have dimensions as follows:
Large Mirror a=,76", b=.24"

Small Mirror a=,62", b=.19"

3
_ mba
Iy = 12
1 mab3
x 12

Large Mirror

Ix =

(1.607E~5)(.76)(.24)°

(1.607E-5)(.24)(.76)

12
3

1y =

Small Mirror

12

11.607E-5) (.62) (.19}°

Ix =

12

(1.607E-5)(.19) (.62)°

12

[

If

1.407E-8

1.411E-7

5.695E-9

6.064E-8



Ix, Iy For Simicircular Sections

From Roark p.75

4 £
Ix! = MTR
X - 8 l -"';-——bx‘
. I
Iy' can be found by ) . T
1
\ [
noting that Iy about rT——*‘ jﬁ
i
the axis of a disk is ok
e HRHR T L2519,
% (mTI’Rz)R2 = % mRL

so one half this value applies to a semicircle

which we transfer to the cg as

Iy' =« mR4 - {mﬂRz)(.4244R)2 {(Parallel Axis Thecrem)
Fy
Iy' = mr® (% - .4244%) =  .60528nR”
Large Mirror (same as Small Mirror)
4 4

Ix! = TR - (L.607E-5)(m)(.45) = 2.587E~7

8 8 ’
Iy' = .60528 (1.607E-5)(.45)% = 3.988E-7


http:1.607E-5)(.45
http:1.607E-5)(r)(.45

Ix, Iy For Mirrors

For Rectangular section

ab 2

Iy 12 (a

B

+ b2)

N,

Large Mirror a=,8%, b=1.2

Small Mirror a=.9, b=0.8

Large Mirror

3
12
1 (1.607E-5)(.9) (1.2)(.92+1.2%)
Iy = TE— . . * * * = 3-254E-6

Small Mirror

(1.607E-5) (.8)(.9)°
Ix = 12+

7.81E-7

1v < L1 (1.607E-5)(.8)(.9)(.9%+.8%) = 1.398E-6
y = 137

A4


http:1.607E-5)(.8)(.9)(.92+.82
http:1(1.607E-5)(.9)(1.2)(.92

CG of Mirrors

Establish XY global

system as shown where

the origin 1s at the ///f L \\\\
o C )

center of the mirror. X ﬁlu—,x
From symmetry the mirror
cg is located as shown
some distance Y above the
origin,
Section Mass ¥y  Mass(y)
. Main Rectangle 1.7356E-5 .030 5.2067E-7
(Large Mirror) | Semicircles(both) 1.0223E-5 030 3.067E-7
Support Rectangle(all) 8.7935E-6 7180 1.5828E-6
Support Triangles(all) 6.,595E-6 +140 2.638E-7
IM=4,297E-5 IMy=2,674E-6
Y = %ﬁ—-}: = 0.0622"
Section Mass ¥  Mass(y)
Main Rectangle 1.157E-5 .030 4.571E-7
(8mall Mirror) |Semicircles(both) 1.0223E-5 .030 3.067E-7
Support Rectangles 5.679E-~6 .1555 8.831E-7
Support Triangles 4,03E-6 .123 4.957E-7
IM=3.15E-5 IMy=2.032E-6
T - % = .0645" ’

A5




Ix, Iy For Triangular Plates

The six triangular supports

. ¢
(three on each end of the - b}q Pl

mirror) on each mirror !

F
7

E-?—b

are approximately identical ?“1 l
d - l(—c
in si1ze with the following
base and alfitude.
Large Mirrorxr a=,24", b=,37", ¢=,19, d=.08
Small Mirror a=,19", b=.44", c=,146, d=.063
{each mirror): _
Ix = mba3
36
3
_ mab
Iy = =3
Large Mirror
(1.6078-5)(.57) (.24)°
Ix = : 56 - = 3.5174%8-9
3
Iy - {1.6072-5)(.24)(.57) - 1.984E-8
36
Small Mirror
' 3
Ix - {L.607E-5)(.44)(.19) - 1.347E~0
36
) 3

A-b


http:1.607E-5)(.19)(.44
http:1.607E-5)(.57)(.24

Calculation of Mzss Per Unit Area (Mirrors)

m = mass per unit area

Volume of beryllium per unit area
is V, = .060"-2t where t s
thicknesé of nickei pi;timé.
Volume ;f nickel per unit area

is VN=2t. 1f Pp and Py

are the mass demnsities of Be

and Ni, then

m = (.060"—21:);3]3 +2tpy
. 2,. 4
Py = {.067 1b/cu ind)/(386) = 1.73575E-4 lb~sec /fin
.3 2,, 4
Py = ¢.2853 1b/in")/(386) = 7.39E-4 1lb-sec”/in
t = 0.005 inches,
m = (.060 = 2(.005) 1.7357E-4 + 2(.005)(7.39E-4)
m = 8.6785E-6 + 7.39E-6
2, &
m = 1.607E-5 lb-sec /in mass per unit area




Calculation of Ix, Iy at Marror CG (Large Mirror)

Large Mirror

Establaishing X-Y origan at cg:

Icg = Io + dZM

Main Rectangle

Iy = Iy'= 3.254E-6

Ix Ix'+ r2M = 1.172E~-6 + (1.7356E—5)(.032)2= 1.190E-6

Simi Caircles (both)

Iy = TIy' + r’M = 2(3.988E-7 + (.98%)(5.11E-6)=1.06E-5

Ix = Ix' + r°M = 2(2.5878E-7 + (.032)2(5.11E~6))=5.28E-7
Rectangles (Support)
Center Rect, Iy = Iy' = 1.411E-7

Ix = Ix' + M = 1.407E-8 + (.12 ~ .0022)2(2.93E-6)
= 5.47E-8
Combined Iy = 2(Iy' + t2M)=2(l.411E~7 + .4252(2.93E-6))=1.34E~6
Qutside 9 2 2
Rectangles Ix = 2(Ix' + £"M)=2(1.407E-8 + (.12 - ,0022)°+.425%)2

(2.93E-6)) = 1,17E-6

Triangles
2
2 Center triangles Iy=2(Iy' + r M)=2(1.984E-8) + .572(6.716E-7))

= 3.7558-7
Tx=2(Ix' + r°M)=2(3.517E-9)+ (.0778%)(6.716E~7))

= 1L.516E-8
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Outside trianglés  Ty=4(Ly' + rM)=4(1.984E-8 + (.4252 + .52%2)x
(6.716E=7)) = 1.437E-6

2

Ix=4(Ix' + r2M)=4(3.517E-9 + (,.0778%+ .4252)x

(6.716E-7)) = 5.153E-7

Calculation Of Ix, Iy At Mirror (Large) CG

$Ix = 1.19E-6 + 5.28E-7 + 5.47E-8 + 1,17E-6 + 1.516E-8 + 5.155E-7
LIx = 3.47E-6 lb-secz—ln

ITy = 3.254E-6 + 1.06E~5 + 1.411E-7 + 1.34E-6 + 3.7558-7 + 1.4375-6
EIy = 1.715E-5 lb-sec’-in

Rotation of Mass Moments of Inertia About CG

We wish to find the mass-moment of inertia about an axis thzu
the cg that is parallel to the axis of rotation. The relation
(Thomson

Space Dynamics p.l06) for this case is

g = U e + (1) %1y

where ng and lgy are direction cosines. For SLC the angle

between the axis is 45°. Therefore

1
Ig = E (Ix + Iy)
I, = % (3.47E-6 + 1.71E-5) = 10.3E-6 1b-in-sec?
Translate to Spin Axis
Large
Tspin = Irot + d2M = 10,3E-6 + .01258%(4.297E~5)=10.3E~6

1b-in—sec2



Calculation of Ix, Iy at Mirror CG (Small Mirror)

Small Mirror

Establishing X~Y origin at mirror CG:

Then Icg = 1o + dzM

Main Rectangle {(reflective surface)

Ix 7.8lE-7 + (.0345)2(1.157E-5) = 7.948E-7

i

Iy = Iy’ = 1.398E-6

Simicircles (both)

Ix = 2[2.588E-7 + .034°(5.11E-6J] = 5.30E-7

[H]

i

1y = 2[3.988E-7 + .78%(5.11E-6)7] = 7.02E-6

Rectangle (Support)

Center Rect. Ix = (5.69E~9 + ,0952(1.89E-6)) = 2.27E-8
Iy = - 6.064E-8
Combined Iy = 2(6.064E~8 + .425%(1.89E-6)) = 8.04E-7
Qutside 2 5
Rectangles Ix = 2(5.69E-9 + (.1178° + .425°)(1.89E-8))=7.47E-7
Triangles

Center Triangles Iy=2(7,2248E-9 + .4562(6.7E—7))= 2.94E~7
Ix=2(1,347E~9 + .059%(6.7E-7)) = 7.378=9

4 Qutside Triangles
Iy=4(7.2248E-9 + (.425% + .456%)(6.7E-7))= 1.07E-6

Ix-4(1.347E-9 + (.425% + .0592)(6.7E~7))= 4.99E~7

]

IIx (.7948 + .530 + ,0227 + .747 + .00737 + .499)E-6 = 2,6E-6

Ily (1.3%98 + 7.02 + ,06064 + .804 + .294 4+ 1.07)E-6) = 1.06E-5
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Rotate about cg

I6E = 2 (Ix + Iy) = 5(2.6E-6 + 1.06E-5) = 6.62E-6
Translate to rotation axis
Ispin = 6.62E-6 + .087682(3.15E-5) = 6.862E~6

Mass Moment of Inertia of Yoke

Each Channel section has area = .052

]

Length = 2.7,V0L = .052(2.7) = .1404in’

Weight = (.14041in>)(.067 Ib/an>) = .0094068 1b
Mass = Welght/G = 2.437E-5 lb-sec?

in
Mass Moment of about rotation axis = Ioc + r2H

For Each Flaage

Icenter of web = Io + r2M = 9 ,135E-9 + (.71.2

+ .075%) 4.2E-6
Ic = 2.15E-6

Total about center of web

= 2Ic + Io = 2(2.15E-6) + 6.16E-7

= 4 ,91L6E~-¢

Total about cg of cross section

Icg = Io = R2M = 4,916E~6

-.017%(2.43E-5) = 4.91E-6

I about Spin Axis Each Channel Section

T = Teg + 24 = 4.91E-6 + .4922(2.43E-5) = 1.08E~5

S50 for both sections the total 1is
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Moment of Mirror Support Plates

Void = Rectangle + 2 Semicircles
3 3 _

Rectangle = (0.5)(.8) = .30 in2 I = b?z = 'ﬁ(ig) = .00625

Each Semicircle = FRZ = ﬂ(.25)2 = ,1963 in2 I = %R4 = g(.ZS)4
= 001534

Total I of Void = .00625 + 2(.001534) = 0.009318 in4

Solid Parallelogram
3 3
_ bh _1.6(.75) _ , &

I = - = ey = ,05675 in

But must subtract Void I = ,05675 = 009318 = .04743 iné
3 , &
Add small support bars JIeach = 1]2(.05)(.75) = ,00248 4in
12
mass/area for bars is (,05)(.067) _ 8.6787E—6
386
So I (bar) = (8.6787E-6)(.00248 1in®) = 2.157E-8
massfarea (plate) = (.030)(.067) = 5.2E-6
386

I (Plate) = (5.2E-6)(.04743 1n") = 2.4697E-7
I total = 2.4697E-7 + 2(2.157E-8) = 2.9E-7
So both plates add to 2(2.9E-7) = 5.8E-7
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Top Yoke Termination

3

Volume (.2Y(.75)(.9) = ,045 in
Mass = (.045 in>)(.067 1b/in>)/386
= 7.81E-6

Ispin = 1M(a’+b2) = 1(7.81E-6)(.25%+.92) = 5,68E~7
12 12

Plate at Top

Vol = (.05)(.75)(.75) .028

1

Mass = .028(.067)/386 4 ,88E-6

I = 4.88E~6 (.75%+.752)=4.57E~b
)

Shaft Bess at Top

Volume = .05(w)(.25%) = .009817 in°
Mass = (.0098)(.067)/386 = 1.7E~6
I = lmr® = .5(1.7E-6)(.25%) = 5.33E-8 —

2

Bottom Yoke Termination

Vol = (.15+.05)(.5)(.5) = 0.05
Mass = (.05)(.067)/(386) = 8,68E-6

I = Im(a?+b2) = 1(8.68E-6)(.52+.5%) = 2.17E-6

1
) 2
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Flex Pivot Adapter (Bottom)

For a hollow cyvlinder of hieght, h, inner radius, r, outer radius
rs and mass density, p; The mass moment of inertiaz about the

cylinder axis is

T b &
I = zph‘(rz rl )
r, o= .25 r, = .3125 ho= .42 p = 1.73575E-4
w i 4 4
T = (P (1.7357E-4)(.42)(.3125% - .25%) = 6.447E-7
Solid Daisk
I = % Mr2 Volume = .l9(ﬁ)(.252) = 0373 1n3
Mass = (1.73575E-4)(.0373 1n°) = 6.475E-6
1 2
I = 2(6.475E-6)(.25%) = 2.02E-7
Shaft
2 3
Volume = (w)(.0625)7 (1) = ,0123 in
Mass = (1.73575E~4)(.0213) = 2.13E-6
1 = %(2.13E-6)(.0625?) = &.16E-9
nee 1= 7 (1.73575E~4)(.25)¢.125% - .0625%) = 1.56E-8
Total = 6.447E-7 + 2.02E-7 + 4.16E-9 + 1.56E~8 = 8.66E~7

Flex Pivot Adapter (Top)

4

1) = g(1.73s755-4)(.4)(.324~.254) = 7.18E-7

_ T 4
I1 = 2ph(r2 -t

4 .0625%) = 2.43378E-8

I, = %(1.73575&—4)(.39)(.125
Itotal = 2.433E-8 + 7.18E-7 w» 7.42E-7

A-l4
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Appendix B

SCAN LINE CORRECTOR TEST DATA



13. 0-Hz DATA SUMMARY

T

13,0 Hz -
0.0769 sec 0.9T =0, 0692 sec

H]

T/7 =0.009887 sec (seven equal increments)

Scan Dewviation Data

Curnuiative Nominal Error
Time -Rate Displ = Displ Displ A /)
(msec) (in./sec) [(mils) {rmuils) (mils)- (rmls) -Full Scale
9.886 0.905 8,947 8. 947 8.912 +0.030 0. 048
19.771 0.902 8,917 17,864 17.834 +0,030 0, 048
29.657 0,900 8.897 26.761 26.751 +0.010 0.016
39.543 0.898 8.877 35. 638 35.668 -0.030 0. 048
49.429 ° 0 900 8,897 44, 535 44,585 -0,050 0. 080
59.314 0.901 8.907 53, 442 53.501 -0.059 0.094
59.200 0.904 @8. 937 62. 379 62.418 -0.039 0.062
displacement = 62. 379 mils nominal displacerfient = 62.418 mils

average rate = 0.9014 m./sec normunal rate = 0. 902 1n./sec

Repeatability

Scan to Scan (data from all seven increments)

Worst Case = 0, 07 msec =0, 66 ur

il

g

L}

0. 016 msec = 0.15 pr
30-Second Period (one frame)
Worst Case = 0. 10 msec = 0. 94 pur

Average = 0. 067 msec = 0,63 ur

Scan Jitter (Scan to Scan)

Worst Case

0. 04 msec =0. 38 pr
4

0. 021 msec =0.20 pr



.70

898

”»

ERESEE 2 A L R B -
T R T TR T |
| 1
I L1l
. 4 ] it
S B NEEES NN AT T B - g
0 0 0 I T : NN T
um O B L SR R e A B LR
. - i |4 |
} ' ) '
|
| i
N N T !
A 0 5 o o e e R ] e MR RN
: = - HiES T otRaTe
. mmmgEnL - T o s hee e e
; LI L1 O O - 5 A ; RSPV R S N U O
‘I - AR 1 AR NAN SN - I T 7 8 AVE PrRrEcT L LT
el L T T L T VT R T = B N t N - . N Lyl
TLLTIEE ST R L Y LS TR . N T 0 L A O O A B o
e PR R e R A R A -
- - : -
AN ; R L P L E ENT
HE : Al A YT
| 'Sltﬁ"/’llt"1| ~ A N - ;pi(? --?ﬂz-x_f 1‘5{ ~' :
- - _ I~ '-g S f-é'/’.:’!':‘/i}r: -~ - i kﬂr’u_ ﬁrgjﬂﬂ :
X AR i 0
o/ 20 /O . f20O 090 O8O L0700 oy LOLD E. :
. Sy fasiriond (o) L




. . i . ;
‘ | A Esr Lwrs
P l ' 4‘71. ‘Eﬁ!”\ 5 Ty 5.‘ 25 \IE

“*::i'»”v‘f) éj/Jc’:_ C.}M&,:J‘pﬁ

I i — - i

?OO‘R 1

__;___ B 9&75‘5 rea 7 S

Tl L “Syruw iy Sy U SRS S, B

1

5 CA. /::eé‘ézy e ¥ /3 LM

-:S:ﬁ-./'}’/f/ 5’ AP

~DEESEY By e e

“_: D78 s

l
H

[ <_S_ cﬁ;é’/!/ /@/ = ( 2. -Sazf.u -_Aa:x-?“fi;r.‘-‘su ﬂﬂf,Q

. foéafﬂgs 3 - 1D

LS 57 ﬁz 5/

- : J _Mf/’/’ /r/ b- 2
7L, L6 _ms.

Y

«—-"'"'

A/éwx,%ﬁa_/ /Mé‘ i . . 22
TS pritet) B _ . : LOF_.

g
L2 T i

|
I
1

I

M‘”f ///‘/-c i
L2, 83 M

A S T ——

éz,ﬂgﬁmw__f;l___ D A -
B L 22 o4 i
I _'"_'_:7’27%44 BEB.43 f.."" o
L if_'f;a vE . E2DOES ms. L

—— ———

/?Vé’
VA ----;_--_:7 S

Gﬁ‘.“ff’ézﬁfﬁw )

__,__ééz_ﬁ‘__ﬁi_ﬂ,_g BL it

) ' b
S — N I A 5-35 9/%5 e
Yo s -ﬂjﬂﬂxf.&ﬁ _3.: ; a, (/r.?.s T, 7 Py S
[ 1 }
— e NN PR SO S S (U -

!.

i 4 ]
i ! E i | i ' 1
+- e I :

e = e eme— e e——— !———.---—-——- .--—4—-- = ————

l_,_jfﬁé—q_m.igﬁn/g‘z‘() ,D"Tﬁ‘(.i"’ﬁﬂ.s -—.»bﬁs”
B-3

—_ e

. o
1



t
; . :
{3
A

] .

) v ! a L ,./,Zf :“‘:—_‘_ e —

// S ,47,,,%,7,/_& e HE

Soip LE > 902 % 9% 7(/ (in ) _

SR I- - R R S o e

L S - - - RS - - - - S — -

] . ,_H,/;,_/f::__.-__ 1750 poee.. o]

— e L 2O ,//ﬂg j Y=Y/ - N __i

~ - — - - mm e D ---;7:-—----- -- ——'/‘9-37 JODED - - -

S~ S = -

- ______._._____es‘zzﬂ_-d__ﬁ__-_,.,ﬂgﬁg J

_ | . W L = N vl 3 R

L I Y 2/ st’SZ poyo
o | ,@W.,, PTGl o

e 2% 2418 _i-f’_'t"_” e

e B = 0_5.5’3%& oces

e e e e e e e __#_295%. e+ e e e e e < b

e m/ “::: g oot ot ]

S R S e ”13' e

_‘ _//j’,ﬁ?/ /M-a? mffa 7#452?‘

wr emwmare— P

,%_;‘{7&4_ At /M /f/f"' ﬁ,)/;

e
?_p

/_/:?z/'

,/7 ,ﬁ@ééf,@mﬁ Mzz:-—

W IV NEY

a0 g.?p.saa.. .

--—-—0

878 =9 "0:3';;5_______d_____._h_'_'_'f:iT

_ﬂ.fé’r 7e _&’__2% _

F
t

” BT “_,.éff?.;z_-ur,,"f_f____f_ e
e 49 79‘ g’?? I U e n e e m ! —
-t .- —- ——— e - -—“"---——"—-E-' Eh Smormm saremgeen s s = e s Skl 3
e 5/7@7 Gol 9//,4_ [t BB loen)f

! {

!
B-4




——— s PR - - ~ = m e ..

! ‘ e B LE L

SRR .t e e o o

—_— - .L R —— - - -

iﬂ/r/ Z/J/r”}f‘.ﬁ/?’)/ S 7o Scpn

L. AEses B Y /2 54»74;_22»;*54:/#45

ﬁffgz;f:pa /“%m Zﬁ__ Vieeriess /gw L) TS

///45 - . /f%vz/ Do ff;\as),_ oy 7-2’&':"_(_-*”5) 4)- 7

/f Y - - N - Y
-  BE- e 82 L 575'

A d e TRy v e (i mealm e e oy e = 3 e ——— it rem————— —d b e

&5 83 o ./;'3

e hﬁc?.__ o Y- -
- N _ B4 B _or

Jp1sS 83 B A

—— e e e arr———— }___. i e e e ————

S T~ T - ¥ -2 2
' ' i o 54’ 8_4___ . a2l
! < ! f}é” B3 O/ _

e e m— o ;,.... ——— T i e

T— L -7 . B2 o7 _

e et e e ——

e L - > S ._”,492_ _
e e e 7B B 03
e e e B2 ___. I - Y S
e e e ced . es ol

NN et 8T L3

e e e et e e e et e F - —_ - ————

A/L_ZZ___:__..____*___M__ Bt 87 23

SO T - R B _ 2/

g e B3 B2 _pmo
B U S G S BT - S

A B84 oz

. 1 !
i l H i r t [ S S

— e ———— ke Emm e e mtb e e e e mem
r r Ed

JU

7_—7‘,44 7;;;5_ 355 f‘?"’  Torme AT 42

|
1. /é’wf‘ TM: /E_&  ve Ar _ 022
',] e o~ L0224 - .
__i.  oo5" _ Laps ! ‘
Lore FoE s foce ,
B-5




LAy uF L
phen; IS POOR L

. _124;—5‘ 22 Pae

Epaosdb

SRR ﬁ?’{‘m»&h
, - |

- - = ek e e e -k

-ﬂ =_‘>/;,M/ Z/A/‘/”»Q//')/ ,é(_f Lo N fp_gcfsw o | ]
N B/ e 7y (2 Scswo Zauzswe /,44..5

. LTz Tee. /99/&?.. __Z"_é__ - VE,é??;/cfs;d. /gw ,/955:

717 E L ATnt Doge s ey Toariiws )T

L Bs B ol _
SRR &l 92, .o/

Y -2 2 - 4 27 .
e S kel B B3 O3
B

""" ) P ] -__"____ﬁ&mmr N L 39 ___&’_/ ——

- A ——————— e +os o e i e = —— -

. 7 . &9 Y VA

- —- BBl -_.g 7 _ el
R T LBS . &7 . e

Y =y a o=

- - - e b mEma wm e e e = —t

ez _ &3 . oo

R ————— — et = a4 e -— Y T e ————

L es 87 . . eZ

- ] . N S -1 N
T &2 . B2 o0
e el BS L B88 -

. SR N 7 22 L2

S A S S~ 7 S 20 L

t SO DU B B 2/
- P T 4 ____ . ég po
A Es. e £é o/

L e 7 77;'4_ 77:-4{ 2545y ) '7‘,97,;4 47 .27
! /4%:‘.-" T E” f£é475 s A7 28
S @ ; L 2. 24 i e

[ : ’ 902—f/52:‘6

B-6




——— T e e L e A Fmarn -1

 Dore B D=t

R O S S {....__ SNUUSIOU SURP N S

—_— _-.l - e

&A’A/ 4///»'7?,@/7)/ & __{z:;évr/ o Sesw

/%—‘Pé—“ﬁf/}.é?/_/_ 7Y Kz 54/#4),227&5;/445 )

ﬂf 7‘42779/” /Z.?-;wcz e !/56775:.44 /Z_s.u ﬁﬁ}”.{

_ //Mz:" 5 “ /%.a/ Z:—Jf)’??.s‘ /%x‘ 7’7.5 7.8 ﬁ?’

9z - oz o
PRI P ,.‘___‘__;,-,.._m _ﬁﬁ__.,__.,___n___. U -+ SN Y S
o m, 947 L 93 Y-S

: ST R 90 _wo_

_— - n e e 4 me e — e — ——

. SR W A R V-

. ' ..___m__é’?__ RSN SO 3 S
: e -__L______-__Q_&-:__:________ P2 &0

i s ,___é *‘9& . LLLE2 ol
- . _..__‘i 35_ e e e e e _‘%7, — T 02 __
e B7 . BB ol
D R e ___!__5_9____ _ 2 o7, ...
S A S A 89 . o0
] A . 82 -~ of
- __ R £0 o/
e f GE L 2 Ll
| . .92 B2
I T B l & LE2 . s
S T :__f 29 SR 7o - ﬂ&

1 e 7/7,; ESE e T T 27

e P Timrs . e B2BE e a5 028
| l o~ | Lol S S

- e wrm—— o —— - I

N

B-1




¢ -
H

. m— —_— — o —— 5

49,4/:/ [/m»xw//'v F S 7o Scs

/2 Sesno Lz 52./#;’._5

/ipé-‘/%?}ﬁ’f/%g/z./f/

Do 2 D=

[ Dereerre P e 28 Leerese /g_w oope
77/»/4:’_ - _-__“ ./%:z/ T /77,5 /_’42{ 77*«»-‘/;75 42 7
B o __;__' -7 S

O -0 A .- . S
L o BEE _ .z .. &oF

A > S -+ SO
_ R _____Qz__-“,.mmm_, 2 S~

; ; o4

——— e a1 B ——

- - _
! T B7 ... 232 I T

oz 03

. PE AP
2 52

PR P 22

—— P b ek R AR Wi & & sk = e

; _ __9_42__;:"___ T Ten

e 022
. o

B S

92 2.
92 . »2
Pl 22

e D e e = Bl 80 D3
i ol bt B 93 L OF
- L L2 & 72 2/
. - -f _; e ey e ?ﬁ : e ?Z—" - __-. __Q;__.__

- el L iBe 2 al
- - - '_ - E - -___;_ - - aZﬁ ‘ — — 91’-. e h.../,;?ag‘...m,_
T R SUNS- ¥74 _ 7+ 7
O B S R S S S
e | . ; SR

7 7)5’4_ ;/ME

BCLET T

75?7‘;!94..&7' =4

e e Trngs LSz
. O“ ¥ v P2 En R .

e ar L0270

E i :a 595 755’2__
B-8

..i [



A Dere B
é.v:;w.-/ry ??z_{ o 70 Sos L

/2 Seso_ 2 Eﬁ/ﬁ‘d-s

,_%,;/w

Nt 2 )y

T e
aban,
i
-
L
]

e emmr

R S P —- .
Lerieree. Fom

P2 et P i

Tonre At T s fex Towrs s AT
e __— E _&__.__'_';____'_f____ 90 . p2_
. B e e

e R B2 I - o o0
e BB 22 pS

- %z _ Pl .. _ @D

/O1ST B B2 9/ “?9}._“_

3 = R g 7_______:._-___
' Gl _ S
‘! . 359 !

IR 28 | 22 of-...
i *%_h_____:éé?:f“:'_f;______'__ D __so

L BB . _'___ %2

I B SR 7 S Y- - S
S UUUU S ~ — S . -7~ - EA
AN N &2 U -/~ Ry S

'5?’ !

29

£L

L N R -~ 2% B2l
) S L ',45_7 , B} B8 . pz
S NN U SN . B7 SR~ SR~ ~ S
I S es 84 oY
IR ___*_____f _i . __..,Q-,mu-.-___-l_._____ S _ N B

_______7 7-,%_ T 255 S’7'

et PrE T onas” £.882
= .8/ 9P

B-9

N =L P00 e ‘

.37
, oI5

'72'7?94 .Z)T
e AT

.
1 - at
: t
[}


http:r-ccr.ec

RODUCIBILITY OF THE
35?@\@ PAGE IS POOR

. : § S' Lre _BLlsc

¥ e om e = I 4 _—— [P,

- .. - —

_M ,i,m/ (/ﬁ/’ffﬁ//}/ ;f‘[ RN 7’&.§:ﬁw -

o fmmme stz sy ﬂz S T s

3ﬁ£7‘£2:77w. 7%/,2 2-/2 N VE e%/af¢¢ /gw -5’5/5

T inr £ L /f//m/ é,w,r M,) /’/x’ o /,zs) y2ava

e B2pd . frpa. . 2/
- ; p_g s o2

- ———— AL iwE i m e —m e e e —— g —_— — — e e——

Y~ X~ _03 =4 :
. . Pl . -y A o8

Y~ .~ A 24
R Sy -
S S e 8BS i O el

i I ) - S -

B S Y Y -

B é;’_— el ol o3 _
e * BI . o oS
I A S SR S - G 1

R @) e o4

et i- SN I~ S — Nz . 2l _
; P S v~ R N
U S SO &S e C2 . pO_
UL gz s . p2..
R S I I 1 I S

st Temme 228112 T Terme 7 27

i /f—’yf‘  Tonrs £2:0228 | Pee or _ 2I85
|___ o K a&?.// =

; . | . T
' L =,903 Yz ’

B-10




.

i
i
l

Deore ”9}25"”_"_5[ —

H
U S
.,_—-——

,_44

pé—' b 4’?2:’7’&/\2. ~ /Z?G’ué

R U A

Sewn [/M: YIRS T ;fszmz o St
/%’Pf”ﬁf/”ﬁ/é STV Kz Sccono_Zurew sies

1
t
i

g 7o Yrerese /o

ﬁ? 2—5

_: /I/;A/ Z:"::fﬁ_/}’fﬁ.) B _%.J, 7——,‘0_{_//”_9 Z)_ ~ i

!

amr o gee [

~ I B -0 o2,
. L | e i 5 7 PP p2
_ | ._4%2_.._,-. . 23 o3
a 94‘2 2/ &/
i ; : —
A _g_é . _g0 0z
- ] e Bl E8 L2
! i | ' 87 22 25
S i < ; b 22 ‘ 9_0_ —— ..________0__/___ —
: ] | 8L 2/ 23
f ; { ! I J— b
WY Bl &7 2/
] ! ’ i ;55 ! ?D QZ,.___
: o i Bl B& oz
. ; e g7 . B7 -
i — BF E8 24
, : , | ; ! . !
0zt i -1 &< Py
; SN 85| 2L . o/
i t - ! Lt 8& 22,
il R N RO V-7 A B7 Y.
; i, o 8L O
| | i - | |
_ — I P | S
A Tors | T s 28

2k opiifse

B-11



dtrt o m e mamiirr s e n e g s — i drme b e W b— e

[ i | | f 5 Dy Bz

_,...__._._.__._.._. e B e At

- L - e e e

c—gﬁ-”/b’ {//’/ﬁ;‘ ,,fj;—y gf‘l f ey 7"?__?4:,9,(/ o

e /E%:;%ﬁf/";v;/f/ _ Kz Sesn_Znrswssis )

i

; ﬁf’?"ﬁfpﬁ P /A __5_ péié;/aﬂz. /g_.nu ;J’p-éd? -
‘_.-;7‘-/'/’4-5 N _ /%ﬂ/ //):?Lﬁ_”'/’”ﬁv) /"//;r : i /275) 4‘_ 7"

N ;____,______5 24 sl i ol
L A ‘ 23 2l

L i ___,5,{ -7 . S
’ . ;éj__ e, 54 Q/

. : BL - Bg 22

. t ! ! o . _
i Mes ] z7 57 e
et ; Bl ' o YA

O S I3 e e BS 22

L SR Bl ol
’ : : @é ; 54 20

—_ - e

i | BB - »S
— ‘| S5 B2
: : 83 L p__(_ L
- f ' - . 1@3 - :_ g4— ! 49/ —

A
""': i ¢ i 34’ e ' £4“ ;pQ B
! i o i __j g L o . S B
L ! | S I

'1,-:_“:_7‘ ey o _,_? = *"79’ W 7l '37

)77 7—M£" g. 845 s AT . 0155
l o~ O EB : :

! l 2=l opg hers '

B-12



B e | P - - - —r

1
I . .
— A e !

]

b I . - ! _ i e e e h

Y 5@.@:/ L]/;'“ZEE‘E - (Z.Scﬁ-"u _Z‘wrf.erm.) . A S

- - . e ‘_____ —— . DR S

7'" I E” ..z:e‘w;f ef' Y p;:_s/cwu /2/4.: & TP ﬁﬁ?‘éc?'ﬁ& "“é___Z_ i}

“"TT Verricse ,ﬁ.mo,;fa: Viezgy =75 -
“Mm___"m“___/wav 7zw%r;;§) /&%x Trra(m) AT ()

i i gﬁﬁ“ . : 5 3._{_______ _a_ﬁ._é-_,--,,_-__ —_
R ¥~ T A
L 22 .t p2

" 2/ . 327 _2/

32 . 33 23
I 2 N 2Z. oo .
; 2z o 335 . -

| 22 i 22, o3

i 28 | 2)_ o3 ;

C ] 12/ i | 22 o/ i
. SR W&L . % 2e 0O
] - _-?-4‘ 28 P2
....: R - = A -2 S

122 ] 3 22 po i
L AU S b = 2.2 ___. 02
/a7 b ié . 23 o4 .

5 :_34—- : - 24 pe
| 22 i 23 2/ -
2z | Er

- o 24 | 3L L0 .

1

i
|
—
|
-
T
!

S

__i___,m,,,_-...fﬁ,sfz. 7‘ P 332’4"5  TeraL A7E 33:_

;i__._._--. ___ﬁrfeeéa %r_é_%_*’_/-?ﬁff) s AT = fﬂ/é s

—fe m e e m e I —_

Ty T T 20 T T e e Aok

| . | | | | L BMS TS 5o,
B-13



- ——— -
it
————— Tl - —— — -,

c, —-.{&;ﬁ:

PR

z%;v:

h7_.“ FAlLS /%/.gézﬁﬁﬁ 4522&&—_

- pu— ———— e man v e bre semmmr eV bE— e gae - —— —— —— - » omum w a -

Z/ /4—._

/¢szt) /14”" ,zﬁs/é/?ﬁﬂy //},?, 2%25 422;r_
~www~m”mm¢4m9g_' B

.07

R~ Y - nll o
. 28 _ o5 YA _
) . B . e . .08 o
] L - X Ob
- 27 ! L7 B/
. . 199 o5 ... bt . .
e 29 . 25 Db o
. 22 P55 A i _
e 962"__=_ Y~ ST~/ R
R S 7}77514_ ] Af Y4 o
e  SBve . Ar.  _pé] o

[/I/&'MT 5?.5; ﬂ 7"

B-14



- P A —r rr = ——— - __.._f_ SR - e m——— P A e = e e e

SR N PN A A ﬁﬁsz

r
1

I i ,égpfiw,gmfy - 9ﬁ 999 _g,s,w_; )

=i e — —— e = e w2 - P « R T L —_— e - T .

'_‘_-.ﬁ-___yé RS _ 7 7' it ff&&' vy 9.9 999_3«0“:: —_—

.
L

e e e & a- —prieme——a

— //,,/ m,:- T s Az _
#

- : ' : - e
e T L _
e - : b _*7;7??&. A7 -

i — L . B
. _: — . S, AV& - A-}f‘ .
S

_ i ' Wﬁzsr 5:4.5 Z}f

B-15




14,2-Hz DATA SUMMARY

2f, =14,236 Hz
T = 0, 0702 sec 0.9T = 0. 0632 sec
T/7 = 0.009026 sec (seven equal time increments)

Scan Dewviation Data

Cumulative Nominal Error
Time Rate Displ Displ Displ A %
{msec) (in./sec) (mils) {(mls) {mils) .(mils) Full Scale
9 031 0.8891 8.030 8.030 8,146 -0.116 0.20
18,063 0.8922 8,058 16. 088 16,293 -0.205 0.36
27.094 0,9004 8.132 24,220 24.439 -0.219 0. 38
36.126 0.8995 8,124 32, 344 32.585 -0,241 0. 42
45,157 0.8995 8.124 40, 468 40,732 -0.264 0. 46
54.189 0.8997 8,126 48. 594 43.878 -0,284 0.50
63.220 0.9016 8,143 56, 737 57.024 -0.287 0.50
displacement = 56. 737 mils normpal displacement = 37, 024 mls

average rate =0,8794 in./sec nomunal rate = 0. 902 1n./sec

Repeatability

Scan to Scan (data from all seven increments)

0 07 msec =0, 66 pr

h

Worst Case
g

0.0114 msec =0.11 pur
30-Second Period (one frame)

Worst Case = 0.1]1 msec =1.03 pr

Average = 0. 07 msec = 0. 66 pr
Scan Jitter (Scan to Scan)
Worst Case = 0. 05 msec = 0,47 pur

g

0. 028 msec = 0, 26 pr
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19, 0-Hz DATA SUMMARY

2fg =19.0 Hz
T =0.0526 sec  0.9T =0.0474 sec
T/6 = 0,007895 sec (six egual increments)

Scan Deviation Data

Cumulative Nominal Error

Time Rate  Displ Displ Displ A %
msec) {in./sec) (mils) {mils) {rmls) {(mls} Full Scale

7.985 0.898 7 089 7.089 , 7.121 -0,032 0.075
15,789 0.898 7.08¢9 14,178 14,242 -0,064 0.150
23,684 0.902 7.121 21.299 21.363 -0.064 0.150
31,579 0.9025 7.1253 28,424 28.4384 -0.060 0.140
39,474 0,9025 7,125 35, 549 35,605 -0.056 0,131
47.368 0 900 7.105 42,654 42,726 -0.072 0,169
displacement = 42, 654 mils normunal displacement = 42, 726 mils

average rate = 0.9005 m./sec nominal rate = 0, 902 1n./sec

L

Repeatability

Scan to Scan (data from all six increments)
Worst Case = 0, 05 msec =0, 47 prx
g = 0,013 msec =0.12 pr
30-Second Period (one frame)
Worst Case = 0. 08 msec =0,75 ur
0, 069 msec = 0.65 ur

1]

Average

Scan Jitter (Scan to Scan)

Worst Case

il

0 07 msec =0, 66 ur

o 0.028 msec =0,26 pr

1
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Appendix C

S1PDA MANUFACTURING DATA



DRAWING LIST

DETECTOR ASSEMBLY
SILICON PHOTODETECTGR DIODE ARRAY

‘(SlPDA)

NUMBER  REVISION TITLE SIZE  REMARKS
49733 A E03691 RESISTOR ARRAYs DEPOSITED FELM ., D RELEASED
49788 B DIODE ARRAY, SILICON PHOTO- 2D RELEASED

DETECTOR - 26 ELEMENT
49807 A ARTWORK DETAILs AMP BRD D RELEASED
48909 A AMP BRD - S1PDA D RELEASED
70373 A FRAME ASSY:; SiPDa D RELEASED
49812 DETECTOR ASSEMBLY, SiPQA 2D RELEASED
70374 A TEST FIXTURE D RELEASED
15483 A PROCUREMENT SPECIFICATIONS A RELEASED

SILICON PHOTODETECTOR DIOD

ARRAY .

ASSEMBLY PROCEIDURE FOR THE
SiPDA

Note:

Drawings above have been furnished with earlier
reports. Photo reduced copies will be included
in the final report. X+ -
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2.1

,the extent specified herein. If any conflict between this . .

SCOPE

Scope. This specification defines the minimum technical
requirements for the design, fabrication, and testing of a
silicon photodetector diode array. The array is used to
detect 1ight levels at various wavelengths in a high-"
reliability space application,

APPLICABLE DOCUMENTS

The following documents, of the issue inm effect on the date
of request for quotation, form a part of this specification to

“‘doeument ‘and referenced documents exists, thls document shall
take precedence.

SPECIFICATIONS
Milit;ry
MIT-C-45662A Calibration sttem Requirements
STANDARDS .
Military

_f ] :f-ﬁlifSTD-quD '_ Teét Methods for Electroniec and
) Electrical Component Parts

DRAWINGS

" Specification Silicd#'fhgﬁdaeféhtbf Diode Array
Control Drawing- - Tl .
SCD 29788

REQUIREMENTS ' el nos

Performance Requirements. Each individual photodiode element
of the array shall meet the following performance rTequirements
when dperated at any reverse-bilas voltage between 10 aV and
300 mV.

a. Responsivity - The mlnimum responsivity shall be as
tabulated here:

Wavelength Band (um) 0.5-0.6 0.,6-0.7 0.7-0.8 0.8-1.1
Band Average Responsivity (A/W) 0.27 0.34 0.39 0.24
ST R YT TR " CODE IDENT NO NUMBER
A | 11323 15483
SCALE ———- --— | RV A SHMEET 2

~ " C=3
FORM NO 012i-1-A (3-63) DIETERICH-POST CLEARPRINT 1020 é



h 4

b. Dark Resistance - A minimum of 2 x 10° ohm at 25°C (dark
resistance is defined as the slope of the voltage current curv'

Ce Dark Current - A maximum of 3 x 10~ A at 25°C.

‘d. Noise Current - A maximum of 4.5 x 10-.15 A/Hzl/2 at 25°C -
for a bandwidth of 2" Hz to 150 kHz. The increase in noise
current with temperature shall be less than. 6% per °C.

e. Sensitivity Pattern -~ At and beyond 0.0005 inch outside the
sensitive area as shown on the drawing, responsivity shall
be less than 5% of the peak respdnsivity. Within the
sensitive area, the responsivity shall be constant within

...-‘+ 5%. . " - . sl ._:’ o - .-:‘ - - s LT R - N

i Cross talk - A non-illuminated photodiode element shall
-produce less than 0.5%7 of the signal produced by any other
illuminated element, ’

g. Capacitance - The total capacitance per element shall be
less than 1pF.

h. Response Time - The photocurrent rise and fall times shall
"each be 0.5 x 10-6 seconds maximum.

3.2 Environmental Reguirements. The Photodiode shall operate within
specification requirements during or after (as later speclfied)
exposure to the followzng environments:

L

a. Temperature. 0 to +45 C

b. Pressuresr -° Ground Ambient “to 10 -8 Torr

<. Vibkration: _:-.Sinusoidals: .20 g's 5-2000 Hz

- 0.12 inch DA limited

TORTIEETTE CI T 2Ll pavdon: 20-50 Hz 0.1 G2/Hz

e e .. .... 50-80 Hz ___+12 db/octave

TOLIIIIITI TTLIIITLLIILITITTII.80-900 Hz 006 G2/Hz

meTIiis £5 0 iiitoeliasi LD TLIGGEI2000 HY -6 db/octave

3.3 Mechanical Requirements - Sese e TR Telesn -

a. Dimensions - As specified on SBRC Specification Control
Drawing.

b. Interconnect Pad - To be compatible with 0.001 in. connecting
wires of Al or Au, bonded by ultrasonie or thermal compression
means.,

c. Optical Mask - If the optional optical mask is used to
delineate sensitive area, the layout on the silicon wafer
should be compatible with an £/6 optical system.

TITLE SIZE CODE 1DENT NO | NUMBER
Al l ] 323 15483
SCALE C-4 REV A sHEET 3

FORM NO. 0122-1-& [5-49) DICTERICH-POST SLEARPRINT 1020 é
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3.4.1

53-4-2.

@

v ) -

d, Cross-talk Test Element -~ One normally processed sensitive
area, except that 1t shall be covered by an opagque layer,
to serve as a detector for cross-talk from the neighboring
normal uncovered elements.

e¢. Channel Stops - Acceptable between elements and/or surrounding

the array to reduce cross- talk or stray sen51tivity.

Genera;*Design Requirements

Useful Life. The Photodiode shall have a minimum useful life

0f 36 months which may include up to 24 months storage.

" Identification _and Marking. . Each devmce -package or shipping'

container shall be clearly marked with the manufacturer's name.
or registered trademark, and supplier's parnt number, the
individual model serial number, and SBRC Specification Comtrol
Drawing numbgr, and type number.

A

Cleanliness. The Photodiode shall have the surfaces clean and

free of 0il, grease, or partiecle contamination.

Workmanship. The Photodliode shall not exhibit any of the follow-

ing defects except as noted when examined under a magnification
of 20X: @

a.-Damaged or defective welding.

b Twisted er- deformed leads or terminations. . .

("W v ]
q.l
I?d.
<
e
[+
D
=]
[e]
l'D
0
l"h
U‘
[+
H
=]
]
2"
=]
[ ]
o]
Fh
H
n
1]
rt
[
w
M
[» N
o
O,
=]
29
m
{1'
o]
%
1]
Fh
1]
H

é:‘Egiqenéé;gi_weld splash. I

fs-Particles of metal or silicon (including potentially loose

v particles) -which exceed 10 micrometersin a major dimension.

g. Lint or other soft non-conducting particles which exceed
710 micrometersin a major dimension.

h. A bond whichhas less than 50% plzcement on the bonding pad.

i. The maximum allowable number of particles which do not
exceed 10 micrometersin a major dimension shall be three (3).
This applies to both types of particles as specified in f.
and g. above.

TITLE SIZE CODE IDENT NO | NUMBER
Al 11323 15483
SCALE— —-— REV/ZS1 SHEET 4

FORM NO 0IZFT1-A (!‘l’} OIRTERICH-"FOST CLEARPRINT 1020 %
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4.
4.1

4.1.1

4.1.2

4.1.3

4‘1.3.1

PERFORMANCE ASSURANCE PROVISIONS

Verification Requirements. Devices supplied in conformance to
this specification shall meet all requirements specified in
Section 3 and 4. The lack of a specific Performance Assurance
Provision designated to specific Section 3 requirement shall

not relieve the product of meeting that requirement. Verifica-
tion will be classified into Acceptance Verifications and
Qualification Verifications. Performing Acceptance Verifications
shall be the responsibility of the supplier, while Qualification
will be the responsibility of SBRC.

Acceptance Verification Data and Test Procedure. Verification
data shall be comprised of complete records of all inspections,
analyses, and demonstrations performed by the supplier or his
designated agency. The format for presentation of this data

by the supplier shall be submitted to and approved by SBRC.

All verification data furnished in accordance with this specifi-
cation shalll be identified by means of the serial number
assigned to the device.

Data shall be reported in a manmer that will facilitate following
the behavior of each specimen from the beginning to the end of
each inspection, analysis, or demeonstration (test). This shall
include explanatory comments which will aid in evaluating any
unusual or abnormal events that may have occurred during the
demonstrations (tests).

Two-(z)_caﬁies_cf the Acceptance Verification Data shall be
submitted-to-SBRG-with the-component parts.

- -

An acceptance test procedure shall be submitted for approval to
SBRE at- 1east l4-days prior to start of test.

Part Acceptance. Prior to final acceptance of each deliverable
cunit, SBRC may-perform_such verifications-as may be deemed

by the supplier.

Accegtance Verlflcaticns. Acceptance Verifications are those
demonstrations, analyses, and inspections that are imposed on
every unit that the supplier builds., The supplier shall certify
that the acceptance verifications have been performed and that
all units meet the applicable acceptance and performance
requirements. Failure to pass any of these verificatioms will
be cause for rejectjion of the unit involved. A failure analysis
shall be performed by the supplier to determine the failure under
the complete cognizance of SBRC.

Inspection. A visual/mechanical inspection shall be performed
to determine that the follow1ng Section 3 requirements have been
mets: - - .

[ ¥

Bl

= S "SIZE | © CODE IDENT NO NUMBER =~

A | 11323 1483

SCALE =~ "7 7 pev /ﬂ\ SHEET 5
C-6

-
FORM NO. 0122-1-a {5-¢3] DIETERICH-FOST CLEAAPRINT 1020 4



A 4

a. 3.3a Dimensions

b. 3.4.2 Identification and Marking
¢. 3.4.3 Cleanliness

d. 3.4.4 Workmanship

4.1.3.2 Analysis. A review of the engineering documents (i.e.,
- specifications, drawings, schematics, past history records)
shall be made to verify the following Section 3 requirements:

a, 3.4,1 Ugseful Life

4.1.3.3 Acceptance Demonstrations. Demonstrations shall consist of
tests used to verify Section 3 requirements, The demonstrations
shall be performed by the supplier on 1007 of the units and
shall consist of functional and environmental tests.

4.1.3.3.1 Acceptance Functional Tests, Functional tests shall be
performed at standard test conditions and shall be performed
prior to environmental tests.

4. 3.l1la Responsivity

b. 3.1b Dark Resistance

e. 3.1lc Dark Current .
des 3.1d Noise Current

e. 3.1le Sensitivity Pattern

£, 3.1f Cross—-talk

g. 3.1g hapacitance

h. 3.1h Response Time

4.,1.3.3.2 Acceptance Environmental Test. Enviroamental tests shall be
performed in the fellowing order and as specified in Table I.

a. High Temperature Burn-in -
b. Temperature Cyeling
¢, Sinusoldal Vibration

4.1.3.3.2.1 High Temperature Burn-in. The device shall be burned in for
a period of 1687%% hours at an ambient temperature of 55°C in
the dark condition, and with 0.3 volts reverse bias applied.
Dark current shall be monitored at 0, 24, 96, and 168 hours
at laboratory ambient temperature plus or minus 2 hours.
The dark current shall not increase by more than 20x10-12 amps
from its initial reading. The four hour holding time at each
temperature shall be considered a minimum time required at

! temperature. The requirements, as listed in Table I, Column
o ~ B, shall be verified.
TITLE SI28 CODE 1DENT NO NUMBER
Al 11323 1a483
SCALE REV sueer €
c A

w
FORM NG, 0122-1-A {5¢3] DIETERICH-POST CLEARPRINT 1010 $



A

4.1.3.3.2.2 Temperature Cvcling, The deviece shall be placed in a
temperature chamber and subjected to the following:

Four cycles of 4 hours at each temperature extreme of 0°C
and +45°C. Start and end temperatures shall be +25° C;
changes from one temperature Lo another shall be made as
rapidly as possible.

The requirements, as listed in Table I, Column €, shall
be verified.

4.1.3.3.2.3 Sinusoidal Vibration, The Photodiode shall be subjected to
the following conditions in each of the three mutually
perpendicular axes: ;

Fregquency Range (BEz) Amplitude (g's 0 to peak)
5=2000 2¢.0

Amplitude limitad to 0.12 inch DA. Sweep rate = 2 octaves/
minute.

The requirements, as listed in Table I, Column D, shall be

verified.
4,14 Qualificafion Verifications. TBD.
TITLE SIZE CODE IDENT NO NMUMBER
Al 1 323 15483
SCALE - REV xf\ SHEET 7

FOQRM NO., 0122 1~A [5-63) DIETERICH-FOST CLEARRRINT 1020 $
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TABLE, I

ACCEPTANCE FUNCTIONAL AND ENVIRONMENTAL TESTS

Functional

High Temperature Burn In

Temperature Cycling

“SinusoidaL.Vibratiou

f Measure and Record Before Test
Measure and Record During Test

Measure and Record After Test

NOIE: The post—-test of one environment may serve as the
pre-test of the next environment if no more than

FORM NO. 0122-1-A {5-6%] DIETERICH-FOST CLEARPRINT 1020

&

72 hours have elapsed.
SECTION 3 A B C D
REQUIREMENTS 123 12 3 123 123 aQ
TBD
TITLE SIZE CODE IDENT NO | NUMAER
Al 11323 13483
SCALE _23:9‘— REV A skeeT 8
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5.2 Quality Assurance ‘Provisions

4.2,1 Inspection Responsibility. Unless otherwise specified, the
manufacturer shall be responsible for the performance of all
inspection requirements prior to submission for Santa Barbara
Research Center inspection and acceptance. Inspection records
of examinations and tests shall be kept complete and shall be
available to SBRC. All inspection and test records shall be
traceable to each device by means of the serial number (Section
3.4.2). The supplier shall maintain an inspectiomn system which
meets the intent of the Purchase Order Quality Attachments.

4.2.2 Acceptance and Rejection

4.2.2,1 Acceptance. The manufacturer sHall understand that final
acceptance of the items coverad by this specification is at
Santa Barbara Research Center, regardiess of whether or not the
items are source inspected by SBRC.

3
4.2.2.2 Rejection. Any assembly which falls to meet the physical,
environmental, and performance regquirements of this specification
may be rejected and returned to the manufacturer.

4.2.3 Traceability. The Serial Number (paragraph 3.4.2) shall be
supported by records which provide positive information concern-
ing traceability of all materials and processes used in the
fabrication of each device.

5. PREPARATION FOR DELIVERY
5.1 Packaging and Marking. Each device shall be packaged in such

A manner as to insure that the device as packaged for transporta-
tion shall see no envirouments greater than those specified in
paragraph 3.2 during all phases of transportation and handling.

Both the unit package and the large external shipping container
shall be clearly marked with the supplier's name or registered
trademark, the supplier's part number, the lot identification or
data code, and the individual model serial number.

Unit packages which are received by SBRC in a damaged or broken
condition will be returned to the supplier as unacceptable.
Parts submitted for purposes other than for use, such as failed
specimens that are being shipped to SBRC for further study,
shall be packaged in accordance with the previous paragraphs but
with the following additional marking: "FAILED SPECIMENS -

DO NOT USE."

TITLE SIZE CODE IDENT NO NUMBER
A 11323 13483
SCALE ™ c-1-6“ REY A SHEET 9

FORM NO 0t22-1.a {3-48) GIETERICH-POST CLEARPRINT 1020 #



6. NOTES

6.1 Definitions

6.1.1 SBRC, This 1is to identify the Santa Barbara Research Center;
Goleta, Califormia 93017.

6.1.2 Supplier. This is to identify a manufacturer suppiying a
specific device being procurred by Santa Barbara Research Center
to this specification.

6.1.3 Operational. Input power applied.

6.1.4 Non-Operational. No input power applied.

TITLE SIZE CODE IDENT NO | NUMBER
A 11323 15483
SCALE ) REV SHEET 10
C-11 fA
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PROJECT 2798
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2.1

‘202

2.2.1

SCOPE

To perform all bonding, welding, assembly and testing
functions required to evaluate the integrity of the
SiPDA design

PROCEDURE

Record all information pertinent to the assembly opera-

tions in the text of this procedure. Provide separate

copies of the procedure for each SiPPA assembly.

NOTE: The sequence of events in the following have been
indicated for specific reasons. Variations may
occur with the., approval of the cognizant engineer.

Kitting. Obtain all items noted in the list of materials
of 49812, Record serial numbers.

59788, 26 :Element SiPDA .

Vendor S/N

Al S/N A2 S/W
49733, Resistor Array

49809, Amplifier Board

BF805, Transistor Chip 1) 4)
2) 5)
3)

Cleaning

Clean and inspect all items including fixtures and
mounting hardware,.

The SiPDA, Resistor Array, Amplifier Board and
Transistor Chips may be cleaned prior to installation
to reduce handling. Use only acetone followed by
methanol.

C-14



C‘n 'all other items using isopropyl alcohol.

NOTE: . Anti-static conditions must be maintained at
" all times. Handle all items after. cleaning
with clean tools and white gloves.

1]

wonding Operat{on

Place the frame assembly 70373 in the test fixture
70374 with the array mounting surface in tha number 1
;position (fac1ng up). -

Mix a portion of the insulating epoxy HS54, 1 gram
part A to 2 drops part B. Lightly coat the array
mounting surface on the frame and the side wiring
surfaces shown on the drawing. (Bond Line .001-.004)
Retain the balance for inspection.

Record the Mix Number

?

C‘fully place the SiPDA on the frame and locsts per
the drawing requirements. ¥Note dimensions and marker
location. Move the array from side to side to ensure
a uniform bond line. Use mylar tape on the ends only
to locate during cure cycle.

Cure the bonding material at 80°% i_SOC for %20 minures,

Inspect array location, bonding material and record
dats=s.

Location: Center line markers within

0945 - .0955 within

Bonding Material

Repeat steps 2.3.2 thru 2.3.5 for bonding the Al and A2
amplifier boards. PFlace the frame assembly with the

v in the number Z position for bonding the Al board;
i3 he number 3 position for bonding the A2 board.

NOTE: Align the amplifier board inmput traces with the
array output traces.

C-15



Al A2

2.3.7 Inspect Alignment

Bonding Material

2.4 Array to Amplifier Board Connection

2.4.1 Place the array or amplifier boards in a position for
welding.

NOTE: Various welding methods may be used and will be
determined by establishing weld schedules. Use
spare array samples and amplifier boards for
determining these schedules,

Record sample pull tests

2.4.2 Weld leads to the array. Record Data as required:

Welding Method

Tihe

Current

Volts

Pressure

2.4.3 Weld leads to the amplifier board.

Welding Method

Time

Current

Volts

Pressure

Al A2

2.4.4 Inspect Wire length

Shorts

Weld Joints
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- 2.5

2.6

2.6.1

2.7

2.7.1

2-7'2

2.7.3

Test Array per test procedure.

Qutput Wiring

Remove enough of the outer jacket from the multiconductor
cable to allow the wiring of the Al and A2 boards. Separ-—
ate the wire sets, 5 and 10 conductor, and route to their
respective boards per the wiring table. Fit the conductors,
cut to length, strip aand tin (approxzimately .050 minimum
tinned length). Strip, tin and identify each conductor at
the opposite end by wire number for subsequent installation
on the vector board. Soclder in place using minimum solder.
Carefully remove all flux residue.

NOTE: 1) Caution - Solder must not contaminate the
weld pads at the end of every other trace.
Cover pads with mylar tape if required.

2} Mylar tape and spot ties may be used to
hold the wires in position.

3) Use spare amplifier boards to determine

) soldering technigues.

Wiring and Component Bonding

Caution: Weld pad areas must not be contaminated by

bonding materials. Clean immedigtely if
contamination occurs.

Prepare a portion of the insulating epoxy HB54. 1 gram
part A to 2 drops part B.

Record the mix number

Coat all conductors and zsolder joints with a thin
film of the epoxy. ) 3

Apply a thin film of the mix to the back side of the
resistor array 4%733. Place the array as shown on
the drawing.

Retain the balance of the bonding material for ilpnspection.
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2.7.7

Prepare a portion of the conductive epoxy H20E by
weight. Part A = Part B, '

Record the mix number

Apply a minimum amount to the pad area or to the back of

the tranmsistor. Place the transistor locating the orien-

tation mark as shown on the drawing. Use minimum pressure

on the transistor to reduce the bond line between the chip

and the pad area. 3

NOTE: 1) A minimum length of .005 at the end of the
pad area shall be free of the epoxy for
welding purposes.

2) Use spare amplifier boards and chips for
developing placement techniques and for
determining the amount of epoxy.

Retain the balance of the mix for inspection.

Cure both residual bonding samples and the assembly at
80°C + 59C for 90 minutes.

Inspect and record: Al A2

Transistor orientation mark

Shorts between conductors

Bonding materials on weld pads

H54 H20E

Bonding Material Samples

Repeat operations 2.6 thru 2.7.7 for the opposite board.
Record data at 2.7.7.

Cc-18



2.8

2.8'1

Vector Board Wiring

Prepare the vector board including the flea clips. and
mount on the fixture as required. Strip the outer
jacket from the free end of the cable leaving the 1.530
inch jacketed length specified on the drawing. Route
the conductors as shown on sheet 1 and - 'wire -per the
wiring tagleJ

Inspection
Al A2 A3

Wiring per Table

Shorts

Component Welding

Weld all connections to the transistors and resistors on
the Al and A2 boards. Establish weld schedules using
spare'components and amplifier boards.

Record Data: Amp. Board Transistors Resistors

Welding Method

Sample Pull Tests

Time

Current

Voltage

Pressure

Inspect Al A2

Source/DPrain Wiring

Resistor Array -

L]

Shorts

Wire Lengths
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3.0

4.0

-1 4.1

4.1.1

TEST PER TEST PLAN

POST TEST PROCEDURE

Conformal Coating

- L »
Prepare a portion of the insulating epoxy H54. 1 gram
part A to 2 drops part B. Record the mix number

Carefully apply a thin film of the mix to all connecting
wires to the detector array, transistors and resistoers.
Coat also all board input traces and used weld pads.
This applies to the A2 board only.

Retain the residual bonding material for inspection.

Caution: Coat the detector array wires only on the
. surface adjacent to A2 board.

*

Cure the assembly and ths resgidual szmple at 80°¢ + 5%

for 90 minutes.

Inspect ~ Wiring Shorts

Bonding Material Sample

Bounding Material on
Wires and Welds

TEST PER TEST PLAN
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NUHMBER OF COMPORENTS ]
Two . 1
MIXING BATIO PARTS BY WEIGHT - E i
Part A" comeceemmec e 10 ;
Part "BY {hardengri-=weee=-==a 1 -

A convement vay to mix CPO-TEK H54 in
small quanties 15 as follows:

Part "A" ececcmmemacmc i 1 gram
Part "B" (hardener)es-=m--n--= 2 drops

NOTE: Contents of Part "A" has a tendsncy * EPO-TEK H54 is a two component, unfill-
to show sore crysteitization with five, 1 ed epoxy for bonding or ccating appli-

To restore to cricinel smootn thirotro-

pic consistency place container A" (with- cat“ﬂr.‘s wnerg a th‘in.rﬂm w.th high n-
out cap) 1n 100°C oxn for 10 minutes. 3 sulating resistance is required, parti-
Remove from oven, stir thoroughly to Jget 1 cularly at elevgted_gempemtures. Ap-

2 unifors c—nsth scns istency and ool 10 plications for EPO-TEK H54 1nclude bond-

rooW tewwetalure oefore adaing Part “g" } ing of active and passive components,
(hardener). i bonding large substrates in IC packages,
CURING SCHEDULE i Egﬁgjgg;: or coating closely spaced
{Bond h.ne temperature-use anyone of the §
following) i EPO-TEK H54 is a 100% solids, soft,
150°C --- -—- ~s 5 minutes H smooth thixotropic paste characterized

120°C —oaemcem e e 15 minutes b;_w outstanding high temperature proper-
100° 3 " ties and excallent solvent, chemical and
00°C =rememmsmmaemme e 0 mnutes i moisture resistance. Other important

ELECTRICAL PROPERTIES charécteristjcs incliude a good pot 1ife
and fast curing at relatively low temp-

Dielectric Strength -e------ 480 V/mil 1 eratures. EPO-TEK H54 was designed to
Dielectric Constant =-—m=—n= 3.0 ] be used in the 300°C to 400°C range for
(1 megacycle) ] wire bonding operations.
Volume Resistivity ~---- 5.0 x 101 ohmecm A uns font ¢ EPO-TER HS is th
_________ unique feature o - is the
”‘SS’Pat”’?figgggym) 0.001 i built-in color indicator when the pro-
1 duct is cured. The color changes from
LAP SHEAR STRENGTH ~emmeiv-mewn- 3100 psi amber to dzep red, depending upon the

(alumnnum to aluminum) ] curing conditions. It is normal for
EPO-TEK H54 to turn a very deep red when

POT LIFL ~os-omoomomoescuneoooe % hours subjected to wire bonding temperatures.
SHELF LIFE E

One year vhen stored at recom temperature.
DO NOT REFRIGERATE

U VUL P UPIE Sy LA C (PRSI V. T SOV PR L T  TERNREWU PRI e

EPO-TEK H54 can be applied by brush,
spatula, sivlk screen, hypodermic needle
or conmercial dispensing equipment.

AVAILABILITY:S1500 per 3 oz triat avaluation kit , FOB Watertown, Mass Production price schedule avalisblo on request
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MIXING RATIO
- Pat A" “(epoxy resin and siver povder} - .1

Part “p" (hardcncr and. silver powder): ... -1

NOTE! Mix contents of Part “A™ coniaingr and con-
tents of Part "B” (hardener)-container thor-
oughly belfora mixing the two logether.

CURING SCHEDULE

{mirimum bond line tamperature)

I £ - 45 seconds
£ A 5 minutes
120°C..... Crrsarssesesnirasannas 15 mihutes
2 {1 Ll - R 80 minutes
L5122 o SRR 12 hours
PHYSICAL PROFERTIES

Specilic Gravily ..........0-n Cemeeetaanen 2.6
COlOr vevrrneenunrans s +e.. Silver-Ernght
Consistency ... Very soft, cmooth, thixotropic pasis

Lap Shear Strength . 1562 nat

Pass Thermal Shock — Gotd backsd silicon chips
bonded to 3 gold meiainzed ceramtc subsirate
will pass: 5 cycles frem —~82°F lo +125°F

Bonded Silicen Chios (100 x 100/ mils) when
placed on & 300 - 345°C heat calumn witl resist
a shear force cf 16 oz

THERMAL RESISTANCE. (Junction to Case)

TO-18 package win nickel-go'd metalhzed-20 x 20
mil chips and bonded with EPO-TEK H26E (2
mils thick)

Euteciic e attach ...... 4.8 to0 5.3°C/wott
EPO-TEK H20E ... . ... 670 70°C/wall

. ELECTRICAL PROFERTIES

Volume Resistivdy {nigid specification)
0.0001 o 00004 chm-cm

SILICON VARACTOR
INITIAL

2VWEEKS 72 HOURS
@ 125°C @ 1715°C
C. at D volts == 0.20 — 0.85pF No change No Change
R. at 20 ma == 3.5 ohims 3.8 ohms 4.5 ohms
B, at 10 pa == 6V - 50V max, No change No changz
SCHOTTKY DIODE
INITIAL
G; 1pF {tymeal)
Vi 2 5V @ 10 e

2 WEEKS @ 200°C
48V @ 10 fit:

VisZs0W@ima 032v @ 1ma
POT LIFE  ..civevs vun seserunanns vees 4 days
SHELF LIFE

Twa years wheon stored at reom temperaturo.
REFRIGERATION NOT ROQUIRED

. CUT T P W SRR A PP, o G W I S Y P

PARTS. BY VOLUME ior wt) .

o

1

AVAILADILITY: 1 oz trial evaluation kit, price on raquest, FOS Watertawn, Mass.
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E
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CURING TEMP "C

commmson 07 CURING RATE OF ERO-TEK H20%
. TWO COVPONENT EPOXY VS A TYPICAL FASTCURNG"
®1 — ONE COMPONENT EPOXY ~} |

R
[ e )

0 -~ 3] 53]
CURING TIME MINUTES

EPO-TEK H20E is a 100% soligs, two component silver
filled epoxy designed speciically for chip bonding in
microelectronic and optoelectronic applications.

EPQO-TEK H20E 1s a very soff, smooth, thixofropic
paste. The excellent handling characteristics and the
extremely long pot life at room temperatures for this
unique two component system is obtained without the
use of solvents. In addition to the high electrical con-
ductivity, the short curing eycles, and the high and
proven reliability of using a pure shiver powder (no
alloys used), EPO-TEK H20E is extremely simple to
use, The pure silver powder s dispersed in both the
resin and hardener and the system is designed so
that it can be used i a convement 1:1 mixing ratio
by volume that 1s non-critical. In fact the EPO-TEK
H20E is the easiest-to-use fwo component silver
epoxy that has ever been developed for the micro-
electronic industry.

EPO-TEK H20E is especially recommended for use in
high speed epoxy chip bonding systems where very
tast cures are Mighly desirable. This cannot be
obiained with single component systems. Because
EPO-TEK H20E can be cured very rapidly it is an ex-
cellent matenal to use for making fast circuil repatrs.
EPO-TEK H20E can be screen pninted, machine dis-
pensed or stamped.

EPC-TEK H20E s designed to be used in the 300°C
to 400°C range for wire bonding operations.

Production price schedule availsbie on request.

When placing an erdaer piease spacify whether EPO TEK H20E is o be usad by votume or weight.
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APPENDIX D - DATA PACKAGE }
"PROCEDURAL TEST DATA, SMA WITH END BUMPERS"

"INTRODUCTION

The attached data package contains the data collected and reduced in
accordance with test procedure TP 31891-350 for the Breadboard Scan
Mirror Assembly configuration. This consists of a 16 x 19 inch flight type
mirror and end bumpers, Diagnostic test data on a previous configuration
using the flight mirror and back-mounted bumpers is discussed in the body of
the report and is compiled as data package 2, Appendix E. In the course of
studying mirror performance, it was found that the ambient air significantly
affects performance. In an attempt to minimize these effects, the scan
mirror has been operated in a helium filled tent. Certain of the procedural
tests, however, do not lend themselves to implementation in helium because
of need for operator interaction with the test setup. Consequently, this data
package contains data for both conditions, air and helium. The preface dis-
cussion of each test will denote the test conditions.

Several of the tests originally called for by the test procedure such
as startup time and scan center, are not critical to the present design
approach and are not included in these tests.

In addition to the equipment described in Section 3, 0 of the test pro-
cedure, a HP9820A calculator was used for data collection and partial,
on-line reduction of the data.

All of the data collected as part of the formal procedure was taken at
a nominal scan period of 110,2475 msec (9.6 Hz). Notations on data sheets,
however, indicate 9.2 Hz because the reference frequency was derived from

a 920 kHz generator in conjunction with a nominal llL'l5 frequency divider.



The performance most significantly affected by scan frequency is
cross axis motion. Data for this parameter as a function of frequency is

contained in the log books.

TEST SETUP

The basic scan pattern and test setup are as described by Figures 1
and 2 in the test procedure (reproduced in this report). The upper and lower
split diodes are located to be approximately coincident with bumper impact.
The electrical output firom each split diode is processed to provide a separate
output for each direction of crossing. These outputs are used to trigger
electronic counters for period and time interval measurements,

Commercial pulse generators employed in earlier tests for the
reference clock were found to have excessive period jitter, that would
degrade scan repeatability. In order to alleviate this limitation, an HP8660B
Synthesized Signal Generator was used to provide a variable yet stable fre-
quency source of several hundred kilohertz that was then reduced by a IO5
divider to the desired reference frequencies.

It was determined that the time interval measurement uncertainty for
the setup was less than 0.2 psec. This uncertainty was determined by time
interval measurements made over very short intervals for which scan

deviations would be a small fraction of a microsecond,

TEST RESULTS

s

Scan Frequency (4. 1.2)% and Turn Around Time (4. 1. 4)

Data Sheet A describes the results of measurements of these two
parameters for operation in helium. The most significant effect of helium
operation relative to these parameters was a reduction of the scan period
standard deviation (scan repeatability} by a factor of about 2 from air opera-
tion. Turnaround time deviation was not aifected by the differences between
air and helium operation as would be expected because of the high decelera-

tion and acceleration forces operating during this time.

*Parenthetical numbers refer to Test Procedure paragraphs.



The difference in nominal value of the two turn around times is
primarily due to differences in the placement of the split diodes relative to
bumper contact, It is the variation of this value that is of significance.

Although neither of these parameters is particularly significant by
itself, the small deviations observed are indicative of highly repeatable

active scan times, that will be shown directly in subsequent data,

Scan Linearity (4. 1.6) . ) .

Scan linearity is defined as the scan speed at a particularly along-
scan angle expressed as a percent of the average speed taken over the’
entire active scan angle, A major limitation to the accuracy of this measure-
ment lies in the inability, with the existing techniques used, the precisely
determine the physical dimension between photodiode crossings for the
several locations of the moveable dicde.

Theoretically, scan linearity is the deviation of a sine wave at the
mirror's natural frequency over a period of time corresponding to the active
scan time. A discussion of this factor and computation of theoretical scan
linearity is contained in the final technical report.

Figures 9 and 10 of the test procedure {reproduced herein) define the
position and direction designations used in this measurement,

Data sheets B, C, and D describe the five moveable diode locations
used in this measurement and the average partial and full scan times
measured for each scan direction at each location.

Data sheet E presents the average partial to full scan time ratios for
each of these locations and the standard deviation of this ratio for a sampling
of ten measurements. The raw data used for these computations is contained
with the data sheets for along scan repeatability, '

The average time interval ratios for each location and direction con-
tained in data sheet E and the physical dimension ratio for each location
are used to compute a cubic polynominal equation that describes the position
variation as a function of scan time by a least squares fit. This equation is
then differentiated to provide a description of the relative scan velocity as a

function of scan time.



Data sheet ¥ describes the results of these computations and data
sheet G presents a plot of relative to average rate scan rate (§) as function
of scan position for each scan direction. It may be noted that the results
agree very well with the theoretical analyses (due to the flex pivot centering
torque) despite the limitations associated with the physicail dimension

measurements,

Along Scan Repeatability (4.1.9)

. This parameter prov1des a measure of the scan length repeatability .
that would exist subsequent to normalizing partial scans to their associated

full scan time. As described in Section 4,1.9 of the test procedure, the

(TZ-TI _TZ-’I’I .
?‘3 - 'I‘1 T3 - Tl AVE Total

15 evaluated for the data collected at each of the locations used in the linearity

value

test. The result of these evaluations is presented in data sheets K, L, and

M. Attached to each data sheet is the raw scan data and a computer analysis

performed on a sampling of ten scans, This data was taken in air,
Examination of the data tends to indicate greater scan length devia-

tions for forward scan elements that occur right after turn around than for

the reverse scan elements of same length that occur as the scan is approaching

turn around., It is quite obvious that the existance of air disturbs the along-

scan repeatability. (See final report for results in a helium aimosphere.)

Cross Scan Motion

The following cross scan motion measurements were obtained with
the five bounce technique that provides a ten fold magnification of mirror
cross axis motion, The laser beam traverses a azimuth position sensitive
detector that produces a pulse amplitude proportional to the distance between
center and crossing location, A scope photo is taken of the pulses produced

by a series of these detector crossings., Section 4.2 of the test procedure



provides a detailed description of this technique, including calibration and
data reduction.

Data sheets "T'" and "W" for five locations (attached) present the
scope photots, location information, and photo derived data.

The resultant computations of mean and rms deviations between
forward and reverse scan position are presented in data sheet 2", This

data is then plotted in data sheet "AA",

t
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SAMPLE SAMPLE
é’g h.1.2.1.4  Total Ang® (milliradians) () 2% ( )
B <) 4.1.2.2.3 Driving Frequency 7 2 ( )
3| E 8 4,1.2.2.5 Scan Average Period 11D, 2475 3mns {Approx. 102 ms}
?g h.1.2.2.6 Scan Frequency 7.0 (Approx. 9.78 Hz)
! \ 4.1.2.2.7 Period Deviation (Increased Time)(Max) Y., esec
E; 4.1.2.2.7 Period Deviation {Decreased Time)(Max) 7 b pcoe
EE h.1.2.2.7 Attach Computer Plot to this Sheet
e (Deviations) o
E% }.1.2.2.8 Standard Deviation 2. Y nsec
B 5.1.3.2.%  Start Up Time WE (Less than 30 Seconds)
h,1.4.2.4 Turn Around Time "A" (Average) [0:254Y e, (Approx. 8.0 ms.)
4.1.4.2.4 Purn Around Time "C" (Average) 1 SYED  amcec {Approx. 8.0 ms.)
'g‘2§ h.1.k.2.5 "A" Maxinmum fo.n’jf’v rasie
. 255 h.1.4.2.5 "A" Minimum (0.75%1 ysec
Egg h,1.4,2.6 "C" Maximum M SE¥T7  ausec
J38| k126 "C" Minimum ST msec
ggi b.1.4.2.7  Attach Computer Plot to this Sheet
§ 59 (Deviations)
; h.1.4.2.8 Attach Computer Plot to this Sheet
i E 'H . {Deviations)
e 4.1.4,2.9 Standard Deviation "A" (7 _drsec
- - 4,1.4.2.10  Standard Deviation " 'C" .| a sec
| 3 4.,1.5.2,6 Center Scan Angle (mr) (pP)
';_WE h.1.5.2.6 Center Scan Angle (mr) (Y)
5 e . b21.5.2.7 Total Angle Recheck (mr) (@)
. gf 5 :
) ”"‘%‘ ] Figure 5. Data Sheet - Type "a"
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YI4IVR OITVAMHI -~ HOWMIR Nvns

QEoEayaIEd -~ FRNAIO0YT I8UT

LL5T2 'O INHAl 3000
"41IYD ‘ALID HIATND
02 LJVYIUIY SIHONK

O HE

LAY

4.1.6.2,1.3

4.1.6.2.1.8
4.1.6.2.1.9
4.1.6.2.1.10
4.1.6.2.1.11
4.1.6.2.1,12
4,1.6.2,1.13
4,1.6.2.2.3
4.1.6.2,2.8
4,1.6,2,2,9
4.1.6.2.2.10
4.1.6.2.2.11
4.1.6.2,2.12

4.1.6.2.2.13

Ten Hz Clock Signal Frequency 9 >t43 :
Time for Angle (2) (Average) Forward 43,2900
Time for Angle (¢) (Average) Forward 10, Y(\;)’ Y 2
Time for Angle (o) (Average) Reverse H3,. 9747
Time for Angle (¢) (Average) Reverse [0 . F&6 7
Angle () £E ¢
Angle (a) ,:’.2 A Y

Ten Hz Clock Signal Frequency G2 4,

Time for Angle () (Average) Forward: “ 3.7 3’?‘{
Time for Angle (¢) (Average) Forward / L’f\ 79 35/
Time for Angle (a) (Average) Reverse 43,9744
Time for Angle (c) (Average) Reverse /5. 200
Angle (e) ‘ 72,2
Angle (a) 245

Figure 11, Data Sheet - Type B

(Hz)

(ms)

(ms)
(ms)
(ms)

(mr)

(mr)‘
(Hz)
(ms)
(ms)
(ms)
(ms)
(mr)
(mr)
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SAMPLE SAMPLE
4,1.6.2.3.3 Ten Hz Clock Signal Frequency 7. 2. (Hz)
4.1.6.2.3.8 Time for Angle (@) (Average) Forward 43, . 739%  (us)
4.1.6.2.3.9 Time for Angle (¢) (Average) Forward 1 9. 5417 s
4.,1.6.2.3.10 Time for Anglei(C) {Average) Reverse L{‘B. ?‘ST/T7 {ms)
4.1.672.3.11 Time for Angle {¢) (Average) Reverse 2. 093 Y  (ms)
4.1.6.2.3.12  Angle () [22. Y ()
4.1.6.2.3.13  Angle (o) 269 (¢*)
4.1.6.2.4.3  Ten Hz Clock Signal Frequency 7 2 (H;)
4$.1.6.2.4.8 Time for Angle (o) {Average) Forward l’f £ 73’?*3/ {ms)
4.1.6,2.4.9 Time for Angle (s) (Average) Forward c?—é\ ( 75 Y {ms)
4.1.6.2,4.10 " Time for Angle {o) (Average) Reverse & 3, C/_ 3’{2 (ms)
4,1,6.2,4.11 Taime for Angle {(¢) (Averape) Reverse o Lo ?L‘/}"‘H—() {ms)
4.1.6.2.4.12  Angle (¢) [£Y. 93/’/ (me)
4.1.6.2.4.13  Angle (@) 26 Sf ’ (mr )

Figure 12.

Data Sheet ~ Type C
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pIE
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LR
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. DSEXTE

a

«al SAMPLE . SAMPLE

z

p 4.,1.6.2.5.3  Ten Hz Clock Signal Frequency G 2- (Hz)

g: 4.1.6.2.5.8 Time for Angle {a)(Average) Forward Lf 3( 7"{5 2__5 {ms)

8 4.1.6.2.5.9  Taime for Angle (¢)(Average) Forward 30. 215 (as)

4 . . .

' %.1.6.2.5.10 Time for Angle {«)(Average) Reverse al ?, 950 S{ (ms)

E 4.1.6.2.5.11 Time for Angle {€)(Average) Reverse 3 oY 74,9_ {ms)

& :

g 4.1.6.2.5.12 Angle (e€) li(é UL {mr)
4.1.6.2.5.13 Angle (o) 26 3( (mr)

-“-_';,\ ) Figure 13. Data Sheet - Type "D"




Attach ten computer generated graphs here.

-gg - Location
§§ ' Diode 1 2 3 4 5
U -

:.;;E Fud O, 29U o, sq265E | 0,45 B2y 0. 669927 0.6p0707 |,
ﬁl
EE Rev { ;/ — .' 7
88 0.299%K| 0 BUS T o, 4T 675/ 1, | (2957 | f12Y23
3
Eg Standard Deviation Values:

Laocation

Diode 1 2 3 L 5
an I
5£8
53¢ e 19160 237 w65 | 2x107" | Y Ffor™| 5107
EES
zx @0 R ,L : ._L \
;25 - 2 Ysxlo 6(77xl(é L{Q?aﬁa'b [ 02 xlo 7.6(xm’é
358 )

Figure 14. Data Sheet Type "E"
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~_INEARITY COMPUTATIONS (FORMARD)
. FOR DATA SET 1 T
RELATIVE DIODE POSITION= 0.248092
AYERAGE YRALUE= 0.247414
STANDARD DEVIATION= 1.99571E-S
ANGLE DEVIATION SCAN TO SCAN
WS  SCAN NUMBER
—3SIGMA  -2SIGMA  -1SIGMA  MEAM  +1SIGMA  +2SIGMA  +3SIGMA-

I‘ ...... .IIIIIII...'I'.IIIIIIIIIIIIIII--II‘IIIDII‘III'.IIIIII lllll L )
» +
- +
- -+
" +
M +
» +
. +
- +
a +
——— - &
L
R D D I D Toweuns S PR N
_ EM

FOR DBATA SET 2

RELATIVE DIODE POSITION= 0.343511
AYEPABE YALUE= 0,342656
STANDARD DEYIRTION= 2.37448E-3
AMGLE DEVIRTION SCAN TO SCRH
¥S SCAN MUMBER
-35IGMA -2 SIEMA ~151IGHA MEAN +1S16MA +28IGMA +331GMA

I-.--u-lIlI..-:III.lII-I.o-ll-Il-n.l--n.I-.'lllll.IIll-.-tIlI.l.ct-!l

. +
. +
. +
. +
o+

+
. +
. +
. +

+

‘ III-O.-nllIIlasc.n.ll-..nt-..IIl-illn.'tI---l-.-I:I-flntitépxsﬂiiiill



-+~

f-;rm“l
FOR DATA SET 3

‘RELATIVE DIODE POSITION= (.456092
RYERASE VALUE= (.453628

STAHMDBRD DEVIATION= 2.00091E-95

AMGLE DEVIARTION SCAM TO TCAM
W2 SCAM NUMBER

—351EMA =22 TEMA ~1ZIGMA MEAN +1316&MA +2T IGEMA + 3T IEMA

Teweoinnnn ) S, ) S ) L I aeans | .
. +
. +
. +
. +
. +
. +
. +
. +
- +
- +

o .
I..l.i.l.lIll .I..‘lI IIIII OIUIII.'.-'IIUIC..ll...'I.Q.lI.'.lI.l..lI..

R L L 1 A LU Ak it gy e e S . L it i . . . o S i i = e T e

FOR DATR SET 4

FELATIVE DIODE POSITION= 0.514504
AVERABE YALUE= 0.,60%721
STANDARD DEVIATION= 4.25766E~5
ANGLE DEYIATION SCAN TO SCAM
VS ICAM NUMBER
=3IIGMA  -2SIGMA  -1SIGMA  MEAN  +1SIGMA  +2SIGMA  +3TIGHA

Il."ll.llI‘IQII..IIIOIIIII'.IIIllIIII.'Il'ICIIII.I.-IIIIICIII.I‘SIII

. +
. +
. +
. +
. +
. +
-~ +
_ +
. +
- +
I IIIIIIIII I‘lll.ll'll.l'llll.'III..I.IIIII.l.--l“l‘..‘..l.ll...lll-.

DA%



‘O DATHA TET S

SELATIVE DIODE FOZITIOM= 0.593656
AVERRGE YRLUE= 0.530707
STAADAPD DEVIATIAOM= 4.SSL30E-5
AMGLE DEYIATIOM CAN TO IoAM
¥ ICAM HUMEER

=3TIeMA -2 I5MA -1 2 IGMA MEAHN +121EMA +23 1EMA +2LIGMA

Toeiiunen S (o B e P R
. +
. +
. +
. +
. +
+

. +
. +
. +

4

D-18



(

INERFITY COMPUTATIONT «REYEFIE:
~0OF DARTA ZET 1

i1

FELATIVE DIODE FOZITION= 0,24302
AYEFAGE WARLUE= 0, 2433435
STRMDARFD DEVIATION=S 504437485

AHELE DEVIFfIDH ICAY TO ZCAN
w1 ZORA HUMEER

—z_lake —al 1My -1 2 I%GMA MERH +1 .11 +27 I=MA +32150A
] . It ) S R B .
+

’ - + \ 'y OF THE
- RE:PRUQU&EBHJ%YISO
+ amIGINAL PAG
.
+
+
) . A T T L L T

FGF DATA TET & Kevedse

FELATIVE TIODE FOZITION= 0.2342%11

FUCEHRE VRLLE= 0, 13568

(2 4
"

STRADAST DEWIATION=S =, D22 238

AftGiE DEVIATION CAM TO JoHM
W1 ToAan HIMEER

~TIIEMS —2IISMA -1 I IGMA HE A +1IIEMA +EIIGMA +3IIGMA

T L PR L
+
+
+
+

+

T T T L e O P

D-19



FEOF DATH TET 3 I?EUCYP—SE

(

FELATIYE TIODE POZITION= D.45950502
RAYEFAGE YALUE= 0.4%559%1
STAMNDAPT DEVIATION= 4.349774E-»2
AMGLE DEVIRTIOM TCRAM TO ZCRN
VI zEAM HUOMEER

—3_IalA =22 1EM —1TIGMA MERN +1 7 IaMA +& 2 I5MA +3TIGMA
1...-..-..1. IIIIII IIIIIII IIIII I IIIIIIII .Il.l--'llII.I-I‘IIIII IIIIIIII

I

——— e

(; ) B e e e

FOF IIATA ZET 4 Revense

FELATIVE DIOPE POZITION= O.514504
AYEFASE YWALLE= 0.s12937
STAMDAFE DEYIATION= o.0380lE-S
HHGLE DEVMIATION ZCAH TO ZCAN
W2 ZOAH HUMEER

~3TIBMA -2IIEMA -1 IGMA PMEFAN +1IIGMA  +2IIGMA +3IIGMA

Il.---l..II IIIIIII .III..I..I.II... ------ I'-Il.-.--II.I..-.I-I..‘-.I-I
- +
. +
. +
. +

+

. +
( +
- +
. +
- +

II ll.lI" IIIII ‘.I - I‘l"II..ﬂ..IIIII IIIIIIIII I ” 5 2 5 ¥ B & I..-I. - =

D-20




=0F pATR CET 5 Revedse

FELATIVE DICDE FOZITIOH= 0.5 3455
SWEFHEE WSLUE= RS anazd

ITANTHAFD DEVIATION= T.ol44iE-5

Szl E DEVIATION ZCAn 7O ZCAN
2o Iog HIMEER

~EITANA -ITISMA L -1 DENE “E S $1TIGEMA SIITSMA +3TIGMA
SR S S Tevrnnannn. | S Tevrennnns Tovvnns ..
4
+.
Y=
+
.
+
4=
+J
+
-+
oo B Toee i lovv e Tieevannna Iieeanensn H ce e



Fo Rl D
4l 4

ANGULAR POSTION = P D=
- =3, ZE3TEE-2 M7 3+ SLISIFTE-S WSS+ 0.991148
L{’t [:.ét Llét&/

LA PATE = POOT ¥ =
—0.1232057 A2+ 0.103079 4+ 0,.99%1145

TIME FOSITION CLAM PATE

] n 1,871 145
0. 0% 3, 82 0EE~ZE 0. 95503
0.1 S OSETIE-2 1.00017
0,15 0. 145827 1.00373
e 0. 133q49 100554
025 0.250341 - t.onset
0.3 LI I S 1. 016854
i, 35 B.351338 0 1. 01154
0.4 N.40rsT2 1.011899 -
.45 0.452562 1.0115
0.3 0.50=2122 1.018:7
.55 N.553515 1.00%
Ues .s04022 1. 0089
L 0. 554295 1. 00404 =
n.7v n.70441s 1.0005S &=
1,75 3. 754243 e 9954232 o
0.3 0.204047 N.9931552 E
.85 0. 253497 1.935342
n.o 0,3028s1 0.320191 #
.39 i, 351506 0,972 2
1. 1. 0. 3E5 153 ta
i - _ D v , .S
Gl L.z.6.9 }@gw;gse g
AMSULEF POSTION = Pi¥r= .
=3, 2B1ITEE~2 | 3+ S.S13VIE-Z2 N2+ Q.97TAS v farg
l.f‘[. (‘“_7:,5.5:-7/ @
CCAM FATE = PDOT = b
-3, 125453 W 2+ D.13027S N+ 0.97TaAS ,§
<

TIME POZITION -THM FARTE

i 1) H.aTres
1. 05 4. 90315E-2 0,8 3873

o, 1 Q,HITERE-2 P RER

a.is 0, 137373 0, 9Eg 33

0.2 o, 157 Tas i, asgsar

0,25 0. 2470822 1, 00223

.3 0.29801 1, 0052

0. 3s @, 345392 1. 00754

.3 0, 332754 1. 00324

0,45 i, 143245 1.01029

0, s o, 493772 1,0107

.55 D.SS0204 1.0ai047

a.5 . 20nRz0m 1. 009

0,65 4.551254 1, 20203

0.7 0, T aieny 1. 00533

0.75 0. 7TS1835 1, 003132

0.5 0. 20199 i, B35S

0.55 1.251745 0, SOS507

g0.9 O, 2a0i459 0.330251

0, as 0. 950278 0, 9SS TP 31891-350
1. 1. 0. 9750 REV LTR _|NuMpER

D.z2z:
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U3IdVA DILVIHI -= WOWMIR NVDg
TEVOEAYEYE -- FHACIOOVT 184y,

"RITYD CALID ¥3AMND
‘03 LAYUINLY SAHONK

ONWST srcze-Op ANBQI 300D
44

1

M1l ABH

N
N

t - 47

R . .
UV L

K]

! HIBWN

. 0sE~1881

Ef

o
AR
t

Vi
L}
<

LR

4.1.9.1.1
4.1.9.1.1
4.1.9.1.1
4.1.9.1.1
4.1.9.1.2
4.1.9.1.2
4.1.5.1.2
4.1.9.1.2
4.1.9.1.3
4.1.9.2.1
4.1.9.2.1
4.1.9.2.1
4.1.9.2.1
4.1.9.2.2
4.1.9.2.2
4,1.9.2.2
4.1.9.2.2

4,1.9.2.3

Average Ratio Value - Forward: 0,247 %

Ehm = %w) H 6@-3066 vl
Cop (STD. DEV.): $e2S  unad

Attach Deviation Plot to this Sheet e

Average Ratio Value - Reverse:, o, 294 %%

-5 = QREV H . éé. ?S‘?:}" ’7&1«"‘“‘-&(

REV

Tppy M. DEV.):__ (0, T 24 nad.

Attach Deviation Plot to this Sheet (o

TOTAL Deviation: 5.4 suad

Average Ratio Value « Forward: 0, 34 2 é
-é“FHD = Qpp ‘7/. Y315
Oeup (STD. DEV.): b 26%  qved

Attach Deviation Plot to this Sheet -

Average Ratio Value - Reverse: o, “5‘fif7§
GREV = QR_EV : ?2 (3 ‘-?IL —vrad
Opey (STD. DEV.): [« 22 end
Attach Deviation Plot to this Sheet __ Y7

TOTAL Deviation: é . 6 o,

Figure 26. Data Sheet ~ Type "K"
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REPERTHB._ITY CALCULATIONS (FORWARDY FOR DRTA TET

RELATIVE DIORE POTITION

]
[ue]
Fa
B
X
o
Ty
™

AVEPAGE RANGLE= 6

(a4

v, 3069 MILLIPADIANG
CTANDARD DEVIATIONS S. 3493302 HIL

AMGLE DEVIATION TCAM TO Z0CAN
Yo SCAN NUMBER
FOPHARD
~3IIGMH -2 - T5HA -1ZIGHR MEFMN +15T0HA +2T IGNA +32IGHA
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REPERTABILITY CALCULATIONS (FORWARD AND REVERSED

AYE ST DEV OVER 5 SETS OF DRATA IS S5.62674E~-3 MILLIRADIANS
DOES NOT SATISFY PERQUIPEMENT

STANDARD DEVYIATION OF ARGLE (MICRUPADD
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OFF SCALE - Xs¥>=( 0.343511 » 6.61943 )

OFF SCALE - Xe¥)={ D.614504 ¢ 13.1186 O

OFF SCALE - (Rs¥)=¢ 0.694656 » 12.4729
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3 -3 - 1.5 | -] ~ .5
32 +.J + 5 :
33
3
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38
39
40 M
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o CUhY4 2 k) e |42 + .4
2 + L T )T 5 + 2.1
3 +.7 +2.9 Z t 2.9
4 *.6 25 .7 * 2.9
5 *. 3 + 13 & + 2.5
6 + 2 t.2 .5 + 2.1
7 *, | T -4 2 .8
8 +, | .4 0 N
9 .0 + .0 o T4
10 +.4 /7 .5 t 2.1
11 5 | 5 + 2,]
12 , 4 + 17 & * 2.5
13 5 T 2. 2 t 3.4
14 LY + 1.7 .7 + 2.9
15 O o 2 t %
16 | - .Y o L |
17 +.] t 4 K r 1.3
18 -, + 1.3 2 + L3
19 Y t 1.7 4 + |7
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el + 5 + 2.] .8 + g
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25 .0 .0 . + Rt
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30 t.5 + 2.4 A + 1.5

31 + 1 + Y M + 1.7
32 .0 0 3 + 13

33 +.] t .Y L + .8

34 .0 i o + N s

15 +, 7 1t .4 e + %

36 v + 2.5 4 + 2.5
3 t 6 t U5 8 * 3.4
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CROSS-TCAN COMPUTATIONS:
FOR DATA SET 1 Leocpt own o
a4, 15493E-2

I

FELATIYE DIODE POTITIONM
MEAN DEYIATION =—-0.2466567 MICRORADIANT

PMI DEVIATION 1.183%302 MICPORADIANT

3

FOFP DATA ZET

i

LI

FELATIVE DIODE POSITION = D.2V4ndd

MEAN DEVIRTIOM =-4.01567 MICPOPADIAMS

i}

#MI DEVIATIIN 4., 08315 MICPURPADIANT

FOP DATA IET 2 &
FELATIYE DIODE FOSITION = f.41%5493 g:
MEAM DEVIRTION =-0.34 MICPOPADIANHS !
]
PMZ DEYIATION = 0.7037%% MICROPROIANT &
FOR DATA ZET 4 . - §
~
PELATIVE LIODE POCITION = 0.851972
(79 ]
MERHM DEYIRTION =-10.9 MICPORADIANT :
p 3
RMS DEYIATION = 1.4562% MICPOPRDIANT A
oed
FOF DATH “ET S B
FELATIVE DIODE POCITION = 0.%6831
MERN DEWIATIOM = 1.246567 MICFORADIANT
FMT DEVIATION = 1.55799 MICROPRNIANS
(o] [} - [4Y] —i o4 — (ot | - (o]
L L T TR e S
€ ¢ ¢ 8 8 8 8 8 9 9
C\: (\: [t ] C‘: C\: C\; [ ] o4 C\: C\;
4 & 4 4 < =+ 4 & < -
TEST PROCEDURE BREADBOARD HUGHES AIRCRAFT CO.
SCAN MIRROR THEMATIC MAPPER CULVLR CITY, CALIF, 87 -
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APPENDIX E —~DATA PACKAGE 2
"PROCEDURAL TEST DATA, SMA WITH BACK BUMPERS"

‘The é‘a:’caiv présented in this section describes the performance of the
scan mirror assembly\utiiizing the back bu[mper subassembly that was used
on the earlier engineering dummy mirror assembly. This data was collected
and reduced in accordance with the procedures described in the Thematic
Mapper Breadboard Scan Mirror Test Procedure, TP 31891-350.

The measurements taken in the procedurcal tests were in an air
environment. Data taken of operation in helium is contained in the laboratory

log book.
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BBl LI2a4  Total Anghe (millirediens) (@) Zvs< 295 ( )
LBRle-baeas Driving Frequency T 2 Ha ? ( y
i - ,ﬁ‘ " 17
3 Eg k,1.2.2.5 Scan Average Period’ [[O BTE2Y™D  gunser {Approx. 102 ms)
?E i 14:3..2.2.6 Scan Frequency 7. 05 (Approx. 9.78 Hz)
- L] Bl.2.2.7 Period Deviation (Increased Time)(Max) ({2, 36 _Ogte
é ' e k.1.2.2.7 Period Deviation (Decreased Time)(Max) 110, 3L o4 S2r
. g% N T WS- T, Attach Computer Plot to this Sheet
[=3-3 P (Deviations) v4
Eg .1.2.2.8 Standard Deviation 5 Y<g7? aL e
§ 4,1.3.2.% Start Up Time , (Less than 30 Seconds)
' k.1.4.2.4 Turn Around Time "A" (Average) ’ (0. YL75K 0 sec (Approx. 8.0 ms.)
, hoa.h.2.b Turn Around Time "C" {Average) (0. 7HE97  —wsec (Approx. 8.0 ms.)
83§ T k1.k.2.5 "A" Maximmm (0, 4449
.‘,’.5 zl  kl.b.25 "A" Minimum (6, Y4Lbs
ma»| 43426 "C" Maximum 10,2479
- Fiﬁﬁ b1.b.2.6 "C" Minimum lo. 7461
a9 3l7 b1.b2.7T  Attach Computer Plot to this Sheet
|8z (Deviations) v
~rof . o B
= b.1.4.2.8 Attach Computer Plot to this Sheet o
3*_": D (Deviations) v a rgg
r 4 -
jo-+ ba.k.2.9 Standard Deviation "A" LH799  auste ég
‘= . k.1.4.2.10  Standard Deviation g M5 gsec ,ﬁ%
<l : k.1.5.2.6 Center Scan Angle (mr) (p) — % e
i PR b 4.1.5.2.6 Center Scan Angle (mr) (Y) — Za
TS ::~‘~h~._l.5-2.'r Total Angle Recheck (mr) (a) —— o S
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’ g ) / watr w
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4.1.6.2.1.3

4.1.6.2.1.8
4.1.6.2.1.9
4.1.6.2.1.10
4,1.6,2,1,11
4,1.6.2.1.12
4.1.6.2.1.13
4.1.6.2.2.3
4.1.6,2.2.8
4.1.6.2.2.9
4.1.6.2.2.10
4,1.6.2.2,11
4.1.6.2.2.12

4,1.6.2.2.13

Ten Hz Clock Signal Frequency

Time for Angle (@) (Averige) Forward
Time for Angie (¢) (Average) Forward
Time for Angle (@) (Average) Reverse
Time for Angle (e) (Average) Reverse
Angle (€)

Angle (a)

Ten Hz Clock Signal Frequency

Time for Angle (o) (Average) Forward
Time for Angle (€) (Avergge) Forward
Time for Angle (o) (Average) Reverse
Time for Angle (-) (Average) Reverse
Angle ()

Angle (a)

7. 2

44,54

2.%9

44, 54
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Figure 11, Data Sheet ~ Type B
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SAMPLE
4.1.6.2.3.3  Ten Hz Clock Signal Frequency 9 v . (Rz)
4.1.6.2.3.8 Time for Angle (@) (Average) Forward ilLf.STé * {ms)
4.1.6.2.3.9  Time for Angle (¢) (Average) Forward 23206 (s
4£.1,6.2,3.10 Time for Angle (¢') (Average) Reverse Hy, S"é {ms)
4.1.672.3.11 Time for Angle (¢} (Average) Reverse 23,3 8, (ms)
4.1.6.2.3.12 Angle (¢) [SY. 2 (ar)
4.1,6.2.3.13 Angle (o) 296 , (o)
4,1.6.2.4.3 Ten Hz Clock Signal Frequency ?,1/" (Hz)
4.1.6.2.4.8  Time for Angle (o) (Average) Forvard Yy, $6 (@s)
4,1.6.2.4.9 Time for Angle (s) (Average) Forward Q?é.‘qf/ {ms)
4.1.6.2.4,10 Time for Angle (a) (Average) Reverse yy $6 (ms)
4.1.6.2,4,11 Time for Angle (¢) (Average) Reverse ;1'710:31 (s )
4.1.6.2.4.12  Angle (¢) A S ")
4.1.6.2.4.13 Angle (@) o)

Figure 12,

295 .
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SAMPLE SAMPLE

4.1.6.2.5.3 Ten Hz Clock Signal Frequency y % Y% (Hz)

———— /
4.1.6.2.5.8 Time for Angle (a)}{Average) Forward 4y, 8 5 (ms}

4.1.6.2.5.9 Time for Angle (¢)(Average) Forward 30,20 (ms)

4.1.6.2.5.10 Time for Angle (a)(Average) Reverse Y, §/{ (ms)

4.1.6.2,5.11 Time for Angle {€¢)(Average) Reverse 20, 2 ? (ms)

4.1.6.2.5.12  Angle (¢) 200, Ly (mr)
4.1.6.2.5.13 Angle (o) 295 (ur)
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Figure 13. Data Sheet - Type "p"

TEdL |,
N PR

BsE+168

N

Pd i

. M

. 8.

:
Ties
g T

b ) )
Ry L

ety I

N

§
~ 4
1




YEddVH DIIVAIHEI ~= YOWIIK NVOS

@VoeqvEEd ~~ EUNIIN0NT ISTAT

*A1IYD ‘ALID ¥3AND
*02 14 VYEIMY STHONK

ON HSE ,rc79°0ON N3G 3000

1

UL ASE

[

"

HIBWNN

05€-1681€.41

Attaeh ten computer generated graphs here.

A%

Diode 1 2 3 5
Fwd 0. 1770y o, 29%Y 0,521 Va6, 6639 | 0.6 777
R . 4
= 0.17847 | 0.m007 10,524 |0, 4064 | 0.6 ¥o0
Standard Deviation Values: ‘
Location ) RN
Diode 1 2 3 ko 5
K4 ¢ T s
Fwd Loob ~re L7510 | fod Thn” ) Lo e ad | Lo§3en™
Rev '5/ - Y l y
f."f7<o/v!o’{ o1 x 1 J Yo¥aie™ /.15'5'”"*'{ La7ssn™
Figure 14. Data Sheet Type "E"

Location

[




(.2 2.6.2

LINERFITY COMPUTATIONS (FOFLFPD :
_FOR DATRA SET -

1

RELATIVE DIODE POSITION= 0.177cl4

RYERSE YALUE= 0, 17701R

STAMDARD DEYIATION= i.02£1iVE-9S

-RIIGMA -2

I...

oFF

] «# » & &« 3

I..lll.ll.Ill'lll!I'II-llii"'

LRLE -

TIsME

+

i

+ 3 ToMA

lln.lI--ll:..llIcl:--al

AHMGLE DEVIATION ZomAM TR fCRH
Wooo ToAHd MUMEBER
F -1 ICHA MERF +1 T IGEMA +2 2 TEMA
...... Toveeeresalonnnacesslonan
+
+
+
4
+
.+.
+
+
+
-+~
+
¥etfr=r 13 o« 0,177 049 0
+
+
+
¥
+
+
+
+
.'-
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
3

--sl.-Il-----

lllIl‘l-lll-

E-10



'RELATIVE DIODE POSITION= 0.301104
"AYERRGE VALUE= 0.298794
'STANDAPD DEVIATION= 1.77009E-5
ANGLE DEVIATION SCAN TO SCAN
¥E  =CAM NUMRBEPR

T -33I5MA 0 —2SISMA-. —~1SIGMA MERN: +1STEMS"  +2SIGMA  +3SIGMA .

Ill.'ll’l.-II:l’llIIIIIGIIICIDIIIIOI‘.-IOIIIIIII‘I.IIOUI‘IIIICIlI'.Il-lI.-l-

. +
. +
a +
. +
. +
. +
. +
. +
. +
- +
-~ +
e - by
- .
. +
. +
. +
. OFF SCALE - fXe¥=( 17 5 D.298719
. +
. +
- +
. +
N +
. +
. +
. +
. +
. +
. +
. +
- +
. + '
. +
. +
. +
+
+
+
+
- .
- +

Il'.II....I.:‘.---I‘.I"II.I.lIIIIIIIIIIIIIlll'.lI“:-I:.;‘T‘n'li1.ll:;.:z_;".'lll-l

E-11


http:I..........I..........I.........44

4.0.6.2-6.2

FOR DATR SET 3 foQuARD

RELATIVE DIQDE POZITION= 0.5228%9
AYERAGE WALUE= 0,5220%4
STAMDARFD DEYIATION= 1. 04335E-S
RMGLE DEVMIATIONM 28N 7O ZCAH
Wi LLAN MIMEER

—ZTIGMA =2z IGMA ~1_1iEMRA MERN +1ZT15MA

+2 7 TEMA

I.". lllll Illllh'lII'IIIlll.'lIlIllllll'.-I.!l..n--.

+:ZIEMA

Iivavrnae

-+
+
4+
+
e
) +
E o
]
B +
+
+
-+
+
-
+
+
+
-+
+
-+
+
4
-+
-+
+
+
+
+
-+
-+
-+
+
3
-+
. +
+
+
+
-+
4
+
I..I'IIIQQIQQ-.nQI--I-l(.llll!I ------- naIcc.--...-I----l--.aIt--dc.--

E-12



G (. 6.2.¢ 2

Ui o SRS Fodwpdp

'RELATIVE DIODE POSITION= 0.60%335.
AYERAGE" YALUE= 0.50393
STANDARD DEVIATION= 1, 08231E-5

ANGLE DEWIATION:SCRM TO SCAM
W3 BCAN HUMBER

-3SIGMA  -2SIGMA  -1SIGMA  MEAN . +#1ZIGMA +23I5MA ~ +3CIGMA

I'---------I----r--s-.Ir--:-----I----u----I:-------‘-I-----t-

L o

. +
. +
. +
. +
. +
. +
. +
. +
- +
. -
+

- +
. +
. +
. +
. +
. +
. +
- +
. +
: +
. +
. +
. +
. -+
. +
. +
. +
- +
. +
. +
. +
. +
. +
. +
. +

-+
- +
- +

--Iic.-usql

I-‘..-....I-...nl-.llqnillllIIIIllIIItlII‘.l'llIllI.‘..l"‘.I.-..llIl

H
o

E-13



-
"y

RELATIYE DIODE FOZITI

# % ¥ ¢ & » ¢ | W & = w 1 & w s a

4if 6. 2. 6.2

FBK DATA SET S

AYEPAGE VALLUE=

STANDAFD DEVIATION=

AricLE DEVIATION
AN HUMEBER

-2 MR

I--:--l-..l..-an-u--

[N=
5

0.evy

=12 IEMmA

-'-I.'--‘.-‘l

Fo Ruw#HRD

0.573454

1.053322E-5

W

-+
+
+
4=
-
-+
-+
=+
+
+
+
+
+
+
-+
+
L o
<+
-+

I.it-.u---I-'-

oM TO

MERH

+1 2 IGMA

I.

IR

+2 2 1GMA

+ 52 I5MA

-l.ll'olIl-lcc----I...'-

ooutInst-r.--

E-14



4.06.2.6.2

LY
* 3

LINERRITY COMPUTATIOMT <“PEVERPIE.:
JFOR DATA SET 1
FELATIVE DIODE pOZITION=s O.1T7Ve14
AWEFAGE YALUE= 1§, 173472
“TANMDHPD DEVIATION= 1.47210E--5
AMCLE DEWIATION ZCAM TO ZoAM

W2 IDHH NUMDER

=22IGHR L -22IGMP -~1Z21IGHR MERH +1 SIGMA +O T IGHA +2TIOMRA

T 1 T

. +

+
OFF ZCALE —  Da'r=q 15 « 0.1735%538

-+

Ilnalcotch-.ui'-l-uI---nl---uInlvllllr-I---.us---I-l--lIIl-I-:--ln::

E-15



4.0. 6.3 6.2

FoR.DATA SET 2 feveae

LRELATIVE DIODE POTITION= 0.Z01104
AYEPAGE WALUE= 0.300713

STRMDAPD DEVIATION= 1.M4739E-5S

ANGLE DEVIATION ICAM TO ZOAN
Wo  LUAN HUMEEP

-=22I5GHA —-2 T IGHA -12IGnN MEFH
s

. +

. +

. +

. +

. +

. +

. +

. +

C +

. +

. +

. +

. +

. +

. +

. +

. +

. +

. +

. +

- +

. +

. +

. +

. +

. +

I-n--l-a-.I..-sl-..-I ------ l-sI--In-

+1TIGHN . +22IGHA +272IGHA
R T
+
+
-+
-+
+
+
+
+
+
+
4
T4

lll-IllllIll-.I.l-lll..IIlll-llll

E-16



Golt.2.0.v

FOP pATA 3ET 3 feverse

SELATIVE DIODE POZITION= O.92200950
AYEFRGE YALUE= 0, 524217
CTHRHIWRD DEVIRTION= 1.400516-5

AMGLE TDEVIARTI

oW ZCAr T8 J0RN
Wz e

fiLnnE®R

= 3TIGHH ~27IGMP —~1 I IGHA HERH +1 2 TGMA 22 IGHA

+2II0LNR

J.-....-n-‘-I-a---n---Io--------I--r..----I---------I----..on-Ia--o-.-o

- +

+

< +

I--o.--.--I-‘lx-c---In...-n---I--.--un.-Illn.n--:-I-.-q---suI|lo-.n--

E-17



4.[6.2. 6.2

‘FoR pATA SET 4 Revekse

2an

L-RELATIVE DIODE POTITION= 0.403339
AYERAGE YALLUE= N.&05410
STANDAFD DEVIATIOM= 1.1557SE-5S
FANGLE DEVIATION LAY 7O ZCRM
W2 ToAN HURRER

-331GMA ~C 2 IGMA =-17I50R FEFH +1ZIGMA + 2 TIGMA + 2T TGMA

Inub------I------.---I-----.n-;z ----- cn.l—-oc----pl------c--l ----- "
- +
. +
- +
- +
» +
. +
. +
. +
- +

i
+

. +
- +
+ .
. +
. +
. +
. +
. +
. +
- +
. +
. +
. +
. +
. +
. +
. +
. +
. +
- +
. +
. +
. +
. +
L ] +
+
+
+
+

/ +

I---llli--I--l-l--n-I-cl,c-q-‘;ﬂ-Il-lns.-t.I---------Ial------lIl.l..n--

E-18



L T

g./.6.2 (2

Fop DATR ET 5 A eveAse

FELATIYWE DIODE POCITIONM= DB,.5723454
FAWEFAGE YALUE= O.550037
STANDARRFD DEVMIATION= 1, 2794065
- RHGLE DEMIFTION SCAN T ZCAN
Yoo TLARN MUNLER

-22I6NA =27 IR —1ZIGHA HEAR +1Z150R +2 TIGHA + 22 I

Illll.-l"lIlll‘lll'lI'I"l’!l!I‘l'.'llllI‘lll"'l‘I'IlllIIIIIIIIIIIII

-+
N
+
+
N
OFF ZOPLE - <=1 o o 0L,ed™ sy -
+
+
+
+
3
+
+ -
+
-+
4=
+
+
+
+
e
4+
+
e
+
-+
+
+
+
+
+
+
&
-+
+
+
-
+
+
+

IllIlllll!I-oDIllll-Iu-‘l-lll-Ilou-l.lculnnua-----I:c.ulln—cI;.------

E-19


http:NUrqh.EP

g 2% ’
Ja' o- Y d

aﬂuULﬂR ‘POSTION = PexY=

3, H RO ARD ST

1 2RT49E-2 X~3I+-B.7PR2S10E~3 X2+ 1.0073 ¥

I
*;EHH PHTE = PDOT 7=

2. EBI4SE-TF VU E+-1,F4082E-2

POTITION

0 1]

0,09 5, 13534E~-2
.1 L R T
.15 0, 1303353
0.2 n.2011s1
.25 n,25134=
0,3 n.20147%
D35 0.251c0%
0,3 D.40inBs2
n.4% : G.49517¢2
.9 H.EHITEE
8.5%5 B R
(1 n hﬂlﬁ&4
0.5 d.=51525
3. 0.7 013735
573 R P

D.2ain4:
0. 25032z
D.ANgSTs
n.a5e201

1.

= =
- .
[

(%) ]

= g
L -
sl -1

[ )
-

l{fézsfl
AMSLILAR POCTION = Pl

JenDBIJGE~S 117 34

TIME

0 n

0. 05 3,905 -3
f.1 2, an4sE-g
0.1% 0. 1479757
£, 2 £, 19000
0, 2% 0. 249575
0, 2 0. 299425
8,35 0, 240
o3 TR EREX]
i, 4% 0, 449353
0.5 fl. 4559205
0,55 4.549167

n, 0, S5 43
0,55 f 54Q1«1

Pt B
L]

G.T S2a
D.7A92In
2.34594 31
0, Bo9sns
0.545771
1.

TEST FRUCBUUKL =- BRLADBUAKD
SCAN MIRROR -y THEMATIC MAPPER

[}
.

WA

LI w R B R Bl I s O 1Y
W

MD-Z.-
w1

POZITION

L S 1 11 =

AN PATE

1. 0079

1. 00nsd

i.00sTa

1., 00497

1,041

1.00237

1.0028 o PH
1.00 1:5:=14 gE?RODUCgAMGEIEBO%kR
t.a011

i.000=z3 Qﬁi&lﬂf@
1, A3S5EE2

g.onanid

n,A3R352

g.aarT1

I L P £ =

F. 378479

0, Pasg=ss

0,295 323

0, 33377

0, @934

G327 as

HRevedse Sc#n/

dATSVESD L TEE 0L, TEmSSS

LA FRTE

0. A4S
0, A4

0, e oS
0 SInsns
03516
0, a1y
0, %3305
0, 3TN

O R
n.???ﬁé
0, 33579e

¥

0oy
0, uuﬂ43£

1 UUGJ?

Dﬁ‘Tﬂ' Sf‘f’EET F"

1.0033%
1. 00417
1.00501

HUGHES AIRCRAFT CO,

CULYER CITY, CALIF.

- {TP 31891.
CODE IDENT WO. 82577 31091-350

REV LTR NUMDER

Jsk NO.

E-20



http:0.?A0.S0

46 1513

H‘,E 10 X 10 TO THE CENTIMETFR 1t & 27 M
KFUFFEL & ESSER CO MADL (N34

't

2463l S

mﬁ_._.tq.wm

Ly 2 3w T n + o oy <|!..LI...._.IH Fovg gt g 14 kx - % 5 - e gbung Iy 4=+
er - 5 = A R e | R e R e e s e B i e e e e o e
- =reE e 1T e 1 rH =i T T Vet
; 3 Tt el s A3 gt LA S oy S e T e mg ety sy ot LI 23D : : ]
et e = g Sl Ta B Tojmyirict CERN et ey m et Burad oo ol a5 s LS eul I Fraey
e T T N
B b - X
LR mpiamn b g 3 b
P T TS n
u”u,u.hd 1. 1"
Al I »
e = pt
RS N -
Ilnw - I - = - - - p—— - -
= ..“ - ! O UL R D W A e | TS S Pl S I TP = oLV B I - i
- \ K o P ] . -f _ ] 1 T T T f - + - —
E ) ' o t B N ' i ! .o ” M- - o w et e Rl R 1
Y DML T PR St ek et S ISR e (it VOO UL ....r._
i : ' FCE e Y N . RS T T 1- ¢ ° I. Pl A o
o 3 - i i , i st L
EED : T = e 2 =
R SR < " . . m YL o ot . i
T T T T T T Tkt o g e — - T S - Yo i
S I D T S TR 7l 5 TN S I N R
, 2 Ly - . ' - 1. S 3 '
S _.. i - w ] ' “ ; i T = ER e T i
LN RN SU-L NP SR S PRI 2. PO PR SR L SIS W ) ' -~
T T T SN T T T e
Sl . P B NN
u.‘w: 1 H “ = ] - .w/.wr v T - T B T m.. = “ L] S S
=R 3 bt —y e e s : T SR I S L IW-L,,L
Lo - T B I i - e
R = 7 . T 2 : f . r _ mnu!
[ H ml i _ H 1 1 : o _ﬁ\ ' f ! 1 -
l.rlr.r..l_ - - llrl..i‘lq_l{lm[!irulr —— ———— - H m bt ] J ———— e = g — ‘ ” v
- 1 T I
' [N SRR ! o0 P H
g T T — T 7 : ; '
NN RRETE RN S
U EUEER N S S N SO R R I | . . i ' -
e e S S S R PR e S SRL Sy R
} ; . _ - [ ! ] x . i ! ! 5 H “ 3 ' M _ - ) H ; o
o T F T , ; e — e
S5 U T O N O O S O R R
P . i T T T T e e R Sy e e o ©
LIS : N I T H PR N
= o) | : ) 1 : \ v v T . ” = - + -
IR S R T t ' : L L i
' “ ! AR R A M ..._.§ S e e alail St i ¢ - - IR
z : 1 " b L | P ", . { e ~
P § bmas o : 1 ; i ~
H ' 1 i 3 ' 1 ! ' 1 1 I i ' t - Y.
i
\\\\\ FRPRVURS S SN WA I Ot O UMY UL U ; - po b
- , ! ! L LR ;i L
y S S N AR N AN
) ' ' i ' 1 | ' 3 v N
Y S EULS S S P N . ) _ T
-+! ; T : 1 1 I e i T e b | | e e e st TR R
~1 : ' \ N | 1 i P ! -
r\_ ; _ : : - - - ; ; .u 1 : 3 : + —_— -
* » " i
AN S N O S N N il T ek
¥ w ] H ' I I_IM_ - - T T T T !
T! H | i : Py ! i
f H et _ HI Y ' -
Y > ] . _ T " & — = -
N E T SR S T . B ; ¢ Tl v T
& 7 © T L ; : A I B A N R B
Qo g : ; : ! | . : C ; oo\
Y . ) v m ) 1 | T T T I g m = m 3 — -
IRV T S ST RN B i i P ! ! h. w! P ) | N LR Q H
T + : + A —— 1 2r b e | S e A £ —_—— e
! . \ ' b B : I ] H . )
i i L0 "y f ' L ! w -
_ M [ . ' ' o P , i RN b ! T 2
1 A I m . H i P ' : H hE T } i -
~ N 0 1 T | A I T T rry 1 " : i ! Im 2
R T I O R PR s i B
T T h . . ! : i . Z 2 L ! I ~
1 ‘ . - 1 1 ¥ ] 1 =T Y | T P ] T h
o . ! i . i b " T - S T o
Ty T . i I A Tl e sl i e R S — s
PN HEETNEEN T T T T T 3
= : — : : S R o] et : 2
L7 : i I . , i : {2 i R O D I T T
- T i - -
RN ” | T AR EE T &
L ’ § I CEEE IR M 4 !
ﬂ.V ! i ! W ! ' 1 ' R 33 KN I § - q.u X
- N . T ; NI R RIS e MR AR N Lt A I
\ 1 4 ' 1 ; i o voF-1 )L ' NI E I E T DY St N £ S PR o
] " A — ' ‘ - i ‘o ' T P P m N Sat N
L 1 ’ e s ! - 41 B BRE N eSS N e R e T et
2o o i IO B A It E R e Rty o e oo T S I £
ST T T ~—+ e T, e e
el N SR O I I I S O I % Al o A O R e O B e R e
N T T T ] : T T e o o §
e it L IS I I ‘ o I A B e o i T e e
B i L : i % - - = v e PR I Y Y T <
~5 ! i ' H f H i AR RN R I T et ST LSl ) O R
S I i T B S e TR e
s : H i ] ” ' ) t - B e P ATl e L E T Y
= - , : Y : — - H - iy - ok oA SR L IS B S L
i i : ] 1 | : I H . R BT RS Tt I S A IO e
_ ! : : 4 - i T T 2 ) P S Y it PR e SV I sl
; _ . N ; ) f ' T I \ = — _— o —~ ._. s v B
inla_lll.. PR SO J “ e St bt - . ; ! ! . ‘L i~ m.. ® .m.. yn.lul..fn .lm “.ul - a
T e _ : . I _ A I T P B T T I ST
. ' : i . i ! Ut -, P P s I o
. == S
e E . H “ : [ I. m S i- e I e Lo M N C Y A
il o _ LI ETER S A T s S e A = S e PO
I _ P T 1 — : ; m T T T -L. —Y =i ..._.HN.._
| ! ] i 1 ! . 1 i ! i 1 R ERE h "ur iy A el
- \ I e W
B - Q - — °©
o ° - o o ) o i~
- - - < -
" — g < - b
~— o — — B < O



3

-
3)

~ ¢

) _n: M_r 4.1.9.1.1 Average Ratio Value - Forward: 0, 17701%.
At ' —

&R 41911 By = Qup £2. 22 gl
E 1 4.1.9.1.1 Towd (STD. DEV.): 3,03  ared

B i 4
e

4.1.9.1L.1 Attach Deviation Plot to this Sheet v

K 4.1.9.1.2 Average Ratio Value - Reverse:, o, 118472

. “¥B14VR OTTVHERL -~ H0WAL}
»- - QUVOHQYEeE -~ FH0CE00W gHay -

4.1.9.1.2 .G-m (ST.D. DEV.): ‘fl 34 Ara—x
" 4.1.9.1.2  Attach Deviation Plot to this Sheet_
| __ 41.9.1.3  TOTAL Deviation: 53 4ed
| §g§1 4.1.9.2.1  Average Ratio Value - Foruard: 0:2 99794
m<X —
-l Ml = . g&" / lf. ~ I ﬂ'-j
-‘g:; 4.1.90201 em Qm - - p
: ‘i;ﬁ 4.1.9.2.1 Teup (STD. DEV.): .29  sred
122t -
gg‘ﬁ 4.1.9.2.1 Attach Deviation Plot to this Sheet N
{*aq
B 4.1.9.2.2 Average Ratio Value - Beverse: g.3007213
XY 2 - v n
At 41.9.22  Bpgy = Q. g8.2)
}..":.......'" 4.1.9.2.2 G (SID. DEV.): 3,09 sl
kRl -
S e 4.1.8.2.2  Attach.Deviation Plot to this Sheet V4

S

i
O - 3
e;ﬁ’
w5

4.1.9.2.3  TOTAL Deviation: 6,2 Y sicodd. -
. ;—! - 5 R b / .

Figure 26. Data Sheet - Type "K"

Fa

t

‘F- —— -.-



$.0.9. 1.1 30 GeT 7T
_REFEHTHBILITT CACCLULRTIONT «FORPMAPT FOFP TRTR 2ET |

RELATIVE TIODE POZITION= 0.1VF514
AYEFASE AMNGLE= S2.2202 MILLIFADIANMI
STARMDARPTE DEWIATION= 3.027VIVE-2 MILLIRADIRAMD
AMNGLE DEWIATION ZrAr TO J0AN
WZ TCAN ritMEER
FFOPWMART

-33IEMA -2 IiEMA -1 IEMA ME Ak +1 2 IGMA +2 T IGMA +3ZIGMA

e e e

. +

. OFF IZCALE - W= 13« 52,

| LI ] = s u
+

+

- +

Inll---u‘-I-:.-n-r--I---u'.t--Ill-l‘ll-IlI-llc!louIIIIIIIIIIIIIIIIIIII

E-23




P O TIPS
:Lﬁ L q'/.zz
REPEATARILITY CALCULATIONT (PEYERSE: FOF DBTA IET 1

<T;ELHTIVE DIOnE POZITION= D.17vv614

oF THE
AYEPAGE ANGLE= 52,5433 MILLIPADIAN: ‘E{EPQ,ODUGI?B&%H@ POOR:
oINAL
STAMDARFD DEVIATION= 4. Z2o0s1E~-3 NILLIFPRDIAN gﬁ&ﬁﬁ‘

AMGLE DEVWIATION ZCRM TO JCAH
W SCAN HONRER

PFEMVERTE
—-22IGNH -~ 2 IGMA ~1ZIGMA MERH +1ZIGHA +o T IGHRA + 22 IGHR
Teeveaswrsslonsnassnaloasannenes R S S svaslecurnnna
. +
. +
- -+
. +
. +
- +
. +
. +
. +
-- +
. +
( +
. +
. +
. OFF ZCRLE —iey =t 15 « S2,085%1
. +
- +
. +
. +
_— +
. +
R +
. 5
. +
. +
. +
. +
. +
. +
- +
. +
- +
. +
. +
. +
. +
‘/ +
’ +
~/ +
-- +
| I ensanus T vrelasveonsnaloccenssnelennennne

Ee24

i e e 1 B e - —— —— b —e—



Hid.=2.1

REPEATAEILITY CALCULATIONI FOFWAPD. FOP DATH IET 2

TTELATIVE DIODE POCZITIOH= G, 301104
AYEFRLE BNGLE= 82,1443 MILLIPRDIAMT
STEMDARD DEVIATION= 5.22172E-% MILLIPADIAN:
ANGLE DEVIARTIEN I0RM TO TioAd
WS LCAN HUMBER
- FORMARTH

~3IIEMA -2TIEMA —1IIGMA MERN #1TIGME +2SISMA +3TTSMA

IS SIS SUNNDIE S S S S

a +

+

OFF ZCALE — iteffr=d A7 o 82,122

- - l Ll »ow
+
+

[ » + =« »
+

+

+
+

IIIIlll-llI'I.IlIllUIll.-IlIIII'I.IlIIIIIl..IIlIIIIIIIIIIIIII..IUO‘I'

E-25



¥

P .
Y19, 2 2

RﬁPEﬂ*HBILIT? CARLCULATIDM: fPEVERIE> FOP BRATA ZET 2

9

“RELATIVE DIQDE

AYERAGE HAMNGLE=

STAMDAPD DEVIATION=

Teeeranans I...

Il------.

~0°1
o L

POCITION= 0, 301104

oF THE
B8.7104 MILLIPADIANT %ﬂ?gODﬁclggé?ES POOR
»1“
T, 0EDRZE-2 MILLIPADIAM et
ANGLE DEVIATION ICAN TO ZCAM
Yo ICAM HUNEBER
FEVERTE s
5MA -1 Z1GIA MEAH +1 2 IGHA +25 TGHF + 27 IEMA
SRS S celesiienanalinannn, S
+
+
+
3
N
+
+
+
+
. +
+
+
.
-+
+
-+
+
-+
+
+
A
+
-+
+
+
-+
+
+
+
+
o+
+
+
+
o+
+
+
R G SRS SR RS (R S

E-26



YHIIVH DIIVHREHLI -~ UOUYIK NVDS
MVodavadd == TUAUED0¥S LSHL

L4528 'O LN3QI 23G0D
YD TALED H3ATIND
‘02 LAVHIBIY $2HONK

“ON HS
8%

" HEIBNH:{ HAT ABH

]

.

L
2t

4 pger1681E 4

4.1.9.3.1
4.1.9.3.1
4.1.9.3.1
4.1.9.3.1
4.1.9.3.2
4.1.9.3.2
4,1.9.3.2
4,1.9.3.2
4.1.9.3.3
4£.1.9.4.1
4.1.9.4.1
4.1.9.4.1
4.1.9.4.1
4.1.9.4.2
4.1.9.4.2
4.1.9.4.2
4.1.9.4.2

4.1.9.4.3

Average Ratio Value - Forward: 0, 522074

F = : / b,tf- Of S/ '}bxr’m—f

D = Qup
up (STD. DEV.): B,076  apod

Attach Deviation Plot to this Sheet_ .

Average Ratio Value - Reverse: 0. 5a%&i7
B = . /1§ L o

Baev = Qeuy : G 262 npmad
o (STD. DEV.): AN,
REV

Attach Deviation Plot to this Sheet_ -

TOTAL Deviation: 5,17 A n:u(
Average Ratio Value - Forward: 0, 60393

-B—FWD = QFWD /75{ s /{-—? 'imw/a
O-FWD (STID.DEV.): 3, | ¢ AL v-a.ﬁ

Attach Deviation Plot to this Sheet__t

o, bobdrd

Average Ratio Value - Reverse:
rev - pey G

¢

/ 7 S/. S ? '5 ')nr‘%d'/
Cpgy (STD. DEV.): 3.9/ averad

Attach Deviation Plot to this Sheet___—

YL

TOTAL Deviation:

SPL LI e il 3

Figure 27. Data Sheet - Type "L"



“4.1.9.3.

WREPERTABILITY CALCULATIONS (FORWERD: FOR DATA SET
o

{

-

l_Cl

RELATIYE RIOBE POZITION= n.S223%
AYEPRAGE RMSLE= 154, 012 MILLIPADIANS
STAMDARY DEVIATION= 3, 0952%E-3 MILLIFRDIAMNC

ANGLE DEYWIATION TCRH 7O ZoAM
Wz CCAM MNUMTER

i

'FOPREPT
—=2T1EMA -2 1EMA ~1315MA MEAM +1Z1GEMA +2Z IGMA +2ZI5MA
I.iiennnas | esleaacan B I......ca I..... ..
. +
. -+
. +
. +
- +
. +
. +
. +
. +
b +
+
. +
. +
- +
. +
. +
- +
. I Iy OF'QEB
- + SODucﬁgbﬁiﬁ;?eﬁg
. + REP ’}ﬁ,?hﬁ
. + i}”ﬁiem
. +
. =
. +
. +
- +
- +
B +
- +
. +
. +
. +
. +
» +
- -+
' +
S +
- + .
- +
IIID..II'.I ----- --l-I-----I‘t--I--n-----.l---------I---------Ico---oo-
E.28




-4‘ / ! ?n 3 . ;--
FEPERATAZILITY CARALCULATIONI -FEVERZE FOF IRTH TET

{
ELATIVE DIODE FOZITIONS 0, 922050

AWEFHGE AielE= 154 782 nILLIPADIAp-
CTRHERFD D IaTIO= 3, 1530 2~ ML IeanTan.
AHGLE DELIATION 094 TO

Wz SERH DTS
FrLWERCF

S Hr

-o0 T Y3

Hry ST KTy L R S S 1AL

b

I s

. +

+

-- +

A R I g

+1I7iEHA

T
IIl.-'lIIl1I!l.!l.[;.l'l‘l-rJ.ll’ll!ll'IIl:lI-".I' .......

T
4 L & 33 E e B Ll s

+0 D T S RN 2

S

E-29



409 4.1

“REPEATABILITY CALCULATION: rFOFWARD: FOR DATA <ET 4

RELATIVE DIODE POSITION= B.=203325

AVERAGE AMGLE= 178,152 MILLIPADIIAN:

STANDAFD DEVIATIOM= 2. 192%%E-3 MILLIFADIAMN
AMNSLE DEYIATIDMN ZCnH TO ITANH

W ICAN HUMEER
FOFMAPT

-3 I5MA -2 IGMA —1C1EMP MEFRM +1 2 1BMA +2TIGMA +32I1GMA
I'III.'I'IIII. ...... I ----- l-llIll-.IIIl.I IIIIII .llIllltilIlIIllIlIldl
+
. +
- -+
. +
. +
. +
. +
. +
+
- +
-+
. +
. + '
. +
- +
a +
. +
. +
- -+

i
+

R +
. +
. +
R +
. +
. +
R +
. +
. +
- +

+
. +
. +
. +
. +
. +

+

+
. +
- +

I-------.-Ill ------- In-l------I-----.---I-n--a-losI----a----I------.-

E«30



- o — - —n ——————————

4. 1.9 4. 2

bEPEﬂTﬁEILIT? CALCULARTIONI "FEVEFIE: FOF DATR IET o

YORLATIVE DIODE TOCITIONE N, O0SDIS

AMERAGE REGLES 1773, 200 NILLIWPATIRE

o
fa
Ju
x
1H
)
i
]
-t

ATHEMDEED DEVIPTION=s 2,307 802 PILLISADT AN

10 Tomm TR JaORb
DAt HLrpEe
-l TGHA ~ITENR ~1TIGHA MR P1IIGHR # 1T IS + 35T

II‘IlIl.ll:l’l'-lllllil"'llllIIHII!‘ll-lIllillllllIlllll‘lllI'l.llﬁ'.

. +

- . +

Illlil!lI-Iqilﬂlll'-Ill'lulUDIII!III-I.IIIIIIIIIIIIIIIHUIIIII-.l-tl.ll

.............. B ok PR oy e R A i e 4 e A kB R e U Tk R A . 7 P e . A i i, g A o A e e e B —————




g gﬁ . %.1.9.5.1 Average Ratio Value - Forward: 0. L1775¢2
=
28 4.1.9.5.1 T (TP« DEV.): 3107 maud.
' § o
* 4.1.9.5.1 Attach Deviation Plot to this Sheet v
1)
E' 4.1.9.5.2 Average Ratio Value - Reverse: O, 65eo 57
BB _
B S 4.1.9.5.2 py = QREV : 200, b1 7 e red
E% 4.1.905.2 {rm (Sm' DEV.): ‘?)4' 74} Ml"ﬁ-&
ﬁ 4.1.9.5.2 Attach Deviation Plot to this Sheet i~
| 4.1.9.5.3 TOTAL Deviation: U ¥7? e
aonX
§§§ 4.1.9.6.1  Average Standard Deviation: .22 prad
- |
Sax 4.1.9.6.2  Attach Plot of Standard Deviation vs Angle. v~
=
52 %
~ 0
ged
358
1]
£
=

Figure 28. Data Sheet - Type "M"

o

g HARRONL
Eang:c.

T




—
4‘/1?'5t/
FEPEATAEILITY CRALCULATIONT FOFWMARL: FOF DATA IET 3
FELATIVE DIODE POZITION=S §,5704%4
AYEFAGE ArdeLE= 133, 533% MILLIFARDTANMT

ITHHTARRT DEWIRTICM= 2, 107152-2 MILLIPALL

(Y]
A4

o

fi.

AHSLE DEMTRTION ICEM TO " Ap
W1 UAM MURMEER
VFOFWAR D

~IITEMR —FILEMM - ]EeR ME ST +1TIEMA 42 TTIGERR 3 TSMe

1 O e

- -
-+
. +
. +
. +
. +
. +
. +
. +
. +
—_— -
. +
. +
. +
. +
. +
. +
. +
. +
. +
- +
. +
. +
. +
+

. +
. +

+
r‘ +
N +
- +

O T T T e L L

E-33



d.1.9.85. 2 ‘
REPEATAEBILITY CALCULATIOND'PEVEPTES FOR DATA SET S
SELATIVE DIODE FOCITIOM= 0,573454

"AVEPAGE ANGLE= 200.£17 MILLIPADIAMC

STAMDAFT DEYIRTION= 2.75205E-7 NILLIPADIAN:

AMGLE DEVIRTION LA TO ICAH
K ICHAN HUNEER

(FEVERZE
-~ ICHA - IGMA -1 IGMA HeEaM +1 20N +o s TGMA +5 7 1EHA
S ) Iiwreennn- | Teeinean s Ticinennns v eern s
+
- +
. he
. +
« OFF ZCHLE —¢ % =: £ « 200,45
+
+
+
- +
+
. +
+
. . +
. +
. +
. +
. +
+
- +
+
. +
+
+
+
+
+
+
. +
- +
+
+
+
. +
. +
. +
+
+
+
! +
L P el iinane e .

———————————————————— —— —_ - e —— E.34




o Bwe B

4 1.9 6. v

FEPERTHEILITY CARLCULRTIAOND (FORWARD AND PEVER L

Ve T DEY OVER S ZETI OF DRTA ID Z..201s2t-2 MILLIFADTIANT

DOED HO7 SRTIZFY PEOUIFENENT

CTAHDAED DEVIATION OF AHGLE MICEOFRRT
w2 DIODE POCITION  -D2-DY DZ--DY°

0 1 = z 4 B K&
] ) I P e, I
+

OFF ZERLE — i’ =+ 0.201103% « . Naidl

+

+
B
yry oF TH
%E?EBOD;;GBE{;E 8 POOR

RIGINAL P

E-35



DSt L (222uka0/ Y 02v )= ttakie ot

l

73 - |o-24 Rs

e Locanoy #Y rwo  kev
I\:‘lll.L.: Photo 1. Phote #2 Photo #3
N SN WD e A =35 |-4 — 1.2
2 -5 -2 7 -3 =7 - 3.1
3 -5 -2.6 =4 -2 -3 - 3.5
4 -7 -3.] - 3 - 1.3 & ~2.£
s -9 -3.5 |52 - .7 -6 = 2.6
6 "5 -3.5 -5 ~27 |4 - 12
7 - 2 ~4,0 -4 - 2.6 -2 - .9
8 -5 - 3.1 - -~ 2.6 .3 = L3
9 -3 ~ L3 -7 - 3.4 =3 - 1.3
10 -7 - .7 =7 - 3.1 ¢ - 2.6
11 -4 -1.2 -5 - 2.2 ¢ - 2.6
12 -.9 - 3.0 .3 - 1.2 r7 - 3.1
13 -L.G - 4.4 -2 - 22 -7 = 3
14 — 4 - 3.5 -5 -2.2 .5 ~ ~ 2.2
15 _.9 - 4.0 |5 - 2.2 |=72 - .7 |
16 -. & - 2.6 1 .
17 - G - 4.0 -2 - .9
18
19
20
21
22
23
24
25
26
27
18
29
30
31
32
33
34 ~
15
36
37
38
39
40
v
Figure 42. Data Sheet Type "g"
g’g‘ig PROCEDURE BREADBOARD HUGHES AIRTRAFT CO.
MR mmaTOwerm | gavecven |z | - | 2 st

S803A CS MAR 72

E-36




DFL_; Tk
sHN EREERE|
iSENAEERRN

11
@Iﬂmjﬂmggzﬂ

|

"/

||

|
o
;;

EZE
-
-

Bk
:L:J
_"’5",..."3

L |

|
_

I
NN

(inches

ipane

i

L

S

] ]
T
me ]
¢

N v

(LN

TS
T =F
=
L
g

EREEN IR J_E_LE_L_LTT 3 -
SRR THNRREINIHEE
R 2R
Ct9d3 B m@? W__WLF,MW.EEE N
SR 1 1L L_L___FEEEEE_
_@]j_j_j ML RE
w | E L E 3

" | SCAN MIRROR THEMATIU MAFYRR CULYER CITY, CALIF, P 31891-350
) _ CODE IDENT zo Smd wmﬁxnmv__‘ww« RF nﬁ.ﬁmmn

WWWWW

CRIGINAL PAGE IS POOR _ E-37



I<

tLo2

-2 4

E-38



Diops 22 iBRAY (2
LocAation H
1O~ "2t

l (! ! Tamxé,(. 025 f%_mﬁ;)

" ]
iy
(J::“:y),jch‘g) .

) (l.ou'v

e = 222 0
-} ag.g U)

E-39




-4
D s ST > (1820002 e = 3. Tns e 2 /
f%.srr;o/v # 2— U Rev ~
3.::.5: Photo #1 /ﬂ/{)/!D Phoro #2 Photo #3
i =13 divx 3 Fubipdiv=-0.0lol=1.O - 37
2 =7 27 =l _ -3
3 -5 -1.9 =L - 1.3
S -27 LI ~43
5 =5 - 1.9 =4 - 4.3
§ -, -2.3 -7 - 2.7
7 =12 47 i=.5 - 1.9
8 -4 -54 -7 - 2.7
9 -/ | =43 . - 2.3
10 -9 ~3.5 -7 -2.7
1 -6 -2.3 12 - 4.7
12 -6 ~2.3 |y - 54
13 -5 -2 1! - U3
14 '-,7 "2:7 ".g - 30 l'
15 ~{.0 -3.7 =& ~ 2.3
16 -3 -50 {-.6 - 2.3
17 ~13 -50 .5 ~1.9
18 -L0 -37 -7 - 2.7
19 ~.7 -~27 LP - 3.7
20 -4 ~3.0 -3 - 5.0
21 -5 -1.9 -2 " - 4.7
22 -6 -23 -4 —- 3.}
23 ~1.0 -37 1-.7 -~ 2.7
2 -7 ~46 -4 - 3.]
25 -7 ~Yg 6 ~ 2.3
26 —1.0 -3.7 -7 - 2.7
27 ~9 -3.5 -1/ 43
28 -4 -2.3 -2 -~ 47
29 -4 —-2.3 =11 ~ 43
30 4 ~3.1 {-LQ - 3.7
£} -.8 =3.] =10 ~ 37
32 "'-9 "3.-5' - - 2 .3
33 ~.4 — 54 -4 ~ {.5
34 2. 4.7 = 2.7
15
36
37
38
a9
40
Figure 41. Data Sheet Type "V"
TEST PROCEDURE BREADBOARD HUGHES AIRCRAFT CO.
SCAN MIRROR THEMATIC MAPPER CULVER CITY, CALIF, 77 - TP 31891-350
. CODE IDENT NO.82577 |su no, |REV LTR INumaer

S803A CS MAR 72

E-40



o N

8 3

= =1

~~ ~~ 3 g
m m E =]
ol ]

e St S S
v 3

-
=4 - 143 Q
=] =1

Q L) [ <
— — 3 L]
2P o4 o
L) -] o bl
U [ < a
| = = ~
=] =} j=] =3
%] W 7] %]
] o o of
4 &) L] U
= o oa =& A
ny [Ua] 79 Ly
L] L] [ ] »
o o) 32 ] oY
- - » -
ol [ o~ ]
v - - L3 -
~F ~t =t =3

TEST PROCEDURE BREAD .

SCAN MIRROR

— ,if,,

i %Dﬁ% T E LN [

| SO S| MO | | S s | P

T DEE

N

EREE

L1
mas
{NEN

_|Il..w :

1114

—

ERERENN
NEER

L

SEE

1

SENENSE
BENDEN
IR

B j

I

T E

_W.r.

iy
1.

; i

Ll

!
Lw.,

ik (Rl

@E.Ewrmu_ A
STTTTLT

m__mm%__; [N

%

Ll .f_ _

P

vy :I]la
4

InRE
| |

B
B!

=T

AD_H_EEHw
LDl 4

i
.

Data Sheet Type "%

..w —*
L 2.

=

Figure 38.

RInE
gtiath

E‘-e--v—

=

a L2

o b -y

n
|

i

Dl
Ll L AL 0 o,
I 0

3
m

BN

1

Ll

[N

THEMATIUL marroo

VUL YL Wil 1, waslrl

_ CODE IDENT NO.82577 |y ne

Q| N NS T ..mff LEE

> 31891-350

_mmd LTR ﬂzczmmw

E-41




Lac/:r-m,/ [

dlv

q‘ Y LS @.ZWW

@ |
7.2
l
@,
v e
3,
X0
X0 |
@,
B.i @, |
Ll-'( @,
5 @,2
"—(.33 o
S

@2
6.4



g

Veers

1.0

o f
obs Cﬁué/@" T
-t

g

(92v Liv)

T . ' -
(Jﬁﬁ/‘;'-r 25 [fg/ Tww) ] OL j
o)

(&5 vl 2ik)

i

L 877 AL

CA Tt T

£¥-d




/ A lo-24-7%
_ (3 qaﬂw\*/afv = 6.Bufan/dn o ,
DA'T’% S er 3 LY 7
Zﬂ[ﬂ Tl #/
belta
Value . Photo #1 A&O Photo #2 Phoro #3
L toldwx6.Balbivzt.7 | O %6.8 = .
2 +.} +.7 | .0 0
3 t. 1 .7 |t.2 e A2
4 2 O 1.0 o)
5 A +7 1.0 L
8 +.f =7 1% +.7
7 L L We) 20
8 +.] +, 7 4+ i +,7
9 T +.7 ] +.77
10 | + 7 Il +.7
11 +.f .2 14.] t.7
12 -.] =7 L2 2
13 .| .7 4. .7
14 +.1 r.7 1+ +7
13 | +. 7 1 0 L2
16 +,1 +.7 |+ +,
17 e 1 2.7 |0 .
18 +,7 4] .7
19 of2 O 142 1.
20 -0 L2 L
2 +2 Sl ) +.7
22 N7 L2 1+ +.7
23 .0 /BN .7
24 +,{ + 7 i+ +.7
25 .1 +. 7 I+t +,7
26 +, +.7 1+l +7
27 ) .7 14, $.7
28 +. | +.7 1.0 L2
29 +. [ +,7 1+.2 1.4
30 0 O 1+7 +1.4
3L +.] +.7 | .0 L
32 +.1 7 i+ +7
33 L2 L 4.1 +.7
3 -+, +.7 1,0 0
EY .0 01+ +,7
38 =N +.7
37
38
39
40
W
Figure 40. Data Sheet Type "¥"
TEST PROCEDURE BREADBOARD HUGHES AIRCRAFT CO.
SCAN MIRROR THEMATIC MAPPER CULYER CITY, CALIF. 75 - TP 31891-350
’ CODE IDENT NO.82577 {su no. |rev LTR |numser

E-.44



S¥-H

=T

=== T

FEC e

0S€-1681C

AOLHIW NVIS
TENdIDo¥d ISHL

LYRHEHL
Ivaad

N

s
'

W

o

; K I

N

i |
i
I
I "
I ‘l
Lep otz
T
4

[

- e =y

4.2.3.1
4.2.3.1
4.2.3.1

4.2.3.1

Attach three polaroid photographs to this sheet;

F

Measure angle "e":
Measure angle "a";:

Measure distance "¢

e

(omn)

()

(inches)

Measure distance "a'';

{inches)

|
L FE R
13 | — =T
]I‘ 7 ‘1 I
L _ ,#I. o }L I .
i~ f i i
| i I‘ ‘
I
(S *ﬁ‘i‘r‘:%——l-&
1
1 14 1
' | | f
1Iu|..mu-=iL v JLuou Lk
'.-.—. L] an--q-]r‘nr’nmpw-
l i I
i
b Jod
e 1 o]
& I
¢
i
.

gure 33,

Data

e e

ia
4
.

i

A iR

i
o 1i
3

e il
ol u

Sheet Type 111t

| " el
I
Ll o i
' ' ! ' d
'
% f f I N . C::z
LAl b oode o o
== 771 LR 1
I{ | ¢ , . ! 7
-~ }\ " h : "LE
N ! it}
4,
P - \ , !)
1 L.:. . ) ’,"‘ B L f‘
. ! ! ‘%
|
ik - - JIL If- ‘ - - __ ‘}
T | - [ W ]‘
- :t L I H
| ) i ;_
'@ ﬁ%"‘%’:_‘7 iy Lo _ .-
B
AR ]
[Tl O 5 AN 5!
L : !
53:7- ' t 2 e
nf i o L BB
! 1 ’ i

T

i

K ey g ety e Ryt AL




Lo<iTiony FE)

ih

d\\) @4/ %/H/
O -50 @y, -.5
| Toes ~7.% @05 —365
Z -5 @os™  -255
S — 3.0 @08 —. 150
Li 0 r o
5 x O x
< + 4,/ @05 +.205
7 + 6.0 @5 +.300
q + 7.8 @.05 +.2920
7 8 4 50®@.| t.500

_ATTIO0 7

e ,’7'?’ wE 092/ L
Bj/—" ’ A t_//é 9@ (-f » 0

25 Hpor™
] €00 X1 oo™ s €
2 064
T o0
ho



L¥-H

LTW’*"-X_OZ-‘; ’T‘UPN)7

X-Ans [iore Cnprad o
- ""a- L!: - ,/‘ ,(/
- A L ])

(55 +1-2in)

J

e T f‘;“,'ti"e’
Loae . Ao

o)

(43+.52v)

—Q(,Af_/ r

&

1

2l

£

t
K

s e

1'1{ 1




e —

Dpra Ser ¥

—————

(1@7.utrefOY. O2v ) = 3.7 wfosos/

oA TIoN #3 FwL  REV
:.:.nlhl;: Mato 01 Photo #2 Photo #3
! 42 437 Righ)=+ T uflio |.2 +.7
2 .0 . .0 - -4
3 +4 1.5 0 + .0
4 +4 +].5 +.6 + 2.2
5 1.5 1.9 + 4 + 3.0
6 —+. B + 3.0 + 2 + 3.0
7 . 8 +3.0 |+3 + L1
8 4.7 +2,6 142 + ,7
9 15 +/.9 +3 + .1
10 4.3 +1,] .2 + o f
11 +7 + .7 +.2 + .7
12 .0 N, +Y4 +1.5
13 +.2 1.7 +.5 + 1.9
14 +.4 +3.0 1.9 + 3.0
15 +.0 +3.7 4.6 + 2.2
16 +.9 +3.3 l+4 t 1.5
17 1.2 + .7 {+] T .Y
18 1,2 + .7 A=t - .4
19 +.3 nl R I Y + 4
2Q +.7 + 7 +.7 + .7
21 1.3 +{.] |+& ¥ 1.9
22 +, 5 +1,.2 147 4+ 2.6
23 +.4 +2.2 |+6 . + 2.2
24 +.8 +3.0 |+.5 + 1.9
25 1.6 + 2.2 |+3 + 1.1
26 +4 L5 |+2 + .7
27 +.2 + .7 47 + .7
28 .0 N 0 0
29 +.4 +1.5 +73 + 1.1
30 +.G +2.2 |+98 + 3.0
k)| +.8 +3.0 |+8 + 2.0
12 +.4 + 30 |+f + 2.2
33 +5 + 1.9 1+2 .7
34 +.Y + .5 +,2 + 7
35 +4 + 1.8 +.3 + 1.1
36 +.3 + 1./ +.72 + 7
37 +,3 t [}
38 N
39
40
4
Figure 42. Data Sheet Type 'V
TEST PROCEDURE BREADBOARD HUGHES AIRCRAFT CO.

SCAN MIRROR

THEMATIC MAPPER

CULYER CITY, CALIF.
CODE IDENT NO. 82577

79

SH NO.

REV LTR

TP 31891-350
NUMSER

8803A CS MAR 72

E-48



Y

— — —— e e Ill'l.i!lli P S

TR
) e L ulll,_ I T .LF |.!u

“mrer r-u_s-mﬁmwimm_ _,L

.Jnu..unn...ll!‘t:!.in S | ey | 18 § Ty | impysporn | wmaenet > § snemovas |
T

.w

m
P d_,,,,d_sg_,,,,dww ..

IERUAR INNNS
NEANERENRE
gt e
] 3 .m
IEEEREREREE
3 9
- o~ B S
E E 5 3 R S R z
ANUERRDNE,
HAEE i | R Y
Ul Wit b g
i s L g
:_ :_ |mm1 _ 0 ,:.,.M_.. B
i Leried _ﬁxu.nuumw"nn._— __.n,.ﬁ._ unn._ﬁw..@ a
T EE &
L {
BER q
R
W S B
s 5 4 A
iy =)y
W wm @ 8 o
§ § 5 4 .mo
$ 3 s 3
£ =2 =
9w n v
% % ™ ©
PO RS P
Yd d d S
TEST PROCEDURE BREAT
mn?m MIRROR THEMATLC Eﬁ.&mﬁ w MMWMJWmﬂ.ﬁLWMWqu N .z.w _mm< L zumewmwwlwwo

E-49




Mo Toews

Z OC'A—TW # 3

=)
q‘f; @,2 V/Q{H/

4,0 @.|

Y45 @.]

4.5 @2

0

A5

. 90



Is~d

Uiobs <P EFA

Lom-:m—’ 3
Y [0-24

[0 - ((972}8# RZpA=) /ff)/ ,FV?]C_L
L (G5 (.2

<95v-r ‘5“&)

J

o
- {5//@/7:'4!? v




———a.

( |87 mfrc/le ,)/.02 v/o’ub = 3, Zafan fehy

~

]0—29‘ A

|

DaTe Ser 5~ /’ .
R Location #S Fop REV

Belli .

Verbae Photo ¢1 Fhoto #2 Photo #3
G130 i) =t aip |43 TS 2.6
2 el +{.5 +f + 4 |+7 + 7.4
3 +.4 +2.2 .0 O B7 + 2. &
4 +7 +2.6 + 2 + .7 1+5 + L9
5 +4 + 2,07 i + 1.5 {7 + .7
6 +6 + 2,2 +.6 + 2.2 O N
7 Y A1 +.$ + 3.0 |.0 0
8 +2 r 7 +6 + 29  |+éE 3+ 2.2
9 0 0 1.5 + 1.9 ¢ + 2.0
10 .7 > .7 3 Ll |ne + 2.2
S 209 b= - 4 |48 + 3,0
12 +.6 + 2.2 ] + .4 Ixg + 2.2
13 +. 4 + 3.0 .3 + L1+ + .4
14 .2 + 3.0 1.6 +2.2 1.0 .0
15 +,6 + .7 +.4 + 3.0 A + 4
16 +. U * 1.5 +7 + 2.6 |+3 + .l
17 .2 + .7 +.6 + 2.0 + L5
18
19
20
21
22
23
2%

25
26

27
28
29
30
kvl
3z
33
34

35

36 .

37 -

38 -

39

40

Fi Y
gure 42. Data Sheet Type "W"
TEST PROCEDURE BREADBOARD HUGHES AIRCRAFT CO.
SCAN MIRROR THEMATIC MAPPER CULVER CITY, CALIE, | 79
CODE IDENT NO.82577 |5 no.  Imev Lrr N5353R1391‘350

BB03A CS MAR 72

E.52



~Zd

J

—

HRENNE

.?.h_; .
B |

JIJM!.]

AR

I ‘:., B i |
) O
W=

¥ [T S |l |

{(inche

.
-
.
.

O P

—-m

lJ JL,_LL_L_HMLL L_»,

]

| ——
13.

HE1==§

1

b

|1

—
m

L4

|

i e 2 o ot

.
——

EENE

ﬂ]]]JSI]lﬂm
I

Lt E ] u,ml
0 e
I
[
S
BN
g

| L e

:%%_E |

m_EE_i Lo
EES

SCAN MIRROR

HE HQ AR e Lo
L W i
- S N |
= = g o
o o [y
e o @ &
-
= [orl el m
4 & ©° o
¢ 0 o
¥y 5 & g
% % ._.w mw ] f
1] 1Y) ] L] i
M M M M i 1]
o g
,“_“_ﬁ|= k
i S fg. (B
T e ) al
2 9“ A‘. 2. e deand b e
373 S
m |
JI S
B
o
v __ 1
R
o .
TEST PROCEDURE BREADE

THEMATIC e

B T K B IPRE ST Y

CODE IDENT NO. 82577

k-

+ 31891-350

~ﬂ»ﬂl( LTR ~ZCZGMB




i
Mo Tyens
A 3

o

3

Locatipy Ho

v
ol

50 @,

+ e @

- 37 @,|

bt 5-02 @;Z

Loy

-54



[ Yope A«., Bea 1100
Locatiop HE
10 -2.44

. ()0 T ;{ 025 M4 g
-0 [ <5jf’” 2) - 7_(_{?.2..., VN A

e ————— o Bl e bRt M T

Oaju-f 97;9

), P

E-55




953

HOWIIN NVOS
JAITIO0Md LSHEL

FAJIVH DLIVIAIHL

CIVOMIVIIT

L4528 ON IN34l 3Q02

“HIVD CALID H3ATND
*03 Ldvydyly s3HONH

OM HS

L7 AZY

HIARNH

0SE~T681¢ d1L

4.2.6.6.1.1
bo2.4.6.1.2
4.2.4.6.2,1
4.2.4.6.2.2
4.2.4.6.3.1
4£.2.4.6.3.2
b.2.6.5.4.1
Lo2.4.6.4,2
del.b,0.5.1

'-}.--4 6 5.—

CRPOST-ICAN COMPUTATIONS: -

FOF DATRA ZET 1

FELATIYE DIODE FOQ:TTION = 0.183014
MEAM DEVIATION =-2.91%22 MICFOPALIAMT
PHC DEVIATION = Z. 02742 MICPOFPADIAME
FOF DATH TET &

FELATIYE DIODE FOTITION = {, 209359
MEAN DEYIRTION =-3.2933%3 MICRORADIAMT
FMT DEVIATION = 3.45233 MICFOPADIANT

FOFP DATH CET

LX)

FELATIYE DIODE FOSITION = 0.450704
MEAN DEVIATION = 0.513333 MICFOPADIANC
FM. DEYIATION = 0.e51655 MICPOFADIANT
FOR DATA ZET 4

FELATIVE DIODE POCITION = 0.521%549

MEAM DEVIATION = 1.S54 MICROPADIANT

It

FHMT DEVIATION 1.23%9616 MICPOFRDIANT

FOF DATH SET =

FELATIVE DIODE POCITION = 0732294
MEAH DEVIATION = 1.45867 MICFOPADIAM:
RMZ DEVIATION = 1.7%62%9 WMICPOPADIAMS
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