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ABSTRACT

Fundamental concepts on which to base a detailed design for a

Shuttle Modular Scanning Spectroradiometer were developed, and a preliminary

design is presented,

The recommended design features modularity and flexibility. It
includes a 75-cm f/1.7-telescope assembly in an all-reflective 3chmidt con-
figuration, a solid-state-scan system ("pushbroom") with high resolution over
a 15° field of view, and ten detector channels covering the spectral range
from 0.45 to 12.5 um. |t uses charge-transfer-device techniques to accommo-
date a large number of detector elements for earth-observation measurements.

Methods for in-flight radiometric calibration, for image-motion
compensation, and for data processing are described. Recommendations for
ground support equipment are included, and interfaces with the Shuttle Orbiter

vehicle are il lustrated.
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FORENORD

This final technical report covers the results of a study to
define and provide a preliminary design for a Shuitle Modular Scanning
Spectroradiometer (SMSS). |t was prepared by the Research Depariment of
Aerojet ElectroSystems Company (AESC) in accordance with Line |tem 4 of
the Data Requirements List under National| Aeronautics and Space Administra-
f+ion Contract NAS 9-14243, The work was performed from 20 June 1974 fo
30 November 1975 and was administered under the direction of the Sensor
Svstems Development Branch, Lyndon B. Johnson Space Center, Houston, Texas.
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SECTION 1

INTRODUCTION AND SUMMARY

1.1 PURPOSE

The overall purpose of the Shuttle Modular Scanning Spectro-
radiometer (SMSS) study has been to develop a test-bed-facility concept for
earth~observation measurements, This facility is Intended for use by
National Aeronautics and Space Administration agencies in obtaining data for
optimizing peint designs (i.e,, specific-purpose instruments and measutrement
systems). providing a quick-reaction capability for testing new concepts,
obtaining basic information on new phenomena, and satisfying present and
future earth-observation-data needs. The facing page shows an artist's con-
ception of the SMSS mounted in the Space Shuttle System Orbiter vehicie.

The most important use envisioned for this tesi-bed facility will
be In assessing the physical feasibility and utility of proposed earth-
observation programs and systems--and to do so quickly and economically before

considerable funds and resources are committed to the proposed programs.

Earth observations cover a large number and variety of measure-
ments cf potentially great value to industry, agriculfure, governme:t, and
scientific disclplines. In many cases, however, capabilities for obtalining
the desired quallty and quentity of data and/or the usefulness of the data
that can be obtalned have not been proven or demonstrated. The SMSS test bed
wili allow proposed measurements, Instruments, and programs fo be evaluated
so that resources can be allocated to misslons of known value and feaslbllity,

1.2 DESIGN OBJECTIVES
' Several basic design objectives wers gstabl Ished Yo satisfy this
broad test-bed purpose.

(@ | | -1

T T X Y g "
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i+ was determined, as a fundamental consideration, that the
facllity should be able to take full advantage of the measurement opportuni-
+ies that will be provided by the Space Shuitle System's Orbiter vehicle and
should have minimum impact on the Orbiter and it+s resources--specifically, a
facility requiring low power, little or no crew support, no heat-radiator
surfaces, minimum prelaunch service and service time, and no ordnance,
propel lants, momentum devices, or high pressures.

Other key design objectives were

® A broad and flexible spectral coverage--i.e., a facility.
able to cover all the wavelength regions of interest in
earth observations (from the ultraviolet out +hrough the
long-wavelength infrared) and with flexibility of cholce
for speciflic spectral operating regions within this wide
band of wavelengths

. Sensitivity and spatial resolution equivalent fo or beiter
than those of existing or planned earth-observation systems.

1.3 KEY FEATURES OF SMSS CONCEPT ‘

The foregoing objectives have been met by the design concept
developed in the study. Descriptions and rationales for the cholice of particu-
lar approaches, materials, devices, and designs are presented in the body of
this report. Key points of the technical approach and of +he resultant
design are summarized below ‘o prOV|de an overview and prelude o the more
detalled fechnical discussions that follow. ’

The choice of scanning method was the most important decisiun
involved in the design approach. For a system fo-be operafed'from an orbital
vehicle, the baslic cholce is between (a) a fixed array of detectors in a
wide-field optical system scanning the earth by virtue of vehicle motien, as
in a "pushbroom" scan, and (b) a smaller array of detectors in a narrower-
field optical system scanning the earth by a comb!nafion of Vehlcle mo+10n
and any of a variety of mechanlcal-scan Techniques. ) '
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The fixed-array pushbroom scan requires many detectors but can
obtain greaier Sensi#ivify because of the longer scan or dwell time of a
detector over a reseclution element, and eliminates mechanical scanning and
compensating momentum devices. The mechanical-scan approaqh; on the other
hand, uses few'defecforsvand'mihimizes'fhe multiplexing and interconnection’
problems associated with large numbers of discrete detectors.

Until recently, mechanica] scanning has always been prefeiable.
in applications of thls type, but recent rapld advances in charge-transfer-
device (CTD) +echnology have made large-number, high-density focal planes

~more feasible and practical. A pushbroom scan with a solid-state (detector/
CTD) focal plane was Therefore chosen . for the SMSS and has been designed for _

flexible operation with Interchangeab le detector modules.

The system operates with up te ten modular arrays and with inter-
changeable filters on each array. The use of a large number of detectors In
each array allows high sensitivity o be achieved with ordinary-quaiity

detectors and detecfor materials—<i.e., detectors that can be produced in high
yields and at relatively low cost. Most 'mportantly, the modular design of the

focal! plane makes it possible to utilize improvements and new developments
from rapidly advancing detector/CTD technology with minimum system impact.

An all-bery|lium reflective=Schmidt optical system was chosen for
the collecting optics—reflective +c permit wide spec+ra|—¢oVerage; and all-
beryllium for se]f—cbmpensaTIon of temperature effects. The optical sysTem
provides a wide field of view (150), a high resolution (66 ur), a large |
collecting aper?ure (75 cm), and light weight Lapproximately S0 kg (v200 [b)
including mi rror mounTs and housing sfruc+ure] o :

Addi+lona| features parflcularly pertinent fo +he purposes and
destgn obJec+ives of the SMSS facllity include the fol lowlng:
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An automatic opilcal-focus system

‘A gimbaled focal plane for compensation of péf%ﬁFba+ionélin

vehicie motions, and consequent minimization of ground data-
processing requ1remen+s

Ar open-cycle, cryogen- package cooling system that can easily
be adapted to the cooling requirements of various ‘types of
defectors—-j.e., a system that needs no elecfrlcal power

or radiating surfaces _

A calibrating system fhat is an integral part of the focal
plane, complefe with secondary sources (1ight-emiiting
diodes} designed to allow sequential calibration of. detector
channels during measurement operations and for convenient
test and checkout procedures

Digital formatting and recording of data for efficient data . -
reduction and analysis.

In summéry, the SMSS program to date haslyieided a'féci|i+y concept

with a wide and flexible range of measurement capabilities, designed for mini-
mum impact on the Orbiter vehicle and fo take maximum advan?age of the measure-
ment opportunities to ba provided by the Shufile program. The facnllfy is

_infended as a test bed for NASA agencies—-~a tool that can contribute greatly
in both SC|enf|f|r and economic evaluation and managemen+ of earfh -observa-

- Tion measurement programs.

-4
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Section 2

RESULTS, CONCLUSIONS, AND RECOMMENDATIONS

' The modular design generated during this study and recommended for
further development provides for easy Shuttle Orbiter mounting, in-flight re-
conf;gurafion, and adaptability for a varlefy of po+un+ta! earth-observation

measurement and daTa-acquISITton mlssions involving fhe ultraviolet, VISible,

and infrared (IR) regions of the spectrum. The presently configured spectral
range from 0.45 to 12,5 um can readily be extended for operafion of shorter

and longer: wavelengths.

Ah-érffsf‘s.cdhcep%fon‘of'fﬁé mounted SMSS +elescope assembly is.

shown: in The'ffonfispiece.‘ Figure 2-1 présenfs a schematic diagram, and de-

tabled requirements are provided in The preliminary specification (Ref. 2-1). )

The sysfem feaTures reflecTuve Schmid+ opTlcs and will normally

: operafu at altitudes of 185 0 460 ki (100 fo 250 nmi).. V+ incorporates the’

following - subsysTem modules: focal~plane/Dewar assembiy, focal -plane-gimba|.
assembly, aperTure closure, sun and albedo shade, prlmary mirror and moun?

. correcfor mirror and moun+ cryogen—sforage unit, and electronic data-hand|ing

'- subsysfem

o The modular, fixed i:near, deTec?or arrays are de5|gned ?o cover
a swaTh width up Yo 15° from the Orbiter in a pushbroom Type of scan that is
accompi[shed by vehicle motion alone. Radlafed energy is collected in ren'
visible and - Infrared channels ‘of 4000 detector elements each:. Anajog's}gnais
proporTuonal to this radiation are genera+ed and shifted out for processing
by charge—fransfer devices. After analog~fo digl+al (A/DY convers]on, The
‘data from any six of +he +Fen channeis are recorded simui?aneously on. a spacev E
‘borne high-~ denslTy Tape recorder for subsequent. processlng '
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The performance characteristics conceived for The SMSS are set
forth in Table 2-1, and comparisons with other existing or planned NASA earth-
observation systems are provided in Table 2-2,

‘ As conceived, Thé SMSS reproduces information from each scan at a
nominal resolution of 66 ﬁf for all ten spectral channels. The relative spec-
tral-response characteristics of the ten channels are indicated in Table 2-3.
They appiy to the entire SMSS, Including optics, filters, and detectors.

_ The required sensitivity for Channels 1 through 7 (visible light
and near-infrared) is measured In terms of noise-equivalent reflectance dif-
ference (NEAp), which is defined as the change in scene reflectance (compared
with a given average reflectance) that will cause a change in the peak signal
amp ! i tude equaf to the root-mean-square (rms) noise. Because of atmospheric-
noise effects (discussed in paragraph 4.2.1), NEAp values are limited to ap-
proximately 0.5%. As a design goal, changes-in.spec¢ral radiance correspond-
ing 7o this NEAp are not to exceed The worst-case values (i.e., when the solar
elevation Is 20°) specified in Table 2-4, and the detectivity (D*) values are
o equal or exceed those glvén there. (These D¥ values are based on tentative
SMSS parameters for aperture, angular resolfution, foca! ratio, dwell Fime, and
electronic and optical efficiency).

The sensitivities of Channels 8 through 10 (infrared) are measured
in terms of the noise-equivalent temperature difference (NEAT), which .is de-
fined as The change in scene femperature (about a given temperature) that will
cause a change in the 51gna[ amplu*ude equal To the rms n01se. As a'design
goal, the NEAT is noT to exceed 0,1%K in any of these channels for an ex-
tended scene_Tempera*ure of 280°K. The detectivities for this temperature

are To equal or exceed those specified in Table 2-4,

The total dynamic range required for a sensor with an NEAp of
0. 5% over a range of illumination conditions corresponding to solar-elevation
angles o 20 o 75° can be- determined as extending between the change in .

_dzggié»__ IR S ._V ié:B-.
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~ TABLE 2-1 SYSTEM PARAMETERS

Farameter

| Value

Focal ratio, -f/no.
Instantaneous field of view
Swath width
Detector-element size

No. of defector elements per speciral
channel

No, of channels

{ntegration time at altitude of 185 km
(100 nmi Yy '

Video encoding

Time (14) at 185-km 2ltitude

Optics
Aperture
Focal length

Spectral range
Efficiency -

Noise-equivalent reflectance difference,
NEAp (atmospheric-noise—|imited)

Noise~equivalent temperature difference,
NEAT

CMimaﬂdn

Mission data rafe for one sampte per dwell

/1.7
66 ur
15°

84 x 84 um (0.0033 X
0.0033 in.)

4000

10 (6 active)
1.62 msec

8 bffs
118.5 Mbps

75 cm

127.5 cm

0.45 to 12.5 um
2 50% .

0.5%

0.1°K

Two-level, offset removed,
linearized '

x _ .
‘See paragraph 4.2.1. -




COMPARISON OF NASA EARTH-OBSERVATION SYSTEM®

16 IR

- TABLE 2-2
s Skylab |  ERTS-MSS LANDSAT-D - |
Faraneter 5192 (No IR) EOS-TM Concept | SMSS Concept
Number of spectral- channels 13 4 7 10 (6 active)
Visible bandwidth,: AA (um) | 0.05 0.1 10.06 0.06
| ‘Angular resolu+|on, A (ur) 182 86 {421;é5:gle} 66
| swath width (degrees) 9 1.5 15 15
Type of scan o Conical | Oscillating mirror | Oscillating mirror Pushbroom
No. of defét?ors/¢hanne! i 6 IZ_Xi?éblel . 4000
Scan efficiency (%) 30 44 85 99
Duel | time, t, (usec) 9.6 9 ? yisiblel 1620
Mission data rate (Mbps) 10.8 ? 15 80 118.5
Aper?ure, D tem) 43 23 . 46 75
Focal ratio, #/no. £/1.5 /3.6 /3 1.7
Relative system sensitivity ' s C
(#/n0.)/6% D e#ﬁgm | 8.7 45 - 81 visible] 1

15Z6 JJodey
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TABLE 2-3 SPECTRAL-CHANNEL CHARACTERISTICS

Channel Wavelength (um) Max i mum Edge
No. Cut-On cut-of¢ | Slope um)
1 0.45 £ 0,01 | 0.52 + 0.01 0.04
2 0.52 % 0.01 | 0.60 # 0,01 0,04
3 0.63 = 0.01 | 0.69 = 0.01 0.04
gt 0.69 + 0,01 | 0.75 + 2.01 0.06
5tT 0.80 # ¢.01 | 0.95 = 0.01 0.06
6 1.55 + 0.02 | 1.75 + 0.02 0.10
7 2,05 = 0.02 | 2.35 * 0.02 0.10
8 3.5 £0.04| 5.0 z 0.04 0.20
9 8.2 * 0,1 | 9.3 % 0.1 0.40
10 10,4 = 0,1 [12.5 # 0.1 0.40

TWaveIengfh interval between 5% absclute trans-
44 Ttance and 70% peak transmittance.
The LANDSAT-D Thematic Mapper Technical Working
Group In Ref. 2-2 suggests the use of 0.74 to
0.80 and 0.80 to 0.91 um for channels Ih this
spectral reglon fo study vegetaiion In particu-
lar.

TABLE 2-4 RECOMMENDED MINIMUM DETECTIVITIES

. S : Spectral f e
Channe{ | Spectral Band : t+ | Required D*
Radiance Change =
No. (pm) v W/ m2—sr) {cm HZf/ﬂ)
Visible and Near-Infrared Spectrum .
T 0.45 - 0.52 |  0.010 1.9 x 1010
2 0.52 - 0.60 0.022 8.7 103
3 0.63 - 0.69 - 0.024 8.0 x 10
4 0.69 - 0.75 0.025 7.7 x 109
5 0.80 ~ 0.95 0.06 3.2 x 109
6 1,55 ~ 1,75 0.014 1.4 x 1010
7 2.05 - 2,35 0.0047t 4.8 x 1010
" Infrared Spectrum
8 5.5 -5.0 | (0,85 5.6 x 10,0
9 |82 -93 | (7290 {1.3x1010
10 {10.4 -12,5 | (4.5 8.2 %107

| T*channets 8-10- radiance (W/mZ-sr) for 280°K,

tWorst case, Channels 1-7: solar elevation = 20°,
squivalent to NEAp of 0.5%, as set forth in Ref.
+*Ex+rapola+ion-of,da+a In Ref, 2-2.

7-6
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' scene radiance corresponding to a 0.5% NEAy for a 20° solar elevation and the
maxImum radiance viewed at maximum reflectance (60%) and a 75° solar elevation.

Table 2-5 speclfies the maximum radiance, the minimum change in
radiance, and the resufting dynamic range for the shorter wavelengths as wel!
as the longer. In the latter case the dynamic range is between the change in
scene radiance corresponding to a 0.1%K NEAT and the radiance of a ndminal

320°K meximum scene temperature.

TABLE 2-5 DYNAMIC-RANGE REQUIREMENTS, DESIGN GOALS

_ Radiance (W/mZ-sr} .
Channel | Spectral Band D&namlc
No. {um) % | Minisium ange

_ : Max imum Change
Visible and Near-Infrared Spectrum
1 0.45 - 0,52 21 g.010 | 2100
2 0.52 ~ 0.60 24 0.022 1100
3 0.63 - 0.69 17 0.024 600
4 0.69 - 0.75 i5 0.025 600
5 0.80 - 0.95 | 30 '0.060 500
6 1.55 - 1.75 7 0.014 500 -
7 2.08 ~ 2.35 3 0.004 800
Intrared Spectrum _
8 3.5 -5.0 | 3.8 0.00347 | 1100
9 | 8,2 -9.3 21.0 0.0152 | 1380
10 10.4 - 12,5 25.8 0.0235 . 1100

%
Channels 1-7: 75° solar~elevation, albedo = 0.6
“from Ref. 2-2. Co C :

“The prallmtnary design prov]des infernal sources for perlodlc
 sys+em calibration a+ discrete inpu?—radiance Jevels in order o malntaln
radiometric-measurement accuracy for the entire misslon. - The sources are
|inear arrays of ‘light-emi+ting diodes (LEDs} mOUnTed_under.?hg.spg¢+ral _
filters and betwesn the staggered CTD arrays, The callbration referenéés will

. also-be used to maintaln a constant overal! gain and reference level,

@ T )
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image-motion compensation (IMC) is included in the SMSS to accom-
modate the plteh, yaw, and roll drift of the Orbiter. When all Orbiter RCS
thrusters are operational, the drift rate in the three axes will be of the
order of 0.01%/sec, which will result in a ground-scene driff of one resolu-
tion element or less in 0.29 sec. The IMC will be coupled to an Orbiter-
furnished attitude signal to achieve SMSS pointling equal to or less than
6.6 ur (1.36 seconds of arc, or 0.1 IFOV).

The SMSS design permits interfacing with The standard 3-m Space-
lab.palle?'as shown in Figure 2-1, The pallet carries SMSS electrical-power,
monitoring, and control leads to the Orbifer, and disfribufes SM5S |oads to
the Orbiter longeron and the payload-bay keel. The mount must accommodate
acceleraflon, random vibration, and acoustic foads without degradation of fThe
required performence. The SMSS housing is fo have an inner frame of beryliium,

graphite-reinforced ®poXy, or other suifable material whose Thermal~expansnon

coefficlent can be tailored toc match that of +he beryllium mirrors. Thus, tele-

scope defocusing will not occur over The operating-temperature range.

The frame will be covered on the inner and outer surfaces with a
bery!lium (or equivalent) skin, and the space between the skins will be filled
with Insuiating material having a low thermal-conduction coefficient.

The telescope housing and siruciure design permits removal and
replacement of the focal-plane/gimbal module without removal of the telescope
from the pallet. I+ will éssure accurate posifioning of the focal-piane/
gimbal module and retention of system foéus and aligoment within the limits

provided by the active focus mechanism. -

_ Recent advances in opfical—manufacfuring Yechniques and in the
mulflplexlng of large numbers of data channels permlf this lnnGVa+|Ve SMSS.
desrgn, which may well be considered the forerunner of a new group of earth-

. observation 5ensor55wiih-solid-s+a+e scan systems. The preliminary.design

covered in succeeding sections is responsive to presently envisioned earth-
observation-data needs and provides capabilities for ready modification +o

meet future requirements at modest cost.

—
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Sectiun 3

SMSS REQUIREMENTS/POTENTIAL APPLICATIONS

The program efforts concerned with phenomenology, objectives, and
definition of réqulremen+s showed that +he SMSS can provide enhanced per-
formance for a vaﬁie?y of earth-observation missions. Table 3-1 (based on
Ret. 3-1) categorizes areas of .interest for such missions.

When consideration was given to such mission requirements as spec-
tral and spatial resolution, spectral bands, coverage/swath width, and field
of View, it was found that a modular sensor can. have interchangeable detector
arrays, selected on each fflgh? to satisfy different measurement needs. This
approach is more cos1—effec+|ve than deploying multiple sensors on different
unmanned spacecraft. The SMSS is therefore ldeally suited for use as a.
flexible research facility to determine the feasibility of petrforming desiréd

‘measurement missions from a remote sensor in space, or for data-acquisition

missiaons that require high spatial and spectral resofution measurements on an

occasional basls.:

" An extensive analysis of potential SMSS earth-observation appll-
cations was not undertaken. 1t would have been beyond the scope of Thts pro-
gram, as well as dupiicafing work underway elsewhere (e.g., the General
Electric Company pfogfam"Feporfed'in Ref. 3-1). The survey that was ‘under--
taken to provide a basis for the definition of SMSS requirements is summarized
below in the - represenfaftve areas. of _agronomy, a?mospherlc physicq, a+mospherlc

poliution, hydrology, and geology
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TABLE 3-1 EARTH-RESOURCES FIELDS FOR REMOTE-SENSING. APPLICATIONS

General_Field

Area of_lnfereéf

- Earth Sciences . .

Geology

Geography

Hydrology
Oceanography

Geochemistry
Mineralogy

. Pedology

Seismology
Li+hoiogy
Volcanology

Physiography
Demography
Cartography
Geodesy

Limnology

Global and coastal
-zone (physical, chemical,
biological)

Coastal zone

Life Sclences

- Agronomy

Rangelands
Grasslands

Forestry

Ecoldgy

Environmental quality

Air pellution

- Water pollution

Land poiiutian

Figures 3-1 through 3-3 (defived‘fﬁom Re%Q'BQZ) éﬁmmériiéx+he» o

sensitivity, surface-resolution, and spectral-bandwidth ranges considered

desirable for a remote-sensing system for ear?h observations In varlous broad

categories. They illustrate the need for a facliify +ha+ has bigh sensifivu?y
as well as capabilities for (a) reconflgura+|on to permit exchange of spectral

tions currently enV|5|oned

‘resolution for'senszfVTfy; ahd5(b)ffhetséfécflbnaqf'spéb?raiabandsTfor'spéciflcj s
‘missions and observations. The SMSS facl ity that has been conceived and is
- described in. this repori can accommodafe a Iarge maJor|+y of +he ear+h observa—
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_ The extreme ranges of Infrared radiance (desert, ocean, Antarctic)
and of visible radiance (sunlif clouds, terrain, and ocean) are shown.in

Figures 3-4 through 3-9 (derived from Ref. 3-3),

" Considerations related to earth-observation missions are detailed

in Appendix A.

36
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Section 4

SYSTEM CONSIDERATIONS

The key objectives of maximum availability, broad speciiral
coverage, and high spatial resoluflon are addressed below as They influence
SMSS system design. Succeeding peragraphs discuss optimization of +est-bed
availability, factors affecting sensitivity requirements, and scanning
t+echniques and the basis for selection of The pushbroom system.  They also
consider other requiremenfs.iﬁcludfng detector size (ins+an+aheou5 field of
view), data~rate |Imitations, swath width, and modulation fransfer function,
as well as pointing and image-motion compensation. In addition, a -method
for In~flight radiometric calibration is presented, and potential system
contamination is discussed.

4.1 ~ OPTIMIZATION OF SMSS AVAILABILITY

A major factor driving development of a design concept for the
SMSS was that of optimized availability to permit its use on a multiplicity
of missions. This consnderarlon made it apparen+ that the SMSS must be as
nearty self-contained as poss!ble and should require minimum support from
the Orbiter or Spacelab crew. In addition, i+ should be as light as practi-
cal, occupy a minimum length of The payload bay, and be mounied directly o
Orbifer re+en+|on p0|n+s or to a standard Space!ab palle+

ngh+ welght and short- length will permit SMSS' Tnstaliation at a-
variety of stations In the Orbiter's payload bay without sngn:fucanTlv affect-
ing the center of gravity. I+ mlgh+ even prOVe desirable +o use The SMSS for

bal last or cen?er—of—grav:#y adJusfmenT

A self-contained-unit. wlll ‘require minimum Jupporf during launch .
and counfdown opera+lon5. Ease of instal lation and lack of interfarence wl1h

o%her equapmen+ will: permi1 SMSS lnclus1on as a plquback payload on a Iarqe

.. 'percerﬂ'aqe of flights.
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The nominal overall [anding-payload weight of 14,500 kg (32,000 {b)
can impose a restriction on piggyback-type payloads, which must be retained
in the Orbiter and landed. Mainfaining the lightest system possible can sig-
nificantly reduce the impact of That restriction.

‘The SMSS siudy goals therefore included a system +hat can be

“operated essentially independently of the Orbiter or Spacelab, will introduce

no special operator-safety requirements (e.g., monitoring of momentum wheels

or pressure vessels), will not contaminate the payload comparitment with ex-

cessive gas venting, and will be protected from exhaust gases and effluents.

The tape-recording equipment should be capable of installation in
the SMSS structure so that it is part of the seif-contained unit. 1f the
recorder must operate under essentially earth-ambient conditions, an isoléa
tion shroud (Spacelab igloo) should be considered. This feature will permit
the SMSS to be carried on the Space Tug type of mission when fthe Spacelzb

is not carried or when the Spacelab experiment load does not permit SMSS-

mission support.

Because zero-gravity space processing is contemplated for some
Spacelab missions, the SMSS must be designed o reduce vibration to a veryr
Iow Ievei'(10‘4 ga) if the SMSS experiment is to be run’ concurrently with
space-processing experiments. Solid-state scanning is optimum with respect

to this constraint.,

4.2 ~ SYSTEM SENSITIVITY

4.2.1 Measures of Sensitivity _
Spec+roradromerer sensn+xvn+y, anofher primary consideration in

SMSS deSIQn, Is most general ly described in +erms of nouse—pqulva[pn+
irradiance or flux density at the aperture (NE! or NEFD, respecflvely), o=

o présséd“fn'Waffs per square centimeter in each spectral band. In .earth-

resources missions, however, It i5 often useful +to apply the concepts of

noise-equivalent Tempgrafure_differenceA(NEAT) for infrared wavelengths, and

42
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of noise-equlvatlent Feflectance difference (NEAp) for visible wavelengths.
These measures of sensitivity and their application to predictions useful in
conceptual design are discussed below.

_ The signal-to-noise level (S/N) of a spectroradiometer can be
expressed as ' ' ' ’ ‘

2 2
- 8§ _ _P_ _ radiant power on_detector _ Npp 9~ (7D /4) % (4-1)

N~ NEP ™ “noise-equivalent pover = [T o}

wﬁere. Ny, = scene radiance in the AA sﬁecfral band
6 = angular resolution (IFOV of one detector element)
wD2/4 = col lecting area of optics of diameter D
Ko =-optical efficiency
d = detector size fassumed square) = (f/no.) D&
f/no. = focal ratic

Af = |nforma+ion bandwidih = 0.5 x dwell time (Td) of point
source = 1,4/2

Ky = electronic efficienéy

Di = specific detectivity at wavelength of interest (A)

Substituting ahd-rearranging,

T N 2t

| P
A 8D Ko Ke D

A d
4 (f/no.)

S . -
N {4-2)

The ther al resolution or system sensitivity in terms of NEAT

can be estimated by Taklng S/N for +he difference in farge+_radiancp from

aNAl

the background 1evei, ANAA’ which Is’ approxlmafely ( BT') AT 1f AT << T,
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where T = temperature. By definition, NEAT is the value of AT when S/N is

unity; it can be expressed as

NEAT = — 4 (f/no) (4-3)
- T (dN,,/dT) 8 D K, Ky Dy /2T

The variation of NEAT with scene temperature and spectral region is shown in |

Figure 4-1.

As an alternative to NEAT, earth-survey systems can be compared
by using the noise-equivalent radiance (NER) in.a spectral band-~i.e., The
radiance providing a signal-fo-noise ratlo of unity. This radiance can be
considered Tb be emitted by a blackbody at a noise—equivéien+ femperafure
designated as NET. The SMSS signal~to-noise ratio given in Equation (4-2)
is unity for ' '

4 (f/no,) (4mty’

T8 D K K D* /214

NER =

" For a pushbroom system of the type considered for the SMSS,

8 = &6 ur

0=175cm

Ko = 0.5
Ky = 0.8

* = 8.2 x 109 cm-HzE/W for the longest-wavelength band

D =

(10.4 o 12.5 um) when NEAT = 0,1°K
+d = 1.62 msec |

1.7

: =h
L e
.3
O
il
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Al NEAT = 0.1°K AT 280°K
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FIGURE 4-1 VARIATION OF NEAT WITH SCENE TEMPERATURE
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With these values,
- NER ¥ 2,34 x 10°0 W/em-sr

Reference to a blackbody slide rule or tables reveals that The
related NET is about 1149K, A+ this NET, the radiance of a blackbedy in the
10.4- to 12.5-um band can be computed as follows (where H represents blackbody
emittance):

=2.29 % 1070 W/em2-sr

A (Mo-12.5 um _ Mo-10.4 ym) _ 9.6 x 1074 (0.0095-0,0020)
m H H w

An expression similar to that for NEAT is derivable for NEAp,
which can be used as a measure of system sensitivity in the visible specirum.

The signal-to-noise ratio for a sunlit scene can be expressed as

2
S _ Eg_z detector irradiance - meH K Ke/[%(f/no.)] (4-5)
2 N HO noise-equivalent irradiance NEP/d2
o where p = reflectance
B HS = scene irradiance by The sun in The spectral band used
' p H_ = apparent scene radiance, N (W/cm2-sr)

For comparison, using photomeiric units,

h 2
S _ Eg_u detector illuminance B P Es Ko Ke/[%(f/no.) ]
N E_  noise-equivalent illuminance ~ 2 (4-6)
o 9 NE®/d
- where E, = scene illuminance ( lumens/m2)
) NE$ = noise-equivalent flux (lumens)
p 5 = scene luminance or brighfness ( lumens/mZ-sr)

4-6
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Using The radiometric relationships defined above,

S
e Hg 8 D K, K, D} JZE;
4 {f/no.) (4-7)

S
N

For a signal corresponding to a change in reflectance (Ap) when
Hg is constant,

AN = Ap H (4-8)

and

4 (f/no.) (4-9)

NEAp = "
T Hg 8 D Ky K Dy /214

which is similar to the expression for NEAT. As in the case of NEAT, NEAp can

_ be made smal! (improved) by increasing values of 8, D, K, Ke, Di, and ty-

It is also small when Hy is large--e.g., when ‘the sun is directly overhead.

Atmospheric noise due to small-scale variations In haze and
humidity !imits NEAp. Because smaller surface-reflectance differences cannot
be discriminated in the image- data, atmospheric noise Imposes a practical

lower limit on NEAp.

Although |ifttie information is available on the magnitude of such
noise, Duggin (Ref. 4-1) measured the temporal variations of solar irradiance
in four LANDSAT spectral bands over perlods up to an hour. Assuming them
equivalent to spatial variations, his resuits give a measure of atmospheric
noise. The coefficlent of irradiance variation ranged from a minimum of
1.39% to a maximum of 13.4%. The average ranged from 3.62% (between 0.5 and
0.6 um) to 7.31% (between 0.8 and 1.05 um).

i,
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The apparent scene-reflectance variance is fhe'producf of the
above coefficient and the reflectance, which varies from a minimum of 2% to
a maximum that increases from 25% (between 0.45 and 0.52 um) to 90% (between
0.7 and'0.9'um). The average apparent scene-refl|ectance variance ‘therefore
ranges from (0.02 x 3.6%) = 0.072% o (0.90 x 7.3%) = 6.6%. A geometric mean
of these, 0.7%, is fypical of an agricultural scene in the reglon from 0.5 fo
0.6 um.

Scene reflectance includina atmospheric effects can be expressed

as
5 - 1T(Ns - Na)
| | H kb
where Ns = total radiance measured at the orbiting sensor
N_ = atmospheric~path radiance produced by back-scattering
@  of solar radiation, sometimes called “air {ight"
H = total incldent solar irradiance
kb = fractional atmospheric fransmittance or beam

transmiitance

~ These parameters are wave length-dependent. They also depend on solar zenith
angle and observation angle. The incident solar irradiance is given by

-T sec O
H=1_=e8
o

cos B + 5

where 8 = solar zenith angie
S = sky light
lq = solar constant (extraterrestirial irradiance)

n

normal {zenith) optical depth of the atmosphere
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and the aTmosphehic transmittance is given by

= o1 sec ¢

where ¢ is the nadir angle of observation. Therefore,

™ N, - N)

_ - ]
(lo e T sec O cos B + S) e T Sec

The Ny and S terms are complex functions of atmospheric optical depth, solar
zenith angle, and ground albedo, and are most significant at short, blue,

wavelengths where moliecular scatfering dominates.

On the basis of these considerations, a 0.5% NEAp has been
recommended for the LANDSAT-D +fhematic mapper by the technical working group
assigned to ‘that program (Ref. 4-2), The same practical considerations will
probably limi+ SMSS sensitivity to approximately the 0.5% value.

The instrument itself, however, will be sensitive to the 0.1%
originally specified, as long as detectivity values can be achieved that
correspond to the spectral-radiance change at solar-elevation angles when
data would be taken. For example, at a solar elevation of 75°, AN in
Channel 3 (0.63 to 0.69 ﬁm) would be 0.018 W/mZ-sr for 0.1%, requiring a D¥
of 1.07 x 1010 cm-HzZ/W. A+ a 20° solar elevation, ANz would be 0.0048
W/cmé-sr for 0.1%, requiring a D¥ of 4 x 1010,

4.2.2 Cooled Optics
‘The use of cooled optics was considered during the. study and was

deemed unnecessary because of +the long dwell time inherent in the concepiual
. design and because the scene +empera+ures do nof_dlcTaTe a low—bacquound

system.  The cooled-optics analysis is presented below.

@ e
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The D¥ value used in calculations of NEAT depends on the degree
of cooling of optical filters and infernal optics to reduce the level of
background radiation falling on The IR-detector arrays. Multilayer in+erf
ference filters for each array moduie will permit flexibility of focal-plane
experiments that would not be possible with gratings. Filters of this type
have been fabricated with a fransmiftance of about 80% in the band from 10.4
to 12.5 um, and are coolable to the lowest expected focal-plane operating

temperature.

The total photon flux (Q, photons/cmé-second) at each detector
element will consist of three parts: (a) that from a hemisphere at the
filter temperature for wavelengths below +he filter cut-on value, 11,.

(b} that from the interior optical walls seen through the filter in its
spectral passband, AX, and (c) +hat from the scene viewed Through the small

solid conical angle set by the focal rafio, also in the spectra! passband,

I+ is given by

0.8 QS + 0.2 QF

= 1
Q= (QF)O_}\1 + [1 - (292][0'8 Q, * 0.2 QF] +

(2F)2 o
where Qp, Q,, and Qg are biackbody photon fluxes corresponding to the
temperatures of the fllter, optical walls, and scene, and F = focal ratio.

Both detector temperature and background flux affect detectivity
for intrinsic photoconductors such as mercury-cadmium felluride and lead-tin
“telluride (HgCdTe and PbSnTe), which require less coolihg forr the same
detectivity at 11 um than extrinsic detectors such as doped germanium or
silicon. |f optically and thermally excited carrier densities are assumed
equal, the limiting D¥ for the Intrinsic itype Is degraded by a factor of 2
from the 1deal background-|imited-photodetector (BLIP) D¥: o

%o A ﬁ= 26 x 1018 \ﬁ{
D Zhe VO 1.26 x 10°7 A 0
where n is the quantum é¥ff¢§ency; typically about 40%.

@ | | 4-10
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Figure 4-2 shows the influence of background-photon flux oﬁ
instrument sensitivity in the 10.5- to 12.5-um band in terms of typical cool-
ing requirements. Without cooling, the D¥ is about 1010 cm—Hz%/W and the
NEAT is relatively high. If only the filter is cooled, the improvement is
limited +o a factor of 2. |f the optical walls can be cooled ("cold-stopped")
even to only 200°K, further imnrovement is possiblée. A total improvement
factor of 10 is realized at a wall-cold-stop temperature of 100°K.

With a pushbfoom sensor permitting a long dwell time, optical
ceoling should not be necessary. Mechanical-scanning approaches with short
dwell|l +imes or pushbrooms with very narrow spectral bandwidths, however,

would require optical cooling in order to achieve a 0.19 NEAT.

4.3 SCANNING, DATA RATE, AND RELATED CONSIDERATIONS
Scanning systems may be categorized as "nonscanning", oscillating,
and rotating, with many variations in each category. Variations of each are

illustrated in Figures 4-3 through 4-6, and descriptions follow.

The nonscanning category includes (a) direct-staring systems (no
additional sensor motion, with a nonlinear detector array), (b} the "push-
broom" approach with a linear detector array perpendicular to the direction
of vehicle motion, and (c) a nodding telescope to provide the required scan

motion. These types are feasible for a small field of view (FOV).

‘ The pushbroom approach is attractive because scanning is provided
by vehicle motion, with a narrow linear FOV in the direciion of motion and no
moving parts. The optical system, however, must have an FOV (perpendicular
to the satellite motion) equal to the swath width. For the SMSS application,
a swath width of'15° is desired, which is difficult to obtain with cbnven?}on-
al ali-reflective optics. Consequently, the optical system for this method
must be one of the more sophisticated designs, such as an all-reflective

Schmidi or a confocal paraboloid configuration (discussed in Section 5).

4-11
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Oucillating scanners (Figure 4-4) include both object-pliane (in
+he parallel beam) and image-plane (in the converging beam) devices. An
oscillating flat mirror In front of the optics {an object-plane scannetr) can
be used to cover any size FOV, while an image-plane scanner (either plano or
curved mirror} can provide scanning only for a small-FOV system. This approach
is usually preferred for a moderate FOV, For the SMSS, therefore, a telescope
with excellent image quality over only 1° or less would be needed. This would
permit selection from a much larger number »f candidate systems Than is pos-
sible with the nonscanning approach. The rapid start-and-stop of an oscillat-
ing-mirror scanner, however, creates difficult design problems as +he scan

field, scan rate, and aperture size increase.

in addition, an oscillating-mirror object-plane scanner must hbe
farger Than.The desired system aperture and yet maintain a precise optical
surface during the rapid start-and-stop operation necessitated by the rapid
scan rate. However, improvements in mirror materials, structural design,
drive mechanisms, optical-fabrication +echniques, and uther areas have over-
come these obstacles on severz| large-aperture systems during the past few
years. The relative advantages of several object-plane scanners are '

summarized in Table 4-1.

Image~-p lane scanning exhibits properties exactly opposite fo
those of objeci-plane scanning. The scanners aré usual ty small, being in
the converging beam or small-diameter afocal region, but the optics must per-
form over the entire scanned field, just as with the staring and pushbroom
systems. |Image-plane scannérs can take either an oscillating or a rotating
configuration (Figures 4-4 and 4-6). An oscillating fla¥t mirrof, with its
simplicity and-sfze, offers a very attractive approach, especially when the
mirror movement is small (i.e., for small scan fields).

The advantages of a rotating scanner become evident as the
. desired scan field increases (e.g., beyond abouf 209). For examplne, the
advantages of a rotating drum, with its small-aperfure relay optics, baqgin

4o overcome its undesirable properties, such as size.

L e
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TABLE 4~1 OBJECT-~PLANE SCANNERS
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Description of
Scanning Means

Comparative Advantages & Disadvantages

Efficiency

Scanning | Optical

Reso~
lution

Rotating-
Element
Size

Ease of
Manufacture
& Assembly

Mirror rotating or os-

ciltating about an axis

parallel to faces and

perpendicular to optical

axis

Two prisms counterro~
tating about optical
axlis, with prism ver-
fTexes perpendicular
thereto

Rotation of entire
system about an axis
perpendicular to
optical axis

Rotation of entire
system about an axis
parallel or nearly
paraflel Yo optical
axis

Rotation of a single
prism about optical
axts, with prism
vertexes parpendicu-
lar thereio

Mirror with face in-

clined at slight angle
to an axls of rotation
parallel ‘o optical
axis

Mirror with face in-
clined at 45° fo an
axls of rotation
parallel fo optical
axis

Poor Gnod

Fair Fair

Poor Good

Good Good

Fair Falr

Fair Gocd

Very Fair

poor

Good

Good

Good

Bood

Good

Good

Good

Large

Large

Very
large

Large

targe

Large

Large

Moderate

Poor

Moderate

Moderate

Moderate

Moderate

Moderate

4-18
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The most frequentliy used types of rotating scanners employ one-,
two-, or multiple~sided prisms in front of The optical system (Figure 4-~5
shows Typical examples). Many fypes of image-plane scanners using rotating
plano or relay mirror systems have been devised (see Figure 4-6). Rotating
systems generally provide large scan flelds with high scan efficiencies.
However, extreme éare is needad during desian because this type of device
tends to require large and/or sophisticated mechanisms for proper scanning.
The relative advantages of several image-plane scanners are summarized in
Table 4-2.

Advancing charge~transfer-device technology will permit a large
number of detectors to be inferrogated sequentially and processed serially
through a single ampiifier. With this potential, the advantages of the push-
broom-sensor approach in earth-resources applications become evident for swath
widths of the order of 20° or less. This approach is therefore recommended
for detailed SMSS development. I+ eliminates mechanical scanning by a large
oscillating or roftating mirror or by multiple rotating probes; this in turn
etiminates major areas of concern in reliability, alignment, and mirror

flexure,

In addition, the increased sensitivity due to the longer detectotr-
dwell Time on each scene element permits the use of a smaller aperture or of
more-relaxed optical-cooling specifications to attain a given threshold
sensitivity than would be possible with a complex mechanical scanner. Further-
more, there is no sensitivity degradation caused by scan inefficiency. The
prime disadvantage--a large number of defector elements--becomes less signifi-
cant with the advent of low-cost solid-state imaging devices having serial
readout that obviate the need for separate preamplifiers for each channel,

as discussed below and detalled in Section 6.
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TABLE 4-2 IMAGE-PLANE SCANNERS
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Description of
Scanning Means

Comparative Advantages & Disadvantages

Efficiency

Scanning | Optical

Reso-
Jution

Rotating-
Element
Size

Ease of
Manufacture
& Assembly

4 Mirror rofating.or os-

cillating about an
axis parallel to faces
and perpendicular fo
optical axis

Two prisms counterro-
tating about optical

axis, with prism ver—

Texes perpendicular
thereto

Rotation of single
prism about optical
axis, with prism ver-
texes perpendicular

4 Thereto

Mirror with face in-
clined at 45° to
axis of rotation

{ parallel to optical

axis

1 Four mirrors in con-

vergent bcam, rotat-
ing about an axis at
an angle to opiical
axis, but passing-
through center of
exit pupll '

Poor .| Fair

Fair Fair

Fair Fair .

Poor Fair

. Good Fair -

Poor

Poor

Poor

Poor

Smal }

Smail

. Small

Smal |

Moderate

Fair

Poor

Fair

Fair

- Poor

. assumed.

#*

Scanning devices Introduced between an afocal telescope and a final objec-

Tive lens are considered image-plane scanners, as are devices placed in a

convergent beam.

Uniess otherwise noted, the afocal arrangement has been

4-20




,,,,,

-

Report 5231

_ If all specfral bands have 66-ur resolution, 4000 detector ele-
ments per band are required to cover a 15° pushbroom swath width. At the
Iowes?‘orbiTal altitude of 185 km [giving the highest velocity/altitude
value (v/h)], the dwell time per element has a minimum value and the required

data. rate is maximized because
‘data rate = fg m N

where fg = sample rate, which must be at least once per dwell +1me
(T/Td)

m = analog~-to-digital (A/D) quanfizaflon, usuit |y 8 blts for
preC|5|on earth-survey applications

N = number of detectors

For a specific channel| capacity of six spectral bands recorded

simuitaneously, the minimum data rate is

(1/1.62 msec)(8)(4000}(6) = 118.5 megabits/second (Mbps)

This can be compared with the maximum-permissible data rate of 240 Mbps
(based on design goals set forth for a high-data-rate recordlhg”éys?em cur-
ren+1y‘undér‘developmen?). That rate (see Figure 4-7) includes calibration
and housekeeping data, For the 15° nominal swath, the sampling rate could be
increased or the resoluTion could be imprOVBd somewhat 1f op+1cal cons+r31n+5:.
perm|++ed

_ The physical size of +he detectors in the focal plane Is an im-
portant consideration because of fabrication limits and, for solid-state
detectors, the avallable sizes of mass-produced jow-cost arrays. Typical
ekémbles are one- and two-dimensional CTDs, which can be read du%rserfally'-
1o minimize the number of preamplifiers and slmpiify the data processing.

- Present CTDs for the:visible and near-visibie reglons have elements spaced -

@ @
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on centers as close fo eééh other as 13 um (0.0051 in.). A‘Typicél 500~ -
element |inear array has 30-um spacing. A typical, 190 x 244-element, two-
dimensional mosaic has spacings of 18 um vertically and 30 um horizontally.

Infrared- defecfor~array elements have been made as small as 25 um

'(O 001 In.) for most specTraI reglons and at least as siall as 50 pm: for all.

regions. Although infrared CTDs are not yel commercially available, experi-

‘mental models have been produced for both hybrid devices (coupling iR arrays

to separate silicon shi#t registers) and monolithic devices (in which the
[R-array substrate acts as the shifi register just as in visible-spectrum
silicon CTDs).

- Optical design for a wide field is much easier at larger focal
ratios. As an example, the blur spot size for conventional refractive -

Schmidt optics can be expressed as 0.0417 82/(f/no.)3, where 9 is the angle
off axis. For 6 = #5°, the spot size is 317 ur at /1, 94 ur at f/l 5, and

40 yr at /2. The reflective Schmidt sysTem selected for +he SMSS, as dis-
cussed in Section 5, provides comparable performance. '

Table 4-3 compares a pushbroom sensor with one of ‘he mos+t
attractive mechanlcal scanners, which employs an object-plane 050|tla+|ng
mirror. The shorfer dwell “ime in the mechanical scanner; using one»Ten+h
as many detectors and a lower scan efficiency, degrades +he sensitivity by a
factor of nearly 5 from that of the pushbroom.

4.4 - MODULATION TRANSFER FUNCTION

" The 5ys+em MTF:is.a Vaiuablé'péréme+ér for use in the deéign of an
electro-optical system and evaluation of its pefformance, dlthough all the
factors - involved cannof be defermined with PFECISIOH t+ describes the com~
bined effects of the following facfors on the |magp of a sinusoidal dis+ri5ué
t+ion of radiant intensity as the spatial frequency (cycles per unit length)
of the scene is varied: atmospheric contrast reduction, diffraction by the -

apsrture, optical aberra?fons and obscuration, image motion, the geometry of

. the detector array, degradaf&on by charge-transfer aneff|C|enCIes and dif-

fu5|on, etec?ronlc preampllflers, fllferq, and sampllng




Report 5231

TABLE 4-3 COMPARISON OF PUSHBROOM SENSOR WITH
OBJECT-PLANE SCANNER#*

Farameter | | .Pushbroom ” (Osc??igiTngl;Tiror)
“ Scan efficiency _ 100% | | 45%
Dwell +ime at 185 km 1620 uéec ] 72.8 psec
Optics - . Reflective Schmidt Rffchey-Chréfien
Field of view R 1.59
Resolution _ 66 ur . - 66 wr
~ Optical efficiency o 50% | 504
Number of active detector 24,000 2400
elements (6 spectral bands)
Mission-data rate (one sample |  118.5 Mbps © 118.5 Mbps
per dwell time, 8-bit
quantization)
Typical NEAT 0.1 N 0,479

For 15° swath, 75-cm aperture at /1.7.

The MTF is the ratio of The scene contrast at the ou?pu? of the
elecfro—opflcal system to the orlglnal ground-scene contrast for an objec?
with sinusoidal brightness variation. 1+ can be used to determine the limit-
ing resolution of a system at any desired threshold of confrast. The grdund
scene can be assigned an MTF appropriate fo its inherent contrast. As an
example, for 2:1 conifrast at all spatial frequencies,

| a—
max min 2 1.

modulation =
o v + 1
L ' max mIn :

where']_represen+s fh+énsi+y. A system MTF of 0.015 at, for example, a

spatlal frequency of 12 cycles/mm (1 cycle per 84 .um.of detector width) would L

' degradé this scene modulation to 0:005, or 0.5%.

> o 4-24
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4.4.1 Optical MIF
The MTF of the optics (or the OTF) is the two-dimensional Fourier

‘+ransform of the point-spread function (PSF)}. It can be theoretically esti-
mated as the value for a diffraction-limited optical system at 12 um with a
'12-13% central obscuration (SMSS parameters), Third-orderfspherical aberra-
+ions, and an o*l'p_ica.l~pa‘i‘h difference of A4. This is shown in three stages
of degradation in Figure 4-8. The central obscuration actuaily improves the
response fo hlgh—spaTiaI frequency Information as compared with the lowh -
frequency response. The MTF response at a spaflal frequency matching the
SMSS-deTecTor~e!emen+ dimension of 84 um is about 0.46.

The ideal OTF of curve A for a diffraction-{imited system with
monochromatic radiation of wavelength A is given by

_2 -1, _ . [ 32
MTFA~1T(COS z - z ] z)

where

= X (f/no.) o

and w is the spatial frequency in radians/radian. (Ref. 4-3 discusses The

~effect of a finite spectral bandwidth.) The "limiting resolution” is

X_T?%HS_T’ where MIFy = 0. For /1.7 and 12 um (SMSS paraﬁefers},'fhis is.

about 49 line pairs (&p) per millimeter,

The central obscuration of a circular optical system degrades MIF
as shown In curve AB of Figure 4~8. The OTF 1s given by

MTF, . = —2— (f:os-1 z-z N f_ZZ)_

M2

where ¢, +he linsar. obscurafion facfor, lh 35% for 12 5% area cbscura+lon of
+he SMSS focal plane (i.e. ,|/O 125 = 0.3535). '

@ - _ ' 4_25
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Cuhye ABC represents the combined effects of the diffraction-
I tmited system wlth the obscuration and spherlcal-aberration effects.

Alternatively, and probably more accurately for the SMSS case,

+he OTF can be approximated In terms of a Gaussian image for a clrcular

" aperture and wide spectral band as shown In Figure 4-9:

MTF = exp (-w202/2)

where ¢ Is the standard deviation of Ilmage size (84% of the energy Is In a
spot of radius 1,9 o).

The MTF response is about 0.35 at a spatial frequency matching
+he SMSS detector-element dimension (instantaneous field of view, IFOV, of .
84 pym), This Gaussian-image approximation has been found valid for a
Schmidt-corrected optical system of the general type proposed for the SMSS.

4.4.2 Arrax MTF

The MTF of a pushbroom-system linear—defecfor array has been
analyzed by Seyrafi (Ref. 4-4) in Terms of array geometry and the sampling
process. The spatial sampling is determined by the spacing or pitch of the
elements. An electronic mthipléxer'sﬁch as a charge—coupledfdevice_(CCD)
shift reglster provides sampiing in the direction of array motion across the
scene. |f individual detector elements are square and contiguous and if fhe
sampling period is equal +o the detector dwell time, the spatial #1ltering
is the same'In both directions.

The filtering effect on nolse is dlfferent. 1 detector noisé
dominates, as 1s usual ly the case, the multiplexer sampilng'affac+s the '
noise through aliasing or folding arotnd the |imi+ling Nyquist frequency. The -
noise across the array, however, Is Independent of the muitipiexing bacause
each resolution element Is sampled by a different detector. In order to mini-

mize the allasing effect of sampling on overal! sensor noise, the rate is

@
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usual ly tncreased to 3 or 4 samples per dwell time. This, however, makes the

spatial/temporal filtering nonuniform in the two directions. The higher

. sampling rate does not necessarily imply a higher data-recording rate

because samples can be Integrated before recording.

Long linear arrays of visibie-spectrum silicon defectors are
already available with CCD readout. As one example, a 1728-element device
with a 13-um (0.5-mil) pitch is being marketed (Ref. 4-5) ThaTAwiI! couer The
0.45 to 0.95~um spectral channels of the SMSS.

A fechnique has been described (Ref. 4~6) for computing the geo-
metric design of the detectors in a linear array to yield the highest signal-

‘{o-noise ratio at the spatial-resolution limit. Arrays fabricated according

to the criteria evolved in This reference should produce image data with

raximum information content.

A linear array used in a pushbroom mode is sketched below with

elements of size X+Y:

s
A WA\ A|e8

I'—X-P{ ' Scan o Fx

Motion Y

— <

The sampling theorem shows that the highest spatial frequency that can be

reconstructed in the x direction of the Image has a wavelength equal to +wice

the pitch, or 2p. This high-frequency limit is +he one at which the signal-
to-noise ratio (S/N) is lowest and the information content is often highest.
Maximizing performance at this limit is therefore deslrabie and can be
accompllshed by mBX|m|2|ng +he MTF for +h|s spa+|al frequency 7

775 S   :..4-29
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The MTF of the rectangular detectors shown above is given (in the
¥ directlion at the high-frequency limit) by ' '

sin [(n/2) (X/p)]}
' (n/2) (X/p)

MTF =

The corresponding expression for MTF in the y directlion has an additional
term, becauss of image motion across the array during the integration time.
When fthe image Velocl+y Is p div1ded by fhe sampllng time, sample spaC|ng is
equal in the x and y directions:

ure = sin [0/ (v/p3] [sin (WIZ{]

y o (w/2) (Y/p) w2

Because equal resolu+;on is desired In the x and y directions for
+he SMSS, the [imiting S/N will be made equal in both directions. The maxi-
mum performance for low-poise arrays, where S/N is proportional +o the square |
rbof of Tthe detector area, occurs for x = 1.26 p, Y = 0.85 p, and the MIF at
the limiting spatial frequency is 0.46 (see Figure 4-10). The condifion
X > p requires a staggered linear array, as shown in Figure 4-10 (with
dimens:ons for a pitch of 84 um). '

The spacing betwesen row centers should be a whole-number multipie
of p tf the image is to be reconstructed for viewing with equal spacing of
samples on a Carftesian grid. The spacing should also be as small as possible,
(a) o avoid a Iargé-memoby requirement prior to image reconstruction on a
raster-scanning device, and (b) to avoid excessive misregistration arising from
image-velocity errors In either x or y components.

Other considerations in focal-plane~array deslign, such as practical

o charge—+ransfer shift-register conflgurafnons, may preclude selectlon of the

staggered-array format and dimenslons discussed here. Alternative transfer
Yo shift regusTers on each side of a daTecTor array, however, Ie wail astab-
|ished In I inear-CCL Technology ' '

f@iEE§ - | o 430
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4,4,3 Cherge~Coupled-Device MTF
The response of charge-coupled imaging devices rolls off with

‘increasing spatial frequency,. not only because of The geometry of the array
of inftegrating detector elements, but also because of iransfer ineffliciencles
in the shift register and charge~diffusion losses (Ref, 4-7).

The transfer MTF is expressed as

MTF,. = exp {—ne[l—cos(m/m]}

when a fraction (e) of the charge is lost from each sample at each of n
transfers and w is the normaiized spatial frequency.

The diffusion MTF is given by

cosh (d/Lo)
MTF | = o
d  cosh (d/L)

when phofohs are absorbed a distance d from +he depletion regions, the dif-

fusion length in +he substrate used is Ly, and L2 = L "2 + u?,

4.5 POIKi iNG AND IMAGE-MOTION COMPENSATION

A The Orbiter will be able to achieve and maintain any desired
attitude with respect to either its navigation base or a special sensor pro-
vided as part of its payload. The resulting accuracy as related to the SMSS
will be iimited by thermal influences on SMSS atititude ahd will also be a
function of the payload-attitude sensor, vehicle flexure, type of control sys-
tem, and slignal-quaniization errors of +he digital aGtopilot. '

. If.the SM3S is polnted by means of the Orbifer inertial measure-~
ment unit (IMU), an error greater than 2° can accrue because »f Orbiter flex-
ure, structural deformation, and mounting error with respact To the IMU navl-

"gaTTdn base (Ref. 4-8). .
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To achleve greater accuracy in pointing To an earth target, the
Orbiter can accept slgnals from a more accurate sensor, provided by the
payload, with The Improvements dependent upon sensor accuracy,

The capabillties of the Orbiter in aftitude maintenance are as
tollows (from Table 3,2 of Ref, 4-91:

Attlfude

Orbiter — Duration
Attitude/Position Accuracy Degradation Beitween
Reference (3-Sigma) Rate (3-Sigma) Alignments
inertiat +0,5° 0.1%/hour 1.5 orbits
Celestial +0.359 0 NA
Earth target *0.59 0.1%/hour i orbit
Orbi+al object TBD T8BD 8D

Hence, Orbiter attitude can be maintained with the IMU to an accuracy of

+0.5° for up to 1.5 orbits before realignment is needed. Realignment may
necessitate the Interruption of attitude hold for up to 15 min, and the

Orbiter may require maneuvering fo acquire stellar references. The telescope~
pointing uncertainty can thus be up to +0,5°, At an altitude of 185 km, this
is equivalent to a ground-scene ervror of #1617 m, or 132 times t+he ground-scene
footprint.

A if star trackers are used to supply continuous ceslestial-attitude-
reference stgnéls, Ref. 4~9 indicates that the aftitude accuracy can be in-
creased to *0.35° for an Indefinitely long period and the attitude-error drift
can be eliminated. waever, +the uncertainty due to vehicle flexures can
still exist if the frackers are independent of the SMSS. Improved stabiliza-
tion or gimbaling appears mandatory for the SM3S because of the high vehicle-
dfifTArafe, and because an error of as'much as 2° could exist In al Tgnment
befween a payload and the Orbiter navigation unl+.
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Regard!ess of the reference that is selected, the vehiclie will
slowly pltch, yaw, and roll +throughout a deadband of £0,1°, When all RCS
Jets are operational, the angular rate of the Orbiter can be as high as
0,01%/sec (1.74 x 10"4 rad/sec). This can result In a ground-scene drift of
one resolution element in 0.38 sec and a misfegisfraTIon of up to 26 resolu-
tion elements at the iimits of +he deadband,

in ofder to maintaln a reasonable MTF for each data frame, stabill-
zation errors should. be controlled to at least one-sixth of +the instantaneous
field of view (IFOV) per exposure time, or for the SMSS, with a 75-cm aperture
size: ' '

66 ur
(6)(1.62 msec)

= 6,79 mtlsec (or 0.39%sec)

which is far in excess of the expected Orbiter drift rate of 0.019/sec and
+herefore presents no special problems.

The accuracy of the ephemeris data used to determine Orbiter posi-
tion wili be sufficiently high to position earth-sensor imagery in a carto-
graphic reference system. [n the absence of significant internal distortions
in the display, excellent positioning may be achieved by using ground-control

points.

Pointing errors in pitch and roli affect local vér?icélify and
distort the frame. Rotation about the local vertical (yaw error) affects |
cartographic positioning and increases the complexity of data processing in a .
digital system. Stabllization errors (short-ferm attitude variations, or
Jitter) affect line-to~line reglstration of the image producad_by a scanning
sensor. The present state of the art for LANDSAT is :0.0159%/sec (Ref. 4-10).
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On the basis of the foregoing considerations, image-motion com-
pensation (IMC) is necessary for the SMSS, and suitable methods for achieving
it were sought, with emphasis on '

° Modular design
' Registration accuracy to 10% of an IFOV
° Sultability for ground checkout, callibration, and

testing under ambient pressure and gravity cond!tions.

The SMSS focal plane could be fixed and the telescope gimbaled, or
+he telescope couid be fixed and the focal-plane gimbaled. Teléscope gimbal-
ing might be accomplished with a specially designed SMSS system or with the

“instrument pointing system (IPS) being developed by the European Spacelab con-

sortium,

The latter would provide fthree-axis attitude control for experi-
menis whose stabilization requirements exceed present Orbiter capabilities.
The IPS has a design goal tor pointing accuracy with respect fo a given
reference star and the sun of 1 second of arc (or 4.85 ur) (1-sigmai in two
axes and roll stabllify about an insirument line of sight of 30 seconds of
arc (1-sigma). |t is to have a hemispherical range of pointing control and
to be capable of accommodating experiments up to (a) 2 m in diameter and 4m
In length, and (b) a mass of 2000 kg (4400 Ib).

The SMSS could be designed to use the IPS. The IFS Idad'cépa—
bility, however, is considerably greater than that required for the 400-kg
SMSS, and its off-nadir polnting cepability is far greater than that of #5°
considered desirable for the SMSS. '

I+ was found that the pointing and {MC requiremen+s,o} +ha SMSS
can be obtalned more economicalty——wifh_respec+ to weight, power, size, and
cast==by gimbaiing +he focél plane rather than Thé-énflre‘feies¢ope assembly.
The approach Is practical because of the wide-FOV optics of the SMSS, the
very -low Orbiter drift rates that require correction, and the relatively

@ e 4-35



-~

e

S e s

Report 5231

small pointing excursions that are expected. The required gimbal module would
occupy the space direcily behind the focal plane, and the telescope obscuration
would be the same as for a stationary focal plane. This method, described in

detail in paragraph 7.3, is recommended for the SMSS.

4.6 CALIBRATION

A precise quantitative estimate of desirable data quality is
difficuit to make because users of remote-sensor data have widely varying
requirements that are still being refined as experience is gained.

Relative and absolute accuracles in the range from 1 to 5%, for
example, have been estimated as necessary in the visible and infrared spectra
for agricultural and geological users (Ref. 4-10). Relative accuracy between
spectral channels is of prime importance for signature analysis. The radio-
metric-calibration goél established for LANDSAT (ERTS-1) was an absolute
accuracy of 5%. This can be considered as an upper |limit for more advanced
systems |ike the SMSS--a reasonable assumption because of the lack of facili-
ties to verify compliance with more precise radiometric specifications and
the lack of detailed specifications. Even the best radiometric standards for

|laboratory use have until recently been only 5% accurate.

Space radibme?ry has introduced new ?acfors such as the long-term
stabl lity of visible sources, surfaces, ana optical components when exposed
to the high vacuum and ionizing particles of space. Systems with large fields.
of view like the SMSS are also difficult To calibrate.

The approaches in NASA programs such as +he Earth Radiation Budget
(ERB) experiment (Ref. 4-11) ‘involved calibration of the spaceborne sensors
(spectral respense from 0.2 fo 50 ym} using the sun, an enclosed 100-W tungsten-
halogen lamp, and specially constructed blackbody untfé. Therdésfred accuracy

ranged from 0.5 to +3% for each of 22 channeis, with a8 desired precisfon or

" repeatabl ity of i0.2 to 21%. In the ERB program, a primary’+ransfer Instru- -
ment similar to the flight units was maintained for fransfer-calibration

purposes before and after flight.
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Calibraflon of the pushbroom-type SMSS unit presents special

L

problems that are not encountered by mecharical and other scanners and are
— related. fo (a) a 100% duty cycle, (b) & wide viewing angle, and {(c) the
numerous detector elements. First, detector calibration must occur at the
expensg of viewing time. A mechanically scanning sensor (either image or
object plane), howéver, can use inactive porTTbns of The scan'for'viewing

"""" calibration sources and for zero restoration without losing scene data. The
mechanical scanner alsc permits a variety of relatively large calibration

- sources to be mounted in the sensor sfructure without vigne++ing the focal
plane. Second, the SMSS felescope will be viewing the earth constantly, and

calibration against the sun or a deep-space zero reference would be difficuld.
These operations are less difficult in a dedicated spacecraft. Third, the
pushbroom sensor requires Thaf a Iarge number of detectors be |nd|vldually

cal Ibrated so that the pixel- +o-plxe1 response is uniform:

| ¥ the earth scene is not masked out, calibration must be per-
. formed {a) for +the visible channels, on the dark side of the earth, and
- (b) for the thermai channels, over a portion of the earth that is very cold
or whose surface temperature and emissivity are known rather accurately.
Because these restrictions could reduce SMSS ufility, an alternative method
is required. Relative detector response using two or more energy ieVeIs for
all the calfbraTion sourées could be emp loyed without earTh—écene'blocking,
but absolute calibration is preciuded by the fact that the earth scene is
recorded~simul+éneously with The calibration signals.

B Earth- ~scene |n+erference cal be counfered by blocklng during the
. calibration sequence. The signal channels can be blocked with a movable
shutter during the period when the detectors are iiluminated by The calibra-
tion sources.. 1f the calibrator sources scan the focal plane in the cross-
.+rack dlrecfnon on command while: 5|mul+aneously blocklng the earth scene, only
portions of the scene would be lost at any given Time. Furthermore, if the
calibrator sources scan all ten channels sImul+aneoUs|y'while the shutter is
kept narrow, not aII colors for a particular ground element would be lost at

- the same time. The reason is Thaf the sagnals from nine of the Ten channels



g

o] ]

e ed

il

eeee

e

e

Report 5231

must be delayed before recording, in order that data from a parficular ground
element wil} be recorded concurrently for all The operating channels. This
situation occurs because the channels are physically separated in the frack

direction.

As a result of +he delay, the calibration signal would appear to
plot a diagonal line across the scene for a particular channel. The other
channels would. plot similar parallel calibration lines. Consequently, scene
information from some of the operating channels would always be present during
cal ibration.

imp lementation of +he calibration system includes the a§p1ica+ion
of linear light-emitting-diode (LED) arrays under spectral-chanpel filters to
directly illuminate the defeéTors. Singleébass—band filters are used, and a
shutter device is incorporated to block tThe earth scene during callibration.
Tuis method is illustrated schematically in Figure 4-11.

The focal plane will be calibrated with primary sources (black-
bodies, lamps, etc.) during factory and.pre!aunch checkout.  The data obfained
at that time will be employed to establish the LED leveis to be used for in-
flight calibration. Two or more calibration-radiance levels can be estab-
lished for each channel To approximate the scene range by'merély puising the
LEDs with a wave Traln of the desired number of volftage levels.

Aerojet and others have employed LEDs extensively fo calibrate
visible-specirum and IR detectors. Thelr use is relaftively simple, fhey are
stable for long perlods, and they can be pulsed EIecTrically'wi+houf'resoff_

ing o the chopping devices required for bliackbody calibrators.
The shutter/LED device can be developed without the app!icafion'.

.of new technology and shoulid present no special problems. The proposed cali-

bration system is described in Section 9.
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4.7 SENSCR CONTAMINATION:

The problem of sensor contamination in the Space Shuitle System
environment has been recognized as an area of concern (Ref, 4-12). Multiple~-
payload mission sharing will be required, which Increases the possibility of
contamination. Preliminary information suggests it wouid be impractical fo
prohibit the venting of gaseous and particulate confaminanfs but that careful
design and operational countermeasures can {imit the effect on optical and

radiant-cooling surfaces.

The SMSS will be mated in the Orbiter Processing Facility, on
whose characteristics |little information is now available. Unless a very high
level of air cleanliness is maintained continucusly, particulates can be
deposited on surfaces within the Orbiter cargo bay. Conditioned-air purging
is to be maintalned after payload-bay closure up to 30 min before external-tank
loading and to be continued with gaseous nitrogen until liftoff. | there Is
a requirement fo open the bay doors at the launch pad, ‘the operafion will be
conducted in an environmeﬁTally controlled payload-changeout room. The
potential incompatibilitfy befweén the GNo-purged payload bay and The alr-purged

changeout rcoom has not yet been established.

Affter launch, the Orbiter payload bay is vented and remains un-
pressurized until the reentry phase. As a deslgn goal, overboard dumping of
gases and liquids will be conirolled to avoid contamination. Although the
RCS-system exhaust will represent a major confaminzation.source for the SMSS,
its Tmpact will be minimai because the combustion products are gaseous at the

temperature of the SMSS structure and optics (=300°K).

|+ has been estimated (Ref. 4-12) +that, over an extended period of
operation, sersor performance could be degraded slightly by radiation absarp-
tion due to deposition on mirrors and, To a larger exfent, by loss of resoly-

tion due to deposition-related scattering.
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The recommended SMSS design will minimize sensor contamination by
providing a closure in the telescope barrel to seal the entire system from
the environment. |n addition, the focal-plane assemblies wil! be housed in
Dewar vessels with windows/filters ‘o profect the detector arrays from con-
tamination and fo permit factory and prelaunch checkout wt+houf resorting to
a space-simulation system. Protection of the detector arrays from contamina-

+ion would be a secondary beneflt.

4-41
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Section 5

OPTICAL SYSTEM

5.1 GENERAL CONSIDERATIONS

This section describes some of the optical system parameters
investigated for possible SMSS application and discusses their effect on the
fina! recommended design. As a result of the study and consideration of |
these system parameters (detector dwell f+ime, data rate, sensitivity require-
ments, resolution, eftc.); an all-reflective Schmidt felescope, with the
mirrors and struciure manufactured from beryl|ium, is recommended for the SMSS.
A schematic representation of the Schmidt system is shown in Figure 5-1.

AfTer several iferations, it was determined that a nominal aper-
ture of 75.cm with /1.7 optics appears to be the most suitable. This sysfem
will size properly for the Orbiter payload bay and will provide 66-um resolu-
+1on, which corresponds to a scene resolution of approximately 12 m across a
swath width of 15°. 1t will be compéfible with The proposed recorder-data-
rate limitations, and will permi+ achievement of a 0.1° NEAT and a 0.1% NEAp
(disregarding atmospheric-fransmission effects) using defectors with modest
D¥ performénce. The detector yield during focal-plane fabrication will thus

be relatively high.

. The initial considerations in seélection of suitable candidate
optical systems depended in particuiar on (a) aperture diameter, (b) system
focal ratio {(¥/no.), (c).field of view, both ihsfan+aneoﬁ$'and total for a -
system with scanning, (d) wavelength region of operation, and (e) image
quality and target resolution. Other Important parameters were (a) trans-
mission, including any obscuration of VignefTing, (b) scanning approach,‘ahd
(c} mechanical, environmenta!, +hermal; and ofher constraints. These param- .

eters are interrelated and were considered iteratively, together with the

(’@-'5_ '_ | S . . Y
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desired use of the system, Appendix B covers the parameters considered and

general optical background data.

The planned earth-resources orientation of the 5SMSS necessitates
sensor operation from at least 0.45 pm in The visible spectrum to 12.5 um in
+he long-wavelength infrared. Spectral channels outside this region may be
proposed later in The development or even after +he SMSS becomes operational.
Because no refractive materials are presently avallable that transmit over
this wide spectral range and also have suitable physical characteristics, it
was consldered necessary to |imi+ the investligation to a study of all-refiec-

tive optics.

A scene or ground resolution of 10 m was arbitrarily selected as
a flrst lteration baseline. This value was later changed to 12 m at an
altltude of 185 km (100 nmi), based on system conslderations of dwell time,
sensitivity, and available detector sizes, Furthermore, the maximum aperture
diameter considered practica! for telescope installation in the Orbiter was
initially considered +o be approximaiely 1 m. Figure 5-2 shows the relation
between scene resolution, Orbiter altitude, and wavelength for a 1-m aperture.
Early investigations were based on that 1-m value. Again, The aperture was
later reduced to 75 cm during the tradeoff portion of preliminary-design

deve [opment,

Early in the study, an arbitrary criterion of 10 m was establiished
for scene resolution with 10-um radiation from a 185-km aliifude. This
criterion resulted in a required diffraction-|imited aperfture oi approximately

. 45 cm, which was increased vo 100 cm fo account for geometric aberrations as

a convenient size on which to base the various frade studies.¥

%
The operational 1imit of the optical system is determined by the diffraction

- of the observed radiation. The angular diameter of the first dark ring, or
Airy disk, of the diffraction pattern for a circular, unobstructed aperiure
is given by B = 0.244 A/D, where B is The angular diameter of the disk in
milliradlians, A 1s the wavelength In micrometers, and D is the aperfure
dlameter In centimeters.

& 53
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5.2 - RECOMMENDED TELESCOPE CONFIGURATION

Figure 5-3 depicts the SMSS telescope-assembly design that was
evolved during this study. The assembly is shown as it would appear when
mounted on the European Space Agency standard 3-m pallet. 11 features
readily demountable subsystems that can be modified, repaired, substituted,
or reconfigured as required for specific missions, and as new ‘technologies
permit improvement. They can also be removed as necessary for cleaning or
refurbishment. The intent of the design has been to provide

. Maximum versatility through modularization

Maximum utilization of the Orbiter by imposition of minimum
interface requirements

. Minimum interference with Orbiter systems or with other
Orbiter payloads.

The proposed SMSS system design inciudes the following subsystem
modules: (a) primary mirror and mount, (b} corrector mirror and mount,
(c) aperture closure, (d) sun and albedo shade, (e) focal-plane/Dewar
assembly, (f) focal-plane gimbal, (g) cryogen-storage units, and (h) elec-
+ronicha+a~handling subsystem. The first four of these are covered below.
The next three are described in Section 7, and the electronic-data-handling

system is covered in Section 8.

The Schmidt primary and corrector medules are shown in Figures
5-4 and 5-5, respectively. The mirrors are on strong-back frames fabri-
cated from rectangular beryliium tubing., Symmetrically located mounting pads
provide support. A review of mounting methods for large befy[ltum optics
indicated that the mirrors may be attached rigidly +o the supporting frame.
This method will provide satisfactory rigidity and will not Introduce or

permit the distortion of optical surfaces,

The back of the mirror has a honeycomb pattern of hexagonal cells
machined in an undercut fashion from circular openings. - The finlshed mirror

resembles a sandwiched honeycomb. This approach has been used successfully

- R T
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in fabricating beryllium optics, but computer-assisted analysis will be

needed fto establish the detailed SMSS design and dimensicns.

It is planned +hat the module assembiies will be attached to the
main telescope frame by means of fastener/lock assemhblies to permit removal
for cleaning, recoating, efc. with minimum impact on mission schedules. The
detailed design will incorporate pins that establish the true mirror loca-
+ions within acceptabie optical-system tolerances, so that realignment after

reassembly will not be necessary.

The aperture-closure and sun/albedo-shade modules are shown
Incorporated In the SMSS telescope assembly in Figure 5-3.

A possible telescope fabrication method is illustrated in Figures
5-6 and 5-7. The mll-bery!llum structure can be fabricated firom welded and
gusseted "Z" sections fo provide an extremely strong, lightwelght skeleton.
An inner and an outer skin of beryllium sheet can then be bonded fo the Z
surfaces to provide a monocoque fype of structure. The tpace between the
skins will be filled with a superinsulation materia! attached +o the inner
skin with plastic standeffs. The entire structure will be light and strong
and will provide focus maintenance through the expected temperatiure excursions

because the all-bery!|ium system does nol require conmpensation.

Detalls leading to selection of the all-refiective Schmidt system
are provided in Appendix B.
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Section 6

DETECTOR/CTD TECHNOLOGY AND FOCAL-PLANE DESIGN

The soiid-state pushbroom-sensor concept appears viable because
of fapid progress in CTD technology for commercial and Government use.
Sequential readout of large arrays eliminates the need for individual pre-
amplifiers for all detector elements and minimizes the complexity of the
focal-plane electronic interface. Low-cost batch fabrication makes it
practical To use several thousand picture elements {(pixels) for each spec-

+ral band.

The CTD Imaging devices have high reliability, high packing
density, and low power requirements, and provide flexibility in module
design. The quantum efficiency of siiicon is high in the visible and near-
infrared regions of the spectrum, and the dynamic range of silticon CIDs is
broad. Hybrid combinations of infrared arrays with silicon CTD processing
will permit extension of CTD technology to the long-wavelength speciral
bands. These considerations are discussed below, and a focal-plane desian

concept using presenily available CTDs is presented,

The bands designated as fechnical guidelines are as foliows:

Detector ‘
Channe! No. Bandwidth (um)
Short Wavelengths

1 0.45 - 0.52
2 0.52 - 0.60
3 0.63 - 0.69
4 0.69 - 0.75
5 0.80 - 0.95
' Long Wavelengihs
6 1.55 - 1.75
7 2.05 - 2.35
8 3.9 - 5.0
9 8.2 - 6.5
10 10.4 - 12.5
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6.1 DETECTOR MATERIALS AND TYPES

Silicon devices can be used for detection in the first five of
the foregoing bands. This material has been developed extensively for muiti-
ple~-eiement afrays, including those with CTD serial readout. Although the
spectral response of silicon falls off toward ultraviolet wavelengths, UV-
enhanced Schottky~barrier phofodiodés have been developed with a response
+hat is down only 40% from the peak at 0.45 pum. Gallium arsenide (GaAs),
witn a spectral response similar fo that of silicon, could also be used in
these bands but has a lower sensitivity. Photomultipliers can have higher
guantum efficiency at short wavelengths, but they are better suited for

large single detectors than for arrays of small elements.

Silicon CTDs have been employed in commercial imaging app!ica-
+ions (see Table 6-1) and have been incorporated into advanced deep-space
instrumentation by the NASA Jet Propulsicn Laboratory. Measured spectral
sensitivities of General Eleciric Company charge-injection devices (CIDs)
suggested for the visible and near-infrared SMSS channels indicate detectivi-
+ies (D*) in excess of 1010 cm~Hz%/w for all channels for average room-
temperature (25°C) dark current (6 nA/cm?) (incident radiant power density
of 0.01 uW/cm2 at a 0.67-um peak response). The visible-sensor portion of
the focal plane may be maintained at some Temperature slightly lower than
25%C in order fo assure adequate sensitivity in all channels. The most
severe requirement occurs for Channel 1 (0.45-0.52 um), where the minimum
spectral-radiance change is lowest (see Table 2-4, above) and the spectral

response of stlicon is also |lowest.

A survey of infrared charge-transfer devices {IRCTDs) indica’-ed
that several categories of candidates should ba available in The near future.
Monolithic and hybrid IRCTD techniques that were investigated are éhown in
Table 6-2.

—
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TABLE 6~1 COMMERCIALLY AVAILABLE CTD. ARRAYS
. Minimum .
No. of Pixels per Array '\ Quiput Physical
- No. of 6rfays Data Rate Size (mm)
Manufacturer . for 5 Visible
65 As Applied Channeis at 4000 per .
Designed to SMSS Pixels Each Array (kHz) Chip Raster
Linear Arrays (As Applied)
Fairchild 1728x1 247x1 83 ! 156 23x1.5 | 22.5%0.013
(requires lens)
Texas Instruments | 160x5 40x1 495 25 - 3.7x0.115
Area Arrays
Fairchifd 190x244 63x48 64 200 6.3x6.1 5.7x4.4
Texas lnsTrumenfs 400x400 100x100 40 309 - 9,2x9.2
RCA 320x256 106x85 38 334 12.7x19.0 9.9x7.8
General Electric 188x244 94x122 33 386 - 8.6x11.4
General Electric 100x100 100x100 40 309 7.2x8.8 6.4x8.4

[¢ZG fJodey
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TABLE 6-2 IRCTD CANDIDATES FOR SMSS*

Monolithic Hybrid
inversion ‘Accumutation Schottky Charge Direct Indirect
Mode Mode Barrier Injection Injection Injection
Intrinsic_phofo- | Extrinsic Internal Direct-current~ | Direct-current- |[Buffer-stage

voltaic,
PbTe & 1nSb
{(3-5 um),

PbSnTe (8-12 um)

Extrinsic minor-
ity carrier:
Si:Ga (8-12 um)

ma jority-carrier
photoconductive:
Si:As (8~12 um),
S51:Se & Si:in
(3-6 pm)

photcemission:
Palladium on
silicon (1-3 um),
PbSnTe (8-12 um)

coupled minority
carrier:
InSb (1-5 um)

coup led
phofovoltaic:
InSh (3-5 um),
PbSnTe (8-12 um)

photoconductive:
PbS (1-3 um)

¥ ‘
Si:Ga, ga!lium-doped silicon. InSb, indium antimonide. Si:As, arsenic-doped silicon. Si:Se, selenium-
-doped silicon. Si:ln, indium-doped silicon. PbS, lead suifide. PbTe, lead telluride. PbSnTe, lead-

+in telluride. .

Fok
“Not yet verified experimentally.

1$2¢ 4Joday
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Intrinsic detectors have been used for inversion-mode monolithic
devices with minority carriers. Exirinsic detectors have been used in
accumulatlion-mode majority-carrier devices, but at !east In one case have
been found to provide a higher transfer efficiency in the inversion mode
(Si:Ga, with long-iR-wavelength response, using p-type galllum substrate).

The Schottky-barrier device has a different structure than that
of the usual monoiithic MOS (metal-oxide semiconductor), and is based on
interna! photoemission from a metal-semiconductor barrier on & silicon sub-
strate. The responsivity Is more uniform than for most arrays (about 1%},
and Schottky barriers may be good candidates for high-background applications
in which the contrast is low, if the sensitivity can be made sufficiently
high. Palladium siiicide at 779K has a response in the band from 1 to 2.5
um.

Charge~injection devices have been made at IR wavelengths using
only one material, InSb. The sensitivity is excellent throughout the 1- to
5-um band (e.g., for Channels & through 8 of the SMSS}, and is |inear over

a wide dypamic range (more than 10° in some cases).

'Direcf—injecfion hybrid devices are useful only with deteciors
operating at low direct currents, such as photovoltaic InSb and PbSnTe, which
can be dc-coupied to the charge-transfer register, generally through a diode.
They may have advantages over the indirect—injection iypes, which require a
buffer stage beitween the photodetector and the shift register. However,
photoconductive films that can be deposited on silticon dioxide without in-

ducing interface problems may provide easily fabricated 1RCTDs.

The monolithic candidates may eventually prove slightly superior,
by cambining +he attractive features of high sensitivity, high uvniformity,
fow cost, and low power dissipation. The hybrid candidates, however, should
be avallable sooner for the first Shuttle Orbiter applications, and offer

serial-readout capabilifies without loss of sensitivity.

(@ S )
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A significant advantage of a larger-aperture instrument suct as
the baseline SMSS is that the D* can be well under the ultimate limit and
still provide the desired sysfem sensitivity (e.g., NEAT)., Ip addition, the
earth-background-radiation limi+ on D* makes IR detectors operating near
80%K a more reasonable choice than extrinsic silicon detectors. The latter
are ideal 1n applications that invoive a space background and require cooling

to much lower femperatures,

The principal 80°K detectors for 8- fo 13-um radiation (SMSS
Channels 9 and 10) are PbSnTe and mercury-cadmium telluride (HgCdTe). The
present low-impedance HgCdTe detectors dissipate about ! mW each and require
preamplifiers. They are consequenily not as attractive as PbSnTe photoveltaic
detectors, which have higher impedance and can be directly coupied to CTD
shift registers, minimizing the focal-plane power dissipation and cooling

requirements.

At two recent meetings of the Infrared Information Symposia
(IR1S) Specialty Group on Infrared Detectors (March 1974 and March 1975),
30 papers were presented on the performance of PbSnTe detectors. The
presentaticons were made by the Army Night Vision Laboratory, Navai Elec-
tronics Laboratory Center, Aerojet EleciroSystems Company, Perkin-Elmer
Corporation, Santa Barbara Research Center, Philco-Ford, Raytheon, Texas
instruments, inc., and Rockwell International Science Center. A monolithic
PbSnTe IRCTD metal-insulator-semiconductor (MIS) structure is a possibie
future development. This device, however, is not as promising as the sharter-
wavelength PbTe MIS siructure, unless significant improvements in materials
markedly increase the minority-carrier |lifetime, and therefore the possible

number of *ransfers (Ref. 6-1).

Lead-tin Teliuride dicde detectors have already been coupled fo
charge-coup led-device (CCD) shift registers (Ref. 6-2), by both direct-
injection and buffer-amplifier/gate-modulation input methods. Detectivities
above 1011 cm?Hz%/W (approaching BLIP sensitivity) were achieved at back-
grounds  corresponding to SMSS earth-scene values and an 809K operating

& - o 6-6
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Temperature. Devices witTh both types of injection were found to Have excel-
lent transfer efficiency at a clock frequency of 75 kHz. At low operating

temperatures, when the detector conductance is much less than the CCD input
+ransconductance, fthe transfer function of signa' and noise current into the

CCD approaches unity.

For Channels 6, 7, and 8, the choice of detector is not as clear
cut. Indium antimonide operated at 809K is a prime candidate, having been
developed in two forms of CTD directly coupled to silicon shift registers--as
a CID (Ref. 6-3) and as a hybrid phofovoltaic device (Ref. 6~4). Linear
arrays of 32 elements have been bullt in both approaches, as well as fwo-
dimensional versions for at least the GID approach. The element size is
appropriate for SMSS application: 50 +o 100 um (2 to 4 mils).

The 1nSb CID has achieved a D¥ in excess of 102 cm-HzZ/W with
jow backgrounds at a 4.5-um wavelength; the dynamic range exceeded 107, Tle
quantum efficiency is nearly constant from 1 +o 5 um. (The relative spec-
tral responses are 50% of peak for Channel 6, 60% of peak for Channel 7,
and 90% of peak for Channe! 8.) With a 300°9K background and a 30° field of
view, the blackbody D¥ (500°K, 500 Hz, 1 Hz) is 5 x 1010 cm—Hz%/W, which
can be equated to a 4.5-um D;eak of about 3 x 10!, This seems adequate for
+he SMSS application. The photovoltaic InSb coupled To a CCD has also

S p)

achleved nearly background-iimited detectivity (DBLIP

Another good candidate is a hybrid photovoltaic PbTe CID, similar
to The Pb5nTe device recommended for Channels 9 and 10. As mentioned above,
PbTe might eventually be used as a monoiithic CTD.

Lead suifide elements could alsc be considered for Channels 6 and
7, and require less coaling than InSb or PbTe. Thelr response times, how-
ever, are longer than the SMSS dwell +ime, and they may require amplifying

buffer stages for coupiing to CCDs without a loss in sensifivi+y.

— e
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Figure 6-1 shows the detectivities required in the three longer-
wavelength channels in order to meet the system-sensitivity guideline of
NEAT = 0.19K with the baseline 75-cm optical aperture at £/1.7. The 2809K
values are all about a factor of 35 below those for background-!{imited photo-
voltaic detectors viewing a 280°K background, with 509 quantum efficiency (n}
and a 34° full-angle conical field of view (f/1.7 optics).

Table 6~3 identifies the baseline detector materials and iypes
of CTDs recommended for the SMSS focal plane together with required detec-
tivities. Figure 6-2 plots required versus available D*. Monolithic sili-
con CTD fechnology for the visible spectrum offers a solution to the multiple~
detector problem through low-cost batch fabrication, serial readout, high
quantum efficiency, wide dynamic range, high reliability, low power require-
ments, high packing density, low-noise processing, and absence of solar-
overload damage. Monolithic indium antimonide devices and hybrid combina-
t+ions of IR arrays have a potential for extending CTD technology to the long-

wavelength bands.

6.2 CTD SATURATION EFFECTS

The problem of saturation may be significant for Channels 9 and
10. Table 6-4 gives maximum photon-flux values for /1.7 optics using a
NASA specification for the maximum visible and infrared (320°K) radiance.
For Channel!s 9 and 10, the number of photons is an Qrder of magnitude

greater than for the shorter-wavelength channeis.

The worst case is Channel 10 (the 10.4- to 12.5~um band), in
which a 320°K scene will provide a background flux of 3.4 x 10!6 photons/cm?-
sec with an /1.7 cold stop (as compared with 2.5 x 1016 in the £.2- to 9.3-

um band and 2.4 x 1077 in the 3.5- to 5-um band). The number of in-band

photons incident on an 84xB4-um detector in 1.62 msec is as follows:

(3.4 x 1016 photons/emZ-sec) (7 x 10~7 em?) (1.6 x 1073 sec)

= 3,9 x 10° photons

6-8
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Dheip FOR
2 ¥ 104} CHANNEL 280°K, f/1,7, = 0.5

8 1,33 X 1012

9 3.3 X 10t}

10 2 x 1M

ol

5 X 1010

5 X 10°

250 280 300
SCENE TEMPERATURE (°K)

FIGURE 6-1 INFRARED-DETECTIVITY REQUIREMENTS FOR CHANNELS 8, 9, AND 10

T
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TABLE 6-3 RECOMMENDED BASELINE SMSS MATERIALS AND DEVICES™

" ' Spectral : _: e

Channe! | SPectral Detector | Type of | Radiance Required |
No Pass Band | o terial CTD Change 0"

(um) ‘ W /m2 —sr) (C@-Hza/W).
Short Wavelengths--Operating Temperzture = 300°K
1 | 0.45-0.52 | i clb £ -0.010 " 11.9 x 1010
2 0.52-0.6 Si CID 0.022 8.7 x 109
3 0.63-0.69 Si CID 0.024 8.0 x 109
4 10.69-0.75) ~ Si cID 0.025 7.7 x 109
5 0.8-0.95 Si CiD 0.06 3.2 x 109
Long Wavelengths--Operating Temperature = 809K
6 1.55-1.78 {  inSb CiD 0.014 1.4 x 1010
7 |2.05-2.35| InSb ciD 1 0.004 [ 4.8 x 10!
8 3.5-5 InSb cip  |0.00347%t | 5.6 x 1010
9 8.2-9.3 | PbSnTe Hybrid 0. oxsz** 1.3 x 1010

o - B direct T
10 10.4-12.5 | PbSnTe injection | 0. 0253t | 8.2 x 109

Toptical aperture = 75 ecm. Focal ratio = f/1.7. Optical
efficiency = 0.5. Electronic efficiency = 0.8. instantaneous
field of view, IFOV = 66 ur. Solar-irradiance values caicu-
lated for albedo = 30%, using minimum NASA Goddard Space Flight
Center specifrcafions for Earfh Observa+ion SaTeIII?e (EQS)
radiance In Ref. 6-5.

++Va[ues for AN/AT [ Np 'CZ/ATQ, where AN = radiance change,

AT = Yemperatfure cnange, cgp = ch/k (where c = velocity of light.
ina vacuum, h = Planck's constant and k = Bolizmann's con~ =
stant), A = wavelength, and T = temperature (9K)] obtained by
inferpola+ion from tables in Ref. 6-6 for use in computing the
radlance contrast of small| temperature inhomogeneities. . :

6-10  ._:
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number that can be.

gate area equal to

TABLE 6-4 MAXIMUM-RADIANCE, DYNAMIC-RANGE, AND PHOTON-FLUX DATA
R Radiance (W/m2-sr) _
Chénhel Spggzgal -. . Reqﬁired (Tg?goghgigﬁs/
No. (um?} Maximum ggg;mum Dynamic cmZ-sec)
ge Range
1 |o.45-0.52] 21 0.010 2100 1.5
2 |0.52-0.60| 24 0.022 1100 1.8
3 0.63 - 0.69 | 17 0.024 600 1.5
4 0.69 - 0.75 | 15 0.025 600 1.5
5 [0.80-10.95 30 0.060 500 3.6
6 .55 - 1.75| 7 | 0.014 500 1.6
7 |2.08 - 2.35 | o0.004 800 0.9
'8 | 3.8-50 | 3.8 |0.00347 | 1100 2.4
9 8.2 - 9.3 | 21.0 0.0152 1380 24.9
10 - 4{10.4 - 12,5 | 25.8- | 0.0235 1100 33.7
-jlf-fhelquahfum efficiency. is 50%, about 2 x 109 carriers ‘will. be.

.'genera+ed by these

photons.

This is approximately 20 times the maximum

effective gate potential of 10 V.

~ the sampllng Tlme must be reduced fo about 0.08 msec.

handled without saturation by a conventional CTD haVIng a
the detector area, an oxide +h|ckness of’ 1000 A “and ‘an
(The usé of an oxide with a higher dielec-
. +tric constant, ‘such as +i+anium digxide, TiOp, would increase this capacity
by about 30 times.). rect ’

~ be reduced to about 1 x 108 carriers for conventional ClDs.

The charge generated in each detector must therefore

Consequently,

1fa background-subfracflon cnrcu;f is used that effecflvely

removes dl| d-c background below some Threshold, say 1 5% 1016 phofons/cm

sec (scene +empera+ure sllghfly below 260°K),

:”aIIeV|a+ed.

this problem will be. somewhaf

‘The maximum number of carriers: per detector per second is

‘reduced by a factor of 2, permitting the sampling-time interval to. be

doubl

e

6-1é." :

ed.. The dynamic range, however, is Improyéd_by an orcer of magnitude,
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és'shbwn in Table 645.. For an'NEAT of 0.19K, it should be possible to cdver
a range of about 60K in scene-temperature variation (260 to 320°K), using
- 8-bit quantization or 256 amplitude levels separated by 0.16°K. The con-
trast between levels is improved from 0.8 o 8%. The noise leve! of the

device should be 100 carriers per sample or lower.

PofénTial digital and analog systems for the removal of high-

- background bias are covered in Section 8,

6.3 ' NONUNIFORMITIES IN RESPONSE OF DETECTOR ELEMENTS

A problef in the design of a multieiement scanner is that of
response nonuniformities in individual elements. A fixed-pattern type of
noise is characteristic of such scanners, but it is possible tTo reduce the
nbise by one of a number of on~board compensation circuits or'by means of
accurate calibration of the response of all channels and ground data process-
ing. NASA space imagery. has been processed for nenuniform response, as . well
as to emphasize details, +o modnfy Tona[ range, and +o aid in p|c+ure
interprefation (Ref. 6-7).

The compensating circuit shown in Figure 6-3 (based on Ref..6~8)

- can be usgd.wifh the CTD shift-register approach. The serial readout from

several hundred detector elements is amplified by one integrating preampli—:_.'
fier and is then demultiplexed into parallel channelé-fhéf are firsf processed
“through -low-pass ilters (LPFs) and are then matched to each other by varying -
the attenuation pads in each channel. The signals out .of the variable pads

. are fed to signal-processung circuits. |f the array'ages, +he pads must be

reseT 0f The amplifier galn is suff|cuen+|y hlgh the paraile[ channel “can

be passive eleaments, resistors, and capact?ors
A possibly more-compact way to compensate for variafions'ih _
esponse in elfher one— or Two-dlmen5|onal arrays PequreS a read-only mpmory

(ROM) and a var1ab|e—ga1n ampllf:er as shown in thurp 6-4 (also based on
Ref. 6~ 8}. The_respon31v1+y variations are measured by flooding the array

i
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" TABLE 6-5 IRCTD PARAMETERS FOR 10.4- TO 12.5-pm BAND®

_iWi+hOUT Backgroﬁnd Subtracfion**

With Background Subtraction at

Scomn” 1.5 x 1018 photons/cm2-sec®*#*
: Tem?ggﬁ*”rei Flux Carriers: Effective - Carriers
. ) ;(vhbfons/cmz-sec‘ per Detector Flux .| per Detector
o P % A BT 0.08 msec .(pho+ons/cm2—sec}_ in 0.16 msec .
320 3.4 x 1016 1x 108 1.9 x 1016 1 x 108
" 260 1.7 % 1076 5 %107 0.1 x 1016 5 % 100

a5 RS . . - .
- Dynamic range

F¥

Dynamic rangde

il

n

Opéﬁa+ion}ai'80°K, quantum efficiency of 50%, /1

2 to 1. Contrast between levels

.7 cold stop.
= 0.8%.

20 o 1. Contrast between levels = 8%.

¢z jJoday
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P

with uniform light. The serialiy read signals from the inhomogeneous array
are'amplified in the usual way and are compared with a reference signal,

are A/D-converted, and are then stored permanently in an ROM device.

The uniformity data stored in the ROM can be used To compensate
L ' for +the array when the system is in operation {(Figure 6-4B). The s%ored

- .~ information and The array are scanned synchronously;:and the resulting
signals are fed simulfaneously'To an ampliifier whose'gain fs confrol led by
the ROM data. To simpllfy ‘the system, the ampiifier gain is conirolled
directly by the digital information from the memory. |f The array ages non-
uniformly, -+the ROM must be reset or replaced. | '

Fikéd-paffeﬁn noise can also.bé'effecfive[y'eliminafed'by means. -
of overscanning or combining the ouiputs of a small subarray of detector -
elements in the scanning direction. The approach not only smoothes out non-
uniformities but also improves sensitivity by the square root of the number
of subarray elements, when signals are added coherently or in phase by
'rdufihg'+hem'+hFough sections of a déiay 1ine corréspohding7+o'scén~+1me
' sepafa+ions{ This has been called a "delay and add" fechnique or "time-

delay integration®.

v _ | The need for removnng fixed-pattern noise due to response fion-
unlformtfxes can be’ apprecnafed by considering eguivalent. D¥ or NEAT values

for the conceptual scanner designs-

The signa]-+o—nonuﬁiformf+y—hoise ratio for & system with 1% non-
uniformity (i.e., S/ ) would be '

N s _Mao oM 00
Mo P OO T
’ wherezr _ NAA = scene radiance in the A\ spectral band (1.4 m/cm2-sr

oo BN for the 11-um band, and 0.089 mW/cmZ-sr for the. A-pm
e S T pand) _ _
§ co R g = nonuni formity factor
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The signai-to-background-noise ratio ($/N) is given by

s _ m[2F Ny 8D K KD
4 (f/no.)

=

where T4 is dwell time, D s aperture, © is instantaneous field of view,
Ky 18 optical efficiency, and K, Is electronic efficiency. Equating the
foregoing relations, an equivalent nonuniformity D¥ can be expressed (using
original baseline values) as ' o

D¥ = 4 (f/no.) L 1.85 x 108 :
™ w8 D Ky Ko Ny ZTg Nax

when g = 0.01 for 1% nonuniformity. For the 4-um band,

D:u = 1.85 x 100 = 2,08 x 1010 cm-HzZ/W

as compared with a photon-noise-iimited D* of 10'1. For the 11-um band,

pf = 2B XN0 -y 55 % 10% emHzE/n
1.4 x 10

as compared with a phofon—nouse—!lmlfed D* of 1010 EXpréSsed.ih terms of
 NEAT, the eqUIVEIenT nonunlrorm|+y values are O 3°K for the 4~um band and
© 0.669% for The 11~um band

Consequen?iy, if. IR-de?ec+or-array nonunlformnlles canno+ be
reduced below 1% (to about 0. 1%} their effect must be removed by da1a
_ proce551ng in order to malnfaln 1he desired SEHJ!TIVITY levels.,” This is
'accompitshed by the au+oma$1¢ callbrafiop technique descrlbed.yn_Sec+lon,9ﬁ.;
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6.4 FOCAL-PLANE DESIGN CONCEPT USING PRESFMTLY AVAILABLE CTDs

As noled above, a number of ccmmercial CTDs -can be considered for

-use on the SMSS focal plane. Presently available ClDs ar= applicable to the

ehorf-wavelengfh channels (0.45 to 0.95 pm), and 8 numher of firms including

~ Aerojet are working on |RCTDs under both Government and independent research

and development funiing. Progress in their developrnent is expected to be
sufficiently rapid to permit their inclusion in the SMSS system design.

A concepfual desngn has been developed for The shorT—waveIengTh
sec+|on of Y+he SMSS focal plane (Channels 1 through 5) and is discussed below.

: The- jong-wavelength section (Channels 6 through 10) will probably be similar,

but will require active detector cooling and a Dewar assembly.

Two types of CTD COnffgurafionS'are commerciaiiy,available:
linear—imaging'arrays and area~imaging arrays, in sizes shown in Table 6-1.
Because The SMSS has only five visible-spectrum channels, considerable

redundancy can be butl |+ into the 5ys+em'wi+h area arrays.

For minimum complexity and cost; i+ would be advantageous to
minimize the total number of arrays. In all cases, the array-pixel size is
less fhan the desired SMSS-pixe! size, and some provision must also be made
Te sum signals from adjacent Peso!ufion,eiemen+s'prier to dafa:oufpuf. This
can be accomplished at the output-transfer gate or the reset circuit for

- most of +the available configurations.

| An oufpu+-+ransfer-ga+e summlng sequence is illustrated in F;g—

“ure 6-5 (where ¢1 +hrough ¢3 are clock phases ‘and S1 through S‘ are signals

from adJacen+ resolution elements). A similar procedure can be used with +he
rese+ gate +o collec+ +he charge in the. floaTIng diffusion for more Than one

.clocking cycle. It can be followed for an arbiTrary number of clocklng cycles' :
as Iong as the fotal signal charge does not exceed the +ranefer—ga+e storage
'.capacify. Although three-phase clocklng is- |[|us+ra+ed This scheme will

work equally well for fwo- or four—phase qlock;ng The oquuf dafa rafe from
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eact, array will be 617 Hz (75~-cm-aperture system) times the number of SMSS
nixels on That array.

Each_llneér array would be filtered for only one of the selected
wavelength bands. 1+s output would therefore simply be data from that spec-
tral channel. In contrast, if an area array Is used, the output data will be
a time-multiplexed combination of the five spectral channels, as shown in
Figure 6-6. Reconstruction of each spectral channe! will be required either
(a) on the focal plane with CTC demultiplexing, (b) just before the data-
sTorage step after digitizing, or {(c) on the ground affer data refrieval.

Most of the éeven commercial ly available CTDs characterized in
Table 6~1 are promising for SMSS use, but the General Electric (GE) 100x100-
element CID array has a pixel size most nearly matching that of +he SMSS.
(This array makes it unnecessary 1o employ the signai-summing approach illus-
trated in Figure 6-5.) Because the sensitivity of this device is equal ‘o or

better than that of the oThers, 1+ is +1e recommended choice, and a possible

focal-plane layout based on 11s use Is shown In Figure 6-7.

In that concept, forty 100x100-element arrays are used.in a
staggered pattern to obtain a 4000-pixel SMSS channel for a 75-cm-apertfure
system. Each array is divided into five columns of 100 efements each, with
sach ~nlumn representing 1/40th of a single channel. Staggering is required
to provide element-to-elament coverage in the SMSS crosstrack direction.
With this configuration i+ will be necessary to delay the readout of alter-
nate arrays in order to reconstruct the ground scene. Of the 400,000 pixels
on the 40 arrays, only 20,000 are required o cover Channels 1 through 5..

~ The focal plane for the réfjecfive Schmidt optics will be
slightly curved. 1+ is believed that the depth ot focus will be sufficient
to permit the mounting of eight segmenis of five arrays each on an elght-

- faceted substrate that approximates the focal-plane curvature.  Filters for

+he individual channels can be deposited on a large substrate for subséqden*-_'

@ﬁggié. | 6-21
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separation into sirips. Thevsfrips can then be installed in filter frames

t+hat are mounted onto each eigh+~array segmen+ Figure 6~7 conceptually

" illustrates this approach.

_ Signal, blas, and clocking leads can be fed through the focal-
plane-suppor+ structure via inlaid strips adJacen+ +o each array, and fur?her'
Stgnallcondlfsonxng,vbufferlng, etc. can be accommodated on the back of the
array-support structure. {n keeping with SMSS mOdhlarify, a focal-plane |
layout of this type could easily be_adab+ed +o change the spectral. coverage
by insfa]}fﬁg differen+ fi|+ef-frame assemb | Tes. |

A concept for an IRCTD hybrid array is shown in Figure 6-8, and
addlf!ond: foca[ plane conSIderaflons and design. concepfs are covered in
Sec+ion 7.

o
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Section 7

© FOCAL-PLANE/GIMBAL-MODULE CONSIDERATIONS AND DESIGH

7.1 FOCAL-PLANE COOLING AND CONFIGURATION

- Potential cooling systems for the SMSS focal. plane were compared
and analyzed on the basis of an assumed operating Temperafufe of 80°K
(infrared channeis). Also assumed were a data-gathering duty cycle (focal-
plane power on) of 2 hours peﬁ.day for a 10~day mission, and a focal-plane.
:power dissipation of 9 W. Preliminary caiculations indicated anvaverage
heat load of approximately 16 W, with 15 W during the off period and 24 W
during the on period. . -

Three cryogens were evaluated, as were closed-cycle mechanical
'refragera?ors and Jouje-Thomson open-cycle refrlgera+ors. A sugges?ed
~ cooling-system design was generafed heat loads vere ca\cula+ed and pre—

llmlnary focal-pIane/Dewar—assembly details were concelved These |nves+fga-“‘

+|ons and fhelr resulfs are. d[scussed below

I A% P S Coolung Evaluation

-‘The three cryogens eva[uafed were nlfrogen, whtch can elfher be a:

 l|qurd at 63 to 77°K or a solid below 63°K, and methane and argon, which w1l]

be'solid at 80°K or cwer. . With The SMSS focal-plane heat. loads, the cryo-

‘gen—VEnT—vapor flow rate will be high and vapor—coo[ed shields are prac+1ca1.

As a resul+ The heaf ieak info Dewar vessels was neg[ecfed in this analys;s.

. : The resulflng weighT and volume of ?he ¢ryogen would be 10 to- 20% htgher iF

a VenT~vapor_cooied shietd were not employed. The convenfional hea+—ba1ance'

~ equation was used for the analysist

ot
= oo
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o — -

welght of cryogen

where W =
} _ Q= heat load
T = time

o
|

= heat of vaporization or sublimation
-~ The results were as fol lows:

Heat of Sublimation

__or Vaporization ' WEidhf __Volume _
Coolant ~+ _:d/kg ..~ gcalfg kg .~ db .. Liters - cu ft
N, C2x10° 48 69 152 86 3.0
CH, 5.6'%x 10° 133 25 . .54 56 2.0
A 1.9 x 103 4% 73 160 . 46 1.6

The.ca!culaTions indicated that methane would add the least total
we;ghf (25 kg) and argon had the smallest volume (46 |iters). Mifrogen could
‘be a IlQUId or a solld bu+ the oThers must be sofid to meef the 80°K.
reqU|remen+

When closed-cycle mechanical refrigerators were considered, it

was found Tﬁaf'fhefnecessary cooling might be proVTded by fwo devices with a

'-wexghf of approXama+e£y 23 kg (50 ib) and & _power. requirement of approximaTeiy___

1 KW; in add|T|on, 1 kW of heat would have To be reJecfed at approximately
325°K It a Two—speed coo!er were avallab[e, the power and heaT-rejechon
'_“requnremenfs would be- abou+ half these values durlng +he off pertod . Because
,'+he overall operaf.ng +ime for the SMSS is re,afyvely short (240 hours maxi-

-'_mqm);-a~mgchanica!_cooier,could_meef_The_]Ife+jme requirement,

'These cleed—chte types of refrigerafdrs have. been'under deVélop—
- men+ for use in- spacecraff for several years, and ons has operafed ln space:
for_SOO hours Such a cooler could be accep+able for the SMss 1f power,

.._.thraflon,. and hea+-rejec+|0n requuremen?s were nof overrldlng con51dnra?|ons '
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Joule—Thomson (J-T coolers were also examlned for SMSS use.

~ The. most common open J-T system is +he Air Products AC-1 unit rated at 7 W.

at 80%. Two units wouid be needed during the off period and four dursng

This cooler requires a nitrogen flow of 1.58 kg/hour. For Fwo
units operating for 10 days, more than 680 kg (1500 1b) of gas (pius the
tank weight) would be necessary; The Hymatic MC-8 cooler is listed at iO'W
at 809K with a flow rate of 0.128 kg/hour. The related ﬁeigh* of gas and
hign-preseure ‘tankage wou id beiapproXimefely 230 kg (500 Ib). TheSe'eruee
indicated that the J-T approach does not offer a practical method for focal-

piane cooling.

. The resuits of this investigation are. summarized in Table 7-1.

~ 'Solid nitrogen is recommended for SMSS focal-plane cooling because of its’

inherent safety, simplicity, and support logistics, notwithstanding the
weight and. volume penalties in comparison with methane or”argon Mechanical -
refr;gera+0r5 are not recommended because of their rela1|veiy Iarge power
consumpflon and nncreased sys+em comp lexity. They would also requ1re a
large radiator panel to dissipate the refrigeration-system heat. Joule-

- Thomson open-cycle refrlgerafors welgh more than 680 kg (1500 Ib) and +here—_

fore would no+ be practical.

712 Suggested Coo]1nq Desian

The suggesfed desngn {shown in Figure 7—1) provides suffnc1en?

volume for. +wo separa+e solld cryogen Dewar Vessels, each of which is

mounted a+ +he end of a copper heaT-conducfton bar connecflng it to fhe

focal plane (which is housed in its own.Dewar vessel). A flexible braid

' wi[T“be'used”for“parfrof‘The‘1eng#h~+oral1owlfocal—plane'movemanf.

~ The operaftng hea+ ioad is conveyed +o ?he exfernal coolers
Through +he “fvio 61 cm-iong bars. The +empera+ure drop (AT) for a bar of -

3,8x3.8-cm cross section will be 12.49K, including a 5—cm-£ong flexible

-braid-having a 2°K AT. . Each bar would weigh approximately 6.8 kg (15 Ib). =

e
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TABLE 7-1. COMPARISON OF FOCAL-PLANE COOLING SYSTEMS

':TYp97 

- Advantages

Disadvantages

‘MECha"ica]'FefrTgerafion

. Light weight

[R23 kg (50 Ib)]

-Unrés+ricfed duty cycle

Highefﬂpower consump-
+ion (A1 kW) '

Vfbra+ionv _
Large radiator required
Limited life |

: 0péﬁ~cycleiliQGid.tryogen

Simplified servicing,_aborT?
.dump capability -

Logisfic ground supporT
equipment (GSE)

" required

- Fluid transfer at zero

gravity difficult
Limijed duty cycle

"Open—cycle:Jouie—Thdmson‘

Far too heavy
[680 ka (1500 1b)]

Opén-cycle'solid cfyogen‘

Canisfer-!pading concépf

. Lower temperature available
. for given cryogen, higher
‘| density o :

1 Requires conduction bar

for heat transfer

Abort jeffison difficult |
»GSE more -comp lex

[£26 4Joday
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The AT along the bars requires that the CrVOQEh operate at about 689K,

which ‘can readily be achieved by cryogen venting at lower than atmospheric

pressure.

Flgure 7—1 shows The focal- plane madu te mounted fo the gimbal

.module, W|Th the conduction-bar assemb!ies aTTached The Vacuum—Jackefed

bars are terminated oufside the telescope barrel with a bayonet-iype connec-
tion so That the Dewar assemblies are removabie. Thls configuration is

considered desirable because several different sizes of containers could be
substituted, depending on the particular mission reqU|ramen*s in addition,
+he cryogen could be Ioaded and solldlfed in a serVIce lacation for subse- -

quent. installation at the launch site or payload—assembly area.

Al+though connecting each vacisum jacket o a Dewar vessel_ihu
creases compiexity, this approach is considered necessary to facilitate
qualification, grDUnd checkou?, and system caiibraflon Ellmlnaflon of the

vacuum system would force all deve lopmental, qualiflca+|on, and prelaunch

testing to be performed ln_a vacuum chamber .

The conduction bars will be equipped with fiexible braids of

" thin copper wire to accommodate the focal- ~plane motions requured for lmage-

motion compensaT:on and focusnng. Because these excursions will be small
+he braided—copper technique is feasible. Braided conductors have been

 used on smaller sysTems at Aerojet and have not presenTad special ﬂroblems

Scaling up to the SM5S reguirements should-create no new dnffJCUITles.

'f11;3ad ' Heat Loads

Heat-1oad. calculaTions were made on the basis of the SMSS con=

-_flgura+|on described in the preliminary spec1fica+ion and . the prei1manary

-design shown In Flgura 7-1. A value of 9 W was assumed for The electrical.

:haa+ load, Q1 (|nc|ud|ng the lead W|res), and was considered censervative o

" for This analysis. The focal= plane auppor+ employs plea+ed flTanlum for

connecfion +o the cold s+a+|on
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, The support uses 6Al=4Y titanium with a thermal conductivity of
0.06 W/cm-OK at a mean temperature of 190°K for an ambient temperature of -
3000K and an 809K infrared focal piane. I+ has'an’érea:of 4,42 cm? and a
length of 26.4 em. 'The resulting heat leak, Qz, is 2.23 W (from the conven-

ulonal conductance equafton)

Radiative heat leak to the focal plane was considered without -
radiation shields, The surface on. which the detectors are mounted was
assumed to have an emissivify of 0. 8. The area is 315.74 cmz, and +he heat

, load_for an assumed vrew facfor of 1.0 is gtven by

I 0 (0.8)(1,0(0,05157 n2)(5.67 x 108 w/m?-°K )[(300)4 - (80)° ]

1M1.52W

~~ The remaining area of the focal plane is 536.7 cm?., I+ would be
gold-plated to.achleve an em1551Vr+y of O 03. . The heat load for the 1.0 view
fac1cr is given by ' | S

- Q (0.03)(1,0)(0,05367 m2)$5s67 x 107 w/m?-khIz00* - (8]

The total heat Joad_on_fhe_fogai plane is then

Watis

g EteC+rica|'Q1'. o | 0 9
“Support, Qo e L ;2 2 .._-i_Z,Z.
- Rad1a+10n o focal-plane face, Q3 11 52 11.52
o Rad|a+ion To foca! plane, Q4 ' 0,74 - 0.74

Tofaf iaa6 23460
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7.1.4 Focal-Plane/Dewar Assembly

The focal-plane/Dewar assembly consists of fen staggered |linear
arrays of detectors {as discussed in Section 6) that are mounted in a Dewar

. vessel, which in turn mounts on the glmbal-module assembly. Focal~plane

details are i tlustrated in Figure 7-2.

I+ was determined early in development of the SMSS conceptual
design that the system should be operable under earth-ambient conditions.

space simujation will undoubtedly be used during developmental testing, but

elimination of the spaCe*simu[a?fon requirement for routine system checkout -
will significantly reduce test complexity, time, and cost. " For this reasch,
The de+ec?ors are Dewar-housed fo permlf cooling To 70 o BOOK (for IR de-
Tection). ' S

Acccrdlngly, as shown in Figure 7-2, the detectors/CCD for IR

.channels are mounted on the cryoplate, which attaches to the conduction bar
-c_Through flexible straps. The cryopIaTe Is held on The Dewar housing by a

therma|-isolation sUppch ‘The latter prOV|des a long conducflon path with |
minimal cross section, and rigidly supporis the focal plane to prevent move-

ment or vibration.

The specTraI filters are mounted in small assemblles. For the
vIsibIe channels, these assemblles incorpora+e five strip £il+ers mounted ‘in
a 5|ngle Trame. Forty such frames will be needed for the visible channe!s
'For fhe !R channels, each frame will. mcun+ a S|ngle fllfer and 16 assemblles

will be necessary for each channel (or a fotal of 80 frames). The fiITer

_e!emen+s wsll be cemen+ed |n+o the frames, which will +hen be attached to the
" main Dewar closure frame by means of - special -indium gaskets:-to provide

hermetic sealing. !n'keeprng with the sysTemufleXIbIliTy criferion for the

o SMSS, the filter frames can. be changed beTween missions fo prOV|de dlfferenf |

specfral coverage or resoluflon as requ:red by various experimen?ers, T
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The assembly is also fitted with a shutter that fraverses the
length of the focal piane during calibration. The shuiter consists of a small
bar that blocks radiation from the earth scene during calibration and presents
a background of known radiance by virfue of precise temperature monitors
mounted in the bar. Bar mofion is accomplished by means of a reversing lead

screw, and bar position is provided by a |inear encoder.

The assembly described above and {|lustrated in Figure 7-2 repre-

sents a potential design concept. |1 is not infended to accurately define

+the required focal plane, but rather +o illustrate *he feasibility of the

basic SMSS focal-plane requirements:

o Modularity
_Q _OperablitTy under earTh-amblen+ conditions

. 'Capabil:+y for changin spec+ral bands and specTrai
resolution,

7.2 ACTIVE FOCUSING

I+ je planned that beryTITum will be used not only for the

primary and secondary mirrors of the SMSS but also (to assure minimum dis-

TorTion and misalignment due to thermal changes) for the telescope and the

mirror mounts. Compensation would be required if dissimilar materials were

used but This approach permits ftxed focus optics, a- proven Technlque in

many OpTICBI sysTems. However, an ac+Ivs—focu51ng mechanism appears

desirable because

&, Detailed thermal and struciural design effort is reduced,
since minor variations in alignment due to thermal
stresses, launch and landing vibration and shock, and zero-

- gravity conditions can readily be corrected in orbit.

b. Substifution of focal-plane or gimbal modules would not
. reguire complex realignment procedures, and such replace—'
' men+s could be accomplished Tn the field. "

C. The focal plane is gimbaled for image-motion compénsaTion'

and focus would add only one more degree of freedom, a
" minor impact on complexity. ' '
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The total depth of focus planned for the SMSS is 286 uh'(0.0011
in.), as illustrated in Figure 5-33. Adjustment during operation will
require a focus-monitoring system (e.g., Figure 7-3) that can franslate the
focal plane along the optical axis. The trans lation function can be acédmmo—

dated in the gimbal module (see paragraph 7.3}.

The system determines the SMSS focus condi?ion,by'dGTeCTing The
presence and phase of two, small, c01lama.cu, light-emitting-dicde (LED)
sources. The LEDs are attached o the +siescope and are focused on detectors:
mounted on the focal plane. They are pulsed ailternately; as noted in Figure
7-3, one pulse is designated as positive and the other as negative. The -
collimated beams are then focused onto the apex of a roof mirror mounted on

When the system is in focus, The detectors have minimum fesponée.'
| ¥ the focal-plane position is too short, the plus and minus- beams energize
the correspending pius and minus detectors. |f the focus position is too R
long, the plus beam energlzes fthe minus detector and the minus beam energizes |
The plus deTec+or The correct position is thus readily deferm:ned as
is fThe direction of motion required for best focus. With this sysfem, focus ' i

‘can be monitored and adjusted by the payload speciajisf_in-fhe Orbiter cabin,

or can be accomplished automatically with a logic circuit in the SMSS elec—

tronics. ;
7.3 ‘GIMBAL MODULE
7-3;] ' Descr1gt1on !

The gimbal module is 1ncorpora+ed in the suggested desugn to

introducing appropriate, smal |, ccmpound motions of +he detectors in Thm
focai surface, the SMSS llne of S|gh+ can be shorr-ferm—s+abllized at +hp

nomlnal ponn?ing angle ln space
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As presently envisioned, the moduie will be 12.25 cm wide,
35.50 cm long, and 12,75 cm deep. |+ will provide for roll compensation
with a translation in ifs Idng dimenslon (¢ross—+rack direction), for pitch
with a translation along its width (+rack d1rec+ton), for yaw with a rota-
tion about the felescope axis, and for focus with a +ransla+|on ajong that

axis.

The entire mechanism is housed in an enclosure that can be
maintained at a slIgh?iy'posi?ive pressure fo circumvent the usual design -
problems associated with vacuum operation.of mechanical systems and mofors.

“(cold welding, outgassing, optical-sysiem conTaminaTion, arcing, etc.}.

_ The module is supported by a “"spider" that mounts on the tele-
scope sirucfure.’ Four bellows assemblies positioned to minimize. unbalanced
torques provide for connection fo the support spider. The bundles of wires
to the focal plane and the gimba! module will be positfioned similarly, as
will the cryogen supply and exhaust connec+idﬁs;:sb that the sYéfem is

essential ly balanced.

Figure 7~47~a5 deveioped for use In scoping the module. Posi-

_ Tlon encoders. are no+ shown but will be required, probably w|+h momentum-

compensation deV|ces as well. The intent was to develop @ prel[mlnary IaydUT
for module analysis to verify feasibility. The layout employs commercially

vavailable'sfeppek motors, gears, -slides, etec. It is . likely ?ha? spec1ally

"~ tallored devaces will be required in +he actual design.

7.3.2 ' ; G1mba1 Servo Analys1s
This analy5|s is based on the concep?ual gimbal modute descrlbed

above. |f.a nominal downloocking sensor ‘is assumed, Orbaferwyaw compensafion

requ:res Thaf The detector assembly rOTaTe in fhe focai surface, Orbl?er

pifch requ1res Thaf the detectors franslate fore and aft (paralie[ to. the
"1onglfud|nal dlmen5|on of The Orbiter), and Orbiter roll requires’ translation

~ from side to side. Servos ‘o produce motions in these coordinates are de-

plcTed N Flgure -4
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This concept requires that sufficiently accurate correction sig-
nals bé_availabte.and +hat the servos can reproduce The commanded motions at
the focal plane. The ensuing analysis assumes that a source of such correc-
tion signals is available, that the Orbiter is at a constant nominal aiti-
tude, and that it s undergoing an eésenfially friénguiar Iimif.cyéle within

its #0.1° attitude-control deadband. | | Y

The maximum driff velocity in normal operation is expecied fo be
£0.01° per second. In the most dynamic case, the frequency of the 0. 2°-peak—
fo-péak—ampii?udé Trlanguiar—l|m|+ cycle will be 56 Hz. This motion corres-:
ponds to £2.9 resofution elements for the 66-ur-resotution SMSS and requires
a 4.5-mm peak-to-peak translation in The focal surface of the 75-cmed}ame+er,
/1.7 telescope. The maximum rate of correction for a drif+ rate of 0.0107530'

will be 0.22 mm/sec.

The following maximum angular accelerations of the Orbiter are

expected:
Pred1c+ed Maximum Angular Acce[era+|on
_ (deg/sec?) .
Axis Primary Thrusiers _ Vernier Thrus?ers
Rotl £1.46 | £3.2 % 10-2
Pitch  +1.64, -2.05 2.6 x 1072, ~2.2 10-2
Yaw - x0.97 . £2.3 x 1072

The maximum |inear acceleration of the focal plane in the pitch-

" ¢orrection axis is Then 4.562 cm/sec?; and the maximium in ihe roll-coffection -

axis is 3.249 cm/Sec2 The maximum acceleration in the yaw—correcflon axis

s, sxmply the yaw rafe of 1 693 x 10“2 rad/sec2

The masses of the loads. in the pitch= and yaw-correction axes are
conserva.lvely estimated at .9 .and 8 kg, - resper+1vely - The: mass mament. of -
inertia is estimated at 8.00 x 105 g-—cm2 A peak accelnrdTlnq force of
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0.409 N (0.092 Ib} is thus requfred'in pifch. In roll, the peak force is
0.26 N (0,058 1b). The peak accelerating torque in the yaw-correction axis
is calculated as 1.4 x 1074 kg-m (1.01 x 1073 {b-fH). | -

I f the system were frictionless, the shaft power required to
“accompl ish these motions would be 8.9 x 107 W (1.2 x 10~7 hp) in the pitch
‘axis and 6.0 x 1073 W (8 x 108 hp) in +he roll axis. In the yaw axis, the
shaft power required would be 2.3 x 107> W (3.1 x 1078 hp). The system can
‘obviously use very small prime movers, and much of the power will be dissi-

pa+ed in frlcfuon

~ Another fest of the effectiveness of this feed-forward image-
s+ablliza+10n system Is its abllnTy to follow The essenflally friangular
worst-case command (assuming that a perfectly accurate correction command is
available}. The correction signal will be identical fo the |imit cycle
{(with the proper scaling), and is assumed fo be a perfect triangular wave.
The actual limit cycle will have slightly rounded. peaks. ‘The period of
acceleraTIOn for the Orbiter varies from about 0.625 sec for the roll axls

to 0.91 sec for the negative-pitch axis.

In terms of the feed-forward correction, a perfect triangular
wave is a worst case and was used to +esf the dynamic accuracy. The expres-
sion for the |dealszed command S|gnal, scaled to units of sensor resoluflon

elements [C(T)], is as follows:

2

| 4(*'"2") T
c(t) = 26,44-[1 - tor §-< +<T

Clt) = 26.44 (‘.‘T—* - 1) for 0 < + < &

T

etc., where T, +he period of the |imit cycle, is 40 sec. The expression can

be wr:ffen in the following: form
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. [ 4t ..s{*v'%z T
cit) = 26,44 | -1 .+ 5 - T u (1" -5)

+-.8—‘—T1.“—Tl-u(+-T>—...J

“where u (f - Té) 0 for 0 < + < +o

1 for Ty <t <

This function +ransforms to

= 4,1 _ 1Y, 8 - o
C(S) = 26.44 [(T 5 - s)* 7 n; -D" e ] ,

S T
where S is the Laplace operator.

|+ was assumed that the domiuant closed-loop singularities of the
servo response can be represented as a pair of complex poles with crifical

damping ( =L . “The servo fransfer function is +then given by

/2

2
6(S) = — 0 : 5
ST+ 2 ¢ w0, S+ O |z=1v/2

where mn-is-+he natural frequency. Thus,

2
w
n

G(S) = .
' 32 o+ VE-mn S + mﬁ

Letting o =

o
n
>
4

@
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2 mz

(S + q)? + o

'The-+rahsf6rm‘of'fhe

R(S

Hence,-

2.0”

R(S) = =
(S+u)2 + az

Partitioning for convenience,

S ..4
(26.44) — -

output response is given by

) = B(5) C(S)
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S
R(S) = 26.44 R (s) + R {(s) + R (S) 4y (-1
_ _ n-!
Ry(8) - %_ L2 of [ (S-Hx) 2]
o E [(s—m) + ‘12] S+a) :
- 2o 1 S + Zo .
TR(5) = = [ =+ f‘"*’*'“"*J:.

_ 2 o 5 [k8+a) + m?] S (S+a)2 +‘a2 “
g 11 sea
R.(S) = = ..—[:—...-—--i-..._._._._.__.]
> T 52 E(Sm) + uzj aS o (S+d)2-+ tx2 .

Thus, the inverse Transforms-are

7-18
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R, (1) = %[1- -.-;— (1 - % cos d‘!‘ﬂ

é"a* {sin ot + cos at) - 1

R0

-and

I

Ry = —.?.-[1‘ - & (1 - g"” cos u'i‘)]

In the first interval (0 <t <5,

ROT)

fl

26,44 [ R (1) + R (1))

]

25.44{4—1?1 -1 -+ e [+ 1) cos ot + sin a"l':]} |

The difference between the desired and ‘the actual response is given by

E(T) = C(+) - R(T)
I S S R in ot}
= 2'6'44{aT - e E(aT + 1) cos at + sin a‘r]}

In 'i"hé.'secon'd Interval -(% <t < T),

R = 26.44 [Ry(1) + Ry(D - Ry(t - ) att 2)] |

B ||

| o 4 ._ﬁ : _4_ s o
26.44{3— T +aT+e [(a‘l‘+ 1} cas ot + sin a‘i‘]
CeathDy 0
+ e cos a(‘i‘-—-é‘)
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and

ECH) = "{E%f"}'ﬂe—a.r E(a—{‘l_- + 1) cos ot + sin O_E‘i'] -

~a () T
+e . cos u(+~§€}

After the transients have died out, the steady-state error in the

first interval is 26.44-(é%ﬁve!emen+5'and-in +he second interval is -26.44(é%ﬂ '

elements,

A fypical instrument servo of this kind can have a time constant
as shorf as 30 msec (or a natural frequency of about 33.3 rad/sec). Wifh a |
40-sec Orbiter limit cycle of motion (i.e., T = 40), +the error.is compuied

as follows:

(26.44)(4) _ (26.44)(4 /2) .
oT ' 0, T

1

Jeeo] -

=A(%§34g;§§0?§3 = 0,112 element

The transient errors wil! die +o 194 of their initial values in

-ﬁz an 10
w

n n

t = 22 8213 2 0,196 sec
This impiies that, for roughly 99% of the Time, the steady-state.

0. 11-element error will hold and the data will be valid.
The position [fmif.cycle and idealized" image-motion-compensation
(IMC) command (C) and response (R) are shown in Figure 7-3. A block diagram
 for +he'IMC'servo“sysfem;is,presen#edfin_FIggra.?-ﬁ,

_—
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Section'B

~ DATA -PROCESSING AND DATA COMPRESSION

8.1 DATA-HANDLING CONCEPTS

' A simplified diagram of sampiing electronics for the SMSS is
presented in Figure 8~1. The system incorporates visible-light and IR
detector arrays that collect, in a CTD shift register, a charge proportional
+o Fhe radiation incident on them for a dwell +ime Thaf varies with the '
orbital altitude. '

in the case of the visible-specirum deteciors, +the dweil fime for.
the 185-km orbit is 1.62 msec, and the CTD register is cleared at a TCy rate
of 618.+imes.per second, The'charge packets stored in the CTD must then be
shifted out and digitized for recording on a high-data-rate system. Baca: 2
The N-length regis+er must be cleared in 1.62 msec, and N = 4000, NTg = 2.475
MHz, which is the shift rate and is also the rate at which A/D converters must

operate.

Oné of several possible schemes for making gross corrections to
cell varlablllfy is to change the gain of an amplifier feeding an A/D con-

'verfer. 1 a series of words of r bits each is stored in a r901rcula+1ng

shift register and is shifted in synchronism with the data from detectors,
these words can. be used to modify the gain of the amplifier through which the
data pass. |f the r-bit words are made inversely proporTiona] to the detec-
Tbtusensifivifies (or aain), +he output of +the amplifier would correct” for

' gross differences in sensitivities.

_ A poss;ble way to implement this scheme is shown in Figure 8-1,
The r-bit word is applled to a digital-to~analog (D/A) converfer, whose ou+-'
put voitage is applied fo the integrating ampl:fler. The amplifier gain is

" made proportional to this appiied vol+age:
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The owtputs of the A/D converters (ons for each channel) are
sampled in the right combination by the recorder formatter and input multi- -
plexer to satisfy the input requirements of the data-recorder sysfem. Because
only six of the ten arrays are to be active at a +time, the combined data rafe.
for Tthe assumed parameters at 8 bits/detector sample is 119 Mbps. The rate
would be increased slightly by such ancillary data as frame—syncﬁroni2a+ion
words.

An alert header would also be necessary in order to idenfify
calibration data to the data-reduction system. A 20-bit, 1-sec clock is -
inserted that will present unique fime (GMT) for as jong as a week. A timing
and controi unit synchronizes all processes in the sampling system.

Although the simpiified concept outlined above can fun¢+fon
satisfactorily for the visible channels, the high background level presented
to some of the IR arrays would cause the CTD shiff registers fo saturate long
before the 1.62-msec ground—resolu+|cn sampling time has passed. Figures
8-2 and 8-3 illustrate two me+hods of processlng IR data fo overcome This
problem; Figure B-4 diagrams the +|m:ng for both.

The digffal system shown in Figure 8-2 essentially. unloads the

IR array "m" times faster than the visible array. The value for m is chosen
so that the charge does not saturate the CTD. The data are corrected as before
‘and are digitized. They are +hen shifted through two adders, the first of
which adds the complement of the background charge divided. by m. Therdiffer?
ence is then added to the contents of an B-bit by N=bit recirculating shift
register that sums +he A samples (A = TofaI charge mfnus'backgrduhd)_of fhé

N detectors of the IR array. '

Once during every m cycles of the régis%er, Tﬁe oufpuf éignal dis?
ables the recirculation and shifts the data out to the recorder system. |
‘Because this occurs at a much higher rate than for the visible channels, a
buffer would probably be needed to reduce the output rate. Buffering could

@ .8~3‘
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be accomplished with a second recirculating shift register that would accept
the data at the higher rate and then clock i+ out at +the nominal 2.5 megawords

per second.

An analog concept for the hand|ing of the high background Tevel
or bias Is i[iusTraTed in Figure 8~3. The same principle as above is applied
in that +he detector CTD shif+ register is unloaded m t+imes per scene-resolu-
tion element (1.62 hsec). An analog signal proportional to the background-
bias level .is subtracted in the integrating ampiifier, and the difference is
added m times to the prévious A sighal. ‘The resulfing signal is switched to
‘read out to the A/D and recording systems at a lower rate compatible with +he .
real-time scene—resoluffon rate (2.5 megasamplies per second). While one
shift register is veing emptied, the signals. from the detector array are
switched tfo é second shift register and the process Is répea?ed, pingponging
back and forth befween the fwo arrays.

Two other possible methods of overcoming the IR-saturation problem
have to do with the CTD itself. One involves detector-array design o make
+he CTD storage pdrfion large as compared with the detector aréa. This
approach increases the storage capacity relative to the detector efficiency;
consequently, more time elapses before the storage elements are saturated.

The second method involves an integrated configuranbn that in essence sub-
tracts fhe_background-bias level within The CTD and disperses this bias back
info the substrate Maferiat'h times per sampling period. These two tech- -
niques (which are under investigation but not yet developed} wouid bs pre-
“ferable to the two external. methods previously discussed. . This is because

of inserTion.josseé that could be aécumuiafed in the analog approach each

+ime the charges were recirculated, and because of the complexity and speed
with which -the digiTaJ%aCCUmutanon'approach would: have-to operate. All these

- methods, however, are conceptually feasible and could be made to operate

satisfactorily.
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8.2 - DATA COMPRESSION

Several mefhods of da+a compre551on can be considered for the

'~SMSS system, whose data are o be recorded and brought down physically by

the Space Shuttle ratheér than transmitied to the earth. The:avanlablllfy of
high-data-rate recording systems during the applicable peried (1980) has been
esfab[ished, and the need to compress data would stem onIy.from the desire to
Feduce the amouh? of‘recerding medium (reels of iape) used'in'a'mfesion, or’

to prolong the period befween tape changes.

Da+a compre55|on has the d:sadvanfage of InTroducing more-com-~

'plicafed daTa—handling togac and hence more componenfs ‘Becsuse it also in~

creases the value of every piece of information, every bit drop becomes more

-critical. Because iT alters the da%a-frqm the basic form, raw_da+a are not

avallable.

The'mefhods bf:dafa CDmpFession t+hat can. be considered range from .

very simple to very compiex.

One‘apprdach involves da+a—ra+e reduction by fecofding-only eQery
other sample ("comb.fhinning“) and assumes that the crosstrack ground reso-
jution is higher ?hanVnecessery. - To. accomplish this data compression (ap-
proxima+ely'50%)? it is necessary only to skip every other convert-and-

transfer—-to~recorder-system pulse.

A second method assumes that the intensity resclution is greater
than required, and it is necessary +heref0re only to record refurns from data
areas exceeding some intensity Threshold (average background) A +hreshold
level is set and Intensities are compared with it. Only the returns exceed-
iRg the threshold are converted and recorded. They must be'identified as to
their positional origin in The scene because there is a |loss of "frame posi-~

tlen" (or framlng) In a Threshold|ng scheme All missing data samples are

assumed +o be background of no !nTeresT
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- A third method assumes that, in ap overall scene, the data from
a neighboring pixel will be near the intensity of the pixel itself. Conse-
quently, if a threshold is set on the difference or delta intensity and only
the deltas That exceed the threshold are recorded, some data-rate reduction
will occur. As in pure Thresholding, identifiers must be‘applied to the data
that exceed The'+hfeshold, because framing is lost in the process.

A method introduced by D. Huffman (described in Ref 8-1) makes
use of ?he fact that certain data values are more likely ¥o occur than others.
His scheme employs a variable~!ength code in which the values most likely to
occui are given the shortest code words and the least likely the longest. A
series of data points can thus be described in a minimum-length message.
Although the code words are of variablie length, data framing Is maln+alned

in the absence of errors.

An attractive approach would be to combine the delta approach
{(with a high probability of very smail déjfas)_andufhe:Huifman encoding fech-
nique. |t has the advanfages of (a) fofcing a high.probabilify df occdrrencé
on a certain segment of the data (near-zero differences), and (b) the frame
refénfioﬁ of Huffman encoding. The compfession realized depends on the be-
havior of the data and Therefore on the delfa values. Impliementation is
-expedl?ed by the fact that the de+ec+ors are "scanned" by a CTD shift
reglsfer that SfmuiTaneous!y makes dafa avajlable from +he Nth and the (N+1)th
celIs and therefore simplifies the deita differencing. This approach is

‘sketched below (where ROM repreSénTs read-only memory).

| oerecroraemay .} R | . 675-1147
[,L T TIIT Y o
N-P

OSTTION SHIFT REGISTER |

Lrl;v—— I> & A Byl R4 b TO DATA _
N CUNVl/igTER / HUEFMAN - P+ RECORDING -

ENCODER | SYSTEM

~ Table 8-1 summarizes applicable. data-compression techniques.

oo,
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- TABLE 8-1 APPLICABLE DATA~COMPRESSION TECHNIQUES
| +em Type Descrip+i0n Remarks
11 Comb Thfnnihg Removes data from every oTher de~ Reduction ® 50%. Assumes cross~path
‘ ' fector in the arrays. | resolution higher Than necessary. Easy
o accomp | ish. : -
2 | Thresholding Discards all data whose intensity | Assumes an intensity fesoluTion greater
: - o is less than a threshold (T). ‘than required. Amount of reduction de-
: pends on data content. Requires identi-
fiers be appendad to data because fram-
ing is lost in thresholding.
3 {Pixe! A + %hresho{d_ Differences adJacenT—channel data | Assumes smooth intensity variations.

' and thresholds; discards all A<T, | across a scene. Amount of reduction de-
where A = difference from last pends on data content. Requires that
channe! whose A>T. identifiers be apperided to passed data

: ' because framing is lost in thresholding.
4 Huf fman coding (min- Assighs data intensities a varia- | Assumes a priori knowledge of data
imum-path technique) | ble-length code,'w:Th mosi-proba- | values. Amount of reduction depends on
‘ ble values given shorTesT code - data distribution and ability ‘o predict
words, iTts probability. Maintains framing if
errors are negligible,
5 |Combination of pixel |Differences adjacent-channe] data | Has the advantages of Item 3 without

A + Huffman coding

and performs Huffman coding on.
the resultant difference,

‘thresholding and resultant loss of fram-
ing. Has advantages of ltem 4 with a
higher probability of accurafe_g priori
data prediction and therefore is most
likely o produce substantial data
compression.

(¢2g J-lodey



-

DL

Report 5231

Section 9

REAL-TIME CALIBRATION

The methed proposed for callbrating SMSS detector arrays in orbif
Is 1llustrated in Figure 9-1.

A sliding shutter masks out incident radiation during the injec-

+ion of a known level of excitation from internally mounted LEDs. Two cali-

bration levels are used: (a) a reference level, and (b) one +that is near

‘full-scale. The reference level is employed to remove offset differences

between detectors.

Switch S1 is eiec+ronica|ly connected to the calibrate (CAL)
position for the sample period corresponding fo the Time when the sample from

~Cell N is shiffed out. Cell N is under the shutter, and the known excitation

jevel, Lo, is implnging'oh it. The reference level, VO, is thus obtained and

stored in The recirculating shift register for offset corrections. Switch Si

.and the shutter are synchronized so that only the signal from the detector

being calibrated is inserfed in the register. The data remaining in the
register recirculate unaltered (81 in OPER position).

A second level of calibration, L], is then injected anto the

- detectors by the LEDs under the shuiter. The offset value obtained earlier

is removed from the output voltage, and the value Vy is stored in a second,
synchronized, récircula?ing shift register by the action of S2. S2 is aiso
synchronized with the shutter so that only +he signa! from the detector or
detectors being Illuminated by the calibration source Is Inserted into the
reglster. The remaining data in the shift register that stores galn correc—

tions are circulated without alteration.




D

d J0

TV TYNIDIHO

ALTIVAD MO0

ol 1)

T0O RECORDER
'3! » BUFFER

>

n, . T0 RECORDER

975-1600 °
NT RADIATION
INCIDENT RA OPER
:?RVAB‘,—Q%QN h h & h —C—A—Lo gé(:ls!;réo‘l?Li\TlNG—'
LIBR
p 51 q OFFSET
SHUTTER - —. e s e e CTD SHIFT RETG CORRECTION
LED CAL SHIFT . . .
iﬂlil N !erﬂij v
, _ . .. N y o
[Wisee ctp- J{ SHFT REG }—— . /
SHIFT R GAIN
1 ) vy CORRECTION
TYPICAL VISIBLE CHANNEL - —l
Ny STAGE
CAL 52 RECIRCULATING KN
OPER CTD SHIFT REG
llmcwE[; RADIﬁlkiTION 11 srr 4. -1t
1 SHUTTER-TEMP OPER _
TEMP CORRECTION Na STAGE OFFSET
ENSOR 51| RECIRCULATING{— CORRECTION
: s CTD SHIFT REG | |-
CAL SHUTTER — CAL
CAL SOURCE .
LEDCALSOURCE = o o o 5 g g
jol: /AR Yo
T 1 . . e . 3 S Iy x| | A/D
+ I
. | M2 SEG €TD  f{ SHIFT REG JLGA[N
SHIFT i R IR e i ¥ vy CORRECTION
TYPICAL THERMAL CHANNEL '
OPER
J. Np STAGE _
| %5 | RECIRCULATING K/V
CAL CTD SHIFT REG
shFT  TA. .44

FIGURE 9-1 -ONBOARD CALIBRATION, BLOCK DIAGRAM

P

7" BUFFER

12t baadoy



Report 5231

The value V1, +hen, is the response of +he detector to a known
level of radiation. The detector output, corrected for offset, can be mul+|~
plied by a value K/V;, where K is *he desired response at the L callbration

level. All deteciors will therefore exhibit one identical response for inputs .

of Ly radiation. 1f the response of al! detectors is l|inear over the range of
interest, all detectors will have been caiibrated to respond identically ‘o
any level, Ly, of incident radiation within their linear operating region.

A refinement for the thermal (long-wavelength) channels includes
The extraction of any input due fto the temperature of the calibration shuffer.
This input is removed by subtracting a voltage proportional to +he shutter
temperature from the detector output signal. The .volfage is obtained by
instrumenting the shu??ér with a ‘temperature sensor as illustrated by the

second general channel (Nj),

An ana 'Iog-calibra‘i‘iomcorrecﬁori method is used in +his technique.

The same method could be implemented with digital storage and arithmetic
operations. This could be accomplished by sampling calibration data after
conversion.of the analog voltage to a digiTél value and by performfng sub-
tractions and multiplications with a digital arithmetic-logic unit (ALU).

__ S e
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Séction 10.'

GROUND SUPPORT EQUIPMENT

Ground support equipment is required by the SMSS +o confirm
performance parameters, verify flight readiness and peak system performance,

ald in ground callbration, and assist in troubleshooting during repair.

Figure 10-1 shows the SMSS and ground support equipment (GSE)
required fo perform these tasks. The equipment includes a target simulator,
gimbal service, cryogenic service, a high-data-rate (HDR) recording (and
p layback) system, an Orbiter interface and pbwer simulator, an electronic-

checkout system, and a video processor and hard-copy recorder device.

10,1 TARGET SIMULATOR
The target simulator (Fugure 10-2) will produce a scene for ‘the
SMSS fronf—end optics +hat can be used for an end—To- nd check of ?he system
‘with the aid of an HDR recording system identical in electrical characteris-
+icg to the one carried by the Orbiter. The data are then played back through
the electronic checkout module, which is capable of selecting any channel for

_video processing Through the associaTed digitai-to-analog (D/A} conversion

sys+em 50 that the scene may be viewed on a high-resolution-television moni~ -

" tor or evaluated on hard COpY .

The simulator was developed by Aerojet and can be made available
for the SMSS developmen?, qualification, and preiaunch testing and checkout.

C It was desngned and fabricafed for the Air Force Avionics Laboratory, Wrtghf—‘,

Patterson Air Force Base during 1966-1968 at a cost of approxumaTely $1.1

- mi[l:on _its prlmary use is wsTh the n'r Force Dynamic Ana!yzer for the

evaluaflon of lnfrared-reconnalssanﬂe Sensors.’ AlThough it presen?ly inter-

faces with the analyzer, relaT;ver minor modifications would be required -

-_KQQEEEir_'-:_ SR PRI 10—1_
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for use in SM5S checkout. |Its capabiiity 1o test the functioning of the SMSS
infrared channels is inherent, because It was designed to test a variety of
IR sensors. Alfhough the simulator is presently incapable of checking out
systems operating below 1 pm, the target subsystem is modular and modifica-
tlons to include a visible—specfrum target capability would not be difficul+.

The resolution of. the simulator is approximately 10 seconds of
arc, which will be adequate for SMSS operational checkout (but not quantita-
+ive evaluation}, assuming that the SMSS final design retains The.recommended
66-ur |FOV (approximately 14 seconds of arc). Absolute radiometric calibra-
+ion and radiometric-gradient measurements (NEAT and NEAp) can be made
auantitatively during SMSS development and qualification testing as well as
during prelaunch checkout and calibration. I

Table 10-1 summarizes fhe capabilities and characteristics of
+his key GSE {tem.

The simulator (see Figure. 10-2) incorporates.a reflective colli-
mator with a remote-conirolled movable-target-turret assembly providing ‘the
required target types and groundspeed-simulation mechanism. The auxiliary
equipment consists of the operator's control conscle and an air—condffioﬁing
unit. The two beam-deviating plane mirrors reflect Turre?—generaTed'paf?erns

0 a 76—cm (30-in.), aspheric, primary collimating mirror. .The second plane

mirror will reflect fthe primary-formed collimated beam fo the SMSS installed

on a platform abova the simulator for festing. The collimating optical
elements are housed in a cylindrical tenk-type structure that provides a
mounting for the target turret and thermal-enclosure panels.

Simpiified selection of test targets Is prov}ded by a.fufn+éblé
sequencer that automatically performs the functions necessary for selection.
Targe+450urce fempera$ures are set by direct-reading dials that e[imlﬁafe_
the need for applying cal ibration-curve corrections to the setfing., - Tar-
get temperatures are dispiayed on pane! mefers for COarée readlngs.__The

& 10k
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TABLE 10-1 SIMULATION CAPABILITIES AND CHARACTERISTICS

 Parameter

Sfmula+or'Capabili+y

Viewing altitude
Target motion

Moving IR targets

Calibration referance

Modulation transfer
function (MTF)

System size

System weight

Col | tmator subsystem
Type of opfics

System focal ratio
‘Spectral. range
Focus

Target fleld angle
Total resolution

-Spectral range of +targets

Therma]—gradienf farget

Background femperature

Col | Imator-beam size
Effective focal length

Simulates viewing altitude from 60 m

(200 1) To infinity.

1 fo 20 um.

Simulates target motion from 5.0 mr/sec
to 7.0 rad/sec (SMSS requires 9 ‘o 41
mr/sec).

Simulates targets to perform resojution
and sensitivity tesis, both along and

~across the simulated lise of flight,

w;Th a2 temperature range from -20 to
500°C.

Target temperature adjustable from -20
to 1000°C; eight operator-selected fil-
fers and nine operator-selected aper-
tures in any combination; drive permits

target positioning at any point in tar-

get field.

Adjacent extended sources with tempera-
ture differential adjustable from 0 to
15°C and average temperature adjustable
between -20 and 300€C.

MTF method of image analysis with
temperature range from -20 to 500°C,
and background simulation from -25 +to
500°C,

Simulates a constant hackground fempera
ture adjustable from -25 to 500°C.

594 cm long, 240 cm high, 168 cm wide
(234 x 94.5 X 66 in.)

1

~ Approximately 6300 kg (14,000 ib)

. Reflective, folded, off-aX|s, parabolic

68.% cm (25 In.)
620 cm (244 in.)
£/11.%

-1 4020 um

60 m (200 1) to lnf1n|+y :
0.8° by 0.89 (10 x 10 cm, or 4 x 4 in.)
9.54 seconds of arc (center of field)

@

(continued)

10-5
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TABLE 10-1 SIMULATION CAPABILITIES AND CHARACTERISTICS (CONT.)

Parameier

Simulator Capability

Target subsystems
Moving target

Target source

Background target
Thermal-gradient target

IR sources

Source dimensions

Temperature differential

Differential-temperature
readout accuracy

Average source
Temperature

Calibration=- reference
" farget

Aperture sizes

Filters

Chopper
Drive

Source
Aperture (col{imator)
Auxiliary equipment
Tempera®ure conditioning

Coll imator
Housing -
Target backgrounds

Control conscle

Rotating disk with optical reimaging:
lateral distortion 0.0254 cm (0.010
in.), field curvature 0.0762 cm (0.030
in.), astigmatism 0.152 cm (0.060 in.),
coma 0.0254 cm (3.10 in.), longitudinal
distortion 15%

Blackbody
Blackbody, adjustable from -20 to 500°C

Two blackbodies

2.5% 5cm (1 x2 in.)
Adjustable between O and 15°C
0.019¢

Adjustable between -20 and 300°C

0.025, 0.051, 0.102, 0.127, 0.203,
0.254, 0.406, 0.508, and 0.813 cm (0.01,

.0.02, 0.04, 0.05, 0.08,°0.10, 0.16,

0.20, and 0.32 in.)

Eight, in spectral range to match SMSS
channels.

Variable over range from 5 to 1000 Hz

x- and y-position drive for location at
any point in target field

Blackbody
Adjustable from O to 63.5 cm (25 in.)

77 £ 1°F
77 + 2OF
-40°C

Remote target con+ro!. temperature con-
ftrol, aperture, focus, wlndow Tempera-
ture, MTF recordlng

1646 |
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Temperature analog Is then switched to a diglial meter ‘+hat provfdes the test
value directly in degrees for accurate data acquisition. A simllar technique
will be used for all sysfém functions that specffy'fesf conditions for SMSS
evaluation.

The large collimator mirrors.are mounted permanentiy; after ini- ;
tial alignment, they do not require movement for a test. Focusing is
accomp | Ished by a remote-control led target-carriage assembly.  This method
assures that system alignment is retained.

Thé simulator environment is'mainTaihed at precise Temperature
and humidity levels so that variations in the field-checkout environment
will not affect the test data. Environmental contro! is provided by a self-
contaired, completely automatic system designed for continuous operafidn; A
minimum of monitoring func+|ons are inciuded on the conTroI console to assure
proper operation.

Test-data reduction is simplified by positioning the various tar-
gets in an easlly recognfzable pattern in the field. In addition, the radial
slofs, bars, and holes used with the moving target are optically reimaged so
that al) targets are presented rectilinearly on the resulting display record.
This atfribute eliminates the necessity for special data-reduction skills
and techniques for evaluating the test. ”

10.2 ELECTRONIC CHECKOUT MODULE AND AUXILIARY EQUIPMENT

The Orbiter interface and power simulator supplies the power
required for the SMSS in a form and capacity equal o that furnished in orblf
Proper operation of the inverters and regulators is confirmed by monitoring
“the voltage test points available o the electronic checkout moddle (ECM).
The ECM also contains circuits to generate ali commands to +he SMSS and to
monitor command verification. The ECM is used in. conJunchon wifh the Inter-
face and power simulator fo assure that +he commanded operafion is performed
as well as properly verified,

g

@& o 10-7
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The ECM contains the electronic circuitry required to swchh:
any of the avallable test points to appropriate standard test equipment in
the module, I+ also contains a single channe! for converting, to digital
form, any selected channel output from the focal plane. The ECM may utilize

The HDR unlf to record this output, or may switch +he output dlrec+ly to the

video processor for viewing or for hard-copy producflon

The ECM also contains equipment required to synchronize and.
decommutate channel data from the HDR recording system. This allows the

finished product fo be viewed either for end-to-end fest purposes or for

postflight processing of real data.

The standard fest equipment in The ECM encompasses a high-speed
counter, a time-code translator capable of displaying GMT or MET, a digital
muitifunction meter, a high-speed oscilloscope, a general~purpose bit
synchronizer, and a frame-synchronizer decommutator. Also included are fest
instruments needed to align and check out +he HDR recording system.

The video processor and hard-copy device constitute a TV
monitor with a resolution approximating that of the SMSS and an associated
hard-copy unit fo produce permanent images for defailed analysis. They can
be used to view scenes as inpuf from the target simulator fthrough the ECM

as elther analog or digital data.

A gimbal service module will be used during prelaunch system
checkout +o verify the operafional-s+a+us of the gimbal module, IMC, auto-
matic focus, and calibration systems. '

- The preliminary investigation of SMSS focal-plane cooling require--

ments indicated the desirability of open-cycle solid (or liquid) cryogen

cooling. A cryogenlc service module will therefore be necessary for %olidlfica~

tion of the liquid cryogen (LNZ) and for fransferring the cryogen to the SMSS
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Appendix A

'CONSIDERATIONS RELATED TO EARTH-QBSERVATION MISSIONS

Typical missions related to SMSS requirements were analyzed in a
survey of Refs. A-1.through A-8 covering investigations conducted by or for
NASA (the Goddard Space Flight Center, ‘the Lyndon B. Johnson Space Center,
and the NASA/Scientific and Technical Office). The analyses indicated the
appiicabi!ify of the concepiual SMSS for research experiments, data~acquisi-
Tion measurements, and proof tests of'componenTS.

Research experiments can be conducted with the SMSS to determine
the feasibility of making particular measurements from a space platform.
Although a multipurpose, modular, SMSS sensor may in some cases provide more
channels and a higher signal-fu-noise ratio (S/N) than necessary, the data
cbtained will define the optimum number of detector channels, fThe required
resolution (spatial and spectral), and the necessary S/N value. Missions need

not be on.op+imal orbits +o'saTisfy these objectives.

in addition, data-acquisition measurements can be cost-effectively
performed from +He Shuttie Orbiter ff +hey are not required too frequently,
or if the sensor weight, volume, and support requirements (e}g.,.cryogenics
and data rate) are not compatible with an unmanned satellite. Routine, fre-
quent, measuremenis with a more readily integrated sensor can probably be
mosT—cosT—effecTnvely performed by an unmanned VEhche such as +he Earfh
Observafory Satellife (EQS),.

The SMSS could also be used for proof fests of components selected
For other unmanned satellites or deep-space pia+forms A focal plane for a
deep-space sensor could be checked out before i Is deployed on a costly,
extended mission in which inadequateé performance could negate fhe mission . :
effectiveness and perhaps cause a delay of several years before the desired

measuremenfs can be obtained. _
22 | —_——
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Several ear?h«observé+ion missions that can be cost-effectively
performed with The SMSS are discussed below, '

1 AGRONOMY

The Shuttle Orbiter offers an ideal platiorm for earth-signature
measurements To assist analysts in +he s+ddy of field-crop production and’
soi ] management within the United States and elsewhere. Needs for greater
food production are growing wiTh increasing world population, the inability
of many low-productico~ nations to purchase food from others, and recognition
that underprivileged peoples must be fed.

U.S. farmers, with the support of the Depariment of Agriculture,
have developed the most efficient land-use program of any nation, and U.S.
agricultural methods have created exportable produce that enhances the U.,S.
+rade balance. Timely observations of crop status from a space platform will
assist in the prediction of foed production for U.S. consumption as well as for
export, in evaluation of land usage, and in detection of infestations that
degrade production. Given an alert, farmers can take preventative measures
before serious damage results. ‘Space surveys of snow cover and rainfall can
be used to determine 1f an adeguate water supply can.befdeveloped. The type
of vegetation in remote areas will indicate whether the land can be used for -
efficient farm production.

I+ is planned that the E0S-A satellite will employ a thematic
mapper for agronomy applications. A resoluiion of 30 m will be adequate for
use in surveying individual farm plots of the order nf 16 hectares (40 acres)
or |ess, Howéver, the four wavebands selected for The'speCTraI regions of
plant-reflected radiations, a minimum S/N of 5 or 10, and the combination of
several plant species in a single resolution element will make 1T extremely -
difficult for E05-A to distinguish plant types or evaluate plant health.
Unmanned-5a+elli+e sensor parameters are severely |imited by payload welght,
volume, and fefémé?ryvrequirémEnfs. I+ Is true that an aircraft-based serisor,

using more detectors in more wavebands, could achieve spatial and spectral
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resolution better than the thematic mappers, and the telescope design could
provide an adequate S/N value, However, cost-effective aircraft coverage is
fimited fo relaffveiy smai |l areas by alrcraft velocity, altitude, and In-
flight time constraints.

The SMSS concept is ideal ly suited for agronomy applica+ions.'
The additional wavebands and Increased S/N will be beneficial in distinguish-
ing crop types. Such improved performance will also be useful in measuring
signature differences due to crop health or the influx of weeds. Orbiter
flights could also determine snow-coverage areas and evaluate the developable

water resources.

Figures A-1 and A-2 (derived from Ref. A-4) illustrate the
spectral signatures of several types of crops. Some are very simllar (e.g.,
corn and soybeans) and 1t is necessary to measure the signatures precisely
in multiple wavebands fo'dié?ingﬁish between them. Lesser differences must

bhe detected to assess crop health.

Crop types and health can be most effecTively diécriminaTed by
means of multiple spectral bands in the peaks and valleys of the crop signa-
tures, On The basis of crop”signa+ures as in Figures A-1 and A-2, candi-
date bands may be as listed in Table A-1 (which was adapted from Ref. A-7 pre-

. pared by The LANDSAT—D Thematic Mappe“ Technical Worklng Group). Figures

A-3 and A-4, respectively, show the range of V|51ble—scene radiance and the

required visible-region dynamic range.

The Infraréd and iong-wavelength infrared (LWIR) portions of The
specTrum may provnde additional information fo dis+inguish crop species and
plant healith.  The band between 0.69 and 0.75 Hm will offer measurements of

reflectance rise; however, The crossover in The crop Irradiances In this

-specTraI region. may reduce +he value of +hese data In the iden+ifica+10n of

plant +ypes Measurements in several spec?rai bands in the LWIR reglon will

" provide data for use iIn deriving plant specfral-emlsslvlfy variations.

@& . »




Report 5231

| /) I
0.5 1.0 1.5 2.0

WAVELENGTH (um)

FIGURE A-1 TYPICAL SPECTRAL RESPONSE OF VEGETATION

- GLOVER
SOYBEANS
CORN
OATS

WHEAT

| i | | i I i

0.4 0.5 0.6 0.7 08 0.9 1.0
WAVELENGTH (ugn)

FIGURE A-2 CCMBINED SIGNATURES FOR FIVE CROPS
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TABLE A-1 CANDIDATE SPECTRAL BANDS FOR AGONOMY APPLICATIONS™

Recommendad Wavelength Band (um)
For Thematic . For SHSS Priority Value or Purpase Comments
vapper (Ref. A-7) (Tentative)
3.45-0.52 0.4%-0.52 | Desirable, | Land~use mapping, soil/ |Balleve this bond would be useful but probabily
but not | vegetatian differences, | cannot effectively document impact of its ab-
fals) vital deciduous/coni ferous sonce. (Possible research needed.) Would be
L= E ditferentiation witling to sacrifice this band in favor of
0,72-0.80 um band if further ressarch offers no
o canclusive svidence to the contrary, and if
8 E savan bands are not poessible.
= g 0.52-0.58 0,52-0.60 {Necessary | Green reflectance, Keep it centerad in as narrow a hand as possi-
‘ which is controiled by |ble arcund peak of green reflectance.
&2 by plamentation {fype and
[ > quantify)
Loy} .63-0.69 0.62-0.69 } Absoluiely | Chlorophyli absorption | Keep it centered In as narrow a band as possi-
= necassary | band bie, centered around maximum chlorophy!l ab-
E ; sorption band.
B 0.72-0.80 0.69-0.75 |H.ghly de- ] Vegetatlon-stress de- Highly dasirable for vegetation-stress dotec-
sirable tection +ion, but band should be as narrow as possible,
right on the shoulder of the vegetation curve.
0.80-0.91 0.80-0.95 {Absolutely | High vegetative reflec- | Bandwidth not critical, good S/N vital, desir-
™ o necessary | tarce, species Tdenti- |able o stay away from water-absorption band at
1 0.98-1.08 $ication, water-body 0.925 ym. This band critical for effective
ek deflineation species differentiation and identification.
| Approximately 0.98~1.05 pym is bet¥er from
standpoint of vegetative condition and atmos-
phare attenuation, but approximately 0,80-
0.91 um may be required because of energy and
instrumentation difficulties In 0.98-1.08 um
band.
1.55-1.79 1,55-1.75 | Absolutely | Snow/cioud differentia- | Essential for snow/cloud differentiation (the
necessary |+lon, vegetative-mois- |only wavelengih band where this can be dona
ture condlition reliably on basis of spactral response}. Best
single channel for discrimination of vegeta-
+1an, water, and soil features.
::; g'g5:§'35 =) (< (AddiTtonal thermal bands In SMSS; no thematic-
-} 8.2 -0.3 mapper counterparts.? .
10.4-12.5 10.4-12.53 | Nacessary | Temperature variation Bandwidth not critical, but stay above Og ab-
and characteristics, sorption band at 9.6 wm.
vagetative density,
caver-type identifica-
+ion, vegetative-siress
canditians
*
. Derived from Ref. A-7 except for colump 2.
»SBG Table A-2 for commonts on bandwidfh. These recommendations are based on w10% (rather than A50F) filter—frans-
mission cutoff points.
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TABLE A-2 THEMATIC-MAPPER WAVELENGTH-BANDWIDTH COMMENTS*

Comments Related o
Increasing Bandwidth
on Lower Side

Recommended
Wavelengfh Band
(um)

Comments Related 1o Increasing
Bandwidth on Upper Side

Not critical, other than
from atmospheric-attenu~
ation and path-radiance
standpoint.

Not recommended (too
shori of green reflec-
tance peak).

Undesirable because band
must be kept as narrow as
possible around chloro~
phyil absorption band,

increased width to 0.62
or poscibly 0.61 um would
not be disastrous from a
vegetative-reflectance
standpoint.

Definitely not recom~
mended (because of sharp
decrease in reflectance
short of 0.72 wm}, 0.73
¥m or maybe even 0.74 um
would possibly be beiter
+han 0.72 um, ’

Not recommended, because
of overlap with 0,72~
0.80 um band

Not critical, other than

from standpolnt of ab-

sorption band centered
0.925 um.

Avoid water-absorption
band.

Avoid ozone-absorpflon
“band.

but if it must be widened,

0.45-0.52.

0.52-0 . 58

0.63-0.69

0.72-0.80

0.80-0091

or
0.90-1 108

- 1.55-1.75

10,4-12,5

Undesirable because of overlap
(and therefore higher correla-
tion) with 0.52-0.58 um band.

Desirable fTo keep band as narrow
as possible around green peak,
but could be broadened in this
direction if necessary, up to
0.59-0.60 um,

Not irecommended (sharp increases
of vegetation reflectance occur
above 0,69 um).

Undesirable, in order fo keep
band as narrow as possible
around vegetation-reflectance
shoulder, but could be increased
it necessary from instrumentation
standpaoint.

Not critical other than from
standpoint of water-absorption
band at 0,925 um.

Not critical.

Avoid water-absorption band.

Avoid carbon~donide—absorpfion
band. ,

**Dertved from Ref. A-7.

"1t is suggested that these bandwidih recommendations be evaluated in fTerms
of fllter characteristics involved and the other sysiem parameters, and
+hat possible or necessary changes be reviewed in conjunction with a few
|1fe scientisis who are knowledgeable about vegetative refiectance.
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Emissivity data on plant l1fe of Interest may yield long-wavelength signature
variations comparable to fhose in the visible and IR spectra to permi+t plant
species to be distinguished and their health +to be determined.

The most-cost-effective SMSS sensor design should have an S/N
error comparable to the sensor-calibration efror agalinst |low-reflectance earth
scenes that present a minimum radiance. As an example, for a 5% calibration
accuracy (relaTive), an S/N mur - in excess of 20 will not significantly reduce
the total measurement errors but will incur design requirements for a larger
sensor aperture or a more sensitive detector element. Hence, for a facility
that witl provide useful data for field-crop-production and soil-management
studies, a sensor with the following requirements is indicated:

Instantaneous field of view (IFOV) Less than 20 x 20 meters
Sensitivity S8/N = 20 at 5% absolute
: calibration
accuracy
Specitral bands (8 or more) Given in Table 3-2
2 ATMOSPHERIC PHYSICS

As described in Ref. A-4, future EOS missions may use separate
sensors for investigations of cloud physics and a+mospheric~+empéfa+ure-pro~
files. A cloud-physics radiomeier would employ five IR wavebands to estimate
cloud pressure, altitude, fhickness, water or ice content, water-dropiet size,
anc condensed-water density. An upper-atmosphere sounder may use four LWIR

bands to estimate atmospheric-temperature proiiles.

A modular optical sensor designed for +the Shuffle program could
incorporate detector arrays to perform both types of experiments (1.e., cloud
physics and LWIR upper-atmosphere sounding). Correla+ton_cf'+hé measuremant
resuits could provide additlonal value. With a modular SMSS, the experiments

- could be conducted on selected flights with defector arrays designed for the ..

specific experiment.
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Measurements of cloud characteristics are essential for weather
forecasting. An international cooperative effort is underway In the Global
Atmospheric Research Program (GARP) to achieve increased understanding of the
general clrculation of the atmosphere and to develop the physical and mathe-
matical basis for extended weather predictions. The Worid Weather Watch (WWW)
is sponsored by The World Meteorological Organization (WMD) ‘o expand the
observing network, improve global telecommunications, and facilitate data
col lectlon through the establishment of world meteorological criteria. GARP
is the research arm and WWW is the operational arm. As stated in Ref. A-4:

Detalled knowledge of the altitude distribution and
composition of clouds is required for these programs
because of the importance of clouds to radiative +rans-
fer and the thermodynamic and dynamic interaction of
clouds and the environment. Calculations indicate an
extreme sensitivity of the atmospheric state to the
amount and distribution of clouds. Their determina-
+ion thus represents one of fThe important links in a
comp lete theory of the general circulation. Accurate
ylobal observations of cloud distributions will be
important in develcuing comprehensive theories and
again, later in checking the accuracy of numerical

calculations. It is also possible fo calculiate albedo
and the solar and thermal flux divergences of the
atmosphere.

The Shuttle Orbiter is an ideal platform, and ‘the SMSS an ideal
instrument, for use in demonstrating the feasibility of a space-platform-based
sensor to determine cloud characteristics, and for demonstrating the optimum
sensor wavebands and measurement-accuracy requirements. The Shuttle/SMSS
could satisfy the GARP research-measurement goals. After the design require-
ments are es+abilshed from a space platform for a sensor to measure cloud
characteristics, routine coverage on a daily basis can be more readily

achieved from an unmanned weather satellite.

Measurements of atmospheric-temperature profiles and +the composi~
tion of the upper air are needed for an understanding of atmospheric processes

{e.g., dynamics and photochemistry). Quoting again from Ref. A-4:

@ _ A-10
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For example, recent investigations of the ozone content
of the atmosphere, inferred from Nimbus 3 spectra in

the 9.6-um ozone absorption band, indicate a high cor-
relation between ozone in the upper alr and fropospheric
weather systems. The sensing of ozone profiles on a
global scale and fto higher altitudes will be of in-
creased importance as similar studies progress. The
measurement of airglow and scattering In the ulira-
violet, visible, and near infrared can reveal informa-
tion regarding fThe constituents of the high atmosphere
and +he atomic and molecular ftransitions resulfing in

the observed emissions. The spatial and temporal monitor-
Ing of water vapor In the upper atmosphere would be
applicable to studies of transport mechanisms such as The
possibility that large quantities of water vapor are in-
Jected into the stratosphere by cumulus towers, especially
in the tropics, Similarly, the detection and monitoring
of other trace constitfuents such as the oxides of nitro-
gen, sulfur dioxide, methane, and ammonia would be
applicable to studies of ftransport mechanisms as well as
having cbvious implications with respect to environmential
quality and atmospheric pollution...

Measurements of temperature profiles at low as well as high alti-
tudes will contribute fo an understanding of weather phenomena, cloud physics,
and other characteristics of the atmosphere. Storm-front motions and cioud
concentrations will be correlated with the spatial distributions of atmo-
spheric—temperature profiles. Temperature inversions can produce smog concen-
trations Tn metropolitan areas. Simultaneous measurements of cloud pafterns,
cloud physics, atmospheric-temperature profiles, and atmosphere composition
can contribute greatly fo an understanding of atmospheric phenamena.

The SMSS can ‘ncorporate a number -of the atmospheric-physics
measurements. The large sensor aperture required for other experiments can
achleve The high signal |evel required for precise measurements of cloud and
atmosphere signatures. The Orbiter therefore offers a highly desirablé plat-
form for simultaneous measurements of atmospheric phenomena, and the experl-
méh?s could be conducted on selecied missions., WITh Increased understanding
of atmospheric phenomena, sensor configurations can be selected énd.design
reqdlremenfs can be established for sensor deployment on unmanned sateili+tes
o acquire'dafa on a more'rou+ine; daily, scheduled basis. -

ey
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?i: Discussions in Ref, A~4 indlicate that flve spectral bands wouid
B be desirabie for use in determining cloud altitude, Thiékness, and particle
T‘ characteristics:
Center Wavelength Bandwldth
Channel _{1m) (um)

1 0.754 * 0.001 0.005

2 0.763 % 0.0005% 0.005

3 1.61 % 0.002 0.072

4 2.06 £ 0.02 0.050

5 2.125 = 0.02 0.032

These bands would make T possible o Infer the cloud-top pressure
level, *he density and phase of condensed water in the cloud, a drop-size
parameter, and the cloud thickness, both optical and geqmefrlcal. One is fhe
oxygen "A" band at 0.763 um, and ancther is The carbon dioxide band at 2.06
um. Two others just outside them are used for reference o de’ermine The
- atmospheric attenuation of the absorption-band signals and IhJicafe c loud-top
;i height and thickness. The fifth channel at 1.61 um gives an Indication of
cloud-particle slze, because cloud scattering is a strong fuaction of the
i particle size at 1.6 um and 2.1 um.

Although such narrow spectral bands are not preéenTIy planned for
- the SMSS, the high semnitivity and the modular character of the SMSS focal
plane would permit economical modification. The data obtained could be used -
to assess the feasibllity of including an atmospheric-sounding experiment on
a satel|llfe-borne sensor.

Wave lengths for upper-atmosphere~composition and temperature-

ﬁ} . profile sensors were selecied in Ref. A-4 to correspond fo the wavebands of

. the Nimbus~F [imb radiance inversion radiumeter (LRIR). This sénsor'scéns

the # .ospheric |imb In four spectral intervals +o‘make7+he fallowing vertical-

proflle measurements:
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Temperature, *6°K, 2 km vertical resolution, 15 to 70 km
Water vapor, 2 ppm, 5 km vertical resolution, 15 fo 42 km
Ozone, *0.001 cm NTP/km, 2 km vertical resolution, 15 +o 50 km.

The spectral bands useful for these measurements are as foilows:

Spectral Band {um) Purpose of Measurement
9.4~10 Ozone concentfration
20-40 Water-vapor concentration

14.0-16,3 and 14.5-16.7 Temperature profile

Additional bands could be selected to determine the concentration and altitude
distribution of other atmospheric trace constituents.

_ The weather is in a constant state of flux, and the daily or even
7 hourly atmospheric measurements required for forecasting or updating should
d be performed from an unmanned satellite. The atmospheric-physics sensors
should be considered as research fools. The spatial resolution for downward-
looking sensors as characterized by the cloud-physics radiometer should
approximate the lateral dimensions of clouds:

i .
Do i

"Median Lateral Dimensions

%ﬁ Cloud Type nmi km

Cumulus - 0.5 x 0.5 0.9 x 0.9

i ~ Stratocumulus 1.0 x 0.8 1.9 x 1.5
. Stratus 5.0 x 0.5 9.0 x 0.9
: Cumulonimbus 3,0 x 3.0 5.5 x 5.5

_ Altostratus 1.0 x 1.0 1.9 % 1.9
T ~ Altocumulus 2.0 x 1.5 3.7 x 2.8
B : Cirrus . 0.5%0.1 1.0 x0.2
. | Cirrostratus 1.0 x 0.1 1.9 x 0.2
x 1.0 . 9.0x 1.9

Nimbosgtratus 5,0

w s e ——
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These dimensions indicate that an IFOV of 0.1 km (0.05 nmi)
could accurately determine cloud characteristics. This value is well within
+he planned SMSS capability. |f a cloud subtends only a portion of the {FOV,
it may be difficult to detect and distinguish its characteristics from back-
ground radiation. Many clouds that were observed by ground sensors have not
been detected by spacecraft. Less~severe resolution requirements zre imposed
on atmosphere-composition and temperature-profile measurements because less-
severe lateral gradienis will occur. An |FOV of several kilomefers (n3 km or
1.5 nmi) should suffice.

A preliminary set of sensor design requirements was derived on
the basis of the foregoing consliderations and of analyses reported in Ref.

A-4. The speciral bands are discussed above, and other parameters are as

follows:
No. of |FOV
Sensor Wavebands {mr? Calibration Accuracy
Cloud physics 5 2 2% absolute, 0.1% relative
Optical sounder ng (TBD) 6 Temp *1°9K, water vapor
0.5 ppm, ozone
+0.0007 cm NTP/km
3 ATMOSPHERIC POLLUTION

The effectiveness of using a spacecraft to obtaln an undersianding

of the depositions, reactlions, and global effects of atmospheric pollutants

has not yet been demonstrated. As discussed below, +he SMSS T1s a highily

sultable instrument for determining the measurement requirements of an atmo-
spheric-pollution sensor. I|f frequent spaceborne measurements become heces—
sary, the requiremenfs can be incorporated in a dedicated sensor deployed on
an uhmanned satel lite. ' '

The experimerits would be conducted fo determine the causes and
conditions of critical smog concentrations, and the Interaction of pollutanis

with the aTmoéphera. They are most effectively performed In conjunction with-

[u——
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atmospheric-physics experiments (see paragraph 2, above). High smog concentra~
tions are frequentiy associated with temperature-inversion layers That trap
polluting gases in urban basins when normal circulation effects would dissi-

pate them.

The measurements should be undertaken to determine the spa%ial
and the vertical (if possible) distribufions of CO, COp, and selected trace
gases in relation to atmospheric temperature and water-content profiles. The
information would provide data needed to determine atmospheric interactions
of pollutants, the l|ocations of sinks, and other phenomena that reduce the

global concentrations of po!luting gases.

Measurements could be made on different Orbiter passes at differ-
ent times of the day to evaluate the sun's photochemical effect on pollutants.
After the feasibility of useful measurements has been demonstrated, the |
requirements derived for routine, daily measurements may be incorporated in a
sensor deployed on an unmanned satellite. I1f infrequent measurements are
called for, the Shuttie system may be more cost effectively used for them.

The spectral bands that are tised should be in the absorption
regions of the poliutants to be detected. They may range from 0.3 pm for
ozone to 20 um for the frace elements. A region from 2 to 20 um is suggested
for the remote gas filter correlation analyzer investigated by General Dynamics
Convalr Division and described in Ref. A-4. Other suggested sensors can have
narrow-bandpass filters in fThe absorpfion bands of the selected constifuents.

Because the atmospheric interactions of such poilutants as CO are
not well understood, global coverage is desirable Yo locate poséible'sinks
where Theybcan form harmless components of the atmosphere. Global'cerfaqé '
is also desirable to determine regions where CO, or particulate matter can

cause heating or cooling of the earth's surface.
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Insufficient information is available to define the required
spatial resolution. For downward viewing, the resolution may amount to sever-
al degrees in order to determine the horizontal distribution of polliutants.
For the derivation of vertical distributions by scanning the earth: |imb from
an altitude of 470 km (250 nmi), a viewing range of approximately 2400 km
(1300 nmi) and a sensor resolution of 1 mr result in a vertical resolution of
2.4 km (1.3 nmi). Global coverage may also be achieved by viewing the earth
limb from different directions relative to the satellite flight path.

& HYDROLOGY

Hydrology Is taken here to include the surface and near-surface
properties of oceans, seas, lakes, and rivers. Previous space measurements
have been confined to larger bodies of water, but the spatial resoiution
achievable with the SMSS will permit studies of rivers and local coastal

conditions.

Two ocean- and lake-surface experiments are defined in Ref. A-4:
one to survey the surface femperature and the uther to determine the spectral
signature of water. A sea-surface-temperature imaging radiomefer uses five
wavebands to derive thermal emission and temperature from the total irradi-
ance. The total irradiance includes cloud and atmospheric se!f-radiation and
refiected solar radiations, and the total signal is attenuated by the atmo-
sphere.. An ocean-scanning spectrophotometer uses about 20 spectral bands over
the 0.4 to J.7-um region to measure the near-sur’ace fNIO to 100 m in depth)
specTral signature. Reflected solar radiations from beneath the surface can
reveal the presence of chlorophyll, which is indicative of plant {ife and
sediment. Each sensor has an |FOV of approximately 2 x 2 km (%1 mile square).
Their coverage is therefore restricted to large bodies of water, and the

resolution is Inadequate to detect variations near coastlines.

I+ would bes highly des:rable for an Orbiter-based sensor to
obtain thermal and spectral Signafures with a spatial resol ution adequa+e fo

measure the water-surface and near-surface properties of rivers and coastal

D SR S A-T6
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regions. Only a large-aperture sensor such as the SMSS can provide both high

spatial and high spectral resolution.

There will be a large degree of correlation between water-surface
t+emperature and plant life. A spatial resoluiion of about 10 to 20 m would
also permit monitoring of the characteristics of rivers and coastal regions
where man-made thermal disturbances, sewage, and ofther factors disturb the
environment. The discharge of eroded soil at deltas where rivers enter the

sea could also be observed by changes in water color,

With 10 +o 20-m spatial resolution, the mission objectives of the
SMSS could be broadened well beyond those of satellite~based sensors described
in Ref. A-4, The SMSS could monitor the thermal pollution caused by nuclear
powerplants and then determine the effects of the thermal environment on plant
I1fe in the water. The chemical pollution of rivers by industrial facitities
could be detected and the downstream persistence of pollutants could be
determined. Many other measurements, including Those of ocean properties
favorable to fish life, could be postulated o assist In the most efficient

use of +the occean and inland-waier environment.

The interchangeable focal plane planned for the SMSS makes it
suited for the measurements discussed above. The data could be obfained on
selected flights to determine sensor effectiveness with regard to ocean,
river, and other water-surface characteristics. A limited number of missions
could also provide sufficient data for analysis to determine the reguired
sensor performance and the desired measurement frequency. | such measure-
ments are deemed sufficiently valuable to be made frequentiy, the required
sensor could be incorporated in the EOS or another unmanned satel |ite. |f
They are r‘equired less frequently, they may be made ‘more cost effeciively on -
Orbiter missions.

_ A theoretical study by Anding, et al. in Ref. A~5 and reported
in Ref. A-4 indicated that five spectral bands are required for accurate
measurements of sea-surface temperature from space:

@zggzé , _ ' | A-1T7 .
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Spectral
Band (um) Parameier Measurement
10.5-11.5 IR window Thermal emission from surface
8.85-9.35 Water-vapor continuum Water-vapor correction
6.5-7.0 Water-vapor absorption Thin cirrus tag and correction
3.6-4.1 IR window Cloud tag (night) and correction
0.2-4.0 Solar radiation Cloud tag (day) and correction

A sensor resclufion of approximately 10 o 20 m wil] be required

to measure river pollution and to accurately resolve human perturbations of
ocean water near coastlines. This resolution over extended ocean areas may
. result in excessive data~storage requirements. For ocean areas, the defector
L outputs could be smoothed over multiple resolution elements prior to sforage,
- or the outpuis of only selected detectors could be retained, for ground

processing.

) GEOLOGY

In the visible wavelengths the SMSS will be able to chart geologi-
cal features That are of Interest to scientists and also may indicate the
presence of oil or mineral formations. Compositional mapping is truly a
multispeciral-scanner application because minerals, rocks, and soils exhibit
characteristic reflectance and emittance features throughout the 0.45 fo
e 12.5-um range., A Space-Shuttie~borne large-aperture scanner with many thermal
. channels has been described (Ref. A-8) as the ultimate means of providing -
geoioglists with unique information that cannot be detected by cameras or the
human evye.

The SMSS can survey large, extended areas in remotfe regions that
are not readily explored by ground- or aircraff-based sensors. Geological
- faults may be detected by changes in fypes of vegetation on the two sides of
;: L the fault, local depressions producing ponds along the fault, the dlsrqpffon
| of river paths by the fault, and possible differences In exposed rock types
at the fault through measurement of color variations. ‘
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High-resolution measuremenis may be able to determine earth con-
tours from shadowed regions and the varying surface-reflected solar energy for
different sun angles relative to the earth and sensor at different Times of
day. Large-scale anticlines (increases in loca! surface height due to fold-
ing or arches in stratified rock and substrata) may indicate oil deposits
trapped in sandstone between rock layers. Anticlines in Saudi Arabia con-
taining large oil deposits were about 90 km (W50 nmi) across and would be
difficult to detect from near ground level. Evaporative basins can contain
soluble minerals and may be detecied by the absence of, or the type of, vege-
+ation. River-bed surveys and accurate determinations of current and previous
paths may aid in defining boundaries between private properties, local govern-

ments, states, or nations.

Geological formations are best derived from multispectral, high-
spatial-resolution measurements at different times of day, but are required
infrequent|y because changes occur over many years. The requirements are best
satisfied by a multipurpose sensor in the Space Shuttle System. The desired
high-resolution, multispectrai-detector, focal plane could be used on three
Orbiter passes at three different times of day (e.g., 0900, 1200, and 1500
hours). The multipurpose SMSS would be far more cost-effective for these
measurements than an unmanned satel tite.

The 0.45 to 2.5-um region contains useful reflectance data. The
8.2 o 12.5-um region contains =aven more compositional information, especially
for silicate rocks, in the form of emittance minima. There is a requirement
for spectral resofuf!on of at least 0.5 um o map +hese'ﬁinima. Sbmé_défa can
be obtained from a single brecadband thermal channel (e.g., 10.4 o 12.5 ym)
recorded at different times of day and depending on thermal Inertia. Such
mapping, however, exhiblts less systematic variation with rock type than do
emittance minima (Ref, A-8).
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Appendix B

BACKGROUND AND CONSIDERATIONS FOR OPTICAL-DESIGN SELECTION

FOCAL RATIO

A relationship simiiar to the diffraction=1imi+t expression foof-

note In paragraph 5.1 of the main fext exists for the linear Tmage size (B),
or the detector slze related to the system resolution: B = Bf = 2.44 A (F/no.),
where f is the effective focal length and #/no. = /D. Figure B-1 shows that

an image size of ~60 um (0.0025 in.) for a diffraction-|imited system at 10 um
requires about /2.5.

IMAGE DIAMETER B {um) .

. FIGURE B-1
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The focal ratio is an important trade parameter that cannot be
established simply from Tmage considerations, because It also determines the
sensitivity of fthe sensor system. A low-f/no. (or "fast") system Is
desirable (under certaln conditions) for sensitivity, but high image quality
s progréssive!y more difficult with decreasing f/no. For diffraction-
| imited operation at 10 um, an /2.5 system is near the limit of attainment.

Figures B~2 and B-3 relate the mirror diameter, focal ratio, and

relative fabrication time, They were useful in consideration of relative
fabrication difficulties and limits. The curves were empirically obtained
by a major large-optics fabricator and were adapted from Ref. B-1.
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2 OPTICAL MATERIALS, PRELIMINARY CONSIDERATIONS

2.1 REFRACTIVE MATERIALS
The large wavelength region of interest and the large aperture

diameter indicated that at least the main telescope should be reflective.

No refractive materials (a) transmit adequately from 0.3 to
14 um, (b) have physical properties acceptable for field uce, and (c) are
obtainable in sizes large enough for full-aperture elements, Figure B-4
plots transmission vs wavelength for several representative materials that

have suitable physical properties (such as hardness, solubility, and melting

point).
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FIGURE B-4 REPRESENTATIVE TRANSMISSION (INCLUDING REFLECTICN LOSSES)

Transmission curves for several other materials that cover the
entire wavelength region are given in Figure B-5. However, these materials
(most being of the alkaline-halide-salt family) are soft, highly soluble,
and of small size. Consequently, the popular high-performance optical sys-
tems, such as Schmidt and Bouwers configurations that require full-aperture

refractive correctors, cannot be used in their simple forms for the SMSS.
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FIGURE B-5 REPRESENTATIVE TRANSMISSION (INCLUDING SURFACE REFLECTION)

The foregoing considerations did noi positively rule out the

possibility of refractive elements somewhere in the system.

The use of

several small-aperture systems following a large-aperture telescope, for

the different wavelength bands within the total region, was possiblie, and

this concept has been employed in previous applications.

For the SMSS,

however, a catadioptric-type system was considered unnecessarily compli-

cated in comparison with an all=reflective Schmidt.

Crl MIRROR-SUBSTRATE MATERIALS AND COATINGS

Five physical properties are most important for large reflective

systems subjected to wide temperature variations:

density, modulus of

elasticity, thermal conductivity, specific heat, and coefficient of expan-

sion.

The first two influence the structural design, with the ratio of

density to modulus of elasticity being the important relationship.

Significant advances in mirror-material design and fabrication

have occurred recently because of the great interest in large, spaceborne,

@»
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aptical systems. Two basic design approaches have been developed. One
ailows only small variations with temperature changes by using low-cxpansion
materials (such as CER-VIT and ULE). However, these materiais have low
thermal cenductivity and require long "soak" periods to attain stabilized
temperaiures.

The other approach Is the use of metals to permit rapid attain-
ment or restoration of the desired operating temperature and mirror shape.
Several optical fabricators have had good success with this approach.
Berylilum has recently been chosen for several systems, especial ly because
methods have been developed to overcome the intomogenlety and surface scatter
evidenT in i+s earlier application. With proper design and fabrication of
the mirrors anc the entire optical structure from beryliium, there are no

focus shifts as the telescope femperature changes.

Material considerations for the SMSS are discussed in more detail

in Sectlon 8, below.

The re“laectivities of several typical mirrer coatings as a func-
tion of wavelengih are given in Figure B-6. Silver and aluminum would both
be acceptabie for the region from 0.35 To 14 um, but the durability of alumf—
num would be superior and Al is therefore reccormended as the SMSS coating
material.

3 SCANNING SYSTEMS

The impacts ot various fypes of potentially applicable scanning
approaches on selection of the SMSS optical system are briefly discussed
below. As discussed In Section 4.3 of the main text, the pushbroom Type l1s

recommended.

3.1 VEHICLE-MOTION SCAN o
The pushbroom system (see Fligure 4-3 of the main text) is attrac-
tive because scanning Is provided by orbiting~vehicie motion and requires no

moving parts. The optics, however, must have a field of view (perpendicular

J——
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to the satellite motion) equal to the swath width. For fthe SMSS application,
a swath width of 15° is desired, whizh is difficuit to obtain with an ail-
reflective system. Consequently, the optical system for this method must be
one of the more sophisticated designs, such as an all-~reflective Schmidi con-

figuration or a confocal paraboloid.

3.2 OBJECT-PLANE SCAN

Object-plane scanning has the attractive property that the tele-
scope field of view (FOV) is the small instantaneous field and not fThe total
scanned field. For the SMSS, therefore, a telescope with excellent image
quality over only 1° or less would be needed. This would permit selection
from more candidate systems than would be possible with fthe pushbroom
approach. | | |

There are certain disadvantages, however. An an example, an
oscillating-mirror object-ptane scanner must be larger than the desired
sy.tem aperture and yet maintain & precise optical surface during the rapid

start-and~stop operaTionrnecessiTaTed by the rapid scan rate, Improveménfs

73 - B-6
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in mirror materials, structural design, drive mechanisms, optical-fabrication
techniques, and other areas have overcome these obstacles +o some extent on
several large-aperfure sysftems during the past several years but, for a sys-
tem as large as the SMSS, the very large oscillating or rotating mirror sys-
+em would introduce momentum-compensation and reaction prablems as well as

increased weight and power consumpiion.

3.3 IMAGE-PLANE SCAN

Image-plane scanning exhibits generally cpposite properties to
those of object-plane scanning. The scanners are usually small, being in
+he converging beam or smal |-diameter afocal region, but fhe optics must
perform over the entire scanned field, just as with pushbroom systems.

Image-plane scanners can ‘take either an osciilating or a rotat-
ing configuration. An oscillating flat mirror, with its simplicity and size,
offers a very atiractive approach, especially when the mirror movement is

small (i.e., for small scan fields).

The advantages cf a rotary scanner become evident as the desired
scan field increases (e.g., beyond about 15°). For example, the advantages
of a rotating drum, with its small-aperture relay optics, begin to overcome

its undesirable properties, such as size.

4 BASIC SURVEY OF OPTICAL SYSTEMS
Figures B-7 through B-9 illustrate several fypes of optical
system that were considered for the SMSS. Their characteristics and merits

are discussed below.

4.1 SINGLE—MIRROR-SYSTEM CHARACTERISTICS

A spherical mirror (Figure B-7A) is especlally interesting when
the aperture is located at the center of curvature: The aberrations of coma
and astigmatism are zero, the image is located on a curved focal surface

centered about the mirror's center of curvature, and the image quality is
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FIGURE B-9 BASIC MIRROR SYSTEMS -- III

limited only by spherical aberration. The change of image quality with
foca! ratio for this stop position is shown in Figure B-10. To obtain a
50-ur Image, a focal ratio of about f/5.4 is required. With an aperture

1 m in diameter, and thus a 5.4-m focal length, the stop must be 10.8 m
(35.6 ft) from the mirror for the zero coma and astigmatism condition. The

mirror size is determined by the field of view.

The parabolodial mirror has an attractive feature in that there
is no spherical aberration. It does have coma and astigmatism, given by

B. = 8/16(f/no.)? and B, = 92/2(%/no.}, respectively, when the stop is at

+he mirror, where € is the semifield angle. These values, which also are
valid for a spherical mirror with the stop at the mirror, are plotied in
Figure B=11 for several focal ratios. The astigmatism is a function of the
stop position and is zero with the stop located at the focal plane. This
case, in which only coma {and field curvature) remains, is shown in Figure
B-12.

Lreis : | 89
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FIGURE B-12 PARABOLOID: STOP AT FOCAL PLANE

These curves indicate +that The use of a paraboloid is limifed
to small fields of view and high focz! ratios to obtain an image size of
25 to 50 ur.

4.2 TWO-MIRROR-SYSTEM CHARACTERISTICS

Many forms of fwo-mirror systems have been devised. Three
general configurations are shown in Figures B-78, B-7C, and B-8A. Each form
was derived to provide certain advantages, but each also has iimitations.
The classlical Cassegrainian (concave paraboloid and convex hyperboloid,
Figure B-7B) and the Gregorian (concave parabololid and concave ellipsoid,

Figure B~7C) have performance characteristics similar to those of a para-

boloid (Figure B-7A) of equivalent foca! length and aperture with the stop at
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the mirror. Thus, Figure B-11 can also be used to determine the approximate

performance and field limitations for these two-mirror forms.

A two-mirror system that is free of both spherical aberration
and coma can be obfained in two forms by aliowing the mirror surface +to
depart from conical shape. The zouncave-convex form {(Figure B-7B) is termed
a Ritchey-Chrétlien configuration and the concave~concave (Figure B-8A) the
Schwarzschild, after their developers, Although performance is great!y
improved, the field coverage is still rather |imited, due both to image
quallty and secondary-mirror obscuration.

4.3 CATADIOPTRIC-SYSTEM CHARACTERISTICS

The performance of a uingle~ or fwo-mirror system can be greatly
improved by the use of a full-aperture refractive corrector. In a cata-
dioptric system, which combines refractive and reflective elements, the
refractive corrector can take the form of a thick meniscus lens, as in the
Bouwers or Maksufov (Figure B-8B}, or an aspheric pliate such as the Schmidt
in Figure B-8C. Figures B-9A . ™ I llustrate the use of the correctors with
a two-mirror system, 'The Schmidt-Bouwers [or "corrected concentric" (Figure

B-9C)] form provides excel lent perforiance.

As noted in Section 2, above, however, the SMSS application does

not permit +the use of full-aperture refractive correctors.

Small lens or aspheric-plate correctors in the converging beain
near the image plane are helpful in extending The field coverage and perform-
ance of mirror sysiems, although not to the extent of the large correctors.
Another alternative is the use of several smz!i objective systems for Jiffer-

ent spectral regions following a large collecting system.

5 OPTICAL SYSTEMS. CONSIDERED FOR SMSS TELESCOPE

Systems that were considered candidates for the SMSS are dins-
cussed below. They are illustrated in optical schematics, which in mosf
cases présenf both azimuth-plane and elevation-plane views. All are based

on a 1-m aperture,
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The systems usable in the pushbroom mode include an all-reflec-
+ive Schmldt telescope, an off-axis refiective Schmidt, and the spherical
mirror. An oscillating-mirror object-plane scanner can be employed with
either of the two reflective Schmidts that are discussed, an on-axis
Cassegrain-type telescope, or an »ff-axis Cassegrain. Also considered were
(a) a multiple-mirror configuration, (b} an image-plane scanner with a
large spherical mirror and a series of small "inverse-Cassegrain' relays,
and (c) a confocai-paraboloid system suitable for either pushbroom or

oscillating-mirror scanning.

Figure B-13 shows the aperture-obscuration configurations (cross-
hatched, with source of obscuration identified) for various systems for the
axial and extreme-field positions, and system characterisiics are summarized
in Table B-1,

5.1 ALL-REFLECTIVE SCHMIDT SYSTEM

The refractive aspheric plate of the classical Schmidt telescope
is replaced with an aspheric (almost-flat) mirror or mirrors in the configura-
+ions shown in Figures B-14 and B-15. |In the example of Figure B~14, the
cerrector mirror, is tilted slightly To.allow The incoming beam to ciear The

primary, and the aspheric zones are ellipfica! instead of circular.

The dominant aberration of the ciassical Schmidt {(spherochroma-
tism) is eliminated because no refractive element is used. As a result, per-
formance better than that indicated by +he classical equations can be obtained
for a specified focal ratio, although the mirror filt introduces some addi-

tional degradation.

A general set of equations relating performance, focal ratio,
piate ti!t, and FOV was not found in the literature. Information in the few
references to some recently desligned or constructed reflective Schmid* tele-
scopes seems to Indicate that the desired SMSS optical performance can be
obtained with an /1.5 to £/2.0 system over a 10 to 20° FOV. Figure B-14

shows an /1.5 configuration.

a@ B-13
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Scan Mirror |No. of | Obscur- .

Type Mathod f/No, FOv size |Mirrors | ation Advantages Disadvantages
All-raflective Pushbrocn ffi.ﬁ.fo 10 to 20° | Large 2 Small Ralatively Fabrication of
Schmidt . /2.0 11near {oval) simple design agpheric corrector,

Mechanical Same 1 x 220 Minimum 2 Vary and alignmant. {Focal plane rela-
{roundi Small tively Tnaccesst-
ble.
Off-axls reflec- | Pushbraom /1.5 to | 10 to 20° Large 2-3 None Focal plane ac~ | Fabrication and
tiva Schmidt /2.0 | Insar {oval) cesslblo. No alignment difficult.
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{round)
Spherical mir- Pushbroom £/5.5 or | 109 lin- | Large 2 Large Slmple system. | targe primary mir-
ror i slower ear (oval) ror. Large centrai
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: ployable aparture
regquired. large
(linsar) image size.
Cassegrain Mechanlcal, | /2.5 1 x22° MinTmumn 3 Modor- | Wall-known sys- | BaffliIng dlfficulf,
(Ritchey-Chrettanl | object- ate tem. Smal! In- | Large scan mirror.
piane scan stantaneous FOV.| Fabricatlon of
aspherlc mirrors.
Off-axls Machanlical, | /2.5 1 x 22° Mlnlmum 3 None Wel i~known sys- | Large scan mirror.
Czssegraln objact- or tem. Focal Fabrication of as-
piane scan 4 plane accessl- | pheric mirrors.
bla, Allgnment.
Spharical with Ratating, /1.2 to i1 x 22° Minlmum | Many Larga High scan effi= | Large rotating drum
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FIGURE B-15 ALL-REFLECTIVE SCHMIDT TELESCOPE: TWO CORRECTORS
WITH OBJECT-PLANE SCANNING '

This type of system could be used in elther scanning mode. A
|inear-detector array for a 10 to 20° swath swidth (as in Figure B-14) would
introduce very [Ittle obscuration for a pushbroom system, aithough the oval

primary mirror would be moderately large.

For the mechanical, object-plane scanner, the corrector mirror
could be oscillated to provide 22.5°-FOV coverage. The obscuration and
primary-mirror size would be minimal, because the system would need only to
cover the 1° field helght. Mechanical stability, drive power, and induced
momentum to the Orbiter, hcwever, would Introduce serious design problems
with such a large oscillating mirror (more than 1 m in diametar), as It would

with anvy system using this scan approach.

The all-reflective Schmidt system was selected as a prime candi-

date for further investigation.

B~17
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5.2 OFF-AXIS REFLECTIVE SCHMIDT SYSTEM

An off-axis version of the ali-reflective Schmidt is illustrated
in Figure B~16. |1 has two advantages over the on-axis configuration:
(a) no central ohscuration, and {(b) an easily accessible focal-surface
region.

To provide a more compact package, the aspheric corrector plate
has been moved toward the primary mirror, but this results in a greater tilt
for the mirror. In addition, the location may require deeper aspheric zones
in the corrector and departure from a spherical shape for the primary mirror,
with attendant image degradation. These ramifications eliminated the off-

axie variation from further investigation.

5.3 SPHERICAL MIRROR

A spherical mirror with the aperfure stop at its center of curva-
ture was considered atiractive because it has only sphurizal aberration (on a
curved focal surface) and no coma or astigmatism. In addifion, the lateral
spherical aberration is below a 54-ur image size when the focal ratio is
£/5.25 or larger.

Figure B-17 schematically shows an /5.5 spherical mirror folded
to fit within the Orbiter bay (4.57 m in diameter). A lightwelght, depioy-
able, aperture stop (with outside barrel and baffles) would be necessary to
put the stop at the center of curvature of the mirror. |[f a caompariment of
about 3.0 m 1s allowed, a total FOV of approximately 10° could be achieved
with a pushbroom sensor. |

A reasonable FOV could thus be obtained with a simple optical
system. The configuration was not recommended, however, because of the size
of the primary mirror, the large central obscuration (see Figure B-13), and

+he large (linear) image size.
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5.4 CASSEGRAIN SYSTEM

Figure B~18 depicts a Cassegrain-type two-mirror telescope with
an oscillating-mirror ohjécT—p]ane scanner. The required field coverage is
19, The mirror surfaces must depart from the paraboloid-hyperboloid combina-
tion of the classical Cassegrain configuration, possibly to the Ritchey-

Chrétien form.

‘Cassagrain-system performance can be predicted from Thaflof a
paraboloid with equivalent foca! length and aperfure. Figure B-11 shows
that an image size of about 50 ur over a *0.5° FOV requires at least an f/8
syéfem; The obspura+ion from'fhe sécondary mirror is shown in Figure B-13.

The relatively large obscuration, the necessity for Two.aspherjc.
mirrors, and the large focal ratio made this configuration less aitractive
for a mechanical-scan system than the reflective Schmidt +e lescope.

5.5 OFF-AXIS CASSEGRAIN SYSTEM

_ An off-axls version of the Cassegrain system is shown in Figure
B—19. I+ has the advantages of no central obscura+10n and an eas:ly accessi-
ble focal region. The focal length, however, is about 3 times that of the

‘on-axis version for the same entrance-aperfure size and focal ratio, and the

linear size of the detectors must increase correspondingly.

" Although this configuration was more attractive than the on—éxté
version, it had The same disadvantages of requiring two aspheric mirrors and

.a larger focal ratio than the reflecfive Schmid+,

_'5.6 o MULTIPLE MIRROR CONFIGURATION

Multiple mirrors offered another approach emp loyad by several )
designers during the past few y=ars, 1o increase the resolution and fleld of -
the sys+em. One such deslgn by Melnel and Shack at the UniVErsITy of Arizona_:

is shown in Figure B-20 to depic+ the approach and posslblli+les l? yieldpdh3"

diffraCTIon-llmlfed performance at £/1.75 over a fleld" ‘exceeding 5%, although

(@ . _____..__B'—.21.
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‘FIGURE B-19 *OFF-AXIS CASSEGRAIN TELESCOPE WITH SCANNING MIRROR, /2.5 STOP AT PRIMARY MIRROR

le2g Laodoy



] )y R

- iy
I |

o

iy

o)

Report 5231

_FRIHAIY MIRROR

SECONDARY

FIGURE B-20 THREE-MIRROR OPTICAL SYSTEM.

The'obSCUrafién ratio was rather high and'i+ required that all +he mirrors
be aspheric. Many other forms have been devised and reported, but are in
genera! more complex than the all-reflective Schmidt,

5.7 SPHERICAL MIRROR HITH RELAY OPTICS (IMAGE PLANE SCANNER)
' Flgure B-21 dep|c+s a spherical m:rror with an aperfure sfop at
the center of curvature and a large number of small inverse-Cassegrain relays

-~ 4n a rotating relay drum. I+ is intended only fo illustrate a possible

conflguraflon No attempt was made o match the drum and prsmary—mlrror—
image-surface radil, +o minimize relay-mirror sizes, or to balance the

"'spheficélfaberraffdh of fhe.primary_mlrhorﬁwifh‘+ha¢ infroduced'by the telays.

As +he relay un|+s ro?a+e, +hey send +he image (formed by The

 fspher;cal prlmary on a backward—curVed prime focus) Yo The fixed detector

‘arrays in the center of the drum. With eight relays as shown, a swath wudfh

up 10.45% could be obtatned. The 19 FOV perpendtcular +o the' swafh dlrec+ion
'would be parallel to. +he axls of drum FOTBTIOH
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5.8 _ CONFOCAL PARABOLOID SYSTEW
' Flgure B-22 Illusfrafes an arrangemen+ that has become popuiar
for applications requiring a large-aperture, wide-spectral-region system.

" This concept uses two paraboloids with a common axis .and focus. I+ is shown

in an off-axis form that eliminates the usual central obscuration and allows
for excellent stray-energy rejection. In The'afocéi beam after the second

paraboloid, small felescopes covering Individual spectral bands can be in-
serted, using either reflective or refractive elements (as shown). '

COMMON FOCUR ny FRIMARY PARAROLOWD

-
>

- SECONDARY PARABOLO®

FIGURE B-22 OFF-AXIS CONFOCAL PARABOLOIDS WITH SMALL OBJECTIVES

_ Scanning can be provided ei?hér.by'vehic!e monon 6r by:ah'
oscnlla+1ng scan mfrror W|+h this configuration it is also possible +o

place +the- scannsng mlrror An +he afocal beam . after the secondary, thus. con— Tl

stderably reducing scan—mirror size. Theldegree of complexz?y of This sys-

-+ tem, however, made 1t unattractive for further investigation.
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6 OPTIMIZATION OF ALL-REFLECTIVE SCHMIDT SYSTEM
. The all-reflective on-axis Schmidt configuration (Figure B~14)
was selected as having significant potential for meeting SMSS'requiremen+s

and as wa ~anting concentrated Investigation because T offers

a. Relative simplicity, having only twe mirrors, with one
_of %hem_spherical _

b.  Adaptability +o the self-scan or the mechanical-scan
approach

‘c.  Acceptabie obscuration
d.  Excellent image quality at low focal ratlos
e, Large fietd of view S

f. Lack of spectral limitations.

The optimization of this system is discussed below.

6.1 GENERAL CONSIDERATIONS
As noted In paragraph 4.1, a spherical mirror with an aperfure

stop at its center of curvature {(e.g.; The‘SchmIdf‘primaryJ-ié fimited in -

optical performance only by spherical aberra+ion, coma and as+igha+ism are
el!mlnafed. Complefe correction of the spherlcai aberra+ton can be achleved
(for a g|ven fieid position) by "redirecting” the' 1ncnden+ rays with an
appropriately shaped aspheric plate at the primary cen+er of courvature. The

v~configura+10n also-greatly lncreases “The usable field 5|ze and yields excel- -

Ien+ |mage quall%y for a g;ven S|ze of pr:mary

‘- Many authors héve.repoffed'on theoretical developments Qf.+he:»"it
Schmidt concepf, but -in most instances discuSs only the cafadiopTric version.
Several recenf papers, however, describe Schmld+ systems -using a reflecfive

ﬁ'-“correcfor (Refs. B-2" Through B- 7) Ref B-2 Is parTicuIarIy perflnen+

descrlb!ng a system That ESSGHTIBI|Y sa+|sfses the S5SMSS requ]remenfs.' Op?i?'

0}{ cal performance as a function of field angle at spec;fic focal raf]or is

tabulated below for- sevarut of These sys+ems

B27
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Semi-FOV Image Size  Focal Ratio

Source (degrees) {ur) {t/no.)

Chrysler Space Systems '

Ref. B-6, J. A. Decker, o3 1 3.1
Spectral Imaging, Inc. ‘ o : o : :
|tek Corporation, telaphone o 1t 20 2.6

~ conversation _ _ :
Ref. B-2, D. E, Oinen, Eastman 5 50 1.5
Kodak Company :

" Ref. B-2, as above I 9 " 1.5

Telescope layouts were prepared to determine the suitability of
the all-reflective Schmidt for interfacing with the Orbifer vehicle. They
are shown in Figures B-23 and B-24, which are based on the foliowing param-

. gters: ~an /1.5 system, with a 100-cm primary mirror and with +he optical

axls of the reflective corrector plate Tilted 20° from the primary optical

axis. Although these parameters were altered as the opflmizaflon effort

”progressed the layouts i | lustrated the feas:blll?y of mounting a +elescope

of this size in the Orblter.  The Orbiter dimensions were taken from Ref. B-8
("Space Shuttle System Payload Accommodations™) .

Figure B-23, a cross-sectional view of the telescope mounted in

- the Orbiter payload compariment, was prepared to demonstrate satisfacfory. .
-inferfacing rather than fo illus+5a+e a suggested structural design. The
: sflucfure is rlgidly affached to +he pay load- refenfion polnfs, because tele-
: 'scope glmbais will no+ be reqU|red for |mage—mo+ton compensaflon or po:n?ing} 5

Figure B-24, anofher schematic represen?aflon, presents 2 side view of the

. "SMSS.in the payload compartment.

- ‘ S . :
“Approximates SMSS characteristies. .

g P S SE SO R OV RTT PP |
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6.2 AMALYTICAL AND COMPUTER OPTIMIZATION

Although the all-reflective Schmidt configuration was suggesied
25 long ago as 1939, it has seldom been considsred because the reduired
corrector-mirror Til+ and the resulting el]ipTicaI zones formerly cast doubt
on the performance capabilities and the possibility of fabrication.

The fabrication impac* has been reduced‘grea+ly by advancements
in the generation of aspheric optical surfaces, and the performance impli-
cations of mirror tilt+ and ellipfical zones are considered below. Because
I1itle design information was available in the l|iterature, fwo coursas were
pursued:  (a) a review of the theory of Schmidt-telescope aberrations, con-
sidering The use of a mirfor for the corrector element, in ﬁreparaf!on'for
{b) computer optimization with different focal ratios (f/nos.) and fields

of view.

Bowen's excellenf,_simplffied treatment of the theoretical
basis of the original Schmidt Telescope-(refrac+lve corrector) in Ref. B-9
was used for This study. The performance of the all-reflective version,
unlike the classical Schmidt, is limited only by off-axis aberrations
because it has no chromatic aberration. Following Bowen's development, the
off-axis aberrations can be freated by calculating the changes {(Aa and Ab)
in displacements by the rays at the focal piane. For a refractive Schmidt,

they are approximately

K, f (sin 0
Aa = =

128 n (£/ne.)>

and
. K, f (sin )2
b E 3
128 n (f/no.)

| (§§§Z§'H j' ' o | - B-31
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system focal length

where F =
¢ = semifield angle
n = corrector-plate index of refraction _
t/no. = focai ratio = focal length/aperture diamefef

and the K4 and Ky coefficients are functions of +he index of refraction,

the ray location on the plate, and the location of the "neufral zone" (1.e.,
the region paraliel to the plano surface of the plate). Inserting. the fac-
tor 128 n into the coefficients and combining Thesé'equafions yiéids_+he '

following approximation:

4
)

Viab)2 + (aa)?

i

\/<K1")2 + (K,N2 [¢ (et cvb')'zl(f/nvo.')?’:lv

K £ (sin 97
3

(f/no.)

where r is the average image radius. As noted by Bowen, +heSe'éQUa+ioné:aref’
based on the First ferm of an expansion and are not exact for low focal
ratios. ' In addition, they do not take into account The 1mage effecfs caused )

by mlrror Tilt in The all- reflecTive conflguraflon.r

V Flgure B~25 which hlghly exaggera?es profsles in" the interest

of clar:fy, demonstrates fwo differences between the refractive and reflec-

~tive Schmidt systems.

As shown, The zoheé”df the réfréé+?ﬁév+ypé'éfe'clrcu1af»and

“axially symmefric, whereas the ref!ec?lve-correcfor zones are nonrofaT;onaily R

symmafrsc {The terms AXg and AYd used In'ﬂigure B~25 are defined 1n.
Figure B-26.) ' | |
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D
=
® CLASSICAL REFRACTIVE SCHMIDT PLATE ® REFLECTIVE SCHMIDT MIRROR
WITH CIRCULAR ZONES WITH ELLIPTICAL ZONES

FIGURE B-25 COMPARISON OF SURFACE PROFILES FOR REFRACTIVE AND REFLECTIVE SCHMIDT CORRECTORS
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The other difference arises from the fact that the ray devna+|on
necessary for +he reqU|red optical correcfion is produced by two different
mechanisms (refraction and reflection) that involve exactly converse curved

- surfaces. The classical refractive plate is convex in the center and has a
neutral zone that is usually located at 0.707 of +he plate radius (for mfni—
mum chromatic aberration) or 0.866 (for optimum off-axis correction) and falls
e+ the %hfnnesf pcrfion of rhe.correcfor; The reflective corrector requires
a concave surface at the center. Because chromatic aberration is no concern
with a mirror, -the neutral zone can. be tocafed wherever required {even off _
the - actual 5urface) for the best performance over the fleld For the correc- -

~ tor mirror, this zone is the positlon of maximum mirror thickness.

The deviations from the circularly symmetric profile are very
small for small mirror-tilt angles. This fac+ is indicated in the two curves
of Figure B-25. S o '

_ One of the curves (AXg = 1/cos @) gives the requured "el!lthCITy__
COPFECTIOH", which is the ratio of correcfor-mirror lengfh Yo width. For The'
150 mirror—ti |+ angle considered for an /1.5 system, this facior is 1.0353-- .

'{.e., the corrector mirror is 1.0353 m long for & 1.000-m width.  The amount
“of ellipticity is thus only 3.53%. | |

The second curve in Figure B-26 is for the term
AYd 2/[1 + cos- (26)], whlch Oinen (Ref. B-2) cited as provndlng a correc—-
“+ion to the magntTude of the surface conTours to account for non- normal
'|nc1dence of ‘rays._on the corrector surface Feir a 15° Tilt, this correcfxon
term is 1.072. Consequenrly, +he depfh or helghT of a glven loca+|on on a
- mirrar rllred at 15° mus+ be only 7.2% grearer Than for a mlrror perpendscular,7

 _1+0 The opflcal axis

o After The reiaflonshlp of ref[ecfive—Schmld? performance o The
fundamenfal deslgn parameTers of FOV and foral ra+|o vias thesTigafed o '*vr:
reviewing the theory of Schmldr—felescope aberra+ions, compu+er opTIm[zaflon
'was ‘used Fo ob%aln the desnred informaTnon '
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An avanlable program (COP) was used for the opfimization. The
lnfen+ was ‘fo prov&de data on which to base the selec?;on of a suitable
foca! ratio and FOV, although this application of COP did not simulate
corrector-mirror tilt.

The optimization covered various focal ratios (from /1.2 to
#/2.0) and sémi-FOV angies from 5 to 10° (see Figure B-27), Additional
optimization runs were made for f/1.5, 1.7, and 1.8 with different fields
. and "weightings" on the relative field p05|+lon (Flgures B~28 and B-29).

| The plots give the image qua1|+y in microradians as a funcfion of semifield"

angle for the various focal ratios. All systems were assumed to have a
100-~cm aper+ureL  The distance from the primary mirror o the focal plane is
approximately equal to the focal length, and the corrector mirror is placed

at the primary-mirror center of curvature.

These plots showed that the desired image size of 50 ur (later
modified to 66 ur) could be obTalned over a tofal FOV of 10° with an /1.5
system. To achieve the same performance for the requasfed 150 FOV +he foca
ratio must be increased to at least f/1.7.

The optimization runs lndicafed that The exact 1mage quaery
depends not only on focal ratios buf also on ‘the number of parameters’ Varled,'
the fleld angles, and +he welghfs used. Because windows and filters near
ihe focal plane might be used o tmprove ‘“the image quality, it is suggested -
that this approach be considered during the detailed-design phase of the
SMSS-program._ ' '

The runs Tended +o'EIIUS?ra+e a beneficial aspect of The'all-

3refTéc+iVé”Schmfd+ that the FOV can be large without signlflcan+ loss of

- image qual Ity at the edges of the field, This attribute results, in par+
bscause_fhere Is no chromafic_aberrafion and the plate caontour can be

DaV|d Grey 's COP program,. wrlfTen by Dav;d Grey Assoclafes, 60 chkory
Drlve, Walfham Massachusetts:. . _
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optimized to correct the residual coma and astigmatism. |t is Thus possible
to correct for aberrations over a relatively wide FOV without the accompany-
ing increase in chromatic aberrations associated with the catadioptric type

of Schmidt system.

An additional computer run was made in which the spacing between
the primary and corrazctor mirrors was shifted sliightly as compared with
previous runs. The furpose was to emphasize Tmproved resolution at the edge
of the field at the expense of on-axis performance. The results are plotted
in Figure B-30. Extensive optimization will be required during the detailed-
design phase, but the analyses and simulations described here have indicated
that the all-reflective Schmidt system can readily satisfy SMSS requirements.

7 PHYSICAL CHARACTERISTICS OF SCHMIDT OPTICS

Figure B-31 shows the range of Schmidt-system primary-wirror
lengths required to avoid vignetting, as a function of focal ratio and FOV.
Figure B-32 presents examples of the depth-of-focus variation with focal

r."io for a 75-cm aperture.

Table B-2 glives approximate mirror weights and sizes, using
quartz and beryl!lium for selected apertures and focal ratios considered for

the SMSS.

@ P B-40
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® = 2flno,)b, where b = LINEAR IMAGE SIZE

EXAMPLES: FOR f/1.7, 75-cm-APERTURE SMSS, b = 8 gm AND
S = 286 4m (or 06,0011 in.)

FOR /2.0, 75-cm-APERTURE SMSS, b = 81 gzm AND
® = 336 4m (or 0.0013 in.)

FIGURE B-32 DEPTH OF FOCUS
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TABLE B-2 APPROXIMATE WEIGHT AND SIZE OF MIRRORS*
‘Weight
Aperture Focal Mirror . R
D (cm) Ratio E lement Size Quartz Beryllium
kg Ib kg ib
60 /2 Primary 64.3 x 122.7 x 11.7 cm 61 14
(25.3 % 48.3 x 4.6 in.} 135 31
Corrector 59.9 x 62.0 x 7.6 cm 15 3
(23.6 x 24.4 x 3 in.) 33 — 7
Total 76 168 17 38
75 /1.7 Primary 79.5 x 141.5 x 14.0 cm 101 20
{(31.3 x 55.7 x 5.5 in.) 225 45
Corrector 74.9 x 77.7 x 9.52 cm 29 6
{29.5 x 30.6 x 3.75 in.) _65 . i3
Total 130 290 26 58
100 /1.5 Primary 105.4 x 178.3 x 17.8 cm 218 45
(41.5 x 70.2 x 7 in.} 485 100
Corrector i00.1 x 103.6 x 12.7 cm 68 14
(39.4 x 40.8 x 5 in.) 150 . 30
Total 286 635 59 130
¥
Based on 70% lightweighting, thickness/average diameter = 1/8 for quartz. An
equivalent mirror fabricated of beryilium fTypically weighs only one-fifth as much
as the quartz mirror.

4
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8 APERTURE SIZE

The size of the piimary mirror needed to ccrer a 159 swath
without vignetting losses led To reexamination of the original resolution
guidelines and to tradeoffs inherent in aperfure-size reduction as discussed

below.

An aperture of 75 cm was selected instead of the 100 cm originally
considered as the SMSS baseline. The maximum diameter of the elliptical
primary mirror is then reduced from 193 cm to 145 cm. The weight of the opti-
cal elements can be as low as 26.4 kg (58 Ib) for beryllium (selected as dis~
cussed in Section 9)., The mirror welght can be scaled approximately with the
cube of the diameter. The mounting structure scales approximately as the
diameter squared. Thus, the mirror vw2ight wou!d be reduced by more than 50%
and the mounting-structure weight by more than 40%.

| f the detector-element size remains the original 85 um [or, as a
refinement, is adjusted to the 84-um picture-element (pixe!) size of commer-
cially available charge-injection devices (CIDs)], the angular resolution of
the detectors at /1.7 is changed from ~50 ur to 66 ur (or from 9.25 to 12.2 m

of surface resolution at an orbital alfitude of 185 km).

The diffraction limit at 12.5 um is 40.7 ur for the 75-cm aper-
ture {see Figure B-33). The number of channels (ten, with six in operation
at any time) remains the same, but the number ~* detectors per channel for a
15 swath is reduced from 5250 elements +¢ 4000 sluments, These can be pro-
vided, for the five visibie-specirum channels at i=ast, by a staggered array

of forty 100x100-zlement CiDs as discussed in paragraph 6.5.

The data rate is reduced from 207 Mbps to 119 Mbps, because there
are fewer detector zlements and the dwe!l time is increased to 1.62 msec. The
sensitivity is improved by about 15% because of the increased dwell time.

[The influences of aperture diameter (D) and resolutlon (8) on sensitivity can

be neglected because DB remains essentially consfant.]

e

(@ B-45
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The system parameters discussed above are summarized in Table B-3,

which also characterizes two other aperfure/focal ratios (75/2.0 and 60/2.0)

for compariscn.

TABLE B-3 COMPARISON OF SMSS SYSTEM PARAMETERS WITH

APERTURE REDUCTION*
B Values for Indicated Apertures {cm)/
$ Focal Ratios (f/no.)
Parameter
n 100/1.7 75/1.7%% 75/2.0 60/2.0
Total detecior 52,500 40,000 56, 100 44,625
elements
Element IFOV (ur) ~50 66 40/80%¥ ¥ 50/ 100%* ¥
Element size (um) 85 84 60/ 120% %% 60/ 120%%*
| Dwel! time (msec) 1.22 1.62 0.98/1.06%%% | 1.22/2.a4%%%
NEAT (9K} 0.115 0.10 0.090 0.064
324 max 207 max
Data rate (Mbps) 207 119 {%02 min 130 min
Surtface resclution 9.25 12.2 7.4/14,8%%¥ 9,25/18, 5%*%
{m) at 185 km
*
X 15° swath, ten channels (0.45-12.5 pm), 8-bit encoding.
*it
Revised baseline.
4 %R
Channels 1-7/Channels 8-10.

- Figures B-34 and B-35 schematically illustrate the impact on
overall dimensions. Their shaded portions represent the optical-bundle size
for the 75-cm-aperture system, which is superimposed on the original 100-cm
system. The two fTelescopes are depicted cross sectionally in Figure B-34 and

in a side view in Figure B-35.
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E? Although a 75-cm system reduces the instantaneocus field of view
= (IFOV) to 66 ur and +the surface resolution to 12.2 m for a 185-km orbit,
T considerable improvement is achieved for other important parameters: e.g.,

L reduction in mission-data rate, improved system sensitivity, reduction In
o number of detectors, increased simplification, and reduced system cost and
weight. In addition, the larger size would have created more difficulty in

integrating the telescope into the Orbiter payload bay. The reduced voiume

enhances the optimization of SMSS utility, and together with the other

i

advantages appears to outweigh the spatial-resolution penalty.

ey

= 9 MIRROR AND STRUCTURAL MATERIAL TRADEQFFS

The primary and cotrector mirrors on the all-reflective Schmidt

. \
1 ey
-;

i telescope for the SMSS must perform sufficiently weli to ensure that the

reflected wavefront has the required shape to a high degree of accuracy.

mraie ¢

Because the recommended system coperaties av 66 Ur (as determined in Section
8), and +the diffraction limit is 40 ur at the longer wavelengths for a

%: 75-cm aperture, each surface must have an rms accuracy of approximately 1/20th
wavelength.

T

i The mirror material must be sufficlently stable to accept and re-

é} tain this quality for long periods under adverse conditions of external forces,

1 thermal effecis, and long-term creep.

Materials are available with low thermal-expansion coefficients

{ animect

that make them attractive, from the standpoint of reduced mirror-surface de-

formation, for applications involving small thermal gradients throughout

their volume. For larger and more rapld overall-temperature variations, how-

ever, they may lack the required uniform expansion characteristics or thermal

o]

conductivity.

In addition, materials exist that have excellent thermal conduc-

tivity, high stifiness~fo~weight ratio, and isotropic expansion coefficients,

thus providing high creep stability.

Pt ]
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Weight has a high priority in the seiection of mirror-substrate
materials for space use; mirror reductions also permit weight savings In the

mounting and telescope structures. Fabrication methods are well advanced for

[

most suitable materials, and computer-aided techniques are available whereby
3' deflection can be compensated while the structures are being worked and
tested, so +hat sultable performance can be achieved in the space environment

as well as in the laboratory.

A mirror can be considered as a thin reflecting surface whose
optical figure is maintalned by a supporting structure. The reflector is a
thin layer of metal or a dielectric applied by vacuum deposition. The per-
formance depends on the optical properties of the reflector and on substrate
design and material. The substrate must maintain the desired figure through-
out the mirror lifetime in a changing environment of ftemperature, mechanical

o ioads, and thermal gradients,

i Weight, size, and other resfrictions on the SMSS application re-
quired that tradeoffs be made in material selection and in the substrate
design and optical performance to arrive at the optimum form. For highly
precise space applications, traditional glasses have given way in recent

years to high-quality grades of low-expansion fused silica and ultra-low-
expansion dielectrics--e.g., ULE Titanium silicate glass {(Corning Glass Works)

and CER-VIT glass-ceramic (Owens—I|I|!inois, Inc.). Advanced metal-mirror

fabrication techniques have also been developed for substrates such as aiumi-

o num, beryllium, and copper. Beryllium has received the most attention.

The choice of materials was governed by the following considera-
tions:

: a. Optical--Reflectivity, surface roughness, figure, diffuse
i scatter, scratch/dig

b, Structural--Density, dimensional stabllity, stiffness,
creep, microyield strength

&D B-51
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c. Thermal environment--Thermal-expansion coefficient, thermal
conductivity, thermal shock, thermodynamic conditions

d. Environmentai--Corrosion, radiation damage, bimetallic
effects

e, Manufacturing and processing-~Cost, size, weight constraints,
efficient lightweight designs, commercial availability,
workabi |ifty with high figure and low scatter, testing con-
straints, optical figure.

Generally, candidate materials can be screened on the basls of
thermal and mechanical properties, of which the most important are shown in
Table B-4. Materials having smali and uniform thermal-expansion coefiicients
are desirable because the substrates, which will be fabricated at one
temperature, must perform throughout a range of temperatures without infro-
ducing irregularities and complex changes in the surface figure. To quickly
dissipate the effects of front-surface thermal loads, a high thermal con-

ductivity is also required.

Changes in expansion coefficient with temperature for several
promising mirror materials are illustrated in Figure B-36, which was adapted
from Ref. B-10, As shown there, ULE and CER-VIT provide good dimensional
stability, exhibiting low expansion coefficients around 300°K and varying
Iittle within £100°K from this temperature. Figure B-36 also shows that the
glasses have lower conductivity values from 300°K to the lower femperatures
than do the metals.

)

Combinations of thermal properties can result in useful tradeoff
criteria. The ability of a material +o remain dimensionally stable with
therma! changes varies directly as the ratio K/ap, where K is the thermal
conductivity, o is the thermal-expansion coefficient, and p is the density.
The K/op column in Table B-4 indicates that bery!llum and CER-VIT are about
equal ly stable but are less stable than ULE. This ratio is generally valld
for the stowly varying thermal conditions expected during 5M55-telescope

operation with the door open and a constant thermal input from the earth.

—— e
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TABLE B-4 ROOM-TEMPERATURE PROPERTIES OF MIRROR-SUBSTRATE MATERIALS*

HodElus K c o Microyieid Strength
vaterial | Dengi ty| of Efas. | Thermai Can- Specific |Coeff of | E/p |K/wp_|D= | a/D
tafem®) | ticity ductivity Heat Expansion | (106 cm)| x 103 | K/pC | x 1078
g (105 N/om2) | (cal/em=sec-0K) | (cal/g=oK) | (1076/%K) MPa psi
z‘ﬁ‘fga 2.20 7.0 0.0033 0.188 0.55 3.18 | 2.7 ]0.008]| &9 10.3 1500
ULE 2.21 6.74 0.0031 0.183 0.03 3.05 |47.0 |o0.008 4 10.3 1500
CER-VIT 2.5 9.23 0.004 0.217 0.1 3.7 |16.0 {0.008{ 14 10.3 1500
Aluminum | 2.70 6.9 0.53 0.215 23.9 2.56 | 8.2 10.92 26 |0.014-55.2 | 2-8000
Bery!lium | 1.82 28.0 0.38 0.45 12.4 15.4 | 16.5 | 0.46 27 | 0.014-63.0 [ 2-10000
w
t
n
N

*
The most significant parameters are o, p, the microyield strength, and

D = K/pC = thermal diffusivity
a/D = thermat-distorfion ind~x
E/p = modulus-to-density ratio.
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FIGURE B-36 THERMAL PROPERTIES OF MIRROR MATERIALS

Another figure of merit is the thermai diffusivity (D = K/pC,
where C is the specific heat). A high diffusivity is desirable when there
are thermal transients. The diffusivities in Table B-~4 indicate that the
metal mirrors are the most resistant to distortion due to thermal gradients.
For the SMSS, diffusivity must be rated as a more important characteristic
than K/ap.

The two ultra-low dielectrics (ULE glass and CER-VIT glass-ceramic)
have thermai-expansion coefficients 1/400%h that of bery!lium and consequently
have higher K/ap and o/D values but much lower thermal diffusivities. They
are used in large telescopes when the thermal environment can be closely con-
trolled, whereas metals are being employed increasingly when that environment
is less easily controlied {e.g., SM5S). The reason is that metals can atfain
thermal equilibrium in less than 1% of the time required by the dlelectric

materials (which, on the other hand, are less sensltive to thermal effects).

Other substrate characteristics important for successful space
operation are material density (p) and elastic modulius (E). A high modulus-

to-density ratio (E/p) indicates a lightweight, very stiff structure.
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As shown in Table B-4, the ratio for beryllium is 5 times greater than for
the glasses. Also desirable is a high microyield strength, which signifies

the stress level below which plastic deformation will not occur.

In addition to the foregoing parameters, manufacturing, mechani-
cal, and optical-processing considerations are important in SMSS design.
These and other factors are discussed below for three of the more promising

materials.

The fabrication and optical finishing of ULE titanium silicate
are in accordance with generally accepted techniques. The substance is made
in boules that can be shaped and fused fogether to provide monolithic, tight-
weight optics. |t has the same generai, random, molecular structure as
glass and fused silica; hence, ifs dimensional stability is generally com-
parable fo that of fused silica. This structural similarity, coupied with
very low fthermal expansion, makes ULE an attractive candidate material.
Because 1t can be fused with a flame or in a furnace without altering its
expansion properties, the size and configuration can be varied to accommodate

most applications.

Fused-silica mirrors of astronomical quality are traditionally
in the shape of right circular cylinders. For spaceborne high-performance
systems, this form is disadvantageous because the self-weight deflection
{(proportional to d4/h2, where d is the diameter and h the thickness) reguires
a thick and hence a heavy mirror. In recent years, techniques have been
developed for the economical fabrication of mirrors with a mechanical stiff-
ness approaching that of solid substrates at weight reductions up to 70%.
The simplest approach has been the removal of cores from the rear surface in
a predetermined pattern; the limiting factor here is the requlired Thickness
of the remaining webs, and weight reductions of 50% have been achleved.
Weight can be reduced further with a rear-surface plate, and still further
by means of egg-crate construction or the use of round quartz tubes as

separators between the front and rear plates.

—— e,
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Beryllium has been employed extensively In high-efficiency space
applications because of its low density, it+s high modulus, and the resultant
high stiffness~to-weight ratio. Some of its advantages and disadvantages are

as follows:

Advantages

Disadvantages

Low density
High elastic modulus

Microyieid and micro-
creep strength

Good oxidation resistance

High cost

Relatively high fthermal-
expansion coefficient

Anisotropy in Thermal ex-
pansion

Toxicit
Low vapor pressure ¥

Poor corrosion resistance

Good thermal conductivity in chloride environments

High heat capacity Residual porosity
Directly polishable

High reflectivity at in-
frared wavelengths

Solely on the basis of modulus-to-density ratio (E/p), a beryl-
| ium mirror welghs about one-third as much as a glass mirror of the same
aperture, provided that the materials are stressed o 6.9-13.8 MPa (1000~
2000 psi, a typical value for glass) in order To prevent plastic deformation.
Most beryliium mirrors have a higher microyield strength [up to 690 MPa
(100,000 psill, resulting in further weight saving.

An optical surface can now be generated directly onto bare beryl-
{fum substrates, eliminating the need for the thick metal coatings that were
formerly applied to obtain a hard "polishable" surface. In the IR band, a
well-polished surface is generally sufficlient!ly refiective, but the reflec-
tivity in the visible spectrum Is about 50% and a +thin optical coating will
be needed for SMSS use,

p——
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Although beryl|ium components are usually more costly than other
materials, beryllium mirrors can cost less, in the large size required by
the SMSS, than mirrors made of some of the low-expansion glasses and glass-~

ceramics.

The dimensional stabillty of beryllium is related to +he method
of mirror manufacture and subsequent processing. Temporai stability has
been greatly improved in recent years by means of special stress-relieving
and machining techniques. Thermal stabillity 1s directly related to a
crystaliographic anistropy induced during manufacture. Bery!lium parts are
usual ly fabricated by powder-metallurgical methods to develop the requlired
isotropic structure and to Increase the strength. The isotropy of micro-
properties is approached statistlically by using a large number of grains

having a random orientation.

Most beryl!lium componenis are made by vacuum hot pressing of
powder in a die to achieve up to 99% of bulk density. Cylindrical billets
are formed that are +then machined to the desired shape.

For large mirrors, undesired effects can be produced by non-
uniform crystal orientation, which is generally attributed to plastic flow
during the pressing operation. New techniques have been developed recently
for close control of pressure/temperature parameters fo achieve a high level

of optical-mirror stability.

in the flnal processing, electroless nickel coatings have been
applied to provide a hard, readily polishable, reflective surface and a high
reflectance across the wavelength spectrum of interest. Because the thermal-
expansion coefficients of known coatings do not match that of beryllium,
thermal siresses can be developed even though the component has been
symmetrical ly and uniformly coated. Therefore, a controlled operating

tTemperature is reqguired.
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Bloxsam and Schroeder (Ref. B-11) have shown that high-quality
optical surfaces can be directly prepared on bare beryl||lium substrates.
Surface reflectance on bare polished beryiiium Is shown in Figure 5-38 as a
function of oxide concentration and the ratio of material density to buik
density (Q/po). The figure indicates that maximum reflectance cccurs with
minimum surface porosity and minimum oxide content. A fradeoff is necessary
batween high strength (hfgh oxide) and high purity (low strength), because
the oxide distributlon affects both the reflectance and the scatter of the
base substrate. |If low scatfer is a critical consideration and the mirror
temperature can be closely contro!led, an electroless nickel coating would
provide an effective surface.
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FIGURE B-37 REFLECTANCE OF ALUMINUM-COATED BERYLLIUM AT 0.6 um
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Spectral reflectance from bare polished beryllium is affected by
surface quality, and for high-purity material is degraded primarily by scat-
tering at surface defects. Figure B-38 shows the reflectance of bare and
coated beryllium. In The visible spectrum, bare beryllium requires thin,

vapor-depostted high-reflectance cnatings.

475-1782
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FIGURE B-38 REFLECTANCE OF OPTICAL COATINGS AND MIRROR SUBSTRATES

Diffuse reflectance or scatter is a direct measure of surface
smoothness or quality. A very low scatter is not a necessity for the SMSS
because the scene Is fairly uniform and no high-intensity sources are known
that might cause an unexpected loss of system sensitivity. Scatter Is
important, however, because It directly affects reflectance; it can be ex-
pressed as the total integrated hemlspherical scatter (T!5}, which is gener-
ally obtalned by numerical integration from angle-dependent measurements.,
For comparison purposes, T1S values for beryllium and other candidate mirror

substrates, all with aluminized polished surfaces, are as follows:
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TIS at A = 0.63 um

Material {decimal fraction)
Nickel-coated beryllium 15 to 50 x 10™5
Bare berylllum 40 to 100 x 1072
Beryllium with sputtered i2 to 50 x 102

beryllium coating
Fused silica 13 to 50 x 10~
CE™-VIT C~101 20 to 60 x 1072
ULE titanium sillcate 14 to 60 x 10~2

Because scatter intensity is dependent upon surface reflectivity, the fact
that al! these mirrors have the same reflective coating of aluminum ensures

that scattering is a function of surface defects.

The scatter intensity for bare beryllium at small angles from a
specular beam is about 3 times that for fused silica, while at larger angles
the TIS is significantly greater. This is shown for various materials at a
wavelength of 10.6 um in Figure B-39, where the bidirecticnal reflectance
distribution function (BRDF) is plotted as a function of angle. At the
higher incident angles, sputtered beryilium shows significant improvement

over -are polished bery!lium.

In summary, it was found that a mirror material suitable for the

SMSS telescope must have the following main characteristics:

a. Demonstrated short- and long-term optical-surface stabi |ty
required by the thermal and dynamic environment of repeated
faunch and recovery

b. Minimum weight consistent with dimensional stabillity so
that the telescope will be sufficiently light +o permlt
mounting on a stabilized pointing platform

c. Sufficientlv advanced fabrication state of the art to pro-
vlide a mirror of the necessary dimensions.

On the basis of these criteria, beryllium is recommended for the
mirror substrates {(aluminum-coated) as well as for the telescope components

that wil! provide thermal compensation for boresight aligmment and focus.
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