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PREFACE

This work provides a technical review and forecast of sapace technology as
it applies to spaceborne sensors for future NASA missions. The goal was to
develup a format for categorization of sensor systems covering the entire
electromagnetic spectrum, including particles and fields. An attempt has been
made Lo relate major generic sensor systems to their subrcystems, their
components, and to basic research and development. In addition, more general
supporting technologles such as cryogenics, optical design, and data
processing electronins have been addressed where appropriate. The dependence

of many classes of iriatruments on common components, basic R&D and support
technologies is also illuatrated.

A forecast of important system designs and instrument a2nd component
per formance parameters is provided for the 19832000 AD time frame. Some
insight into the scientific and applicaticne capabilities and goals of the
sensor systems 1s also given.

This document i3 a reprint o. Chapter 12 "Payloads" in Volume IIB of the
publication "NASA Space Systems Technology Model: Space Technology Trends and
Forecasts" {NASA/OAST, Washington, DC, Jan. 1984). 'The goal of this volume is
to provide a document that a mission or advanced plannsr would be able £o use
to determine what technologies and capabilities will be available for future
mis=ions. It attempts to provide insight into system trade-offs and allows an
‘nformed 2Zeroth order design, The material and forecasts presented here are
based in part on data presented in the 1987 edition of this publication, othar
publications listed in the References and inputs provided by various
individuals active in their field. These individuals, along with other

experts are listed at the end of each section as spurces for more detailed
information.
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1 INTRODUCTION

= k.l Overview. The practical expectations of a limitad number of

future desp space missions and ths routine availability of space Lrana-
portation systems (Shuttle) and large orbiting space platforms (e.g.,
LDR, space station) have greatly influenced current rasearch and
developmeant of remote sensing technology. Stand—alone single purpose
inotruments ars being replaced by multifunctional systems capable of
soma degrse of autonomous operation and on-board decision making (smart
sengors). Some of the proposad nevw space systems ars also larger,
heavier, and mors power coansumptive than thoss that could be supportad
by past freae flying spececrzft.

Multifunctional operacion will enable the same system to make
observations at diffaerent spectral and spatial resolving powers in
various spectral raglons, ilmiage the source, measure low lavael and
intense signals, and allow for changing the observing mode automati-
cally, wvhile providing on-board data storage and compaction.

This trand requires multiple receiver or detector systems to
obtain large spatial coverage in the minimum amount of time. Linear
arrays of receivers or detactors in the staring and "push broom” mode
éan obtain surface covarage or vertical atmospheric covarage in earth
ssnsing applications. Two=dimsnsional detector array cameras can obtain
images of planets, the Sun, and astrophysical objects in the infrared,
visibla, ultraviolet, and x-ray warelengths. By filtering or dispersing
(s.g., using a grating) received radlation onto detector or receiver
arrays, simultaneous spectral information can he obtained on the same
source. As a rasulr of these potential advantages, single and mosaic
detacCor array technology and on-chip data readout and processing aelec~

tronics have bacome principal areas for futurs development.

Sensors are baing developed to obtain higher spatial and spectral

resolutions. Spatial resolution is often determined by the sizs of the
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radiation collecting aperture (as in coherant detaction systems). With
the availability of the Shuctle, large asingle mirror or deployable K
spaceborne antsnnas and telescopas are now feasible. Thesa can allow R
arbitrarily high useful spatial resolution with radar (S5AR), microwave

and millimeter wave systeanms (e.g., LDR) as wall as at infrared, visible
and ultraviolet wavelangths, where the Barth”’s atmospheric effects limit
the resolution attainable from the ground on astrophysical objecls. -

Ay

Other technology wh’ch can enhance spatial resolution such as synthetic
apertures in radarv, laser pulse rates/widths and fast electronics in
LIDAR, and relativa pixel size in multielement arrays in the ultraviclet
and x~ray reglous are also being cousiderasd.

New technolegy is befng developed %o enhance the spectral resolu-
tion capabllities of setsors and to perait the detection, ueasurement,
and study of parrow spectral features such as molecular and atomic linas

e e B2 T o e e m— =
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|
formed in low densiiy zegions aud extreme phenomana such as naturally i
occurring lasers and masers. Ground—based hetarodyne spactromeisrs l
i

capable of the required rasolving powers and sensitivities in the m{lli- ﬂ
matar and infrarsd regions axist and must be developed into spaceborne )

systams. Hetarodyne systems in the submillimetar and loung lafrared ‘
wavelangth regions are yet to be fully daveloped even for ground—based
use, )

Extending the gpactral reglons of operation of existing sensor
types or daveloping new instruments operating at new wavelengths is the
thrust for the futura. Sevaral spectral regions such as the long
infrared (A>13 ya) the submillimeter (A<l om), and the extrene far
ultraviolet (10-200 nm) ars prime targets for the futura. These
wavelangth regions are highly absorbed by the Earth”s atmosphere and

technology in them is not yet well developed. From space platforms, .
atmospheric attenuation is of no concern. Not only are improvements in
optics and detectors important in thase regions, but the development of ¢

radiation sources, such as solid stace devices, electron tubes, and CW
lasers for use as local oscillators in submillimeter or IR heterodyne
spactrometers and high powar pulsed lasers in the infrared through the
ultraviolat for use in LIDAR and laser ranging systems, 1ls needed.

6
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The trend towards nultifunctional, multidetector, high speed
syatems which will collect and generatea an evar increasing amount of
information, raquires the developmant of associated electronics to
handle these data. High speed electronics, high data rate processing,
on=board data compaction, as wall as communication systems and on—-grouud
processing, are all arsas needing parallel development in order to take
advantage of the incresasing capabilities of sensor systems. Of thesao,
only thosa areas integral to ssnsor instruments will be foracast.

- i ¥ o e

One of the most important parsmeters describing a sensor is its
ability to detect a desired signsl or sourca, 1.a., its sensitivicy.
Sinca in most systsns sowa form of thermal noise limits the sensor
performance, cooling the detactors, ampliflars or optics can greatly
anhancs the sensitivity. Virtually all instruments in the infrared ars
dependent on cryogenic cooling. Therefore, improvements in cryogenic +
tachnology are agsential faor futurs space systems.

S8ize, waight, and powar raquirements are perhaps the most impor—
tant practical paramsters for the spaceborne sensor. Cryogenic require~-
msnts often detormine the siza, weight, and required power of a given
instrument. Large opticsz can alzo determine the size and weight. Elec—
tronics (e.g., R.FP.) and electron tubes and lagsers are genaerally the
principal consumers of power. These components (as Iin the casa of high
power laser systems) alsc contribute significancly to the total size,
weight, and power dissipation requirements. With the availability of
the Shuttle and the promise of large orbiting space platforms many
systams (a.g., LIDAR) which have extrame requirements become feaaible
space iustruments. The trend, however, 1s definitely in the direction

of i{mproved efficiency, higher temperature operation, and minlaturiza-
tion of components and systems for future space missiona.

1.2 Work Bresakdown Structura

s

!

]

!
Figure . .l illustrates the structure of this technology forecast. l

When applicable, generic sensor systems are separated into active and

passive catagories within their operational wavelength or energy

7
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reglons. Each senasor system (listed irn the boxas) consists of coumpo—
nents and subsystems which, in many cases, can be uved in more than one
instrument typs. For axample, CCD detsctor arrays can be usad in UV and
viaible cameras as wall as in LIDAR applications; and C0, lasers can be
used in infrared and submillimatar heterodyne systems as well as in
LIDAR systems. Cartain baasle RGD efforts, such as davelopment of new
detector and optical materials, and high speed integrated solid state
alectronics, are Important to a broad riuge of applications in sensaor
tachnology. In addition, all resultant spaceborne systewns will requiri
data procaasing, computar, and ccumunicatiuns support. Thase areas as
wall as other supporting technologies are treated more fu.ly alaewhere.,

Tidre interrelationship between generic sensor types, et

components, basic research and development, and supporting technalogies
is the focum of the presentsansor work breakdown structure illustrated
in Fig. L%

This wvork attempts to highlight important generic zensors in
all spectral and energy rsglons and to forecast not only the system
performance parametars through 2000 AD but to forecast and show their
relationship to system components and basic R&D. The forecasts are
given in tahulated zand plotted form. Many of :hg figures forecaating
parameters show as many as three curves. Those labeled A are projec—
tions assuming present day funding levels for that develcpment. Curves
marked B are foracasts based on increased funding or or major techno-
logical breakthroughs. The most probable davelopment is labeled P.
Caution must bhe exarcised in determining technology readiness lavels of
the sensors discussad in this chgpter since many areas are in the
earlieat stages of development. Some data, however, are presented in
tarms of technology readiness lavels discussed in Appendix I.

The application and research arsas associfated with particular
sensors and sensor types are also briefly discussed. A summary of the
spectral regions covered und examples of the sources and problems -hat
can be astudied in each region with varifous instruments is given in Fig.

.2. Broken bars indicate reglons where adequate tachnology does not

yet axist.
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Finally, lists of proﬁinan: inatitutions and individuals engaged
in work in the various fields described (many of whom contributed inputs
to this forecast) ara given, so that further Information on a particular
area can be obtained if desired. WNeither the sensor complement nor
Institutions and individuals lists are meant to be coaplete and are only
based on information available to the authors at the present time.

,L.3 Summary of Projections

Inatruaents developed for remote sensing applications follow tha
Work Breakdown Structura (WBS) presented above. These include active
microwave (radar) systems, passive microwave syitems (radiometers),
passlve infrared systems (photometars, apectrometers, and Iimagers),
passive laser systems (IR haterodyne), active laser systems (LIDAR),
pasaive visible systems, passive ultraviolet systems, x-ray aystems,
gamma ray systems, aagnetic field senaors, particla sensors, and
supporting subsystems including cryogenics and optics. In the following
subecections, instruments representing the state of the art for Earth
Temote sensing and astronomy applications will ba contrasted with future
systems and their capabilities. Whera posaible a working baseline
system has been selected for compariaon with future capabilities.
Significani sensor parameters prasentad in the main document are sum-—
wnarized in Table X.,.

TABLE 1 -
PARAMETER FORECAST FOR MAJOR SYSTEMS

PARAMETER S0A VALUE 2000 VALUE

ACTIVE MICROWAVE

Synthetic Aperture Radar (600 cum - 3 cm)

Resolution
Planatary 100G m 50 m
Earth Orbit 25 m 10 o
Syath Width 220 km 400 km
Multipolarization N/A HH, HV, VH, VV
Multifréquency Dual (L,X) Multiple (L,S,C,X,Ku)
Signal Amplitude
Precision 3 ds 2 dB
Frequency Range 0.05-10 GHz 0.0L-60 GHz
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TABLE I.' - (CONT.)

PARAMETER FORECAST FOR MAJOR SYSTEMS

- _J;;\;(:

_3_‘-’-_-_._......-‘«-.5.-

PARAMETER SOA VALUE 2000 VALUE
Conventional Radar '
Auteuna (Weight for 100 m Diameter System)
Phased Array 4Q00 1b
Parabolic Reflector 8000 1b

PASSIVE MICROWAVE (21 cm ~ Q.1 mm)
Broadband Rudiomaters for Earth Sensing

Receiver Power
Receaiver Welght
Sansicivity
Beam Efficiency
Footprint

10 W
8 kg
0.6 K
95%
2-100

Broadband Radiometars for Astrouomy

Repcesantative Instruments (10 zm - 3.2 mm)
Differesntial Microwave Radiometer

Noise Equivalent

Temperatyre
(mK-secE?E)

Far IR Spectrophotometer (10 mm = 0.1 mm)

Bolometaxr NEP
(WEz rfy‘)

Operating Temp. (K)

Millimeter and Saebmillimeter Heterodyne Radiometars

5 mm Radiometer
Noise Temp. (X)

1 mm Radiometer °
Noise Temp. (X)

0.5 ma Radiometer
Noise Temp. (K)

Narrowband
Broadband

20

10-14

1.5

1000

300

1000
50,000

12

ey e
oy T [ 2 W R ) 2

(21 = Q.15 cm)

<5 W
<1.G kg
0.4 K
982

50 m

S50

100

200
500
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TABLE I~ (CONT.)
PARAMETER FORECAST FOR MAJOR SYSTEMS

PARAMFTER ' SOA VALUE 2000 VALUE

0.1 mm Radiomater
Nolse Temp. (K)

Narrowband 5000 1000
Broadband 100,000 5000

Repregentative Systems
Millimeter Wave Radiometer
Noise Tamp. (X)

30 GHz 50 10
100 GHZ 200 20
300 GHz 2000 100

Submillimetar Spectrometer
Noise Temp. (K)

300 GHz 2000 100
1000 GHz 100,000 8000

Submillimeter Laser Hatercdyne Spectrometer
Noise Temp. (K)

at 690 GHz 6000 . 500
Laser Power (mW) 10 100
Laser Operating

Frequency (GHz) 3000 10,000

PASSIVE INFRARED SENSORS

Representative Instruments for Astronomy

Fourier Transform Spectrometer
Spectral Coverage

(um) 2-500 2-1000
NEP (wEz /%) 10716 10718
. Minimum Detectable Flux
(¥a 2 Hz 1) 10722 10726
s Resolution (cm*l) 0.1 ' 0.01
IR Mapping Spectrometers (0.1-20 um)
Detectivity
(em Hz1/2 w—l) 2 x 1013 104
Detector Array Size 17 elements 128 x 128 clements
Data Rate (bpa) l.1 x 10% 106
.. 13
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TABLE I" . (CONT-)
PARAMETER FORECAST FOR MAJOR SYSTEMS
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PARAMETER S0A VALUE 2000 VALUE
Earth Sensors
‘ Multispectral Linesr Arrays (0.4=12.5 um)
| IFOV () 30 10
; Pixels per Scene ix 1.08 2 x l.(]g
Acquisition Data Rate 85 Mbs 500 Mba
;f IR Camera Sysiexs for Astronomy (2-30 um)
f - Ijzuu 7 x 10718 5 x 10717
; ArTay Size 66 x 64 500 x 500
IR Cameras for Astrouomy (>3C um)
3 Intagr&f7g)A::a{ogE:= N/A 4 x 1071
Integrated Array Size N/A 64 x 64
Infrared Datector Technology (1-1000 um)
Discrete Detector NEP (W—Hz']'/ 2)
InSb 5 um 1 x 10716 1 x10°Y
Si:X 15 um Ix 10-16 5x 10"’19
Ga:Ga 100 um 3 x 1077 1 x 10743
Bolometars 100-1000 um 5 x 10710 1 x 107
Monolithic Arrays (1-12 um)
8-12 yum Detectivity
(HgCdTe) (cm Bz /%41y s x 10't 2 x 1042
5 um Detectivity _
. (1asb) (em BzM/%7Yy 5 ¢ 102 10t?
Elements per Focal Plane
iy LWIR 500 2000
. SWIR 5000 10,000
- PASSIVE LASER SYSTEMS
;’ IR Heterodyne Spactrometar (3-30 um)
g 10 um Laser LO
Cnd Power per Mode 400 u¥W .10 mW
; 28 um Laser LO
o Powar per Mode 80 uw 500 uw
: 14
>
g e S TR T T




TABLE <~ (CONT.)

PARAMETER FORECAST FOR MAJCR SYSTEMS

PARAMETER S0A VALUE 2000 VALUE
Temperature of Operation (K)
10 ym 10=-70 70~100
28 um N/A 40-70
Photomixer Bandwidth (GHz)
10 um 1.5 5
28 um 0.5 1
Phocomixer Bfficlency (X)
10 um 40 60
28 ym N/A 50
ACTIVE LASER SYSTEMS (0.2-12 um)
CO2 Lassgr DIAYL, (9=12 um)
NEP (wiz /2y 10712 107
Laser Pulse Energy 100 wJ 17
Traunsition Metal DIAL (1.5=2.3 um)
Pulse Energy 100 ot 500 mt
Dye Laser DIAL (0.28=-1.06 um)
Pulse Energy 300 mJ 1J
PRF 10 pps 40 pps
Solid=-State Laser DIAL (0.7-0.8 um)
Peak Powar (W) : 3x 106 1010
Eximer Laser LIDAR (0.2-0.4 pm)
Pulse Energy 37 257
Covarage of 200~-400 nm 10% 1002
Efficlency 2% 4%
- Shots par Lasar Lifetime 107 10a
Doppler LIDAR (9-11 um)
‘ " PRP (Hz) 1 100
LIDAR Ranging System—~Alexandrite (0.4~0.8 um)
Timing Precision (sec) 5 x 1071 2 x 10713
Ranging Error 10 mm 0.5 mm
L5
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PASSIVE VISIBLE SYSTEMS (0Q.4-1.1 unm)

CCD Datactor Arrays

Mosale 10" elements
Single Chip 3 x 105 alements
Quantum Efficiaency 102 @ 0.6 um
Noise (alectrous) 15

Readout Rate (pixels/sec) 108

6

PASSIVE ULTRAVIOLET SYSTEMS (10-300 nom)

Telagcopes

Normal Incidence Reflectivity (%)

> 115 m
< 115 mm

Grazing Incidence
Reflectivity (%)

Throughput (2)

85
25

70
30

Grating Efficiency in First Order

Ruled Gratings
Holographle Gratings
Ruling Frequency

65%
302

Standard Gratings (lines/mm) 5000

Holographic Gratings
(lines/mm)

Grating Size
Ruled (mz)
Holographic (mz)

UV Detactor Components
Photocathode .8. (%)

6000

0.25 x 0.25
lx1

50

i6

107 alemants

106 alenents
60% @ 0.4 um
2

10°

90
30

90
80

70%
602

7000

18,000

0.25 x 0.25
3x3

90
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TABLE L- ° (CONT.)
PARAMZITER FORECAST FOR MAJOR SYSTEMS
PARAMETER SQA VALUE 2000 VALUE
LIDAR Ranging Systcm=~Cu Vapor (0.5-0.6 um)
Laser Efficiency (%) 0.1 1.0
Laser Lifatime 100 h 108 n
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TABLE L. (CONT.)
PARAMITER FORECAST FOR MAJOR SYSTEMS

PARAMETER SO0A VALUE 2000 VALUE
2=D Digicom
ccn ELEmenc 5ize

(um) 15 x 15 7x7
Single Array Size 800 x 800 1600 x 1600
MCP
Pore Size/Diameter
(un/om) 7/25 7/150
Gain Property (10 + 62)/25 m (107 + 32)/150 m
MAMA
Resolution/Length
(um/m=) 50/25 25/50
Anode Array Size 500 x 500 2000 x 2000
MCSAIC
Resolution/Diameter
{um/mm) 15/38 7/35
Array Size 2300 x 2300 4800 x 4800
CCD Readout Rate 50 kiiz >50 MHz

X~-RAY SYSTEMS (40 eV = 150 kaVv)
X-Ray Imaging Spectrometar (41-410 eV)

Spatial Resolution (arc sec) 5 0.5
Spectral Resolution 0.0165 am 0.0030 nom
S1 CCD Array Datectors (0.1-8.0 keV)
Spectral Resolution (eV) 210 100
Quantum Efficiency (2) 1 2

Imaging X-~Ray Spectrometer (1-30 keV)
Thermomigrated Al in Si

Arrpy Roise (FW HM) 280 oV 180 eV
Detector Noise 200 oV 130 eV
Electronics Noise 170 eV 120 ev

Pixels par Array 9 »>1000

Hgl, Energy Dispersive Spectrometer (0.5-150 keV)

Rasolution for 5.9 keV
X=-Rays (FWmM) 300 eV 100 ev

17
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TABLE I, . (CONT.)

PARAMETER FORECASYT FOR MAJOR SYSTEMS

- 18
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PARAMETER . SOA VALUE 2000 VALUE
GAMMA RAY DETECTCRS
Germanium Detesctors (0.01-10 MeV)
Rasolution (FWwaM) 1.8 kaV 1.5 keV
Detactor Volume 200 cm; 2400 cm3
.3812 Detactors (20 keaV = 5 MaV)
Accuracy Limits 66 keV 3.3 keV
PARTICLE SENSORS
Chargad Particlas
High EZnergy (>100 MeV)
Field Intagral Value 10 kG m 100 k5 m
Mid Eanergy (>50 kaV)
Datector Area
10 Um 2 2
Thickness 5 em 5 em
2 m Thickness 20 cn’ 400 cm®
Low Energy (<50 kaV)
Counting Rate (MHz) 1 100
Positional Accuracy (mm) 1 0.1
Neutral Particles
Datactor Efficiency (%) 1 100
PIELD SENSORS (0.005 nT ~ 10 aT)
Mggnetometer
Nolsa (aT) 0.006 0.001
Azceleration Survival (g) 17,000 25,000
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TABLE L. . (CONT.)

PARAMETER FORECAST FOR MAJOR SYSTEMS

ST Aage ety T

PARAMETER SOA VALUE 2000 VALUE
CRYOGENZCS AND THERMAL CONTROL
Joula~Thomsoun Adsorption Cooler
Heat Load at 20 K 0.25 W 1.75 W
Stirling Cycle Coolers
Lifetime in Space
65 K Systams 1lyr 7 yr
11 K Systenms 4 mo S yr
Heat Dissipation Systems
Heat Transport Capacity (Wa) loa S x 105
Powar Density (W/cmz) 2 10
OPTICS
Large Doployable Raflector (30-1000 um)
Diameter (m) 10 20
Aveal Density (kg/m%) 50 20
Raflector Surface Coutrol 50 um 2 um
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2 ACTIVE MICROWAVE SENSORS
Radar or active microwave sensors are used in a number of config-
urations to acquire information about the Earth and planetzary surfaces.
Thesa include imaging, altimetry, scunding and scatteromatry.

For surface imaging, a aynthetic aperturs cénfiguration is usually
raquirad to ba abla to achieve high resolution (15 to 25 wmeters) from
space. The Seasat Synthetic Aperturz Radar, SAR (78), Shuttle Imaging
Radar, SIR~A (81), SIR-B (84) and Venus Radar Mapper (88) are all syn~
thetic apertute systems. The sans s the case for all the imaging
systems plannaed for the futura SIL Series and System Z.

For altimetry, usually a real aperture, pulse limitcd system is
used as wvas the case with the Seasat and Topex altimeter. This works
waell for ocean Copography mapping. ¥PFor global land mapping, & JPL
planned Shuttle scanning radar altimeter will use a combiration of
synthetic apertura and real aperture system at 37 GHz to wap the Earth”s
gurface in three dimensions.' In the case of future planetary missions
to Mars and Titan, high frequency real aperture systems will be most
likaly usad. ‘

Subsurface sounding can be achievad to deptha Iin excess of ; faw
hundred meters through the Earth”s ice sheets. A Shuttle soundar in the
60 to 100 MHz region 1s under study for global mapping of the Antarctic

continent.

Scatterometers ars usually used to determine osurface backscatter
over the ocean, and from it darive surfaca winda. Scattarometers
usually use low resolution doppler filtering in conjunction with real
aperture tachniques. This was the case with the Seasat scatterometer
{73) and will be the case with the proposad NOSS scatterometar.

w 2+1 Synthetic Aperture Radar
Synthetic Aperture Radar (SAR) was developed during the 1950s and

19608 as a result of the limited spatial resolution provided by conven-
ticnal real aperture radar. The development of the focused synthetic

-20
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aperture technique, in which the synthetic antenna length i3 made equal
to the linear width of the radiated beam at any range, produced much
finer resolution., BSAR technology made radar a feasible aystem for use
2s a terrestrial and extraterrestrial remote senaing tool.

The potential for SAR in Earth observations has been demonstrated
by studies uasing Seasat SAR data. In addition, data ohtalned from the
Shuttle Imaging Radar (SIR-A) has produced excellent results. Geologic
analysis of Seasat data indicatas that it is extremely useful for
mapping large gcale atructural features, delineating flooded areasa
aobacured from view by vegetation caanopies and providing information on
ocean waves, wind patterns, ocean curreants and ice pack location.
Initial analysis of SIR~A imagery indicates that it i3 a useful tool for
delineating subsurface geologic features in axtremely dry areas such as
the Sahara Desert. Major applications of radar have also been identi-
fiaed in agricultura remote ssusing of soil moisture and vegetation
motitoring, Howaver, SAR systems for this application have yet to be
flown in space.

SAR i3 a very ugeful tool with regard to extraterreatrial
exploration. Because it is an active gensor, it can image the dark
gides of planets ar peer through dense clouds at underlying geologic
features at the surface. However, SAR technology must continue to
develop to enhance ita ugefulness in both planatary and Earth remote
densing.

& 2.1l.1 Performance Parameters

The following parameters have been identified as areas where
davelopment 13 needed:

. Resolution = provide bettar detail along and across track.

° Swath Width - wider aswaths for shorter revisit times.

® Operaticen at multiple polarization, multiple frequencies,
and multi~incidence angles to help understand signal-surface
interactions and enable multiparameter retrieval.

. End to end calibration for quantitative measurements -
signal amplitude accuracy and pixel location accuracy.
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. Operating fraquency range - growth of frequencles to broaden
the use of radar.
. SAR instrument weight ~ reduction in weight important to

planatary miassions.

* Transmit/raceive modulas - long lifa, reliable, light
weight, efficient momolithic chips.

. High data rate handling - first look capability via real
time on~board optical processing.

Diacussion and projections for important system parameters are given

balow and a summary is provided in Tablea . 1,

TABLE - 1

SIGNIFICANT SAR PARAMETERS

S0A 2000
Parameter Value Value
Ragolution
Planetary 100 m S0 m
Earth Orbit 25 n 10m
Swath Width 220 lm 400 Im
Mulei~Incidence Angle 15°~75% 1n 5° Increwents
Multipolarization Not Appldicable HH, HV, VH, VV
Multifrequency Dual L,X Wulcipls (L,S,C,X,Ku)}
Signal Amplitude
Precision Accuracy 3 d8 2 d8
Operating Frequency
Range Upper/Lower Limit 10/0.05 GHz 60/0.01 GHz
ATM Window
Inatrument ’
Waight 55 kg 20 kg
Size T8D TBD
Power Required

TBD TBD

Besolution. Projected SAR planetary and Earth orbit spatial

resolutions are shown in Fig. '

.

3.
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OF POOR QUALITY

® FOUR-LOOK SEASAT

® SIR-A
@ ONE-LOOK SEASAT

E,
A8 o Rayr

1970 1978 1980 1968 199¢ 19956 2000

YEAR.
Figure . 3. Space SAR Imaging/Sounding

SAR Swath Width (Fig. _ 4). There are thres concepts for

achleving a wide swath SAR system.

Fixed J9ingle Beam: 1In this concept, the wide swath ls
11luminated by a aingle narrow fan beam. No switching or
phase shifting 13 required, but the realization of . this beanm
requires a physically very long antenna——not an easy
achiavement with the tight flatnesas tolerances, The
incldence angle will, of course, vary over the beam.

Stepped Single Beam: In this concept sometimes called
scansar, a single side-looking antenna is mechanically
ateppa? or phase shifted to achieve a time series of beams
with different centroid elevation angles. Over the wide
tocal swath, the incidence angle varies in a maoner similar
to the fixed aingle heam.

Multibeam or Squint Mode SAR: For this concept,- the beam 1y
switched in squint or segmented by multiple antennas to
achieve a series of azimuthal besms. The incldence angle
change i3 only that within a single beam, but the aspect
angle from the flight direction varies over the total beam.
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As a baseline, the antenna design for Seasat was successful in achieving
4 100 km swath at a central incidence angle of 20°, Tha Shuttle Imaging
Radar A (SIR~A) system desaign used a swath of 20 km at SO° incidence
angla.

SPACE SAR SYSTEMS

EWATH WIDTH {km)

100 G ,
1570 1878 1980 1008 1990 1908 2000
TECHNOLOQY READINESS DATE, LEVEL 3

Figure _ 4. Wide Swath Radar Technology

Multipolarization and Multi-Incidence Angle. To date, no multi-

polarization, multi-incidence angle SAR systems have been developed for
spacecraft. The L-band system on Seasat and the Shuttle Imaging Radar
(SIR-A) operated at one polarization combination (HH). However, the
angle of incidence for SIR-A was 50°, whereas Seasat SAR was operated at
an angle of 20°. Thus some multi=incidence angle data has already been
obtained. The proposed C-band on the SIR=-B inatrument would be able to
operata at all different linear polarizations, and multi-incidence
augles would be provided by mechanically rotating the SIR=B antenna in
the Shuttle bay. Incidence angles of 15° to 75° in 5° increments would
be available. Additional propuzed conceptual SAR design approaches
include multibeam squint modes and distributad array SAR.

24
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Multifrequency (Fig. .5). For multifrequency operation, rali-
able, space~qualifiad pcwer sources are needed. Solid gtate gources
provide better stability and long-operatior possibilities. In additiom,
multifrequency SAR requires calibrated modulators and antennae which
will enable establishment of accurate image intensity levels for various
frequenciea., Efficient design approaches for multifrequency SARs call
for modular construction, and multi-mode operation. Seasat and SIR-A
SARg both operate at L-band. The proposed SIR-B would be capable of

. operating at two frequencles: 1275 MHz (L~band) and 5330 MHz (C~band).

SIR-B hardware could be modified at a future date to accommodate X—band
or higher frequency radacr. ’

FOUR/MVE
(LSCIXNK

THAKE
Lo »

QUAL
LX)

OPERATIONAL EAR {SPACECRAFT) FREQUENCIES

w0 1978 1990 988 1960 99 ’ 2000
TECHNOLOGY READINES- DATE, LEVEL 3

Figure '" 5, Multifrequency SAR Operation

Signal Amplitude Precision Accuracy (Fig. ©.6). usntitative
measurements of ground scatter requiras knowledge of the absolute
calibration of the radar aystem, including the antenna, The ruturned

signal should be corrected for all system vz:lations and any uncertalnty
in the antenna gain. Techniques for calibrating SAR system {minus
antenna) variations are based on sending samples of the tranamitted
signal at various power levels through the receiver and the signal

25
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processors, Another useful method 13 to image known cross=section
targets., This technique has been used for apheres, corner ranflectors,
and other deterministic reflectors on alreraft systems. Calibration
standards and techniques for extended scene imaging at multifrequenciles,
multipolarizations, and multi-incidence have to be established for
spacecraft SARs. Flgure - . 6 is presented on the basis of the aircraft
and Seasat SAR experience.

AMPUTUDE PRECIGION/ACCURACY (dB)

170 1978 1980 il ) 1982 1998 2000
TECHNOLOGY READINESS DATE

Figure ... 6. SAR Amplitude Precision/Accuracy

SAR Operating Praquency Range (Fig. . 7). A projection of

capability zo higher apnd lowar fraquencies iz showm. Growth in lower
frequencies improves subsurface penetraticn. Growth to higher Efe"
quencies, based on radiometer experlences, opens up the possibilicy of
tapping atmnapheric windows and pressure—sensitive bands. In addition,
the microwave ragime has a similay pattern of absorption bands lilke
thoga used in the viaible and infrared portion of the spectrum. These
provide potential for compositional differentiations in both the atmog-
phere and the surface. The need to obtaln intermationzl agreement on

the allocation of frequenciea'for thiz type of application may seriously

hamper growth in the area.
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Figure '_ 7. Spacecraft Imaging SAL Operating Frequeuncy Range |
|
SAR Instrument Weight. A projection for SAR instrument mass, l
exclusive of antenna, is presented in Fig. 8. ] :
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v 2.1.2 Critical System Components

Critical subaystems are Trausmitter/Receiver modulas including

salid state powar davices and & signal processor. Projections for these

»

subsystems are presented boclow and a summary i{s given in Table [ 2,

g T T T e TR R R R ey T T

' ;
. -4
TABLE ."..2 !
SAR CRITICAL COMPONENT PARAMETERS i
SOA 2000 ;
W Parameter Value Value :
%f o Trammitter/Racaiver Module ‘
el Solid State Powar (CW) |
! FET 12w 15 W i
| IMPATT .59 8 W ik
%g Bipolar 100 W 130 W !
%M! o Signzl Processor
4 5 Data Processors 1.3 MOPS  12.0 MOPS
- Radar Signsl Processors 94 MOPS 1150 MOPS
3 ,;
: i
:f' Transmit/Receive Modules. Transmi:/Receive Modules contain a
f powar amplifier, low nolse receiver, phase shifter, R.F. switches and |
; control logic. A typical transcelver module is prescnted in Fig. '« 9, ;;
|
4 1P 8121 |
A ‘ mrnu 3 s.1cu:nx 13mem 51
» N
f‘
e \
' . TRANSMIT/ : TENNA v
;*' FEED —] saiTeH [ REcieve oty —<m .2 i
> ‘
:.. Lownomss | | 1
=7 AMPLIFIER
;
o
by .:
agind| . 5
' ' Figure . 9. Typlical GaAs Transceiver Module ;
N ! N 28 r
A
G . |
. ; - - a - e |

R
RS




)
}
;'.
A
5
il

T T

e

e Skl o .
TRAR TR T A RT3

i dne de

N

o

- -
R T

-
o~

il

SemaviuERTR E g e

EL i

|

LA H T W

CRRLAYD

| - LT S
SR sl A s cmkememoe e . -

ORIGINAL PAGE I3
OF POOR QUALITY

Current solid state device power is shown in Fig. - _10. The
bipolar transiator appears to have a clear advantage in power yileld over
the PET and IMPATT diodes at frequencies below 4 GHz. At the upper
frequenciss, the IMPATT3 offar superior performance. Power performance
of baoth transistors falls off rapidly above 10 GHz. It would appear
that no difficulty would be met in achieving the power requirements at
S-band. New tachniques in power combiuing would he required to satisfy
pover lavals naeded at the 60 GHz frequency. Such techniques will have
to be compatible with both system weight and transamitter stabllity.
IMPATT diodes currently beiung used in certain hypes of cavity combiners
are able to achieve the 50 GH: power requirements, but thesa techniques
do not leand themselves wall to space antenna and array feed usaes hecause
of their weight and bulkinesa. More technology development in other
combining techniques s required for achieving the 60 GHz power
performance.

100 V- CW POWER PERFOAMANCE SUMMARY

LW POWER (W)
-
b
T

0.1
— oum == BPOLAR TRANSISTORS

[ eme——— | PATT DICDES

0.1 1.0 10 100
FREQUENCY (GHz)

Figure 1¢. Solid-State Davice Technology (Aerospace Caorporatiosn
February 1981)
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Figure . 1l shows a forecast of the powar performance of the
titree gsolid—~state devices discussed above. The prediction i3 nonlinen.
and is based on incremental increaseas in single device performances
achieved in the time period between 1965 and 1980. Any one of these
device performance praedictions can change, based on the concentration of
development emphasis over a period of time. This may definitely be true
for IMPATT devices in the near future, as s result of increasing
incerest in millimster wave activities.

g710%3 E-Gﬂﬂ
RatSTs =
sﬁbd"’
100 \QO "’
? ’(
vt
3

_T

2)

g0 G
ﬁ <% Q\OQ.E?.'.\.-..,.
‘ \mh .-.-‘--

PREDICTED DEVICE CW OUTPUT POWER W)

o"'..

1970 1978 1980 1988 1990 1986 2000

TECHNOLOGY READINESS DATE, LEVEL 6

Figure .:.11. Solid-State Device Mower Performance (Aerospace
Corporation February 1981)

Signal Processor Technology. Signal processing requirements for

most of the proposad microwave systems encompass a wlide spectrum of
procesaing applications. In certain cases, teachnology requirements are
being pushed beyond the current state of the art. Desired performance
in high clutter background dictates demands for high speed clutter
cancellation algorithma., Multiple target detection and tracking
functions accompanied by long time integration and pulse compression

30
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schemes are also required. Filtering and surface imagery are all
proposed fuacrions to be implemented into at least one or all of the
microwave systems.

Curredt procedsar capabilities, along with future projections, are
showm in Fig. 12. , Performance capability ia shown in terms of
millions of complex operations per second (MOPS) for both signral and
data procesazor systems. Superimposed in the figure for relative
comparison between performance avallable or projected, and parformance
needed, are the requirements of the signal and data procesaing units for
perfornming certain indicated aystem functions. RF technology, using
surface acoustic waves (SAW), and acousto optic technology is currently
being developed {or analysis and processing of signmals. Acousto optic
techniques in particular offar the‘ potential of extremely small
integratad davicaes.

o
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FILTERING, ADAFTIVEE SEAM
a NULLING OPERATIONS
&
a 100 b (10 METER HESOLUTION
s p 5 MAPS, 14KM
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He S ;
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g8 10p—
2E
[+
w g OTE:
c= THE ABOVE PRQJECTIONS FOR
& 10 SPACECRAFT AVIONICS HAVE
Ha BEEN DEGRADED BY A FACTOR
Eo OF 2-4 FROM COMPARABLE
=F AIRCRAFT HARDWARE PROJECTIONS
© & TO ACCOUNT FOR POWER AND
F 0.1 | | WEIGHT CONSTRAINTS
= 1970 1375 1980 1586 1990 19985 2000
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Figure 12. = Radar Signal and Data Processor Projections
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~ 242 Real Aperture Radar (0.1 to 35 GHz)

While airborne coherent and noncoherent radars are relatively
advanced, spacecraft radars have not yat been developed to their full
potential. Airborne imaging radars were developed in the late 19508 for
their reconnaissance capabilities by the military. Generally classified
as Side Looiting Alrborne Radars (SLARs), thess radar systems record data
in an analog form on film strips, or the data are digitized and atored
on magnetic tape. SLAR systems normally are designed to operate within
the 0.1 to 35 GHz rangs. Davelopment of sounding radars has taken place
in the low frequency range (0.1-0.6 GHz). Sounding radars have been
unad to map aress under continental ice flelds and subsurface geological
foatures in dry desert areas. Present and futurs usa of resl aperture
radar from spacs includes altimetry, scatterometry, ocean wave sgpectro-
metry, geologicsl analysis and sounding. In these applicatioms, high
resolution is not required.

Technological developments are neadsd in high fraquency, high
power solid state transmitters/receivers as is discusoed in the saction
on SAR. In addition, improvements in large space antemnnae, digital
alectronics, and signal processors, along with new methods of handling
the radar echo data are useded. The basic technology descriptiom and
foracast is provided in the SAR and untenna sectloas.

Radar componant capabilities and available power sources are such
that progress in achievable spatial resolation is paced mainly by
available data handlipg rates with the ultimate spatial resolution
detarmined by the size of practical antennas.

‘o 243 Antannas

Antanna tachnology is lmportant, not only for real aperture aad
SAR radar but for all passive microwave through submillimeter wave
instruments for remote sensing, such as radiometers and spectrometers.
The spatial resolution is determined by the antenna dimensions and
increasss with antenna size. It {s limited by practical considerations
in construction and deployment of large antennas for use at specific
frequencies. When colherence of the signal must be presarved, surface
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quality and figure must also be considered. These requirements become
more gsavers at high frequencies.

Figure -13 and Table <+3 show tha current level of development
in terms of large satallite anteana technology. Additional techno-
logical solutions to problems in large satallite antenna development
depends on the appropriate selection of antenna design. In selecting

the bast antenca design for any one microwavae or radar system, careful
consideration must be made with respect to:

Packaging and remote deployment of very large atructures
Weight and size

Surface and feed tolerance

Differential thermal effects

Pracise attitude sensing and pointing control
Sidelobe lavels '

On—orbit verification and calibration testing
BEffact of spacecrait structure on antenna performance.

* 000000

Aay onae of these foregoing factors could have severe impact on design
cachnnloéy or ovarall antenna system performaunce.
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Figure 13. Antennas - Maximum Reflector Size
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TABLE .» 3
SUMMARY OF LARGE ANTENNA

CONCEPTS

.~

S -

Concepts

Davelopers

Current or Potential
Applications

Wrap - Ridb

Wire Wheel/Tancion
Truss

Truss - Dish
Radial Rib

Hoop - Column

Trusa - Hoop

Truss Radial -~ Rib
Antanna Configura—
tion {(TRAC)

Geodasic

Lockheed Missile and
Space Company

Grumman Aerospace
Corp.

Grummgn Aerocapace
Corp.

Grumman Aarospace
Corp.

Harris Corporation

Harris Corporation

Harris Corporation

Harris Corporation

ATS=6 Satellite
Recommended for NASA LSST

Recommended for NASA OFT
Expariment

Spaca
Space

TDRSS

Beecamaendaed for NASA LSST
Alternate for NASA OFT
Experiment

Recommended for NASA OFT
Experiment

Recommended Aliernate for
NASA OFT Experiment

Space

The [roposed antanna systems for spece application are of two

generic typea: raflectors and phased array active lena. Reflectors can

be of fixed dimensions or deployabla.

It may be nacessary that large

structures have surface configurationm control in order to malntain

specifled beam quality.
times after deployment in space.

This requirement should be maintained at all
This will impose strict requirements

ou packaging mechanisms and structurs materials because of the desire

for a lightweight systems.

Thearmal and mechanical disturbances may

requirs that atructural deflection be sensed and controlled actively if

passive methods are nct adequate.

In recent years geveral programs have

becn active in antenna coacept Investigation.and concept applications.
Most noced among these programs are the NASA LSST, the Applications
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Technology Satellite (ATS-6), the advanced Application Flight Experi- : |
ment, and the NASA Shuttle Orbiting Flight Test (OFT) program. Among

these programs, no less than o<lght different antanna councepts have been
investigated. A summary of these is prasented in Table ., 3, along with "

. their developers znd most racent usageas. Of principle concern for use ; !
on space platforms is the size and weight of the antenna structure. ;
Antenna reflector size is forecast in Fig. -.13. To date, the Q

largeat raflector antenna in orbit 18 a 30~foot dish on ATS-6 (1974 B
launch). The upper curvs shows the trend an:icipacéd for deployable
antennas using the ATS antenna as a base. Various approaches for
deployable antennas are being investigated including f£flax~rid or ridged=-
rib/mesh, expandabla trusa/mesh, and segmented, folded rigid surface.
Because of surface roughness considaractions, the largest are expected to
be most useful at frequencies below approximately 6-8 GHz. The trend
gor fixed autennas is illuatrated in the lower curve. In this cage, the
Space Shuttle launch eavelopa is used as a upper size limit. PFlxed

o T A FORE NI MY 2D NI el T
-‘-I-w-"v‘-\ﬂ%--—"-\-_— - -

e
14

raflactor technclogy 13 directed toward the development of techniques

for producing precise surfaces which can be used ln a space envirounment
at frequencles to 100 GHz.

Aontanna weight as a function of fixaed reflector diavetar based on

o A iy B - e e e T s st i i e

current technology 1s given in Fig. " l4. 1In Fig. 15 a comparigon
is made between the weight for a fixed refieztor system and that for a

1
1
phased array system having the same aperture dimension. The raflector . 1
gystem which neads conaiderably more structure to achieve proper surface

S

curvature and tolerancas will he a heavier system. g

Antenna gain which impacts the sensor system sensiniviéy is !'j

. illustrated in Fig. "« 16. Gain i3 plotted varsus fraquency for various s
antenna diameters. The foldover affect in the gain performance (Fig. ¥

g 16) is due mainly to deterioration in the beam structure caused by a i
reduction in surface tolerance as the frequency is ilncreased. ;

}
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Figure
Phased Array Antenna
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REFLECTOR GAIN

GAIN (dB)

002 21 1.0 10

FREQUENCY (OMHz)

Figure _ 16. Anteona Gain vs, Frequency

2.4 Prominent Institutions and Ind{ividuals
Radar

NASA/Johngon Space Canter Jat Propulsion Laboratory
K. Kiishen C. Elachi
J. Erickson W. Brown

Envirommental Research Iastcltute
of Michigan

R. Shuchpan

Jo Walker

R. Larscm

.3 PASSIVE MICROWAVE SENSORS
Pasalve microwave sensors consiat of two generic types -

broadband radiometars, used to determine basic ‘enviroummental parameters
such as Cemparature, ocean windspeed, ice pack concentratiomns, polar ice
types, water vapor, precipitation and gross atmospheric temperatura
profile; and multi-channel-spectral radiometers with spectral line
recelvers (spectrometers) capable of measuring molecular line profiles
from which molecular abundances, temperatures, presgures, winds, and

othar physical parameters of the region observed can be determined.
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Broadband radiometers can be used to map the source (e.g., Earth
surface) using various scanning techniques or multiple recaiver arrays.
Sengors that sound hot reglons, such as the Barth”s surface, have lower‘
sensitivity requirements (higher system nolse temperature) than sensors
used for planetary upper atmospheric or astrophysical observations whera ’
relatively cool sources are astudied against a cold background.

Paasaive radiometric systems have been used in experimental
satallites such as Skylab, Nimbus, Tiros, and Seasat to demounstrate the
feasibility of sensing atmospheric, ocean, ice, and land environments.
Astronomical cbservation of galactic and planctary radioc emiasions were
made by TMP, ISEE, RAE, and Mariner satallitas. Millimeter wava
hqtnréayna spectrometars using large ground basad vadio telescopes have
provided data on molecular conscitusnts of interstellar opace, stars and
planets. Spaceborne radio recsivers have measured terrastrial molecular

lines (02, azo) on Nimbus satellites. Very Long Baseline Intarferometry

(VLBL) in the microwave has beea used to obtain nanoradian spatial

information on astronhysical sources and measure dlastances on Earth to a
faw centimetars. A spaceborne VLBI network can further ephance these
capabilities.

The principal subsystows of most microwave sensors are a
collecting antenna, a hetarodyna receivar and assoclated R.F. and ‘
digital electronics for data analysis. The heterodyne recelver ias |
componed of a local oscillator, a mixar, preamplifiers and related
alactronlics. For spectrometer applications a spectral line receiver
tust also be used to provide the power spectrum of the mixer output (the !
IF frequency).

"“ +3.1 Broadband Radiometars ~ Planetary Surfaze Sensors
Spatial information from remote measurements <f planats can be

baat achiavad through mapping of the observed region by scanning radio-
metars or staring arrays. The spatial resclution 13 determined by the
antenna diamefier and the wavelength of operation, and is approximated
by:

- e
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Footprint ™ Altitude x 1.2 A
D

Antenna size versus spatlal regolution for fraquencies L.4~94 GHz

is given in Fig. = ;17.
[
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Figure . _ 17. Antenna Size Versus Spatial Resolution

With the épace Shuttle, NASA hag the capability of frequently
launching several tena of thousands of pounds into the low-Earth orbit.
With regard to remote sensing, there is no doubt that antennas of the
order of 100 m in diameter operating in the 1G-20 cm microwave band will
achigva gpatial resolutions approaching 1 km from low-Earth orbit,
Conventional radiometry utilizing only one recelver in a cross—track
scanning mode will, in general, not generate the imagery and coverage
that the users of guch data require. The difficulties are: (1) it is
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prohibitive to mova such a large antenma at the required scam rate; and
(2) there 13 insufficlent integration time available to collaect accurate
contiguous measurements while scanning. Arrays of microwave radiometers
in the focal plane of the antenna can overcome these limitations. A
slot illustrating the rasolvable target slze versus antenna diameter at
4 mm (100 GHz) wavelengths has becn provided as Fig. . . 18. This figure
i3 presentad to illustrate what can be accouplished in terms of smallest
target size rasolved as a function of antenna diameter given a variable

number of detectors operating at a nominal 300 km orbit.

™ TARGET DETECTION
b FINOM 300 km QARIT =

~ Avdmem, T/ATa), Pp=¥58 =
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- (BMMR} i
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0.1 il l“'n Ll M"?’ L dd L el
1 10 100 1,000
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ER B
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LANDBRAT»
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Figure .. 138. Millimeter Wave Radiometric Antenna Size
Requirement for Detection of Jarious Targets

One multidetector concept cousists of using a linear radiome:ér
array perpendicular to the orbital path of the spacacraft. Neighboring
radiometers will then view adjacent contiguous pixeis, generating a
crogs-track image swath. The image 1s then filled by the forward motion
of the spacecraft. The advantages of this pushbroom concept are that no
mechanical scanning of the antenna is required and the fized, but
squinted, receiver besms provide both swatﬁ width and sufficient inte-

gration time for accurate measurements of geoptiysical parameters,
40
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+ wmdelel Performance Parameters

Clearly technology challenges exist in beth the design and
deployment of large antennas and the development of multiple recelvers
with the performance parameters, weight and power consumption compatible
with apace applications. Projection of auteana development is given
here and in Sec. +.2.3 on antenuas. Forecasts of L-band receiver input
power requirements and weight are given as examples of these areas of

devalopment. A forecast of the development of multifrequency systems is
also given.

Antenna Beamwidth (Fig. . .19). This figere shows the expected

© decrease in antenna bheamwidth that will be expectad for L-band radio-

metars. Although 1t would be highly desirablas to plot improved spatial
resolution versus time, thisz ia not posgible because the relevant

-'p?.dl:fom examplas cited in the figure require various orbital alt:.t.:udes,

which impact the resultant resolution. The figure dces, however,
generally reflect improved spatial resolution versus time. For example,
the 300 km orbit of Skylab resulted in a footpriat of approximately 0.8
km, which is within the desaign target of 1 im.

1
SKYLAB 3184
{D=1m}

9
Fl LAMMA
2 o1~ {D=4ml
= 0
a §~ LR
z ~ SOIL MOISTURE
3 {D=t0m)
w
-]
L 3
=
&
'i 0.01 {~

HiGH.RESOLUTION
. RADIOMETER
= (D=10m)
a.007 h_-'-“_. -
1970 1978 1980 oo 1990 1596 2000

TECHNOLOGY READINESS DATE, LEVEL 8

Figure 19. Antenna Beamwidth Projection
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- Radiometer Raceiver Mnss (Fig. .« 20). This figure shows the mass

: of a single radiometer (£ < 6.6 GHz) versus time. The three points on ,
the curves are actual masses for the cane of the Seasat C~band SMMR,

: Nimbus 7 S-band (launched in 1978), and tight estimates for VOIR (Venus

Orbiting Tmaging Radar) L-band radiometers. We note from the figure

that some modest mass reduction was achieved in the transition from )
] Nimbus to Seazat dys to a natural evolution of technology. It is

expected that a reduction in size by a factor >3 will occur for units

buili in the 1985 time frame. When this technology 1s applied to the
high-resolution microwave system, a mass reduction to 1.6 kg will have

been raalized. This reduced loading will also propagate a significant

mass saving throughout the entire structural aystem. |
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Figure - _ 20. Radiometer Recsiver Weight

Receiver Input Zower (Filg. _21). This figure shows reduction in
the required radiometar receiver input power versus time. As before,
the points on the curve represent actual consumption of power, or that
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%,
E basad on hard estimates. A rather substantial drop in input power was : :
?r realized as a result of improved efficiency in solid-state devices. A :
; further reduction by a factor of 2 iz expected by 1985. Future
‘ reduction will require developing means to improve intermal thermal :
- stability with less required raw lnput power. .
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% Figure |, 21. Receiver Input Power i ¥

1 s

E Multi-freguency Operation. In addition to apatial data, multi- ;

j frequency informaticn is Important in the study of planetary surfaces J

and atmospheres. Large Antenna Multi-frequency Microwave Radiometer ". i

- (LAMMR) concepts and system designs have recsntly been developed. The s

aprplications of this microwave imager technology in the various spactral t

- bands with spatial resolufion trends are shown in Filg. . 22. The most i
significant changes in LAMMR concepts for the late 1980s and 1990s will

ST e Ry AT

require adding 15 GHz and 30 GAz radar channels for quantitative pre-

MU A s =5 e

cipitation measurements over land with profile range gating capabilicy.
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Figurs '_ .22. Spaceborne Passive Multifunction Microwave
Imager Resclution Trenda

wJsl.2 Rapresantative Instruments
Examples of representative broadband radiometers under development

mainly for Earth and planetary remote sensing and forecasts of their
performance parameters are givan below.

Stap Frequency Microwave Radiometer (SFMR) (41.7 to 66.7 mm). The
SFMR I{s an inatrument devaloped for the remote sensing of sea surface

temparature, wind, wind speed, rvain rate, and ige. It operates Iin a
tunable mode utilizing =ither cireular or linear pnlarization depending
upon application. The system has a 20° peamwidth and a potential
minimum detectable temperatura diffarence on the order of 0.1 K to 1.0
K, depending upon the bandwidth and Iintegration time used. Its dynamic
range varisza from 0 K to 310 K and front—end circuit losses are the
predominant nolse scurce. The SFMR has been tested by LaRC and found to
be usaful in the detection of hurricanes and ice packs. Projections for
system sansitivity at bandwidths B=l2 MHz and 0.5=second Integration

time, beam efficlency, and frequency coverage are given in Table * 4.
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presented in Table

B S Ll AL
TABLE .. 4
SYSTEM PARAMETER FORECAST FOR SFMR
Theoraetical
Parameter S0A Value 2000 Value Limit
Sensitivity 0.6K 0.4K 0.25K
B =12 MHz
T = 0.5 sac
Baam 952 98% 100%
Efficiency
(9 dD Laval)
Fraqueucy 1.6 £ 2.0 £ None
Covurage £ = cefiter ¢

Taquancy

Critical subsystems include low-noise microwave amplifiers, low—

, S

Projections for these gubsystems are

TABLE " .5

PROJECTIONS FOR CRITICAL SUBSYSTEMS FOR SFMR

Critical Component
and Characteristic

Low Noise Microwave
Ampliflers (Noise
Figure)

Low Loaa PIN Diode
Switch (Insertion

Loas)

S0A Value 2000 Value
1.0 48 0.5 dB
0.5 dB 0.2 d8

45

B loss PIN diode switches, atable microwave nolse sources, and radiometer
Two of these, low-noise microwave amplifiers and low-loas PIN
diodes, ar2 moat important.
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Pushbroom Microwave Radiometer (PEMR) (21 em). The current
prototypa Pushbroom Microwave Radiometer (PBMR) was devalopud using the
Step Fraquency Microwave Radiometer (SFMR) as its basaeline. This
instrument was originally daveloped to serve as both a useful aircraft-

borne remots gensing tool and an engineering model for investigation of
the 'push-bnaém" or nonscanning radiometer concept. Tha systen
operating at a centar frequency Ecu1.43 GHz conaists of a 3 or 4 beam
antenna, four independent front-ends and a microprocesor based signal
procassing section which services. all four radiometer channels and
communicators to a data recording system over a single serial bus. The
uss of four radiometer front—ends alluws each beam to ba continually
integrated providing improved sensitivity. This seusor 13 baing used
for. galinicy and soll moisture mapping. It has a dynamic range from 0 K
to 310 K and a sensitivity of 0.6 K given thar data are acquired and
integrated over 0.5-second periods.

The PBMR has had a racent tachnology demonstration using alrcraft.
Space~borne gystems utilizing this concept will raquire parabolic
antennas with diameters on the order of 200 meters to achieve a foot-
print of one kilomstar from low Earth orbit (LEQ). The regearch goal is
to achieva current and projectad perfaormance for this newer svatem that
matches that of the SFMR (see Table .. 4).

Bigh Spacial Resolution Millimeter Wave Radiometer (HSRMWR)
(1.5-6.0 mm). This new system, under development especially for Earth

remote sensing, 1s tunable to withinm 10 percent of its center frequency,
will have a lO0-ueter picture element (resolution element) from low Earth
orbit and represents a uniqua application of pasaive coherent radio-
natry. I1ts herltage 1s WEMS, SCAMS, MSO, SMMIR, and studies such as
AMSO and LDR. TIts application is high resolution thermal mappiag of the
Earth”s surface. The resolution is comparable to that of Landsat. The
HSRMWR“s main advantage is the ability to penetrate clouds and acquire

unique signatures of water, rain, ice, and metallic objects.
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~ Critical parametars include spatial resolution (see Figs. . 13
and 23) and temperature sensitivity. These are presented in Table
8.

0.1

1.0

10

SPATIAL SESOLUTION {km)

109

1000 | i _ | i ] -
1976 1978 1980 1986 1990 1996 2000,

TECHNOLOGY READINESS DATE, LEVEL 8
Figure +23. Projected Spatial Resolution Capability

TABLE : .6
CRITICAL PARAMETERS FOR HSRMWR

Parametar SO0A Value 2000 Value Theoraetical Limit

Spatial 2-100 im <50m <5m may be
Resolution “practical limic
AT 1K 0.2 = 0.001K

Critical subsystems include the deployable reflector (20-meter
diameter) and multiple feed arrays. The system i3 diffraction limited.
A plot of the development of reflectors with diffraction limited
resolution at A = 3 mm is presented in Fig. 24,

b7

At




T TREE T G

B e R

T e @1

DIAMETER {m)

AR - B L P ST o N i Ty T T T YE SRR A A TR T s e g '
e I _ ' L s P -

GE 18 /‘/LDFI
ORIGINAL PA
oF POOR QUALTTY /
//
/
/
e
10 fu @, TRW SUNFLOWER
//
s~ @) PATHFINDER
/
7/
)s VOYAGER
X smmr
l | { ! I
1970 1978 1980 1988 1980 1996 2000

TECHNOLOGY READINESS DATE, LEVEL 8
Figura 24, Reflactor Capability Projection

It 13 projectad that antennas using large segmented precision
reflectors and arrays of detactors will be requirad for optimum opera-
tion., Linear arrays of up ta 100 elements will be supplemented by
rectangular arrays of up to 10(4 detectors for the best response. The
driving program for the development of this imstrument involves high-

resolution mapping.

The forecast of parameters of compoments of importance are

presented in Table . K6 7.

Previcus instruments such as SMMR had footprints or spatial
rasolution in the tens of kilometars. : Gross features such aa sea
gurface temperature could be determined but vse over land was limited
due to lack of spatial resolution., Increased rasolution in the tens of

neters would allow measurements of lce structure in bays, pollutants

guch as ail slicks near cvastal zones, vehicle positions and velocities,

ahip positions and waves, crop identification, and snow fields.
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TABLE . 7
PROJECTED VALUES FOR CRITICAL COMPONENTS

Critical Component
and Characteristic S0A Value 2000 Talue

Graphite axpoxy
Sunflower antennas

(Diamatar) 4 m 0m
Diametar/Wavelenth 40,000 400,000
Millimetar region
fead arrayas 1 200
Mixar

Hoise Temperaturs TR“IOOO R TR“200 K
Local oscillators Guao diode

3.2 Broadband Radiometeras - Aatronomy

Microwava systems applicable to astronomy and the measurement of
cold sources include those relating to the study of cosmic background
radiation. Two of these systems, the Differential Microwave Radiometer
and the Far Infrarad Spectrophotometer developed for flight on the
Cosmic Background Explorer (COBE) satallite, are illustrative of Lnstru-
ments In this category and will be discusaed further in the sections
that follow. Both system and component performance parameters will be
forecast. Since these are highly sensitive instruments system noise is
limitad by use of cryvagenic cooling. A discussion and forecast based an
improved cryogenic cooling capability is also given.

+3+2.1 Pagaive Heterodyne Microwave Radiometer: Differential
Microwave Radiometar (DMR) for COBE Satellite (3.33-9.55
T )

This instrument has been specifically designed for the COBE
satellite. 1Tta purpose 13 to neasure the anisctropy of the '3 X cosmic
background radlation. The sensar operates discrataly at 31.4, 53, and
90 GHz. It has a fixed but selectable operating Frequency and the
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bandwidth can be either 500 MHz or 1000 MHz. The dominant noise gources
are noisn due to mixer electronics and antenna sidelobes. The figure of
merit for the system 13 the Nolse Equivalent Temperature T* given in mK

a@cllz. T* = 20 ok sacl/z with gidelobes at 80° off-axis reduced by
#3048 from the main lobe,

The sensor 13 of standard Dicke design; 1.e., it uses a switched
microwave radicmeter comparing two antennas poilnted 60° apart (the
spacecraft rotates at 1 RPM to acan the aky rapidly). Antennas are of
ultra—-low~sidalobe design using corrugated hybrid mode hornms, develaped
at JPL and UC, Berkaley. The receiver is of the standard hatarodyna
type with Schottky mixer diodes and Guun dioda local oscillators, with
transistor or GaAs FET IF amplifiers. WMixer and preamp are radiatively
cooled to 140 K for 53 and 90 GHz systems to reduce noisa. All channels
use fervite Dicke switches, and all have active temperature stabiliza-
tion. Tha dasign of this system it a follow-on to the original UG,
Barkelay varsion flown on U2 aircraft. JPL and Princeton have also
developed models. It i3 projected that the system will ﬁe in coatinuqus

operation for 1 year during which time a thermal differential sky map
can ba generated.

The receilver nolse equivalent temperature 1s prfojected in Fig.
. 25 and the radiometer gsenaitivity and antonna sidelobe reduction
parametars are projectad in Table .™ 8.

Critical gubsystems include mixers, IF amplifiera, local
oscillators, antannas, and latching farrite circulatora. Projectioas
for these subsystem elemants are presented in Tablz 9.

No additional research is necessary to E£ly a 200k saclfz gysten {n
1987 on COBE. Substantial funods would be needed to maka cryogenic
recaivars flightworthy, both on the receivers themselves and on
cryogenic systems that could support the power dissipation. The
cryogenic superconducting/mixer recelivers themselves are atlil mestly
laboratory phencmena and not thordughly proven.
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Figure _ 23. Projection of DMR Receiver Noise ? ?
!
TABLE .8 : E
CRITICAL PARAMETERS FOR COBE RADYOMETER .
k
Parameter SOA Value 2000 Value  Theoratical Limit | :
| ;":‘*‘4‘
Radiometer(a) 20mK seclfz 1mE secllz “0.2mK secllz at j

Senaitivity 100 GHz, BW=~l GHz
for gpace gdystems

Antenna’?) ~304B ~1204B None N
- ca)RadiOmatarff gensitivity could be improved with cryogenlc masger
amplifiars or SIS (supercouducting) mixers. The 2000 value is nearly
achievable in the lahoratory now, and might be spacewarthy (given
- major funding) by 2000, It 1is not known how to achleve the
theoretical limit set by quantum nolse.

J T R S
PR

s

(b)

Tha antenna gsidelobes can be improved by careful design of
astenuating flares, but it ia hard to test well encugh to prove

performance.
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TA.BLE ¢ — 9
MIXER, ANTENNA, AND CIRCULATOR PROJECTIONS

Critical Component
and Characteristic S0A Value 2000 Value

Mixer DS3 Noilse
Temp @ 90 GHz 200 R Q20K 50K @20K

Antanua Sidelobas -30 dBm =20 dBm

Latching Farrite

Circulators Loss

per Juaction @

9Q GHz 0.4 dB 0.2 d3

It {3 praesently belisved that the COBE sensitivity will reach the
limits imposed by our astrophysical enviromment, which has galactic
sources of diffuse microwave radiation. However, the rusults of the
COBE miassion might point out gsome particular frequencies or lines of
sight that should be better studied, whare local interference might be
less and better receivors will be of additional benefit.

«-+3.2.2 Far IR Spectrophotometer (0.1-10.0 mm)
The COBE project will use a Far IR Absolute Spectrophotcmeter

(FIRAS) to meagure diffuse background radiation in the 1 to 100 em™
spectral region. Unlike millimeter wave systems discussed previously,

1

this instrument doas not use heterodyne detaction and provides some
spectral tesélucion. It extends visible and infrared techniques into
the submillimeter and miliimeter reglon. The system consists of a
Pouriar tranaform far IR gpectrometer, based on the Martin-«Puplett
polarizing Michelson interferometer. It 15 operated in a rapld scan
mode and has a mean spectral resolution of 0.2 cm-l- Its balanced
symnetric design allows differential operation comparing sky input to a
reference hlackbody. It uses a separate external blackbody calibrator
and i3 cooled to liquid hellum temperature (1.5 K) to reduce instrument

thermal emission and to get zood datector sensitivity. It uses compos-—
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ite (large araa) bolometer decactors and has a large etendue (through-
put) to handle long wavelengths effiniently. Active temperature control
of the blackbody reference, the blackbody calibrator, and the antenna is
maintained. It employs a non-imaging flux concentrator (Winston cone)
antenna with flared mouth to reduce diffracted sidelobes.

The spatial resolutiou of the system is 7% and its dominant noise
gource is detectow nolse and charged particle impacts. Ita performance
i3 limited by accuracy of calibrarion for input flux (vI,) and by
antemma sidelobes from diffraction. Xts responae ls strougly frequency-
dependent. The system seasitivity is described by the Nolse Equivalent
Radiance (NER) which is -107%3 ¢ e

2<v<20 cn-l.

ar™t for emch spectral element for

The blackbody calibrator accuracy which determines the system
sensitivity has bteen plotted in Fig. 26,

e

TECHNOLOGY READINESS DATE, LEVEL 7

Figure ~ 26. Blackbadylgalihrggor_%ccuracy in Units of
VIy = 10 -'Wem ‘8T at T = 3K
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The spectral resolution is determined by the Lnstrument size

(retroreflector travel) and is forecast in Fig. .= 27 for operation at

10 cm-]'. System physical parameters are givan in Table - .10.
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: Figure -27. Spectral Resolution at Vv = 10 cm-l
TABLE .~ ~10
} FIRAS PHYSICAL PARAMETERS
Purameter 1990 Value
3 '
A
zt Weighe - 60 kg cooled optieca
%l 50 kg warm electrounics
E_ Size 70 cm diam. x 2 @ long
3 (optics)
E. Power Requirement 85 W
E‘ Cooling ' 1.5 R (optics)
»
:d Data Rate 1400 bps
~
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The critical system components lnclude detectors, calibrators,
antennas, and cryogenic cooling systems. A forecast of detector
bolometer nolse equivalent power (NEPsinput slignal power which ylelds a
signal to noise ratlo of unity) is given in Fig., 28, and along with
the calibrator emisaivity in Table  1l.

1014
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; gl ] ad .
2 . ,
g AP | .
3 T=0.3 K ;
= . s
g Hed COOUNG :
L 18 . ! y
g " N\
= RN :
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11?7 : k h - ’ : ) ;
1580 1980 2000 :

TECHNOLOGY MEAQINESS DATE, LEVEL 7

Figure 28. Detactior E'ensitzivity for Large Far IR Bolometers
g (>0.25 em“) for Space Use

i 3 = o ey bl 8

TABLE 11
BOLOMETER NEP AND CALIEBRATOR AMISSIVITY PROJECTIONS

Parameter | S0A Value 2000 Value Theoretical Limit '
Noise Equivaleme 10 % WEzl/2 1007 W/Hzl/? Set by available

Power (NEP) f°5 amhient temperature

large (0.%5 cn”) 0
balometer

Ca.l.;i.l:a:'a.t:c:n:2 99,99% 59,9999% 1.0

Emiysivity

INEP limit: not required for COBE since long life allows repeated
observations, For higher spectral or angular resolutions, achievable :
with a larger instrument, a better detector would be needed. i

2f.'.al:n:u:af:m: blackness (emissivity): designs exist but have not been
testedo
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The beam width for a cryogenic low sidelobe antenna is determined
by the antenna size. To achieve ultimate aystem sensltivities ‘

substantial cooling will be needed. A forecast is given in Fig. . 29.

To achieve the optimum detector and system performance shown by the

figuras, increased support is needed to bulld flight ¢oolers based on

laboratory lnstrumentation for very low temperature far IR detectors. .
The other improvement required would be a much larger instrument volume

in the cryostat. Detactors are cooled now by boiling liquid helium at

1.5 K. The rare isotopa 3He can reach 0.3 K. Adiabatic demagnetization

coolers have reached 10-3 R in the laboratory, but achleving this

temperature is not poesible in aspace due to heating by energetic charged

q ’ ;
§ I vE ;
| ' ///éj ‘-:-.,;j

|

1580 : 1980 T ] 2000
TECHNOLOGY REAGINESS DATE, |EVEL 7 o

Figure 29. Beanwidth for Cryogenic Low S5ide LobglAnnenna
(Governed by Physical Size) at 10 cm .

Projected cryestat napabilities are i{llustrated in Table i2.
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TABLE
CRYOGENIC COOLER TEMPERATURE PROJECTION

.12

Critical Component and

Characteristics S50A Value 2000 Value
Cryogenlic Detector Cooler
Temperature 1.5 K 0.1 K

3.3 Millimeter and Submillimetar Heterodyne Radiometers for

Spectroscopy

The importance of millimeter and submillimeter heterodyne

radiometers with multichanuel spectral line receivers for atmospheric

measurements from space 13 now well established. The firat guch

radiometers in space operating near 5 mm wavelengths were flown on the

exparimental Nimbus 5 and 6 satallites to detarmiune whether the

S T W T

P mae e Am

techniques could provide usaful data on atmospheric temperature profiles

in cloudy regions. Following the success of the Nimbus experiments, a

5 mz heterodyne radiometer is being used Ffor opevational neteorological

purposes on the TIROS~N satellites.

the heterodyne radiumetars to the shorter millimeter and submillimeter

Extending the operating range of

wavelangths will allow important nmeasuyrements to lLe made of upper

atmogpharic species and physical parameters (e.g., temperature and

winda). Because theae radiometers can measure '‘atmospheric thermal
emission, they can provide data at any time of day or night——an

important feature for understanding upper atmospheric procesges.
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Such Lnstruments are also powerful tools for the atudy of
aatrophysical sources as has baen shown from ground based millimeter
wavG observations. Measurement of molecular emission lines and
astrophysics masers at gpectral regsolving powers A/AX = 106 has become
routine, There have been over 55 molacular gpacies datected in
interstellar space. Submillimeter frequencies are greatly absorbed by
the Earth”s atmoecphere and future development of gpectral line receivers
for space 1lie in these spectral regloms. Large orbiting telescope
factlities such as the Large Deployable Raflector (LDR) can be used to
make obgervations in the millimeter and submillimeter regions from
space.

Since the goal is to measura weak emission from relatively cold
regions the emphasis is placed on optimization of system senaitivity.
Sensitivity is related to the system noise temperature at the input to
the mixer and with preasent technology generally improves at cm wave
frequencies. The noise temparatura is the equivalent temperature of a
blockbody thermally radiating the same power per unit spectral interval
as the radiometer noise power. From the radiometer noise temperature,
TN’ the sensitivity T can be calculated from the expression

AT = aercmf)”z

whera ¢ 1s a constant which describes losses in frout of the mixer and
any effects due to chopping the input sigmal, T Ls the integration time,
and Af is spectral rasolution. The spectral resolution of heterodyne
radioneters 1s determined by intermediate-frequency (IF) electronics,

and cap be made arhitrarily fine up to a limit of ”r-l.

@r 3+3.1 Ganeral Forecast

General forecasts of the noise temperature of radiometers from 5
me to 0.1 am are given below. Descriptions and performance parameter
forecasts of gseveral critical system components follow. Specific
examplas of systems under development are then used to i1llustrate the
technology trends.
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Noise Temperature for 5 mm Wavelength Radiometers (Fig. . 30).
Radiometers at this wavelength have been flown on Nimbus and TIROS
satellites. These radiometers used Shotthky-barrier diodes and

tr;naistor first stage amplifiers. Reduction in noise temperature can
be achieved by cooling the mixer, using new devices such as Jogephsgon
junctions, Superconductor~Insulator—Superconductor (SIS) or quasi-
particle mizers, or low-noise (maser) amplification at the signal
wavalengths. Local oscillators for these radiometars can be Gunn or

IMPATT solid=state devices for which current technology is adequate.

100K
a
10K p=
X NIMBUS NIMEUS  TIRCS.
- 5 8 N
g
-4
g
[T
=
W
)
i~]
=

TECHMOLOGY REAGINESS DATE, LEVEL 7

Figure '". 30, 5 mm Wavelength Heterodyne Radiometer Noise Temperatura

Noigse Temperature for | mm Wavelength Radiometers (Fig. 31).

Pregent technology for 1 mm wavelength radiometers falls inmto two major
categories, Uncooled broad bandwidth mixers using Schottky dlodes can
achieve noise temperatures of a few thousand Relvins, and narrow=
bandwidth mixers using "hot electron” InSb mixing at liquid helium
temperatures can achieve nolse temperatures of a few hundred Kalvins.
Both devices could be made ready for a space tast in the mid-1990s. The
local oscillator is a move sariocus problem for the Schottky mixer (which

59
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requires “10™2 W) than for the inSb mixer (which requires ~107° W),
whereas the cooling requirements are more severe {or che InSb. For the
Schottiky mixer, eithar electron tubes (reflex klystrous or backward-wave
ogeillators) raquiring 0.5 WW power supply or less wall daveloped
golid~state systems could be used for the local oscillators. Imprave-
ments in noise temperature can be achievad by cooling and improving the
coupling and diodes for Schottky mixers and by using Josephson or
quasi-particle mixers which arze now under development.

100K
»
10K fo
3 "
& BIOADBAND
E {>100 Mz}
=
W IK -
a HARROWBAND I
g “'1 M““ H frto e by
100 [
10
1970 197K 1980 1008 1990 158G . 2600

TECHNOLOGY READINESS DATE, LEVEL 7

Figure : ,31. 1 mm Wavelength Heterodyne Radiometer WNolse Temperature

Noise Temperature for 0.5 mm Wavelength Radlometer (Fig. - 32).
Laboratory tests have indicated that uncooled Schottky diode heterodyne
radloueters with noise tempairatures of a few ten thousands of Kalvins

and Cryogenic InSb hot electron radiometers with noilse temperatures of
several hundred Kelvinsg are feasible. Such radiometers could be tested
in space by the middle 1990s. Local oscillators for the Schottky
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radiometar and cryogenic coolers for the InSh radiometers which are
sultable for apace must ba developed. Improvements in performance can
be achiaved by cooling the Schottky diodes and improving the coupling of
the radiation to the diodes and the diocde performance. 7The development
of quasi~-particle and, perhaps, .Josephson junction and SIS mixers should
algo improve the performance.

100K
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{ >100 MMz}
10K f— -
=
w
5
'g -~
W Ik NARROWBAND
§ (<5 MHe) i PROBABLE
i Taaoazezste
a PROBABLE
2

1970 1975 1900 1908 19890 1908 2000
¢ TECHNOLOGY READINESS DATE, LEVEL 7

L

Figura _ 32. 0.5 mm Wavelength Hetarodyne Radiometer Noise Temperature
Noise Temperatures for 0.1 mm Wavelength Radiometers (Fig. . 33).
It gseems likely that broadband Schottky dicde radiometers, with present
technology, could achieve nolse temparatures of the order of 100,000 K

and narrowband photocoaductor mixers could achieve nolse temperatures of
3 few thousand Kelvins. However, this ia ve:y'speculacive as mixers at
these wavelengths are only in the ploneering development stages. The
only local ascillators available at these wavelengths are cpeically
pumped gas lagers which require development for space use. With
adequata rasearch and development, however, 1t should be pegaible by the
mid 19908 to have hetaerodyne radiometars at 0.1 mm wavelength with the
61
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game quantum efflciency (T0.3) as has been achleved in the middle infra-

y

E red. This enrreaponds ko a few hundred Raelving of nolse temperatura,
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% Figure _ 33. 0.1 mm Wavelength Heterodyne Radiometer Nolse Temperzture

- »n323.2 Critical System Components

{ Critical components for millimeter and submillimeter heterodyne

; radiometers for spectrogscopy are: i

i - Mixers - uncooled and cooled

3 - IF amplifiers - uncooled and cooled ‘@4
: - Local oscillatora ~ solid state, tubes, lasers (for ‘
, submillimeter) i
: - Quasi-optical components (couplers)

é - Cryogenic refigerators ‘ Lo
? - Spactral line receivery (RF filter banks, Acoustic-Optic g

" Spectrometers) .
: - Diffraction limited antennas .

ture. Schottky diode and superconducting devices such as 5IS and
Josephson Junction mixers are applicable in these spectral regions.

i
Syatem noise 1s primarily determined by the mixer noise tempera- l
2 i
|
%
!

P“,.E%‘ﬁ‘!'].‘ B L bh LN U A U




B oL ) £ B L R

ORIGINAL PAGE 19
OF POOR QUALITY

Mixers - GaAs Schottky Diode. Schottky diode mixers are well
established in the microwave and millimetar wavebands and have been
successfully used in the submillimeter region. These mixers will be
used in the majority of millimeter and submillimeter heterodyne
receivers for the foreseeable future. Recelvers using GaAs Schottky
mixars cover the 300 um ¢to 1 cm spectral region. The instantaneous
bandwidth can be up to 3% of the operating frequency. They are limited
in performance by current diode technology, circult design, and IF
amplifier sensitivity. Racelver noise temperature TR i3 the best single
system descriptor. WNolse comes in the form of ghot noise, thermal
nolse, and electronr scattering. Figure . 34 preseats the stata of the

art for Schottky dlode mixer receiver sensitivity and a projection for
the year 2000.

LRI W

.

RECEJVER NOISE
TEMPERATURE (K)

A&
10000

o ———C 1983 STATE

e etk
i
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%4 ' =—==r— TARGET FOR
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000 ———
e — e ]
10 YEARS AGO & ==
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—
fh—n=

-—w
100 —_—
= SUPERCONDUCTING
e TUNNEL DIQDE [515)
. TARGET FOR YFAR
_— ——
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Figure 34. Recelver Sensitivity: State of the Art
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Mizerg = Superconductor-Insulator-Suparconductor (SIS). The SIS

mixers are superconducting tunnel, diodes inventaed in 1979, These
devices are presently under study and development, They cover the 300
pm (0.3 mm) to 1 cm regiom of the spectrum, Tha instantaneous bandwidth
is >500 MHz with projected improvement to ~10 GHz., Cooling to 4 K i3
required and this provides some limitations for ugse in space,

The mixer performance can be measured by the receiver noise
temperature TR. An SIS mixer receiver with solid-gtate local oscillator
a2ad cryogenic GaAs-FET IF amplifier can be tuned over 20% of the aperat—
ing frequency and is currently shot nolsa limited. It is projected that
as these devices mature overall receiver sensitivity will approach the
fundamanzal quantum limit. Thus, SIS mixers would provide the ultimate
in sensitive coherent detectors for NWASA's future space applications in
the millimatar and gubmillimaster bands.

The recelver sensitivity 13 plotted in Fig. -+34, Noc attempt has
been made to presen#t hare anything except state of the art as of 1983
and the target performance using SIS devices for the year 2000, At
present, there are no coherent detectors for mm ard sub-mm bands with
sufficient sensitivity to take full advantage of remote sensing above
the Earth's atmoaphere. Such programs as the Space Platform, the Large
Deployabla Reflector, and selected Space Shuttle experiments can be used
with SIS detectors to remedy this situation.

IF Amplifiers, These are critical components that are integral
parts of the mixer. Noise in IF amplifiars contributas to the system
noise temperature. The instantanecus system bandwidth is determined by
the IF frequency response, GaAs FET IF amplifiers cooled fo crysgenic
temparatures can meet most performance requirements in the future. Work
on extending tliair bandwidth (to 10 GHz), impedance matching to the

mixer, and overcoming limitations imposed by the eryogenic cooling yet
remains.
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Loecal Oscillators. Adequate local oscillator sources are avall-

able below 200 GHz. These conalst of golid state sources such as Impatt
and Guon diodes. Although so0lid state oscillators operating above 200
GHz have baen reportad, major development of such devices is raquired.

- - - -

PBlectron tuba oscillators ogerating at theae frequencies exist.‘ Tubes sﬁdgﬂ

- amis e -

"as Carcinotrons can be made to oscillate at 600=1000 GHzT""They are driven

© mmeges e ew . - - o A o ey

nonlinearlz “and higher order ha;mgniga_ﬂtg_ex;xacned*,.Thenp goungng.p;a_.

- o pean cememmayy | Mmasap s

-y — .

notoriously ineffig_ﬂnﬁ.End,inadennana_fnx;snane_harne_aneratinnw_.E:naximantaL

L R EE e — e e A BT Asa g S LR ST TTSE Sl B s bk e

‘backward wave oscillatora. ‘slow wave 5tructu;gaA_need_ng_hane_mictn_mechaninﬂl_______

e

clreuit components, These are difficult to fab:;ga:e but. technignes of

filc¥é-machising in diamond way rectify this problem. Discrete lime sources

Pt o et

- m L

J

are avallable from _optically g pe guhmillimg;gn_laﬂgxa_(a_z_r_Cﬂz_n1mpnd

submiilimeter lasers). These e are difffeult to tume, imefficient, and

o e - p————t s ——

relatively large inmsizEA__However, they can operate to 3000 GHz.

. Quasi-Qptical Componenta. These apply mainly to-the submillimeter
rogion and are needed to combine the source and local oscillator radia-—
tion with high efficiency and to couple the combined radiatica onnto the
mixer. Interferometric methods for combining the radiation (e.g.,
diplexers) are presently ~753% efficient with projected improvements to
290% by the year 2000.

Spectral Line Receiver. Conventional IF cpectrometers euploy
discrete channelized microwave components. For the large bandwidth and
high resolution required by high frequency heterodyne raceivers, theaa
RF systems are large, heavy, and require high input power. These
parameters graw with increasing number of chamnels. They zze not
practical for vse in space. A new type of spectrometer using acousto—
eptic techuiques 13 being develeoped for IF spectroscopy. An acousto—
optic spectrometer (A0S) offers the potential for compact, wide
bandwidth, and reliable performance. An AOS consists of a collimated
coherent light souzce (i.e., a GaAs diode laser), a Bragg cell (e.g.
lithiun niobate crystal) which convarts RF aignals to ultrasounic waves,
and a linear detector array. The RF signal sats up sound waves which
diffracts a portion of the laser besgm at an angle proportionmal to the
frequency of the RF Ilnput. The diffracted laser beam Ls then Eocused
and detected by an array of photodetectors. The beam fatensity and
poaition on the decector array yields the IF power spectrum.
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Bulk AOS spectrometers have baen usaed with ground based radlo

recalvars for astronomy and have been succassfully tested in the
laboratory. Miniature discrate componesnkt éyscems and integrated systemsa
are presently baing developed. Thay can be made small and light and
require relatively low power input. 1§ay can provide high apectral
resolution and wide bandwidths by stacking several units (see Flg. . 35
and Table ..13). AQOS spectrometers are useful for microwave, milli-
meter and submillimeter and infrared heterodyne systems. To further
davelop and optimize these components, research in intagrated optics,
optical waveguides and integrated lens design is neaeded. Understanding
optimization of exiating optics and development of new electro-active
optical materials is alao needed.

18 = =8
14 f= 7
12 = -4 6
10l BANDWIDTH ds
: J . . §
6k -3
1983 SQA
VALUE 2000
4 VALUES -2
a2l \ J
RESOLUTION

A P B

i
Figure  35. Acousto-Optic Spectrometer Bandwidth
and Resolution Projections
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TABLE .. 13
SIGNIFICANT PARAMETERS FOR A0S

Parametar SJA Value 2000 Value
Bandwidth 1 GHz >5 GHz
Resolution 5 MH=z <0.5 MH=z
Size (volume) 15215 x 15 ca® 15 x 15 x 7.5 em”
Weight (optica) 0.5 kg 0.5 kg
Weight (with

alactronics) ‘ Z kg 2 kg

Power 54 1w

- r3.3.2 Repraesantative Instrumants

Examples of representative heterodyne radiomaters for spectroacopy
in the microwave through submillimeter region alomng with forecasts, of
spacific system and component parameters are given below.

Millimeter Wave Radiomater for Spectroscopy (1.0-10.0 om). Milli-

netar-wave radlometers measure the spaectra (power vs. frequency) using

low-noise RF receivars and components. Earth sensing applicatious
include measurements of emission spaectrz of ozone, watar vapor, chlorine
monoxide and othar neutral species in the upper atmosphere (>20lm).

Such studizs have already been done from balloons on the Balloon Micro-
wave Limb Sounder (BMLS). Future studies of the Earth”s atmosphere will
be done with the Microwave Limb Sounder (MLS) on the Upper Atmospheric
Research Satellite (UARS). A similar system could also be used far the
study of atmogpheres of other planets and for the study of astrophysical
sources from space platforms.

The millimeter wavae receivers forecast here cover the 30, 100, and
300 GH:; regioun. Receiver nolse forecasts are given in Fig. _.36 and

other relevant system and compoment parameters are forecast in Table
14.
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AT

2000

1000 b~ \\

300 GHz (F)

RADIOMETER NOISE TEMPERATURE (K)

100 |-
100 GHz (P)
T — 30 GHz (P)
10 1
1980 <950 2000

TECHNOLOGY READINESS DATE, LEVEL 8
Figure _.36. System Noise Temperature Projection for Millimecer
Wave Radiometer

TABLE .14
MILLIMETER WAVE RADIOMETER PARAMETER PROJECTIONS

: Theoratical

Parameter S50A Value 2000 Vilue Limit
System Noilse
Temperature (K)

30 GHz 50 1.0 4

100 GH=z 200 20

300 GHz 2000 100 20
Antenna Size 2 m 100 m
Solid-State
Loecal Ose.

100 GHz 20 oW 1w

300 GHz 1 oW 100 oW
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Paysical parametars basad on the proposed UARS instrument are given in
Table -_ 13.

. TABLE . 15
PHYSICAL PARAMETERS OF THE MLS

Welght 10 kg

Sizme .05 m3 (uncooled)

Power Requirement 40 W

Caoling Requirement Uncooled or cooled to
20 K

Data rate 50 bytas/sec

:
E

E

- 4

. . cmte e . R . . . . :*“
e .. e e e - I : :ﬂ‘-.____“....‘l‘—!.q

Research in the future that can be used to upgrade the performance
of this type of system includes activities involved with Large Deploy-

a M T = e e e

able Raflectors and the development of telescopes that incorporate the

LDR technology. In addition space qualifled cryogenic systems are Lo
needed to assure pevformance as desired throughout the zensor lifetime.
Driving programs fus this effort invelve upper atmogpheric resaarch and

[

expandad astrophysics ifforts. The latter case 1s of extreme importance - i
given that the submillimeter regioan of the spectrum remains unexplored
agtrophysically. b

Submlllimeter Heterodyne Spectrometers {(0.1-1.0 mm). Heterodyne |

radiometer-spectromater systems operating in this spectral region i
(300-3000 GHz) are in a very early atage of development. Lack of avail-
able local oscillators Jad afficlent (low nolse) mixers, as well as
thelr large size, weight, and high power requirement make these systems

. vnlikely for gpace application in the near future. However, large
orbiting facllities such as the LDR or Space Station would make sub-

I

|

millimeter heterodyne spectroscopy for limb sounding the Earth”s |
atmogphere and for the study of astrophysical souvces pogsible. |
69 :
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Two system concepts are under development: (1) The use of

and tube oscillators with solid state fraquency multipliers to obtain
local oscillator fraquencies to about 1000 GHz; and (2) th: uae of

submillimeter ilasers as local oscillators which can operatu n discrete

frequencles to about 3000 GHz.

Both concepts require quasi-optical mixers, beam combiners

(diplexars), cooled IF amplifiers and spectral line recalvers as

described previcusly.

(0.3=1.0 ma).

An example of the first concept is the Microwave Limb Sounder

This instrument will vse solid staze local oscillatora.

Projections of receiver nolse temperavure and solid state local
oacillator power for 300 and 1000 GHz are given in Figs. 37 and

SYSTEM NOISE TEMPERATURE (K)

38,

,108

104

102

1000 GHz (P}

300 GHz (P)
!
1980 13895 2000
TECHNOLOGY READINESS DATE
Flgure 37. Submillimeter Receiver System Noise

Temperazture (1.0-0.3 mm)
70
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10

300 GHz (P)

POWER {W}

0.1 p=

1000 GHz (P}

0 |
1980 1980 ' 2000

TECHNOLOGY READINESS DATE

e XM T

Figure _ 38. Submillimeter Salid State Local Osciilator
Powar Forecast

R

r

A system and compouent parameter summary 1s provided in Table 16.
Note that the system nolse temperature is determined by that of the
mixer.

An example of the second concept is a system using a submillimeter

gas laser optically pumped by a 10 um CQ, laser; a local oscillator

source discretely tunable from 300 to 3030 GHz. At the present time
such lasers produce a few milliwatts per line. This local oscillator
along with a quasi-optical Schottky wixer provide the major components
for a heterodyne system. Successful laboratory spectroscopy tests as
well as ground-based astroncmical observitions have been performed using

|
this local agscillator source. 1
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TABLE

. 16

SUBMILLIMETER MLS PARAMETER FORECAST

Theoretical

Parametaer SO0A Value 2000 Value Limit
Syataﬁ Noise
Tamperatura

300 GHz 2,000 K 100 K 20 K

1000 GHz 100,000 K 8,000 K 50 K
Mixer Noisa
Temperature

300 GHz 2,000 K 100 K 20 K

1000 GH= 100,000 X 3,000 K 50 K
Local Oacillator
Power

300 GHz 1l oW 10 oW

1000 GHz <10 uw 1 oW
Lightweight Antenna
8ize and Figure lm 6-10 m
Accuracy 12 um 5 um
Quasi~0Optics Coupler
(Diplexer) Loss 1 dB .25 dB 0 dB

Syatem sensitivity 1s defined by noise temperature. Current

recelver aznsitiviey iLs 6000 X at 6§90 GH=z.

noise temperatura {3 provided as Fig.

tant parameter for space instruments.

?18 . '-A’ 40 L]

72

System welght is an impor—

A plot of projected system

Radiometer welight 15 forecast in
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gure 40. Submillimeter Lagser Hetrodyne Radiometer Mass Projection
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Adequate local ocscillator (1.0) power on the mixer is importamt for
optimum hetarodyne performance. Projections of local osecillator power
raquired for the mixer and IF amplifier nolse figure are provided in
Fig. . 4l. The submillimeter laser power incident on the mixer depends
on the laser local oscillator powar and is related to _CO2 pump lager
powar. The efficlency of converting 10 um power to the submillimeter is
of gignificant importance for small low power conﬁumpcion aystems.
Improvement in laser local oselllator efficiency is forecast in Fig.

42,

5,— 100
¥
sl = g0
<
2
o
=
3t o 80
EE
[~
T
W
2l= 5 a0
[

-

o«

&
1= 20
(4] T8 0

1980 : 1990 2000

TECHNCLOGY READINESS DATE

Figure . 4l1. Projections for Receiver Components

A summary of system and component projections is given in Table
17.
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LASER LOCAL OSCIilLLATOR EFFICIENCY (%)

| | | | L
1520 1590 2000

TECHNOLOGY READINESS DATE
Figure '42. Projected LO Efficiency

TABLE !,_17

SUBMILLIMETER LASER HETERODINE 3PECTROMETIER
PABAMETER FORECAST :

Parameter S0A Value 2000 Value Theoratical Limit
System Taemperature 6000 K 500 K About 100 K
@ 690 GHz
Laszar Power 10 oW 100 oW
L0 Powar Required 5 oW 0.1 oW 10 oW
oo Frequency Limit Lasars 3000 GHz 10,000 GHz

IF Amplifiar Temperature 100 K 10 K

) Diplexer Efficiency 752 902
Systaem Weight 200 kg 39 kg
System Size 3 m3 1 m3
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Critical research supporting the development of this system
involves the development of LOs that can cover the entire submillimeter
band with a few mW nutput power. So far only the laser 1s useful above
1000 GHz. Improvements in mixers and LOs to reduce the nolse tempera-
ture and the LO power requirement are also needed. One method i3 to
cool the Schottiy mixer, another i{s to develop the SIS mixer.
Development of low noise GaAs FET amplifiers with wider bandwidth (™10
Giz) would also improve aystem performance. -

Driving scientific programs and projects for high resolution
submillineter heterodyne spectroscopy include detection of molecules in
our galaxy from aircraft, balloon, and space telascopes. The LDR 1s the
major program in the 1990s. In preparation for that, alrcraft and
shuttle expariments are planned. In addition, ESA plans to launch a
telescope (FIRST) for submillimeter astroncmy. This instrument could
also be used for stratospheric research. However, it is unlikely that
submillimeter expariments can be ready in time to meet the probable

schadulas of future telescope programs with current funding lavels.

.. 3.4 Prominant Institutions and Individuals

.- 3.4.1 8roadband Radiometars-—Planetary Surfaces

NASA/Langley Research Center NASA/Goddard Space Flight Center
H. C. Blume T. Wilheit
R. P. Harrington

Naval Regearch Laboratory

Uaiveraity of Massachusettas J. Hollinger
C. Swift
Uaiversicy of Kansas
Jet Propulsaion Laboratory R. Moore
P. N. Swanson
W. J. Wilsen Georgia Insritute of Technology
E. G. Njoku _ 3. Newton

~ 3+4.2 Broadband Radicmeters——Astronomy
Differential Microwave Radiometer
NASA/Geddard Space Flight Centar University of California, Berkeley

J. Mather G. F. Smoot

D. T. Nace

R. Weber, Engrs. for COBE DMR Princeton University
D. T. Wilkinson
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Jat Propulsion Laboratory
S. Gullis
M. Janssaen

Far IR Spactrophotomater

NASA/Goddard Space Flight Center
J+Cs Mather, P.I. for FIRAS

Massachusetts Institute of Tach.
R. G. Walss

Queen Mary Collage, London
J. Backman

University of California, Berkeley
P. L. Richarda

University of California, Los Angeles
E. L. Wright

" 34,3 Millimeter and Submillimeter Hestarodyne Radiometers

Mixers—GaAs Schottky
NASA/Gaddard Institute for Space
Studina
A. BR. Rarr

NASA/Goddard Space Flight Center
T. Walton

National Radio Astronomy Obzervatory
S. Weinrab

Mixerg——Supercouductor-Iasulator—Superconductor

NASA/Gaddard Inatitute for Space
Studies
A« Re Kerr

Chalmers Institute of Technology,
Swaden
E. Kolberg

Accousto-Optic Spentrometer

NASA/Goddard Space Flight Center
G. Chin

Hughes Aircraft Company,
Fullerton, CA
D. Isaacs

Naval Research Lalkoratory

A. Spezio
A. Giabarento

RRTA o S —— Y :

Ouiveraity of California, Berkeley
P. L. Richards

California Institute of Technology
T. Phillips

ITEK, Applied Technology
W. Qakley

Westinghousge
R. Mergerian
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Millim

atarwvave Radiometars

Jet Propulsi

on Laboratory National Radio Astrduomy Qbservatory

We Je Wilsom S. Weinreb
J. Waters
H. Pickett California Inatitute of Technology
P. Zimtermann T. Phillipﬂ
NASA/Goddard Institute for MIT/Linceln Laboratory
"Space Studies B. Clifton
A. Ts Rerr
University of Massachunetts
ucLA N. Erickson

H. Petterman

Submil

NASA/Goddard
D. Buhl

Ge Chin

S. Patuchows
J. Bufton

University o
A. Betz
R. Ganzil

limeter Radiometors

Space Flight Center Jet Propulsion Laboratory
(Non=Lasar Systcma)
H. M. Pickatt
fed, J. M. Wateus
We Jo Wilsen
P. Zimmermann

f California, Berkeley

4 PASSIVE INFRARED SENSORS

!

Infrar

ed gensors can ba of three genaric types:

Photometers -~ broadband instruments capable of measuring

thermal continuum radiation thereby permitting the study of
the energy balance and surface composition of planets and
the infrared brightness of astrophysical aources.

Spactrometars - such as Fourier Transform Spectrometers

Sensor

(FIS), grating instruments, Fabry-Perot lnstruments or gas
corralatlon apectrometars permit the measurement of
molecular band and pressure broadened line profiles and thus
the study of gource composition and its prassure and
temparature structura.

Imagers - these consist of linear or area arrays of

detectors capable of spatial coverage through scanning or
pushbroom techniques (linear arrays) or by staring
techniques (area arrays) to map a reglon of interest.

3 used for Barth gensing, atmospheric studies by solar or

planetary surface radiance aimd¢rption spectroscopy and planetary surface

gtudies are

generally limited by the thermal background of the source.

Thermal background from the ilnstrument is of less concern. The
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important system parameter is the ability to measure small temperature
(radiance) differences (<1 K).

For atmospheric molecular self-emission measurements (limb
sounding) and astrophysical obsarvation of relatively cool regions,
thermal background and thermal emisaion from the instrument must be
minimiznd. This is zccomplished by narrowband f£iltering and cocling the
inatrument and optics (telescope). For moast IR aystems the dasired
performance cannot be achleved without cooling.

All pasaive infrared senscr systams aras dependené on gensitive'IR
detactors and detactor arrays. Cryogenically cooled detectors can
achiave high sensitivities and can operate background noise limited in
Earth sensing systems and zodiacal light limited in astrophysical
obsarvations. Detactor tachaclogy developmerit 13 therefore, of prime
importance for all IR systems and forecasts of system performance is
coupled to the development of detectors and detector arrays. Additional
areas of importance are the development of advanced optics and
improvements in on-board data processing and data transmiasion.

Conceptual designs of most future space sengor systems include
nmultiple functions for the proposed instruments. Some degree of
aimultaneous spactroscopic, photometric and spatial informatiom
retriaval capability i3 attempted. The following classes of proposad
infrared instruments illustrate this point. Discusaion of individual
dengor systems will be followed by a section devoted to the developwent
of infrared detectors and detector arrays.

,.4.1 Feurier Transform Spectrometer (2-1000 um)

The fourier transform spectrometar (FTS) offers the bhest combina-
tion of throughput, resolution, bandwidth, and imaging of any spectrom—
etar for application in the IR portiom of the gpectrum.’ The fourier
tranaform spectrometer in the infrared has a proven performance record
in space applications. FIS inatruments have successfully flown on
spacacraft (Nimbus, Mariner, Voyager), aircraft (Cl4l), and balloons,
and have been operated at ground—-based observatories. By the year 1990,
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cryogenic instruments will be availlable for space applications with 2 to
1000 m gpectral coverage with 0.01 cm-l spectral resolution. Applica-
tions include studies of planetary and astrophysical composition and
dynamics, as well aa terrestrial atmospheric atudies.

This type of instrument can achieve a spatial resolution on the
order of a few arc seconds, and is limited in spectral resolutlion by the
paximum practical distance traversed by the retroreflectors. This, in
part, also determinss the aystem size. Its genaitivity 1s limited by
detector noise when the spectrum is band-pags limited.

In ovder to realize the full potential of the FTS for future space
use (particularly for astronomy), tie lostrument must be cryogenic and
must operate on a cryogenic telescope such as SIRTF. This will allow
optimum uge of infrared detectors which now have NEPs around 10"15
an-l/z and way approach 10_18 WHz-llz by the year 2000. For high—flux
sources such as the Earth and planets, a further improvement is gained
by placing a cryogenic postdisperser and linear detector array at the
FIS output.

A meagurz of genaitivity 13 given in terms of Minimum Detectable
Flux (MDF). An {llustration of system performance 13 provided in Fig.
== 43 where the flux from various sourcas 13 plotted versus frequency.
The MDF i3 indicated for various FIS resglutions and integraticw times
(T). It i3 seen that with the addition of the postdisperser the systenm
densitivity 12 greatly improved.

A proposed postdisperser detector gystem, is composed of a
liquid=heliuvm=cooled, gracing monochromator used Iin comjunction with FTS
instruments. The monochromator disperses the radiatlion and images the
dispersed spectrum at an infrared detector array. This narrows the
instantaneous spectral bandwidth on the detector and since all
components are also cooled, background radfation is reduced and system
sengitivity is improved. The asystem can also be designed to be uged as
a conventional broadband FTS with a single element detector. If a

two~dimensional detactor array la operated in the FTIS focal plane, the
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utilized in source mapping. The post disperser system can also be used |

s T -

geparately as a low resolution grating photometer.
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The system performance paraneiers are forecast ir Takle .18 and

? the critical system components are listed in Table " 19,

TABLE - h 18 . 1
CRITICAL SYSTEM PARAMETERS FOR FIS

Paramater ' $0A Value 2000 Valun i
Resolution 0.1 cmfl 0.01 cmml |
MDF 10722 ¢ o2 gzt 10726 y o2 gt ' !
Size 30 x 30 x 100 cm® 5
Weight <10 kg - determined ; '

by cryogenics
Power lLnput <10 W
Coolirg {10 K
Data rate 104 bdits/sec i
y
TABLE .. .19 f

CRITICAL SUBSYSTEM PROJECTIONS FOR FTS3

Critical Component

L

and Characteristic S0A Value 2000 Value o
Cryugenic Mechanism For %
Moving Retro-Raflector 5 cm travel 23 em travel i
Cryogenics FIS, Telescopes :
Diameter 0.85 m (SIRTF) 3w o |
Poastdigperser 64 elemont 1000 element l
Detector NEP 10716 § g71/2 19718 g g,ml2 ;
i

i
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FTS Inastrumenta for Solar Absorption Spectroscopy (2-16 um). 4n

FTS flight instrument for the study of the Earth"s atmosphere using
absorption gpectroscopy 19 proposed ian the Atmosgpheric Trace Molecale
Spectrogscopy (ATMOS) program. It is a multiflight shuttle inatrument
dasigned to determine compositional structure and variabilicy of the
upper atmoaphere using IR spectroscopy. The jnstrument consists of an
uncooled Fourler transform spectrometer in a double pass Michelson
configuration and a single element HgCdTe photoconducting detector. It
could be used in the 2 to 16 um spectral ragion with a spectral resolu—
tion on the order of 0.0l cmfl and a spatlal resolution of 2 kilomaters
vertical height. The Inatrument 13 source and background shot noise
limited and the performance limit 1s desecribed by the detectivity D* (D*
=3 x 1.010 cm Hzllzlw ac l4 ym). The system D* is determinad by that of
the HgCdTa detector and the forecast to the year 2000 is given in Fig.
44. Table _ 20 below quantifies this projection.

Since this instrument 13 meant to muke measurements in golar
absorpticn, detector asengitivi:y 18 of less concern. The AgCdTe
datector D* is at least 1 order of magnitude lower than that of the best
available IR detectory. The best detsctors (e.g., extrinsically doped
gilicon) however, operate near liquid helium temperatures. HgCdTe
datectors cpaerate at liquid nitrogen temperatures or above. In order to
sbtain tigher detector temperature operation and broader gpecfral
covgrage, advances in matarials sclence are of significant Importance
+ for this gy:fem.
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1980 1890 2000
Figura 44 Sengor Detectivity
TFABLE __ 20
DETECTIVITY PROJECTICN FOR ATMQOS
Parametar S0A Value 2000 Value

* [
D 5210%0 cm 2z % 10%% em B2 %M

- 4.2 Grating Spectrometers — Mappers

Spectral mapping 1s the simultaneous acquisition of spatially and
spectrally resolved data. The radiaticn from the scene is imaged upon
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the spectrometer alit. The spectrometer sectiom of the ilnstrument pre—
sarves the apatial image quality in omne dicection and the grating
disperses the spectrum in an orthogonal direction allowing an image of
the object line to be formed at each of a number of wavelengths in the
focal plane. The spectral and spatial information is collected and read
cut simultanecusly. This process i3 repeated 48 the fileld of view
sweeps over'the target body, either from relative spacecraft-planet
motion (pushbooom imaging) or from a scanning motion of the lnstrument
platform.

~-f.2.1 Astronomy Applications

Tha foracast for this class of mapping aspectrometer ls developed
on two ingtruments. The first fnstrument is the Galileo near-infrared
mapping spectrometer (NIMS). Its develspment {3 sufficilently mature so
that its performance can be described with confidence. The real fore=-
cagt is provided by the advanced mapping spectrometer (AMS)-—an
instrument coucept developed for outer planet missions in the 1990s.

The Near Infrared Mapping Spectrometer (NIMS) (0.6~5.2 um). This
instrument is scheduled to fly on Gallleo to map geologlic features on

the Jupiter satellites and to determine Jovian atmoepheric structure and
compasition. The NIMS has a focal plane consisting of ) silicon and 14
InSb photodiodes, each with a filter defining the gpectral band. The
optical system has a Ritchay—Chretien telescope and Cassegrain grating
gpectrometer. The spectral region covered 13 0.6 to 5.25 um. It has a
recolucion of 0.1l5 um in the 0.6 to 1.05 um reglon and 0.30 pm above
1.05 ym. Its instantaneous field of view IFOV is G.50 milliradlans and
t3 performance i3 measured by the noise equivalent power (NEP). The

systam NEV i3 expected to improve from a value of 10-15 W Hz-1/2 to

10_15 W H:a-]'/2 as illuatrated in Fig. 45. The most critical compo-
nents are the detectors. Inherant detector noise needs improvement to
meet the projected system capability. State of the art systems detect
nolae at the 1000 electron level (Fig. ...46). It is projected that
continued improvement in detectors can raduce this to 100 electrons thus
providing on order of magnitude enhancement. Baslec detector materials

research will be required to achlieve this goal.
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Advanced Mipping Spectrometer (AMS). This instrument is an
advanced veraiod of thls class of sensors. Rough calculationa indicate
that £illing the focal plane by means of detector arrays would provide a
more efflicient instrument; that is, virtually all of the emergy reaching
the focal plane would be collected, resulting in an improvement in
signal-to-noige ractio which ascales with the gquare root of the number of
detector elements. For the focal plane airays, the relevant figure of
marlit is the product of the average detector D* (detectivity in

1/2

cor-Hz /W) and the square root of the number of detector elements co

* l/*
the focal plane D eff'N 2D .

The Galil;o NIMS instrument i3 coolaed radiatively to 160 K, and a
two-stage radiator coola tha focal plane to 80 K. Improved radiative
coolers may be possible. However, with the severe weight constraints it
does not seem raasonable to expect an improvement of more than 10 K,
resulting in focal plane temperatures of 70 X. It i3 implicitly assunmed
that the focal plane power dissipation 13 small compared to parasitic
sources. An increase in the aperture for the AMS 13 projected based on
the devalopment and utilization of lightweigzht optics, resulting in an
inge¢rwnent aperture of about 33 em (1 m focal length £/3 optical

SYBEUARS o

Two trends in the data rate from planetary spacecraft have been
observed. TFirst, the total data rate (anormalized to a coumon
spacecraft-Earth range) have been increasing with time. This growth can
be expected to continue based ou technological developments both in
spacecraft transmitting equipment and in receiving equipment;, aspecially
larger antennaa. Secound, the fraction of the telemetry stream occupled 0
by visual imaging has been declining. With the demonstrated utility of
infrared mapping instruments, Lt is reasonable to agsume that an
advanced napping spectrometar Would occupy a significant ghare of the
total t&lemetry bandwidth. Furthermore, the use of data compression and
advanced coding of data I3 assumad, resulting in a raw data rate

allocation for the {natrument in the neighborhood of 105 bits/sec.
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With the ra<ionale described abhove, the instrument parameters for
the two benchmark instruments and a projection Ffor the year 2000 are
glven in Table . 21, The Datector D* values are gilven at 5 um. A
curve shcwing the required D* for the entire spectral range representing
a constant signal-to-noise performance for the AMS instrument is given
in Fig. ....47. The forecast for detector performance (Fig. . 48},
temperature (Fig. .49), optics parameters (Fig-. ...50), and data rate
(Fig. . .51) are reasonatle assumptidns and should be compared to
farecaasts from other discipline areas with constraints to planetary
misgions taken into account. Important application of infrared mapping
spactromaters are in future planetary missions and for use in Space
Telescope, SIRTF or Space Station placforms.

TABLE ., -21

DEFINITION OF BENCHMARK INSTRUMENTS,
PLANETABRY INFRARED REMOTE SENSING

Paramater NIMS AMS Extrapolation
{1980) (2000}
Decectqr,D* 3t 5 ym - 2x 10" 2 ¢ 1013 1 x 1ot
(cm'Hz W)
Number of Elements 17 128 = 128 128 x 128
Detector Product N/2 " p* 8.2 x 1087 2.8 x 10!% 1.3 x 108
Detector Temperature (K) 80 71 60
Instrument Temperature (K) 160 150 150
Optics Focal Length (m) 0.4 1.0 1.0
Optics Diameter (cm) 23 a3 50
Data Rate (bits/sec) 1 x 10° 10° 10%
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Figurs  5l. Imstrvment Data Rate

4.2.2 Farth Sensing Applications

1980 1995 2000

for Planetary Spacecraft

Atmoapheric Moisture and Temperature Sounder (AMTS)(3.7-16.5 um).

This proposed atmospheric sounder (AMTS) i3 a conceptual desigﬁ for a

cecond genaration temperature gounder. The data scquired with this

instrument will be used in aumerical global weather prediction models.

Data on watey vapor, clouds and ozouz are

4lso measured. The Instrument

is a multichannel grating spactrometer. Twenty-eighs spectral channels

gimultaneously view sixteen footprints on
are in a linear array and stepped-scanned
instrument will have 1002 global coverage
instruwnent of esgentially the same design
gigunificant gnientific data.

The spectral region covered by this
um. The system gpatizl resolution in the

the ground. The 16 footprinta
across ftrack. The free flyer
aach 24 llours. A shuttle

can also be used to ratriave

gystem varles from 3.7 to 16.5
free flyer mode of operation

is 10 = 10 kmz, and the performance 13 limited by detector temperature,

apectral resolution, and noise in the detector—-preamplifier combination.

The aystem 1s best deseribed in terms of detectivity and the random
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radlometiric noise equivalent change in temperature (NEAT). These
parameters are lllustrated in Figs. +52 and ° 53. Data for
projections illustrated in these figures are presented in Table 22,

& DETECTCR LMITED NOISE]
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Figure .52. AMTS Random Radiometric Noise (MEAT)
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33. D* for 16 um Phatoconductiva (PC) and 3.7 um Photovoltaic
(PV) HgCdTe through 2000 Under AMTS Conditioas
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TABLE , « 22
AMTS PARAMETER FORECAST

Parametar S0A Valua 2000 Value

Detactor Temperature
{Radiative Coolars)

Geosynchronous Orbit 75 K 40 K
Low Earth Orbit 90 K BO.K
0* (emz/Hi 7ty
Zg ?gﬂ::e 4 x.lOlo 6 x 1010
2 37 e 4 x 1043 6 x 102
Lens Diameter ‘ 30 em 63 cm

Immersion: Various detector manufacturers feel that PC HgCdTe immersion
could be possible without performance degradation. However, inguffi-
clent data exists to permit a forecast of performance.

Critical components for thia system include large, super smookh
transparent lenses, lmmerslon lenses for PC HgCdTe detectors, good
quality detectors including PC HgCdTe, PV HyCdTe, and PV InSb. Thess
detactors must e cooled. The lens and detector cooling requirements
are projectad as pregented in Table _ 22. The degree of tachnological
dificulty is pregented in graphical form in Fig. ._,54.
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Figure . 54. Subjective Forecast of AMTS Component Development

a4'3 Infrared Imagers -~ Mappers
These sensor systems raly on detector array technology and on

staring or "pushbroom™ spatial coverage techniques. For earth sensing _
applications system sensitivity i3 generally limitad by background or

gource noise and the relavant measure of sensitivity 1s nolse equivalent

change in reflectivity (NEAR) for short wavelengths and nolse equivalent

change 1n'temperatu:e (NEAT) in the thermal IR reglon. For astronomical

ohgervations, noise equivalent power 1s the relevant parameter and the

sensors are detector or space background nolise limited. ‘

v+ 4.3.1 Zarth Resourcea Imagers

Barth imaging aystems such as these uzed in the Landsat program
have obtained data in the infrared and visible apectral regiocns on such
things as: flood damage assessment, oill spills, forestry, earth crust
minerals (coal, iron oxide, etc.), snow pack for water runoff pradic-

tions, beach eroslonm, alr pollution, crop agssessment, surface feature
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mapping, and sea gstate mapping. Over aighty applicatlons of these types
of measurements have evolved as the uger commuaity has grown. New
sansor yystems promise to increase the applicability of this type of
data in the future. High resolution multispectal imagers may be £lown
on shuttle migaions or in free-=flyer spacecrait developed for future
Landgsat missions. .

High-Resolution Multispectral Earth Imaging Sensor: Multispectral

Linear Array (MLA) (0.4-12.5 ym). Potential sengsors for future earth

obsarvation misalona include existing Landsat Iinatruments such as the
Multispectral Scanuing System (MSS) and the Themafic Mapper (TM), and
the propoaed “"pushbroom” Multispectral Linear Array (ML4A) instruments
which will provide Improved parformance to the sc¢lence and applications
uger comunities. The spectral bands coversd will be determined by
optical filtevs and the total spectral raglon covered will he 0.4-12.5
um. The proposed NEAR i3 "0.5% and the HEAT ~0.5 K.

These new instruments axploit large scale integrated cilrcult
tachnology which allows many thousands of solid-state devices to be put
o a single integrated circult and makes feasible long arrays of
detectors and the associated signal processing on a single chip. The
advantage of using these detector arrays in an earth observation sensor
is that they allow elimination of the object plane scan mirror which is
a very difficult {tem to produce (agspecially 1f high spatial resoluy~
tion i3 desired). The arrays also potentially allow improving the
signal~to~noise ratio (SNR) of the sensor or reducing the spatial or
spectral bandwidth of the varinnﬁ channels at the game SNR.  The major
disadvantages assoclated with usivg arrays of detectors are that the
more complex and larger optics are required to image the wider optical
fisld~of-view an the detectors and that many thousands of detectors in
each gpectral band muat be accurately calibratad in order to achieve the
required system SNR. If a spatial resolution of significantly less than
30 meters on the Earth“s surface {e.g., 15 or 20 m) i3 required from
orbit, use of this technology is necessary because of the difficulties
in mechanizing the gcan mirrvor amd in achieving reasonable signal—to-

nolge performauace.
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Decrease of the instantaneous fiald of view (IFOV) is desirable
from the point of view that this produces more detail in the images and
allows a better clagsification of scene content. However, as the IFOV
ia decreased the total quantity of dat. that must be processed to cover
a fixed area on the ground increases proportionally. This presents
quantifiable challenges for future ground aystems. For example, using
the nominal 80 m IFOV and the standard image size, each MSS band con-
taing over 106 pixels. The full four band scene contains over 32
million pixels. The ™ uses a oominal 30 ® pixel, requires over 39
million pixels for each band, acd mores than 300 maillion pixels for the
full seven band scens. The MLA will use a nominal 10 m pixel, 300 '
miliion pixels par band, and over 2:109 pixacls for a sgven band uscenas.
This progression of imsge data volume {s illustrated {n Fig. . _55. A
quick assessment of the volume of data generated by present and future
systens illustrates that soms unique ground processing will be necessary
in the futu: ). One prospect for solving this data mauvagemant problem
lies in pre- rocessing the data in real tice, as it {3 acquired, using
the satellite”s on-board computer and downlinking data after thic first
atep of standard processing. Current research in optical signal and
image pracessing may rectify this problem.

Currently four MLA &esignn are under active study for future
applications. Any final design will be driven by the atate of the art
for detactor arrays and the desired application for the data. This 1is
illuscrated further in Table , 23 and ' 24. Table . 23 contains
reference to the four new pruoposed sensor types with = brief degcriptiom
of their application. Table® 24 then illustrates the projected IFQV,
the aspectral resoluticn, the number of bands avaflable, the data
transmission rates, the pointing capability of the system and an
assessoent of the relative complexity of the syatem. These should be
compared directly with the data presented for TM in the same tables.
This TM data is representative of the state of the art Ffor Earth remote
sen3ing systems and is an integral part of the Landsat 4/3 program.
Figures . 56 and . .57 contaln plovs for the expected evolution of
spatial and spectral resolution capabilities.
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Pigure .55. Projection of Single Bend and Full Scene Data
- Processing Requirement for the Future (Landsat)
TABLE _ 23

MULTISPECTRAL LINEAR ARRAY - POTENTIAL SENSORS

Pogintable High Resolution Imaging Radigmeter (PERIR

Supports Experiments Requiring the Highast Spatial Resolution, Off
Nedir Viewing, Modest Field~of-View, and High Spectral Resolution
with Bands Defigad Prior to Flight

Pointable Imaging Spectrometer (P13)
Supports Experiments Requiring In-Orbit Selection from Many High
Resolution Spectral Bands, Moderate Spatis. Resolution, Small

Field=of=View

Moderate Fisld-of-View Imaging Radicmeter (MFIR)
Supports Expariments Requiring 3-5 Day Coverage of Large Areas
with Modest Spatial Resolution and a Limited Number of Spectral

Banda

Wide Field-of-View Imaging Radiometer (WFIR!

Supports Experiments Requiring 1 to 2 Day Coverage on Large Areas
with Low Spatial and Spectral Risolution

Thematic Mapper (TM)
This Sensor Has Flown on Landsat 4 and 15 Shown for Reference

Purposes
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*PHRIR PI3 MFIR WFIR ™

Field=of-View (lm) 60~13G  10-3G 200~800 1001)=2000 185
Instantanecus Fleld=cf~View (m)

YIS/NIR (0.4~1 um) 3~20 30~60 5¢=200 300-600 30
SWIR (1-2.5 um) 10=40 30~-60 100=-400 300-600 30
MIR (3.4=4.2 ym) 20-80 60-~120 200-800 300~-600 —
TIR (8.5~12.5 um) #0~160 60~120 400~1200 300-600 120
Spectral Resoluticn (nom)

VIS/NIR 20 10-20 100 200 80
SWIR 20 10=-20 100 200 200
HIR 100 50=100 200 400 o—
TIR 100 50-~100 $00 1000 120
Number of Bands Available

V13/NIR 8 30-50 3 3 4
SWIR 8 100~200 2 2 2
MIR 4 =16 2 2 am
TIR 4 40-80 2 2 1l
Number of Bands
Transmitted TBD TBD All All All
Data Rate (Mb/s) 300 TBD <30 <10 35
Pointing Capability b LT Yeas No No No
Complexity High Very High Moderate Low High

»
Sec Tabla - -23 for definition of sgnsor acron-ums.

SPATIAL RESOLUTION {(METERS)

i

1980

1980

2000

Figure 56. Spatial Resolution Capability Projection
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SPECTRAL RESOLUTION (am}

i
1980 1990 2000

Figure .57. Spectral Resolution Capdbility Projection

Table 25 contains a summary of parameter projections for a
possible MLA aystem.

TABLE 25
PERPORMANCE PROJECTIONS QF MLA

Parameter. SOA Value 2000 Value
IFQV 20=-30 meters {5 meters
AA 40 mm <20 mm
SNR 100-=300 1000
Data Rate 100 Mbs 500 Mbs

*
The parsmeters listed are interrelated and trade—offs can oftan be made

botween them. 7Tor aexample, SNR can be laproved by ipzreasing the
spectral bandwilith (AA) or lncrsasing the size of the IFOV.
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Criticel system and subsystam couponants requirad for futura high
pesformance mulbispectral linesr array sensora include: (l) short wave
infraved (SWIR) detactors; (2) thermal infrared (TIR) detactors; (3)
wide=field, broadband optics; &nd (4) cryogenic coolars.

Linear Datector Arrays for Earth Imsging. Additional development
of detsctor arrays 1is required primarily in the 1l to 3 um and 10 to 13
Um spectral regions for uae in exrth resourcs applications. Two
approsches are baing pursued for the 1-3 um detactor arrays: (1)
Schottky berrier IRCCD arrays and (2) HgCdTe/CD arrays in which the
tarnary detector material is compositionally tuned tc provide high
sonsitivity in che preferred spectral region.

The advantages of the Schottky barrier devices arise from the fact
that the structure is fabricated in monolithic si" lcon which is a very
wall undemstpood zaterizl. The primdry disadvantage is in the quantum
efficiency (QE) of cthe davice which is relacively low, on the ourder of 2
to 5% for palladium gilicide detectors at the cutoff wavelength (Ac) of

2.3 um. Table _, 26 provides a forescast of performance parameters for
thess detectors.

TABLE : .26
PROJECTED PERFORMANCE PARAMETFRS - SCHOTTKY BARRIER IR DETECTOR ARRAYS

No. of Elemants Operating
Year Par Chip A Qe Tenmperature Detector Type
i) (%) (1)
1982 256 2.3 2 120 Pd231
1985 312 5.0 3~4 80 Pt3i
1990 2048 8.0 2~3 7 IrsSt
2000 4096 10-13 3~4 50 Irsd

Thermal IR array technology development activities are being
funded primgrily by DoD. Of particular interest to. NASA is the use of
photovoltaic (PV) HgCdTe coupled to silicon CCD multiplexers. PV
davices present minimal thermal loads and thus ease the cryogenic cooler
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requirsments. However, if long lifs, low tamperature cryogenic coolers
becoms operational in the future, it may be posaible to oparate the
detactors at tampsrvatures substantially below thoge provided by passive
radiative coolars and thus simplify the detector design problem. A
forecaot is given in Tabla . 27,

TABLE . .27
THERMAL IR LINEAR DETECTOR ARRAYS ~ (PV) HgCdTe/Si CCD

»

No. of Elaments Operating D

Year Per Chip A Temperature 1/2. =1

() () (R)  (em=Hz"'“W )
(l) (2)

1982 64 9.8 100 105 1 x 10%0

1985 128 11.5 9% 100 2 x 104

1990 512 12.5 90 100 4 x 100

2000 1024 15.0 90 105 >5 x 10*°

(1) Will be able to operate at this temperature.

(2) With guitable developmant should ba able to operate at this alevated
temperature.

Addicional areas whera development is needed for adv nced high
resolution multispectral sensor systams for use in furture generations
of Earth and planetsiry multigpectral imaging systems are:

e Wida tiald, high angular resolution, wide spectral range

optical. systems

® Long life, high capacity cryogenic cooglers

Data compaction techniques
Very high data rate communications links.

Future devalopment of these components is diﬁcussed elsewhera {n this
volyma.
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Viaible/Infrared Imaging Spectromster (0.4~2,5 um)., This instru-

nent is an outgrowth of pravious Earth remote sensors such as MSS, TM,
and MLA and providas graater spsctral and spatial resolution allowing
identilication of vegatation and geologic formations. A specific
example, the Shuttle Infrared Spectromuter—A (SIS=-A), has already flown
on the Space Shuttla.

The sansor contains focal plans arrays sansitive to both visible
and longor wavelengths. Thoss HgCdTe detector araa arvays are operated
in a pushbroom modsc acquiring 1285 simultaneous spectral images. The
optical system consists of a triple Schaidt telescope and dual beam
prisa spectrometar. [t covars the 0.4 to 2.5 ym spactral regiom. The
spsctral resolution is 10 nom in the visible and 20 nm in the infrared.
At shuttle orbit altitude, it has a spatizl vesolution of 30 m. Shot
noise dominactes in tha visible and detector noise i3 most important in
the infrared. The system figure of merit is the noise equivslent change
in raflectance or NEAR. This paramater varies from 0.1Z to 0.5% in the
visible and from 0.5% to 1% in the infrared.

The infrared sensor performance is projected to improve by an

order of magnitude during the next two decades as illuatrated in Fig.

~38. The most critical components for this system are the detectors.
All aspects of detactor purformance including noige, dark current,
uniformity, liearity of response, stability, and element yleld are
important. It is projactad that these ruquirements can be achieved
through cortinued study of narrowband semiconductors in general and
HgCdTe in particular. Projections for noise, responsivity, and yield
are presented in Pigs. . 59, 60, and 61, regpectively. The year
2000 projections are itemized i{n Table 28,
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Flgure 59. Noise Performance of 2.5 um HgCdTe PV
Detsctor Area Arrays (120 K)
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TABLE 28
PV HgCdTe DETECTOR PARAMETER FORECAST

Critical Component
and Charactariatic S0A Value 2000 Yalue

PV HgCdTe Dateactors:

Noise 1000 e 500 a
Dark Current 1 pA 0.1 pA
Uniformi:y* 10Z 5%
Linnari:y** 15% 1%
Stabilicy 102 1z
Tiald 20z 282

*
Ratio (Std. Dev./raan detector rasponse).
T
Rasidual noo—-linearity alter Ax+B correctionsa.

*uhe3.2 Infrared Cameras for Astronouy

These imaging systems arz composad of detector arrays, cryogenic
raadout electronics, cold IR filters, cryogenic cooling systens, and
collecting optics which along with datector (pixel) size datermine the
spatial resolution. Spectral information is obtained through aptical
filters which also limic the background noise bandwidts. Highest
sensitivity is obtained with cooled optics.

IR array performance can never exceed the background limit, which
for a photoconductive dete-tor, is given by

NEP3Lp ™ 2he(d/2)/n

where h {9 Planck”s constant, ¢ is the speed of lighe, is the
wavelength, and $ is the arrival rate of lncident photons. In low

background applicationg, such as SIRTF, and especially in instruments
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with high spectral resolution, ¢ becomes quite small, and background
nolse i{s negligible. Performanca limits are then set only by rhe
particular detector/electronics configuration [including preamplifier
(YET) noise] of the array. The ultimate theoretical limit would be

reached when an IR array 1s sufficiently sensitive to count single
photons.

A number of IR astronomical inatruments could use high—sansitivity
arrays. IR cameras will reaqulse two-dimensional formats. Dispersive
spectrometers, such as the FTS, can utilize one-dimensional arrays, or
two~dimensional arrays for sinultanaous spatial and spectral informa-
tion. 3patial maps of polarization could also he obtained with a
polarizing, array~based IR camera. Infrared cameraa for ground—based
observations based on 16 x 16 Si:BL arvays oparating in the 4=17 um
spectral range exist today. Size and veight of an fafrared camera for
spacaflisht usa will ba decermined by the needed cryogenic syst-as. The
instripact alone should weight <10 kg. Powar raquirements per array are
low, <iC mW. Requirad data rates ara less than 10& bits/sec.

Integrazed Datector Arrays (2=-30 um). In this spectral regionm,
thes most promising detectots are the extrinsically doped Si CCD and CID
arrays. Integrated extrinasic silicon IR arrays combine large numbers of
IR detector elements with readout multiplexing elactronics. Photolitho—
grapitic technfquas are also used to produce arrays with detweetion and

raadout processes on a singla substrate (monclithic) or on separate
substrates which are "bumz bonded” together (hybrid). The multiplexing
capability dramatically simpliffes the wiring requirements to the cold
focal plane asaembly; n—element IR arrays would allow a map tec be
generatad in l/n the time required with a 3single detector; and on-chip
integration of charge affords increased sensitivity.

This tachnology dzaws on previous development of discrete
extrinsic silicon IR detectors (axcellent detector matarial i3 required

for both discrates and arrays), and recent advances in semiconductor
microcircult processing.
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IR arrays require both dc and clocked voltages, and typically,
corralated double sampling of the on~chip FET amplifier output. They
also raquire cooling to a sufficlently low temperature (typically 840
K) so that tharmal generaticvn of carriars In the detector 1ls suppressed.

IR cameras based on these arrays have square pixels equal to 100
um on a sida. 64 x 64 alement arrays are pogsible taday. IR array
tachnology is a rapidly moving field. Dramatic progress has been made
since the first rudimentary Si:X CCD array was produced In 1974. We can
project performance levels into the future with modast lavel of
confidenca, bur it i3 very unlikely that chis parformance will be
achiaved with current CCD or CID techmelogy. New configurations for
low-nolse readout, such as the gwitched sample and gource-follower—-per-—

detector schames, are already undar devalopment as altsranatives to the
CChs.

Pigure . _62 coutains a projection for the system NEP at 15 um and '

1 sec lntegration tima.
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Figure 62. S51i:X Array NEP Projection (<30 um)
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It i3 expected that additional NASA funding would be required to
accelerate development progress from curve "A" to curve "B"., This
assumes a continued high lavel of DoD support for this technology, to

serve as a gstarting poiat for optimizations by NASA of array technology
gpecific to astromomical applications.

Table :- 29 contains the projections for paramcters of Llaterest.

TABLE . -29
ABRAY TECHNOLOGY PROJECTION (A<30 um)

Parametar SO0A Value 2000 Value

NEP (W/Hz!/%) ar 7 x 1078 5 x 10727
15 ym, T = 1 sec

NEP (W/Hz1/?) at A 1x 10718
30 ym, T = 1 gsec

Array Size (15 um) 64 x 64 500 x 500

Read Nolse (Electrons)

Q

- -

S e

i

ccp 800 10

CID 150 10
Cooling

4 unm 40 K

30 um 8 K

T
Longeat availlable TRCCD wavelengch is 24 um.

In xany cases, arrays and, hence, astromomical instruments ares (or
will be) limited by noise in the cold FET preamplifier.
davelopment 1s clearly needed.

Continyed

Chances are that entirely aew techniques

{GaAg?, superconducting?) will be used in 2000 AD. It 13, however,
posaglble to at least guess futura performance lavels. A forecast of

preamplifier nolse is given in Table = 30.
138
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TABLE '.—..30
PREAMPLIFIER NOISE IMPROVEMENT PROJECTION

Critical Component
and Characteristic SOA Value 2000 value

Preamplifier (¥ET)
Noisellig lHz, 4 K

(V/Hz
Ge JFET 1 x 10”7 1 x 1070
Si MOSPET 5 x 1077 1 x 10”7

Parallel research activities for high performance astroncmical
instrumeniation for low background astronomy Iincludes:
° Cryogenic elertrounics (FEIs and other components, including

load resistors, capacitors, operational amplifiers, and
eventually A/D converters for operatiom at <4 K).

™ Improved cold IR filters, especially for X > 20 um.

Integrated Long Wavelength TR Detector Arrays (230 um). Inte-

grated arrays of detectors sensitive to wavelengths >30 ym do not
presently exist. Steps toward bullding and evaluating small prototype
arrays have been initlated. An array councept for Ge:Ga photoconductive
detectors multiplexed with switched sample FET readout has been
established. Ge:Ga arrays will differ from 51:X arrays in that (a) the
detectors will be physically larger, since diffraction-limired detector
dimensions grow with incrsasing wavelength; (b) integrated cavitles or
sigilar schemes must be incorporated to compensate for the low inherent
abgorption in extringic germanium; and (¢) bias levels will be on the
order of a few 100 mV rather than a few volts.

Long wavalength arrays will clearly evolve from dlacrete Ge:X
detector techmology, which 18 not presently in a state of maturity. The
clocking requirements will be similar to those of a Si:X CCD. Cooling
to lower temperatures will be required.
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Projected low backgrouud NEPs at 100 um for discrete and inte-
grated Ge:Ga detectors are presented in Fig. . .63. Negligible DoD
interest in >30 um IR detectors exists, so this development must be
carried solely by NASA. It is expected that additional funding would be
required to move from curve A" to curve "B". Array size data and NEP

projections are prasentad in Table ', 31.

g
[+ ]

INTERGRATED Ge:Ga ARRAY
T=1SEC

%
- ]

1017

10-18 [

Ge:Ga
10-19 L. DETECTORS

a20 !
1980 1990 2000

TECHNOLOGY READINESS DATE. LEVEL 5

Pigure ., 63. Projected NEP for Ge:Ga Detector Arrays

TABLE . 31
100 um ARRAY TECHNOLOGY PROJECTION

Parameter SOA Value 2000 Value
wep (w/Hz''?) at
100 um

Discrete Detactor 3 x 10717 1 x m:i.g

Array with T = 1 sec — 4 x 10
Array Size - 64 x 64
Read Hoise, e arnm 30
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Overall, the same set of subsystems critical to the 2 to 30 um
arrays are important for this 30 to 219 ym system.

4.4 Infrared Detector and Array Technology

Detector techuology i{s the critical area for all infrared sensors.
Description and forecasts for specific detectors have been provided {n
conusction with the varlous sensor gystems forecast. This section
attempts to treat some general aspects of Infrared detector and detector
array techoology.

Sensitivity is the characteristic which nekes Infrared detectors
most :ssful in low background zstronomical applications. The best InSb
photoconductors and the deceéctors which are used {n the four IRAS focal
plana i{nstriments provids a state of the art example of the optimum
ningla alemant datactor parformance from 1-~100 ym (Table _  32),

TABLE - .32
IRAS FOCAL PLANE AND InSb DETECTORS

Wavelength NEP
Center Bandwidth Material (wﬂz-llz}
(um) (um)
12 6 Si:As 7 x 1070 1n Flighe
25 11 $1:5b 2 51070 1n flighe
60 40 Ge:Ga 2 x 1071 4o f1ighe
100 37 Ga:Ga 1.5 x 10759 {n flight
~16
2.2 1-5 InSHh 1.2 x 1¢ Lab

Below 50 um, the lowest NEP values repovted are for the extrinsic

silicon photoconductive detectors with NEP =3 x 10-17 Wuz-llz-

devicas are smplifier noise limited. The quantum efficiencies of these

These

extrinsic detectors are generally somewhat lower than the quantum effi-
clencies of intrinsic detectars (InSbh, HgCdTe, etc.), but the sensiti-
vity, which {3 a function of noise and quantum efficiency, is an order
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of magnitude better in doped silicon. The chief disadvautage of doped
silicon detectors is that they must be operated near liquid He
temperature, which places more of a burden on the cryogenic system than
an intrinsic detector does with it3 liquid Nz system. A major obstacle
to the effective usa of 51:X detectors at low backgrounds is the
presence of the ugll known but poorly .understood “znomalies.”

Pigure .64 shows the trend in noise equivalent power (NEP), for
100 um Ga:Ga photoconductive detectors. These devices are currently the
most asnsitive for broadband detection at wavelengthe above 30 microns.
Performance of discrete Ge:Ga detectors 1s showm for Che pa§t 20 years.
The experience gained in the Infrared Astronomy Satellite (IRAS) project
has helped push the sensitivity of these discrete detectors to near
astrophysical (zodiacal background) limits. The long wavelength cut-off
can be extended to 210 um with ac NEP 7 6 x 10-17 HHztl/g by applying
uniaxial stress along the [100) crystallographic directior. These
devices also operate at liquid helium temperatures (2 K).

20
INTEGRATED A
19~ Ge:Ga R
ARRAYS ‘,/
18 j A
-/
N ‘J .
= 17p= - ‘::
E = IRAS 7
5 % 16} IN FUGHT
% a DISCRETE
5 2 18 Ge: Ga
@ 2 DETECTORS
= 14
13
12

1970 1976 1980 1986 1990 1936 2000

FECHNOLOGY READINESS DATE, LEVEL 7
Figure 64. Infrared Detection Sensitivity at 100 um
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In low background opsration, all theses photoconductors are
amplifier noise limited and they are susceptible to radiation present in
space enviromments., Continuing work on these devices i3 needed to
improve their production yleld, fundamental understanding of their
performsnce characteristics, and their resistance to high energy radla~
tion effects. Blocked impurity band photoconductors show prowise of
lass radiation effacts and more lilnear respons=s.

Improvessnts in sensitivity can be achieved through on-chip-tiime
integration., Time delay and integraction (TDI) ls one nmethod of reducing
affects of amplifier nolse. The prospect o¢f significantly Lmproved
senegitivity comes through the integrated array concept. High-density,
multielenment arrays of Ge:Ga detectors can be coupled to cryogenic
silicon charge—coupled-davice (CCD) multiplexcrs Zo allow time {nte~
gracion and multiplexing of signals on the focal plane. Sensitivity
improvements ars expected through the low—nolse readout which becomes
possible, and the parallel sampling of the scene (in this casge, NEP
improves as TN, where N i3 the number of detectors). Projections of
sengitivity were made using the relationship

NEP v 3 c2/neyL/? waz~L/?

where e is the electronic charge, n is the number of RMS equivalent
nolise carriers per readout, R is the detector responsivity, and T is the
integration time. It is expected in a "realistic” sense that the array
paraeters shown in Table 33 will be avallable in the given time
frame.
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TABLE - 33
Ga:Ga ABRRAY PARAMETERS

Maximun
Number of RMS Integration
Year Array Elements Responsivity Nolse Carriers Time NEP_I /2
{A/W) (electrons) (8) (WH=z )
1983 50 8 800 0.1 10747
1990 50 15 500 1 10748
2000 500 15 250 10 5x10~20

Figura .65 shows the long wavelength cutoff Ac of various
intrinsic and axtrineic photon detactors. Horizontal lines are used in
cases vhera a range of valuesa of kc can ba obtained by alloying or by
the application of a unlaxial stress. An arrow indicates that further
extansion of the range 1z possible.
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Figure 6%. Cutoff Wavelength of Various Infrared Detectors
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4.4,1 Array Technology

The feasibility of multiplexing large numbers of detectors on a
focal plane has clearly been demonstrated in the past decade; large
focal planes ars likely in the future. The major thrust of the next
decade”s activity will be towards "smart” focal planes with substantial
aignal processing capability.

IR Pocal-Plane Size--Linear Arrays. Figures .66 and ,.. 67

astimate the growch Iin the detector count for focal planes using long
wvave (LWIR, <30 um) and short wave (SWIR, <5 um) linesr arrays. The
nuznher of detectors per cm curve for LWIR detactors 1} for detectors
photolithographically defined on & single piece of detector material.
Diffraction limics the smallé-c size detectors that are useful in the
arrays. IRAS uses discreta detectors that are much larger, ~10 to 20

per cm.

DETECTORS FER FOCAL PLANE

1 e 1980 1995 1990 1999 2000
YEAR

Figure 66. IR Focal Plane Si{ize—Linuar Arrays:
Nunmber of Detactors per Focal Plane

Forecast
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DETECTORS PER CM

YEAR

Figure .. 67. IR Focal Plane Size—Linear Arrays:
Dezector Density Forscast

Monolithic Linear Arrays. Momnolithic f{nfrared charge coupled
davices (IRCCD) consist of devices in which the phctodetection, charge

generation, and charge tranafar are achiaved in a oue material
attucturs.

Charge coupled infrared imaging davices technology has been aimed
malnuly at davelopment of monelithic In%b and HzCdTe (for 1=-30 ym
spactral coverage) linear arrays for operation in the pushbroom mode for
plsnatary, atmospheric, astronomical, earth regource, oceanographic, and
pollucion measuremants. Basically, spectral detectivity (in comparison
to discrete detactors) is ounly limited to the nolse produced in the CCD
transfer davice. BHResolution capability is limited to the optics tech-
nology and detector size which can be tailored to a specific applica-

tion. The uajor obstacles lie in achieving wider spectral range (a
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materials technology and davica fabrication problem), the achievement of
fabrication tachniques for long (100s to 1000s) azrays, and the asso-
ciated integrated circuit tachnology for achiaeving tha device and raa-—
sonable charge transfer efficiency. Linear array technology is directly
transferrabla to araa arrays. The tachnology now being developed con-
slots of a 100-element linear array and a 20 x 16 time delay and inte~
gration (TDIL) area array. For area array cousiderations, the 20 x 16
TDL array can be operated as two 10 x 16 ares arrays with 50% coverage.

The major edvantages of the monolithiec IRCCD development program
ia chat the davices developed will requira less powasr, space, and
cooling while providing incraasad resolution and signal-to=-nolse ratilo
than other infrared devices. in additiom, improved data handling
capability {s achiaved along with improvements in signel-to-nolise ratio
and ovarall detactor uniformity of vasponss by going to the TDI mod4 of
opazztion. TDI provider detector SNBR improvements of VN, whera N is the
numbar of detectors normal to the linear array detanctors (such as the 16
in a 20 x 16 TDI array). Algo, preprocessing technlques, using on-chip

FETa for amplifisrs, multiplexing, and signal manipulation, ars being
evaluated and davaloped.

Infraraed Imaging InSb and HgCdTa IRCCD Monolithic Linear Arrays
(Fig. =~ 68). This figura illustrates the various stages of the
avolution of the tachnology in this category. Basically the projection
is that, with current infrared materials, wafer-sized 100-element linesr
arrays will be available in the early 1980s, with the larger arrays
achievable through momaics formed from the 100-element arrays. Improve-
ments in SNR and detaector uniformity will also be achievable in this
time frame through the use of TDI arrays. The only constraint i{s the
adaptation of the technology to specific mission detector array configu-
ration raquirements. If larger element arrays are required without the
use of mosaics, then a matarials cechnology program will have to be
funded to provide larger infrared matarial wafars.
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Figure ' ,68. Monolithic InSb and HgCdTe Linear Arrays

Monolithic InShb and HgCdTe Array Senaitivity (Fig. 69). This
figure shows some axpacted improvements in array sensitivity through
improvements in the reduction of noise of the on-chip CCD devices and
assoclated electronics readout. Thase data are for 77 K aperation of
the arrays and would change with operation at other temperatures. Thess
data are algo with a fleld of view (FOV) of 180° and could be improved
by just decreasing the FOV. Increased sensitivities in other apectral

regions (beyond !2 um) will ba dependent on materials improvaments and
improved device structures.
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Figure ° ;59. Honolithic InSb and HgCdTe Linear Array Sensitivity

Hybrid Thermal IR/CCD Arrays. Of the saveral technical approaches
to the development of high-denaity focal plane detector arrays for the
thermal IR region (8~14 pum), the hybrid focal plane array represents a
pragmatic approach that combiues a mature detector tachnology with a
wall-developed silicon CCD multiplexer technology. This is the most
versatile of the approaches that are avallable. Its versatilicy arises
from the ability to select and optimize independently the photodetector
array and the readout multiplexer.

The saparation of the sensing and readout media allows the
benafits of CCD readout to be realized in a number of intrinsic detector
metarials whoae MIS propertiea praclude viable CCD operation. Further,
the benefits of intrinsic detectors, i.e., relatively high operating

temperatures, high quantum efficlency, ani low ciastalk can be
realized,
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Prograss on HgCdTe infrared photodiode arrays hybridized with

51CCD multiplexers has been very good. The hybrid approach, however,
does introduce a gumber of critical issues,

Performance (Fig., =.70). To indicata the kind of performance
growth that may be axpected in the future, it is necessary to first
astablish some form of quantitutive relationship or figure of merit
which indicates the interralationship of the IR Ymaging sensgor

' paramoters. One such figure of merit that can be used is given by:

1/2
(Sensitivity)(Swath Width)
Perfovpaace " [ (Spectral Width)(Linear Resolucionszl
Although other figuras of marit could be darived, this form has the

desirable attribute that includes most of the major syatem parameters

and the valus of the function increases as any of the paramezars are
made mors stringent.
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Figure 70. Performance Growth
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Normalizing the figurve to the year 1970, the curve indicates the
improvement in relative performance as a function of the number of
resolution elements in the detector avray. It can be seen that the
relative improvement increase is proportional to the square root of the
number of elements in the array. Beyond array sizes of roughly 10,000
alements, one of the performance factors, namely, sensitivity, is shown
approaching a limit for typlcal earthe-viewlng applications. This occurs
for integration times in the millisecond region. Other performance
factors such as rasolution or swath width are not subject to this
limitation.

Cooling Requirements (Fig. ..71). As showa in the figure, photo-
voltaic arrays have an cnormous advantage over photoconductor arrays

with respect to cooling raquirements in the thermal IR region. For
long=term migssions (years), the current method of cooling is through
radiation to space. Tn earth-orbiting missions, realizable cooling of
IR detectors to about 100 K {3 limited. to thermezl loads of a few hundred

milliwatts.
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Figure 71. Cooling Requirements
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Some improvement (reduction) in heat dissipation per element is
anticipated due to smaller datector element sizes and technological
improvements in the CCD circultry.

By .

|

1

|

The totzl heat load i3 projected to show a slow increase to 1990 . \

as the number of detectors lncreases to the neighborhood of 1 million.

100 K and, space radiators will undoubtedly require an assist from

The power level at this point is projected to be greater than 1 W for . 4
j
alactromechanical coolers. j

1

Raliability (Fig. 72)s As electronic equipment becomes more ' ;

complex, and uses more components, reliability becomes a most important

conglderation. The development of solid-state aelectrounics, especlally
its embodiment in integrated electronics, has removed the barriers of

reliability (and unit cost). From 1970, the development of large geala
integration (LSI) and the projection to very large scale lntegration

!

|
(VLSY) shows a reduced failure rata per element of circuit through )
"1995. The solid=-state self-scanned array will share, in general, this :
increasing rellability. However, depending upon the type of inter—
connect that is finally avolved buetween the detectors and the charge
trangfar device, thermal hybrid IR arrays may possess aignificantly less
rallability than the projection for 1995. Such arrays, however, will be

many orders of magnitude more reliable than the handwired, mechanically !
commutated arrays of the 1970sa.

=b.4.2 Bolometars
Bolometers are broadband detectors, generally operated in the
infrared, that work by measuring the heat genarated by the absorption of
incldent radiation. The best bolometers are good absorhers and accurate
thermometers. The dominate bolometer noise in a low background environ=
ment comes from the statistical thermal fluctuations in the device

itsslf. This nolr. increases with temperature as T- (3/2 < a < 5/2).
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Figure _.72. Reliabiliry

Bolometers can operate over a very wide spectral range, but due to
other competing technologies, they are generally used between 100 iUm.
to 1000 5% 1

The forecas:t of bolometer NEP has been plotted in Fig. . .73.
Presently, the SOA for noise equivalent power ia 5 x 10"16 !mz_” 2- It
is projected that by the year 2000, this value can be fmproved to 10-13

-17

for ground applicaticnsz and 10 for space applications. The theoret-

ical limit is set by the system operating temperature.

In earth-based operation, temperatures of 0.3 K are routinely
usded. Duvices that operate at 0.1 K or below are being developed.
Space~based coolers at these temperatures have not been demounatrated but
are under development. Predicted cooler performance is illustraced in
Fig.  74.
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The values of achievable temperatures are quantified in Table

34,
TABLE . . 34
PROJECTED VALUES OF TEMPERATURE (K) ATTAINABLE
Cricical Component SOA 2000 Theoretical
and Characteristic Valus Value Limit Notes
Coolers for .
Bolometers
Grognd—ﬂ |
="He 0.27 0.27 0.27 Vapor prassure
limited
=Adiabatic demag 0.1 0.0l 0.005 Assuming single-
stage device
Space—Bas
~Stored He 1.6 1.4 1.1 Vapor pressure
limited
-3He Not 0.3 0.27 Vapor pressure
Currently limited
Available
~Ad{iabatic demag Not 0.05 0.005 Asauming single~
Currently stage device
Available
~Dilution Not 0.08 J.005 Development
Currently effort not yet
Available started

Several points are important relative to the coolers listed in
Table " *.34:
+

-] 3He coolers (T > 0.3 K) are principelly single-shot devices
though asome continucus devices are available. Coolers of
this type for use in the apace envircument are under
developaernt, Thers has not yet been a flight demonstration
of these systems.

] Adiabatic demagnecization coolers produce temperatures on
the order ¢£ T 2 0.005 R, Laboratory units have been tested
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routinely and units suitable for ground-based telescopes are

undgr development.

{However, units for space applications

are not being developed even though the technology is

available.)

- sﬂelzae dilueion units are continuous systems capable of T

>

0.005 K. Though lal units are available, these have not yet
been used for elither ground-based astronomy or space-basad

gystems.

4.5 Prominant Indtitutions and Individuals

~-4,5,1 Fourier Transform Spectrometers

NASA/Goddard Space Flight Center
R. Hanel

V. Kunde

Js Mather

Jet Propulsion Laboratory
S. B. Farmer

F. 0“Callaghan

N. Evans

4.5.2 Grating Spectrometers

AMTS

Jet Propulsion Laboratory
M. Chahine

N. Evans

H. Aumann

R. Haskins

University of Arizona
B. Larsoa

Kitt Peak Nationgl Obaervatory
8. Ridgeway
D. Hall

University of Denver
D. Murcray

NIMS,

Jet Propulsion Laboratory
R. Carlson

G. Bailey

+4.3.3 Infrared Imagers-Mappers
High Resolution Earth Imaging Sensor (Multispactral Linear Array)

NASA/Goddard Space Flight Center
H. Ostrow

Honeywell
A. Sood

Santa Barbara Research Center
P. Bratt

Rockwell
D. Cheung

RCA
W. Kosonocky

Vigsible/Infrared Imaging Spectrometer (Shuttle Imaging Spectrometer-i)
Jet Propulsion Laboratory

J. Wellman
M. Berring
A. Goetz
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« .4.5.4 Infrared Detector and Array Technology

Integrated IR Detector Arrays for Astronomical Applications Extrinsic
Sillcon Arrays (CCD and CID
NASA?Ames Research Center NASA/Goddard Space Flight Center

C. McCraighe G. Lamb

J. Goebel D. Gazari

Uoiversity of Rochaster University of Hawail

W. Forrest R. Capps

University of California Naval Ocean Systems Canter

J. Arens W. Elsenman

Hughes Aircraft Company Agrojet Flectrosystem Company

Rockwell International

Integrated Long Wavqlenggh IR Detector Arrays (Geanz

NAb../Ames Rasearch Centar TLawrence Brrkaley Laboratory
C. McCrasight E. Haller
J. Goebhel

University of California
University of Arizooa P. Richards
F. Low

. Cornell

Naval Research Laborakory J. Houck
We J. Moore

Aerospace

R. Russell
Bolometers
NASA/Amas Research Center NASA/Goddard Space Flight Center
P. Kittel H. Moseley
T. Roelllg

Universicty of California, Berkeley
P. Richards

REFERENCE

General Reference on Infrared Sensors: Infrared Receivers for

Low Background Astromomy: Incoherent Detectors and Coherent ) i
Davices from One Micrometer to One Millimeter, Final Report, NASA )
Technical Memorandum /8598, June 19/9.
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5 PASSIVE LASER SENSORS

.5.1 Infrared Haterodyna Spectrometers

These oystems are analogous to millimeter wave hetrodyne radio-~
meters. Lnfrared radiation from a source is combined with the output of
a lasar local oscillator on a mixer. The generated difference frequency
(IF) is in the radio region. The spectral and intensity Lnformation
contained in the infrared source radiatign is thus shifted into the
radio region whers it can be detected and analyzed using RF or AOS
spectral line raceivers. The back end electroniss (spactral line re-
ceivers) ars very similar and in some cases identical to those used in
the millimeter and submillimeter rsgion. Since infrared radiatiom i3 of

concern, optical quality telsscopes are required to collect the source
radiation.

Infrared hetarodyne spectroscopy has teen ghown to be a powerful
technique for tha study of molecular constituents and local physics and
chemistry of the Earth”s stratosphere, atmospherss of plansts and of
stallar sources from ground based cbservatorles and balloon~borne
exparinents. Hetarodyna techniqueas offer very high spectral resolution
(A7aX < 107) which permits the accurate measurements of Doppler hroaden—
od molecular line profiles. Analysis of these lines can permit retriev—
al of information om mlecular abundances, temperature structure, gas
veloclities (winds) and non-thermal effects (e.g., lasers) in the source
observed.

The system offers high spatial resolution since, being a coherent
tachnique, the flald of view is detemmined by the diffraction limit of
the collaecting optics. The PWHM angular FOV ~ 1.22 A/D. For 10 um this
ylelds a FOV ~ 1 arc se¢c with a 3 @ diameter (D) telascopas.

H
- 1f tha absolute frequency of the local oscillator is known to a
high accuracy heterodyne detection can provide highly specific and
accurate frequency measurements (e.g., absolute frequency determination
-1;108 for a c02 laser local oscillator). This facilitates gpecies
identification and permits gas velocity measurement to a few meters per

second .
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The gross spectral coverage Ls detsrmined by the lasar local
oscillator. Gas lasers parmit limited tuneability about discrete lasar
lines. Tuneable seuwiconductor diode lasers can be composition tuned to
covar 3=-30 um and can e semicontinuously tuned over ~100 cm-l. The
{nstantaneous total spectral bandwidth 1s determined by the photomixer

and preamplifier frequency response and Ls presently 52 GHz.

- 5.l Sensitivity
The optimum oparvating condition for infrared haterodyne racoivers

is when the systen noise is detarmined by shot noise generated by the
laser local oscillator. In this shot-noise-limit the noise equivalant
flux, NEF (photons/sec Hz), is givea by

A - -
NEF @ == photons sec Iyt

and the heterodyne signal-to-noisa ratic on a blackbody of tempevaturs T
is

2VBT

SNR =
V7T

A¢ L)
whare B is the spectral bandwidth and T the intsgration time. The 4
factor is a degradation from ideal and includes losses duc Co polariza-
tion (2), chopping of signal (2), photomixer quantum efficiency (2) and
optical losses. Further modification of this expression i3 necessary

when observing hot sources (e.g., the Sun).

The spectral intensity F frowm s blackbody source is plotted in
Fig. 75 as a function of wavelength for various blackbody tempera-
tures. The NEF for an optimized Co2 lager system with A=7, B=25 HHz and
an integration time of 1 hr is given by the dashed line. The range of
temperaturcs observable on varlous scurces is indicated by the bracketed
linea. Tha corresponding signal=to-gnoise ratioc for a given source
spectral intensity can be directly determined and L3 shown on the right
vertical axis. For example, at 10.3 ym, measurement of Mars” equatorial
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continuun (~2350 K) would yield a SNR ~ 3060, Measurements at 12 um on
Jupiter (“150 K) would yleld a SNR ~ 30.
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Figure , 75. Spectral Intansity of Blackbody Sources and
NEF of Hetarodyne 3pactromstar

The NEF of a 10 um state of the art tunable diode laser haterodyne
gspectrometer (A ~ 70) and the projected performance for the year 2000 (A
= 8) are shovm.

Extending the wavelangth coverage of infrared heterodyme receivers
to lounger wavalongth 1is also important. UNot only does it permit the
study of many sddlitional molecular species, it also improves the inher—
ent sensitivity of hetarodyne spaci:rometars, and due to the daecreasa in
energy per photon, decreases the local oscillator power needed to
achieve shotnolse~limited operation. The facrease in sensitivity at
longer wavalengths can be illustrated by referving to Fig. . .75. At 10
um, the NE¥ of the optimized heterodyne spactrometer cotrresponds to
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datection of a ~130 K source with & SNRAmL. A system with similar
parametars zt 30 pm could detect sources wall below 50 K and could
detect the 130 K source with san SNR > 1000. The projected NEF of a 28
un diode laser spectromater in the yaar 2000 for the same B and T ia
also illustrated.

+5.1.2 Principal System Components

The principal components for i{nfrarad hatsrodyne spectromstaers are
lasar local oscillators, photomixars, low noise cooled IF preamplifiers
matched to the photomixers, beam combining and focusing optics, and a
spectral line receiver. To achlave meximum spatial resolution and

Raximum sensitivity au point sourcms {atars) a large aperturs diffrac-
tion limited infrared talascope (>3 m) is also needad.

Components are most highly developed in the 8-13 um ragion. .
Howaver, with the execeptlion of high volcage discharge gas laser local '
oscillators (e.g., COZ) in the 9~12 um rsgion, local oscillators are |
still inadequate for optimum haterodyne operation in this spectral !
ragion. From 13-30 um, all compounents are in the early stage of # 1
development, ' , i

a
Lager Local Oscillators I E

e ng Ges Lasers (9-12 um): Conventional discharge excited i :
COS lager tubus provide adequate power spectral purity and o
moda structure to obtain opcimum heterodyne performance.
Using various isotopes of CO,, tha 9-12 um apectral region
can be coverad in discrate lines. Total aspactral covarage Lok
is about 15% of chat region using ~2 GHz bandwidth
photomixers=przamplifiers. Such tubes have been life tested
and achieved half-~power lifetimes of >40,000 hours (4.5
ymars).

Grester tuneability can be achieved uging waveguide lasers.
Ia chese lasera, cavity radiation is confined Zo a narrow
diametar stable optical axis which can be conductively
cooled, highar gas pressurss can permit tuning >1000 MHz,
and chis deslgn can, be made more compact for spaceflight [
use. Waveguide lasers have been developed for use in a
proposed CO, laser communication system and RF excitad
waveguide lasers “10 cm long ond requiring SI0W powar for
excitartion ara baing developed for a proposed CO, laser
heterndyne spectrometar for planetary observations.

e R . e
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® Semiconductor Diode Lasers: Lead salt diode lasscs ~an be
gelected to emit from 3=30 um by adjusting the crystal
composition. A given device can be tuned semicontinuously
from mecde to mode by adjusting the operzting temperature and
injection current. _Continuous tuning in one mode can be
achisved over “1 em ~+ Diode lasars are best developed in
the 8~13 um range. About 10 oW of single mode lascr power
output is needed for senaitive wide—~bandwidth (>500 MHz)
hatarodyne detection at these wavelengths. Lo 3 power is
requirud for narrowband operation and for observation of hot
sources (a@.g., Sun). The gutput power must he Iin a gsingle !
spectral znd spatial moda. Thesa lasers operata at cryo=
genic temperaturaes. This fact dictates the size, weight,
and powar raquirements (if mechanical coolers are used) for
space applications.

¢

Current l2ad salt lasars that oparate in this spactral
region ara available with single-mode powars in the 300 to
400 microwatt range at operating temperatures from 135 K to
50 K. Davices operating from 25-30 pm have been made to oo
enit 80 microwatt per mode nsar 20 K. Stripe geomatry
designs hava shown promise of batter mode output and higher

temparature operation “80 K. A forecast of diods laser
parameters 13 givan below.

Figure 76 illustrates the expeacted improvemsnts in the

single—mode power of lead salt lasers. The current and

future cutput power in the 3 to 15 ym range 1a significantly

higher than for the longer wavelength regions. In general,

lagers in the 1985 co 1990 time period are expacted to

exhibit multiple longitudinal modes over portions of thair

tuning range. Single-wode lasars are expected in the 1990

timeframe. Single-mode powar in the 0.7 to 1 oW range is i
requirad for narrow bandwidth !iser tuned apectrometars ‘
(e.g., for solar occultation misaions). Power raquired for

o T et A i = -

B L e ——

e

futures misaions requiring high scnaitivity, wich wide~ ' %
astimataes are for the 10 um spectral ranga.

¥igure +77 {llustrates the operating temperature for

various spectral regions. In general, leower oparating

temparaturas are required for the longer wavelengtha. How- '
ever, for wavelengthe less than 10 to 12 um, oparating

temperatures compatible with free flyer requirements are

approached.

I

bandwidth photomixers or arrays, ila also shown. These 1
I

|
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Figure . _76. Single Mode Power of Lead Salt Lagsers
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Flgure 77. Operating Temperature of Lead Salt Lasers

Other Local Oscillators: Greater tuneability and speciral
coverage can be obtalned through microwave—laser mixing in
wideband electro—optic modulators (e.g., GaAs). In this way
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the covarage of the CO, 9-12 ym region can be 50%. High=
preasurs CW eslectron-oeam-excited CO, lasers and varlous
lasar mixing schemes in nonlinear maierials can genarate
power in other wavelengths. All these methods, however,
require huge powar input and are heavy and large. This at
the present time makes them less attractive for propoaed
uée in space platforms.

IR Photomixer—Preamplifier. Although photoconductors or photo-
diodes can be used as photomixers, in general photodiodes are preferred
for sensitive hetarodyne detection. Photodiodes raquira lass local
oscillator power to reach shot noise limic and permit 2 times higher
sensitivity due to absence of recombination noise. Photoconductors,
howevar, are bulk devices and can be more easily made stable and dur—
able. For applications whera local oscillator powar is deficlent and
tha shot noise limit cannot be reached (e.g., 28 um), certain proposed
photoconductor designs such as small interdigital—elaectrode HgCdTe
photoconductors can ba useful.

EéCdTe photodiodes are the best available devicas for sensitive
wide baudwidth heterodyne application and improved versions of them are
expectad to ba the photomixers in future space ilnstrumentation.

Critical parameters are the heterodyne quantum efficiency (N) and the IF
bandwidth. n detarmines to a great degree the overall heterodyne system
gensitivity. The sensitivity 1s also dependent on the efficlency of
coupling the IF signal out of the photomixer and the intaernal noise
lavel of the photomixer and the preamplifier circult used. The
photomixar—-preamplifiar frequency response affects overall quantum
afficlency and bandwidth. HgCdTe photomixers operating from 8-13 um
with bandwidtha (3 dB point) 21.5 GHz exist. Bandwidths of 5 GHz should
be possible. Prasently the overall bandwidths are limited by the
preamplifier. Bipolar devices with reasonable nolse figure (<3 dB) are
limited to bandwidths of ~1.5 GH:. Cooled GaAs FET preamplifiers can
aventually axtend the bandwidths to 5 GHz with noise figures (1 dB.

Eight to thirteen micron Hg(dTe photomixers with hetarodyne
quantum efficiencies at the 3 dB bandwidth point of 30-40X% exist.
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Improvement to »60% is projected. These parameters are for 77 K opera-
tion. For space application, operatioun at radiative cooler temperatures
of "110 K i3 desired. By composition tuning, it 1s possible to cobtain é
comparable performance at elevated temperatures. The expected improve-—

mants in bandwidth (B) and heterodyne quantum efficiency at 77 K, for .
8-13 ym HgCdTe photodiode mixers are presented in Fig. 78.
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Figure  78. 3Bandwidth and Heterodyne Quantum Efficiency '
N of 8§ to 13 um HgCdTe Photomixer :

is

HgCdTa diocde mixers can be made to operate at longer wavelengths
by ad]justing material parameters and ¢ooling to lower temperatures.
Devices oparating at 20 K betwaen 25-30 ym are being developed. Photo-
mixars with bandwidén 500 MH2 in this spectral regloan have already been
fabricated.

Numerical projecticus for local oscillator and photomixer

parameters are praesented in Table __35.
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TABLE +.+35 '%
FORECAST OF IR HETERODYNE COMPONENT PARAMETERS ﬂ
t
:
Parameter S0A Value 2000 Value \
LOCAL OSCILLATOR
Diode Laser -
-~ Power/Mode |
10 um 400 uw 10 oW
23 um 80 uW 500 uWw ]
- Tuning/Mode 1 ca v 4=5 em !
-~ Operating Temperature . !
10 um 10-70 K 70-10GC K |
28 um 10-40 K 40=-70 K —
C0, Wavegulde Laser (Space Qualified) :
owar Qut 20 aW
Power In 1 W ?
PHOTOMIXER |
Bandwidth :
10 um 1.5 GHz 5 GHz b
16 um 1 GHz 4 GHz p
28 um 500 MHz 1 GHz ‘
Efficiency (N)
10 pm 4Q% >602 !
16 um 25% 60% i
28 um - 50% ‘
Operating Temperature ;
10 um 80 K 110 X |
16 um 60 K 80 K v
28 um 20 K 30 K “‘\Jl
1
PREAMPLIFIER (GaAs FET) |
Bandwidth 0.5=3.0 GHz 0.1-5.0 GHz
Nolaa Figure 1.5 dR <1 dB
Operating Temperature 77 X 110 K
Powar Input (Including
Voltage Regulator) 0.7 W 0.5 W
j
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5.1.3 Repregentative Instruments

Laser Heterudyne Spectrometer (LES) 8-12 um. This instrument

utilizes cryogenically cooled tuneable diode lasers to scan the optical
spectrum. It is being developed to demonstrate technology readiness for
megsurement. of trace speciles using solar occultation techniques from a

Shuttle platform. It could also be used on a Space Statiom platform.

Advanced Infrared Heterodyne Spectrometer for Planetary
Atmospherlic Studies (9-12 um). An RF excited o, waveguide laser would
be used as a local ogscillator. This instrTunent i{s saall and compact and
would be used on a free—-flyer satellite on missions such as: Mars-
Geoscience Climatology Orbiter, Venus Atmospheric Probe and could also

be used ox the Space Telescope, from the Shuttle or Space Station.

Long Wavelength Heterodyne Spectrometer (25-30 um). Tuneable
dicde lagers would be used as local oscillators. This system would

require cryogenic cooling and would be used on the LDB, Space Shuttle
and Space Statiom.

A forecast for physical parvametetrs for infrared heterodyne
gpectrometars 1s given in Table 36.

TABLE . .36
FORECAST FOR PHYSICAL PARAMETERS OF IR HETERODYNE SPECTROMETERS

Parameter SOA Valuye 2000 Value

¢, Laser IRHS

2

Weight 32 kg 10 kg

Size (Excluding Radiative 3 3

Cooler) 0.06 m 0.05 m

Power Input 97 W mnw

Cooling (Radiative) 3 _— 3110 K

Data Rate 10~ bits/sec 10~ bits/sec
Diode Laser IRHS

Weight These parameters are dependent om the

Size cooling requirements (15~100 K). Otherwise

Power Input compagablz to CO, system. 3

Data Rate 10”=10" biets/sec 10” bits/sec
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5.2 Prominent Institutions and Individuals

NASA/Goddard Space Flight Conter Spectra Physicsa, Laser Analytics

M. J. Mumma Diviaion (Diode Lasers)

T. Kostiuk K. Linden

Ja Degm

NASA/Langley Resgearch Center Gegeral Motors Research Laboratery

J. M. Hoell {Diode Laasers)

S. Katzberg We Lo

G. Sachse

F. Allario MIT Lincola Laboratory (Phatomixers)
D. Spears

Jet Propulsion Laboratory

R. Menzies Foneywell (Photomixers)

E. D. Hinkley J. Shanley

University of California, Berksley

A. Betz

C. Toumes

& ACTIVE LASER SYSTEMS
.6.1 LIDAR

Laser radara or LIDARs consists of a laser, optics (telescope), a
enllocated detector, electronics for data conversion, and a data record-
ing mechanism. The laser i3 operated in the pulsed mode. The emitted
lager radlation interacts with the target (usually the upper atmoaphers)
and creates a backscatter or fluoreacence that is collected by the
optical syastem and measured by the detector/electronics combination.
The cgllecting optical system Is gemerally a Ritchey—Chretien type
Cassegrain telescope which focuses the return radiacion onto a detector
or detector array. Data are then recorded. Some systems use multiple
lasers, other use multiple detector gystems.

Systems develeped to date fall into four generic categories:

Resonance Fluorescence
DIAL
Doppler

Laser Rangers.
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Resongnce fluorescence and DIAL systems can be used for the study
of atmospheric aerosol, and molecular counstituents and atmospheric
chemistry. Doppler LIDAR can be used to measure wind velocities and add
to the study of global species tramsport and ::ather. Laser ranging
systems can be used for ranging and altimetry measurements, adding to
the study of the Earth”s gravitational and magnetic filelds, tectonic
plate motion, and global geodesy. Each system has unique requirements.
As a result, several types of lasers, detectors, mixers, and frequency
doubler/frequency tripler subsystems have been developad to enhance the
cignal detection and tailor the systex for the desired application.

Several parameters are baesic to LIDAR system performance. Laser
transmitted power, in part, determines the range that can be probed
[Range = (Power)llzl since it decermines the intensity of the return
signal (resonance fluorescence or scatter). This fact also affects the
system sensitivity (measured SNR). Most systems use nonlinear uixing to
extend the spectral reglon of operatiou. The nonlinear conversion
cfficiency is a strong function of pump laser power (e.g., < Powerz).

In this case, increasing power improves system performance even more.

The laser pulse repetition rate determines the number of measure-~
ment samples per unit time. Averaging these improves the retrieved SNR
and thus sensitivity. The repetition rate can also determine the
horizontal resolution from moving platforms (spatial coverage per
pulse). The pulse width also determines the ultimate range rasolution
AR; (AR = ¢ * Pulgsewidth/)\). However, averaging of many pulses is
usually necessary, and the useful spatial and ragge resolutioa is
determined by the signal levels measured and the required measurement

uncertainty. Digitization rates alsoc limit range resolutionm.
The instantaneous spatial resolution is determined by the trans-—

micted beam diameter and optics. FProm low earth orbit, this resolution
can be made quite high and an IFOV of <100 @ on the surface 1s possible.
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..6.1.1 Resonance Fluorescence and Differential Absorption LIDAR
Systems
Ditferential Absorption Lidar or DIAL, first used in 1966 by

Schotland, and resonance fluorescence LIDAR are effective techniques for

the measurement of atmospheric specles. Over 15 gozenus species have
been studied uging these techniques., These systews use a pulsed lasger
as the transmitter and a collocated telescope and receiver, Laser
pulses are transmitted into the atmosphere where they are backscattered
by aerosols and molecules into the collecting optics and receiver, The
lasar output wavnlength 11 is selected to agsurs that it overlaps with
the frequency required to create a resonance fluorescence or absorption
in the gas molecule of intsrest., The coliected radiation is detected by
the LIDAR and species abundance patrieved.

Using the DIAL technique, the second wavelength Az i3 selected to
have a minimum of absorption by the gas being probed. If it {3 assumed
that the sampling volume is the same for the two wavelengths, and AA =
AI - 12 i3 small enough so the atmospheric extinction and volume back—
scatter coefficients are the smme at both wavelengths; the interfering
gas concentration and absorption croas section are known, and the
abgorption cross gection for the gas of interest i3 both pressure and
tenperaturas i{ndependent; then the gas concantration over a lknown range
can be determined. This, of course, requires a lagser capable of
radiating light at very specific wavelengths,

Driving sclentiflic programs for resonance fluorescence DIAL
systems includa:

Atmogpheric Cﬁemistry

Global Weather

Aerogol and Cloud Meagsurements
Atmospheric Boundary Layer Studies
Puture Planetary Atmoepheric Missions.

*® & © 9 @

CO2 Laser DIAL, The system usually consists of twin CO2 pulsed
lasers that operate directly on gpecific lines “a the 9 to 12 |m
gpectral region. Use of frequency doublers and sum frequency electron—
ics can extend the applicable wavelength range from 3 to 12 ym. This
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frequency manipulation employs nonlinear infrared crystals such as
CdGeAn2 or AgGaSez.

The NEP for 002 IR DIAL systems is currently of the order of 10-12

~1/2

WHz

i3 presented in Pig. ...79., It is projected that this value of NEP can
-17 WHZ-I/Z

uging a nominal wavelength of 10 um. The projected capability

~16

be reduced tc 10 by the year Z00C, though 10 is both

achievable and cost effactive.

10-12

-l

Q
-l
>

NEP (W Ha™ ¥}

g
a

1018
1980 1980 2000

TECHNOLCGY READINESS DATE, LEVEL 5§

Pigure  79. 002 DIAL NEP Projection
Future operation of I5 DIAL systems In an expanding area of
application requires better pulsed coz lasers (1 J/pulse at 10 Hz rate),
upgraded direct detection receivers (photon noise limited), nonlinear IR
crystals to sproad the gpectrum for speciaes ldentification and new high

speed data acquisition systems. Detector (e.g., HgCdTe) and lager
technology development are closely tied to forascasts gilven elsewhere.
Heterodyne detection techniques can also be used and the forecast {n
that area is appropriate here, The pulse energy for new lasers i3
projected to Iincrease by an order of magnitude from curreant values of
100 ot to 1 J/pulse by the year 2000. At the same time, it is expected
that the nonlinear crystal doubling efficiency will increase from its
SO0A value of 1% to a value of 50% by the year 2000,
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Weight, size, and power requirements are mainly driven by the high
power lasers and prasently are the limiting parameters for space appli-

cation.

Transition Metal DIAL. DIAL systems based on traasition metal
solid stzte lasers (e.g., Wi or Co:Mng) are also being developed in the
infrared. An example of such a LIDAR system consists of a solid stats
COSMng lasar continuously tunable over the 1.5 um to 2.3 um spectral
range at output powers on the order of 50 mJ/pulsa. With higher output
powers (2100 mJ) frequancy shifting (Raman) techniques may be used to
cover the 3~12 um reglon. The system is expectad to be of utilicy for
species {dentification at rangen up to 3 km. The kay parameter for this
system is peak powar. It {s projected that by year 2000, pulse powsr
values near 3500 mJ will be attainable (Fig. . -80).

800

100 =

100 f=

G0:MgF, PULSED LAGER POWER

1980 1980 2000
TECHNOLOGY ABADINESS MATE, LEVEL §

Figure ', ,80, Traneition Matal DIAL: Pulse Power Projection

Dye Lager DIAL. These LIDAR systems use tuneable dye laser
sources as transmitters with photompsltiplier tubes or photodiodes as
detectors. Although nitrogen laser pumps can be used, Q-switched Nd:YAG
pump lasers can lead to improved dye output energies. Current dye LIDAR
system tuneability is determined by the dye laser used. A representa-
tive Nd:YAG pumped dye laser DIAL system can be tuned, for example, to
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mensure the molecular distribution of 0, at %286 om, Hy0 at 724 om, and
asrosols at 532 nm and 1064 nom.

Critical components include the pump laser, the dye laser, tha

vavenetar for tuning and wavalength selection (1:107}, the photomulti-

plier tubes or solid state deteactors and data processing systems capable
of high data ratas (12 bit data at 10 MHz) coupled with the ability to
store and transmit large quantitiss of data.

these components have been projected in Table

TABLE .37

Parformance parameters of

37.

DYE LASER DIAL COMPONENT PARAMETER FORECAST

Critical Component
and Charactaristics

SOA Value

2000 Value

Punp Lasaer

Power

Higher Rep Rate

Multimode or Quasi
Single Moda Flight
Hardened

300 wJ/Pulse (Green)

10 PPS

Diffraction Limited
Shuttle Flight
Qualified

>1 J/Pulse Qutput in
Graen

40 PPS

Dya Lasaer A
Purity and Tuning

Laboratory Instrument
Wavemeter for Pulsed
Lasars w1t9 Resolution
of 1 in 10" Just
Becoming Available

Wavemeter Resolution
Accuracy to 9ea:ar
Than 1 in 10 Flight
Demongtration
(Posaibly Replaced
by Tuneable Solid
State Laser)

Autonomous Laser

Qnez Set A; Plight

Qualified; 1 in 1.07
wavaelength accuracy

Programmed or
Comnandable Wavemeter,
Tuneable Over a Range
of A; Flight Harqened
Accuracy 1 io 10

PMT/Photodiodes

PMT Quantum Efficiency

Photodiode Quantum
Efficlency

17 (1064 om)
25% (<300 nm)

50% (1064 nm)
- high noiss ~

5% (1064 om)

80% (1064 num)

~ low noise -
linearity tested
to 0.1%
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Areass which need development for future spaceborne DIAL LIDAR are:

1. Flight hardened, diffractlon limited beam profile, highly !
utable pump lasers of hih power conversion efficlency. The .
DIAL application places emphasis on the beam profile
quality, and also temporal shape of the pulse, to enable the
dye lasar to provide the desired spectrally very narrow and
pure ocutput; needed for the "cu" line emission which then
cap, generate meximum fluorescence of the desired specias.

2. A wavemeter with tuning capability, to allow for imstance,
tuning on mora than a single H,0 absorption line and to tune
to lines of different atrength to obtain improved altitude
cavarage by :h, experimpant. This wavemeter should be capa-

ble of L in 10" or bettar accuracy and be f£flight hardened,
and autounmous.

1. Photomultiplier tubes (PMTa) characterized in linearity to
batter than 0.1% over four or more orders of magnitude
dynemic range; or high quantum efficiency solld state
(GaAsSh) photodiodes which are now at comparable SNR per-
formance levels at 1064 nm.

Tha ultimate goal is a DIAL axperiment from Shuttle orbit that
will achieve wide geographic coverage. This requires development of the

above technology for autonomous instrument operation and a syatem that
remains in alignment through launch conditions. It may also be
necessary to uss a well developed, more durable solid-state tuneable
lasar to replace the flowing dye laser for space applications. A
foracast of the physical parametaers of a Shuttle DIAL system are given
in Table ' -38. These values, especially the present power require-
ments, are quite high. The {nstrument operates at ambilent temperaturs,
but 2-8 kW of lasar waste heat must be rejectad.

TABLE ~ .38
PHYSTCAL PARAMETER FORECAST FOR DYE LASER DIAL

Parametar S0A (Alrplane) 2000 (Shuttle)
Helght 4350 kg 1000 kg
S1ze 1.7 x 1.2 x 1.4 @° 1.5 m diameter x 3 o
power raquired 1-8 ki (mostly lasar)
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Tuneabla Solid-State Laser LIDAR Systems. Until recently dye ‘
lagars prrvided the largest continuous wavelength tuning (200 cm-l per {

dya) of any known laser system in the visible and near infrared regions
of the spactrum. Utilization of laser dyes in space~basad sensors has
been hampared by their limited lifetime in solution and by thelr in-
ability to atore anergy from conventional pump sources such as flash-
lamps. The latter characteristic results from the few nancsecond life-~ !
time of the upper laser level and makes the achiavement of high peak
powars, important to all nonlinear frequency chifting mechanisms, more oo
difficule. }
!

New solid-state laser materizls, such as chromium—~doped alexan- |
drita and emsrald, are a factor of 5 to 7 more tuneable (1000 to 1500 o
cm-l) than individual dyes. 1In addition, thay have long upper level .
lifatimas on the order of geveral hundred microseconds and hence, can be
Q-switched and/or cavity dumped to ach@pv& high peak powers for effi-
cient nonlinear frequency conversion. The lifetimes of these lasers are
limited by the pump source and hence, should be comparable to other

A T e e et

flashlamp pumped or pulse-discharge pumped systema.

e mw

The spectral output of the alexandrite and emerald laserz (700 to
800 om) ovarlaps with oxygen lines which may permit the profiling of
pressure and temperature within the atmosphera. In addition, water
vapor and carbon dioxide have absorption bands in this region. Through 2
stinulated elaectronic Raman scattering in‘a single high prassure atomic
vapor, it may ba possible to continuously tunme through the important 2
to 5 um band where carbon dioxide, aitrous oxide, carbon monoxide, and ‘
many oajor pollutants and trace species have absorption features.
Fraqueancy tripling in nonlinear crystals or gasas could produce con-
tinucusly tuneable radiation in the aear ultraviolat from 230 to 280 mm
where a number of electronic transirtions important to stratospheric
chemistry lies. Further Raman shifting would permit further coverage
toward the visible. The afficiency of these nonlinear processes depends
heavily on the peak power from the source lasear. With intenasities on

the order of a Gigawacn/cmz. conversion efficiencies up to 80% may be
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achiavable., Peak powar 1s, therafore, a ralevant parameter for such

systems.

Figure 81 contains tha projected value of peak power

through the next two decades,

PEAX POWER (WATTS)

TECHNOLOGY READINESS DATE. LEVEL 3

Figure .81, Paalt Powar Projection for Alexandrite Lasers

Estimated physical parametars of an alaxandrite laser DIAL system

Maas: 1l kg

Size: 0.32 m3

Powar Requiroment: <3 kW

Size, power, mass, and a 2 kW powar dissipation requirement are dictated

primarily by inafficient pumping of the alexandrite laser. Major

reductions are posaible with further reseazch.

Ray components for this proposed system include:

L

L

A cavity dumped alexandrite laser with high peak power
A compact zbsolute wavelength monitor for pulsed lasers

A tuneable narrowband receiver with range gating
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. A third harmonic generation module that allows tuning from
230-280 m
3 A stimulated electrocic Raman geattering module with tuning

range from 2.0 to 5.0 um.

Current parameters versug vear 2000 values for these components

are praesented in Tabla ‘.39. Devalopuent in all armas liated ia
naeded.

TABLE .39
ALEXANDRITE DIAL COMPONENT PARAMETER FORECAST

S0A Value 2000 Value
, & 2
Peak Powaer 3x10°W 07w
Absoluta Monlctor:
Resolution 0.01 0.01
Size 0.2 rut’:ln 0,03 23
Tuneable Raceiver with Range
Gating:
Resolution Doas Not Exist 0.05 om
3rd Harmonic Genaration Module Does Not Exist 230-280 um
Tuning Range Doas Not Exist 2=5 n
SERS Module:
Tuning Range Does Not Exist 2-5 nm

Exclner Laser Systems. These are LIDAR systems counsisting of a
tuneable oscillator-injection locked excimer (rare gas halide, e.g.,

XaCl) laser gystem with one or maore passive wvavelength shifting devices
(a.g., crystals—optical parametri; osclllators ar gas filled Raman
czlls), and electro-optical devices to measure laser energy/pulsa,
wavelength, and spactral bandwidth. The excimer laser i3 a pulsed laser
with greater than 12 electrical efficiency at 10-100 Hz operation.
Output power from the laser in the UV L2 in the range of 1 to 100 W. An
optical talascopa is collocatad with the laser gource to transmit the
laser heam and to collect the return signal. A fllter—-photomultiplier
tube detactor combination is used followed by digitization circuits and

computaer storage. 147
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The excimer lager LIDAR applicatiouns are: (1) gas apecias con-
centration measurements using laser absorption-DIAL for gpecies such aa
03, 802; and (2) laser fluorescence scattaring for mea?urements of gas
specles (e.g., NO and 0H), phytoplankton concentrations, mineral
identification, and aerosol profiles.

Key parametars describing system performance are narrowband laser
pulse eanergy, laser efficiency, tuneability, and lifetime. Figure .. .82
11llustrates the expacted pulses anergy output from narrowband UV lasers.
Excimer lasers have been built with output <1 J (points on graph) and
the techoology aexists for building 2~3 J/pulse systems. Figure a3
foracasts the improvement in laser efficiency. The efficiency is the
ratio of laser output energy per pulsa ovar the electrical "wall plug”
acargy lnput. Efficiencies of 2% are possible today. Figura 12.84
forecasts UV laser tuneability. Excimer lasars today cover piecewise
the 200-400 nm spectral region. WNearly L00Z coverage of this spectral
region is axpected in the yaar 2000. UV laser lifatime 13 also of
concarn for loung tarm space applications. Table 40 sumarizes values
projected in the figuras.

1

PROBABLE

£

LASER PIILSS ENERGY {4)

1980 1988 1980 1988 2000

TECHNOLOGY READINESS DATE, LEVEL 3

Figure 82. Narrowband UV Laser Pulse Energy
148
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Figure 83, Elactric Efficiency of UV Gas Lasers
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Figura 84. Wavelength Coverage of UV Lasers
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TABLE 40
PROJECTED VALUES OF EXCIMER LASER LIDAR PARAMETERS

S50A Value 2000 Value
Pulse Energy 2 J,/Pulse 25 J/Pulse
Wavelength Coverage 10Z of 200-400 nm 100% of 200-400 om
UV Lager Efficiency 22 pl ¥4
Gas Lifetime 1.07 Shots for XeCl >108 Shots for XeCl,
KrCl, KrF

Critical componants for excimer LIDAR syatems include high voltage
switches, high coatrast navrowband UV visible filters (Fabry-Perot
intarfercmatara), electro—-optical scab}lizers for the pulsed lasers, and
preionizers necessary to enable digcharge and excitation. These are
summarized in Table T ,4l. In addition, more efflicient uetectors and
anhanced softwars are raquired to make the year 2000 performance goal.

«. :6e1.2 Doppler LIDAR

Infrared LIDAR systems are usad in a Doppler mode to detect such
things as tropospheric winds by measuring the Doppler shift of the
backscattared laser signals (from aerosols). These systems normally

utilize a COZ LIDAR aystemr in the 9=-11 um spectral range and are capable
of detection of wind speeds down to a 1 m/gec limit. They have an
accuracy driven by the purlty of the laser frequency emitted. Dominant
noise gources are atmospheric turbulence and speckle affects. These
gystems are capable of a 2 km vertical spatial resolution and 10 km
horizontal resolutlon from space platforms. The LIDAR system contains
heterodyne electronics for frzquency change detection. As Iin the case
of DIAL asystemsn considerations of wavelength optimization, atmospheric
backscattering, laser frequency stability, lager lifetime, and lasger
pulse rapatition frequency (PRF) are of concern. In addition, the
heterodyne detector array 1s important.
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TABLE . 41
CUMPONENT FORECAST

Critical Component

and Characteristic nghyalue 2000 Value
1. HV Magnetic In Development 1010 Shots With
Switches <10Z Loss
2. High Contrast Narrow-
band UV/VIS Piitery "
Bandwidti 0.01 2 <0.995 !
Contrast 10 >10
3. Electro-Optic Wave-
neter Stabllization
of UV/VIS Pulsad
Lasers 7 2
Stabiliry 5 Favts in 10 1 Part ir 10
{(ViU1IBLED (UV¥ and VISIBLE)
4, X-Ray Preloulzers 100 Hz for 104 1 kHz
Shots >10° shots
5. HNarrowband High
Throughput Detectors
in UV/VIS
Bandwidth 0.01 & <0.005 &
Throughput 20 20
Contrast lofo )10h
COMMENTS

l. Magnetic switches can solve che critical lifetime factor for
space-based pulsed laser systems. JPL has patented and is
developing thia concept for UV exclmer lasgers.

2. Such filters are presently available on a custom basis, but
need to be adapted to specific LIDAR experiments.

3. Commerclal wavemeters for visible pulsed lasers have jusc
been developed but extension into the UV plus feedback to
control the wavelength of pulsed lasers Is necessary.

4. Several commerical prelcnlzers are avallable, but more
compact, lower power, longer—lived versions are needed.

5. These subsystems include the UV/visible filters in item 2.

The advantages of t .g» pulse repetitioun frequencies was discussed
earlier. A large oumbew ¢f pulses per second may permit not only
improved SNR measurement but also the resoval of Interfering coherent

phenomena such as speckle effects. A forecast of CO2 lager PRF I3 given
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in Fig. ~85. From the figure, it may be seen that the 50A value of
PRF 18 1 Hz. This value is projected to be 100 Bz by 2000. In addi-
tion, the laser lifetime and the IR heterodyne detector array are
important for the total system. Present and projected values are
presented in Table 42,

LABER PULSE REPTITION RATE {Ha)

1980 1920 2000
TECHNOLOGY READINESS DATE

Figure = 85. Pulse Laser PRF for CO, Doppler LIDAR

2

TABLZ . 42
CO2 DOPPLER LIDAR PARAMETER FORECAST

Parameter S0A Value 2000 Value
Laser PRF 1 Hz 100 Hz
Laser Lifetime 106 Shota 109 Shots
IR Heterodyne Detector Array 2 x 2 Array 4 x & Array

Pregent estimates of system physical parameters are:

Masa: 3000 kg

Size: lm x lm x 2m

Power Requirem=znt: 3 kW

Cooling: 77=110 K for detectors
i52
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Enhancements for the future will require fundamentzl laser
regearch directed towards frequency stabilization and laser lifetime
enhancement. Accuracy of the system will be increased as the vari-
ability in both upace and time of the atmoapheric backscatter coeffi-

clents for 9-11 um radiation becomes better knowa.

6.2 Laser Ranging

One of the oldest applications of apaceborne lasers has been
ranging and altimetry. Pulsed lasers were first used to range to arti-
ficial satellites in 1964, The precision of these early systems was
approximately 3 m wvhich represented a factor of 20 Iimprovement over the
best contemporary microwave radars.

By 1982, ap advanced prototype [ield instrument was measuring the
pulse cims of flight with 100 picosecond precision while laboratory
inatruments were approximately a factor of two more precise. Ground~
based satellite laser ranging systems have been used for precise orbit
determination, messurements of the Earth”s gravitational and magnetic
fields, for Earth dynamics studies guch as polar wobble, tectounlc plate
motion, and rotatlon rate, and for global geodesy. Thesa sclentific
endeavors will require millimester accuracies in the next decade.

To determine the actual geometric range to the satelliite from
time-of-£f1light meagsuremcnts, one must be able te account adequately for
the effact of the atmosphere on the pulse group velocity amd on the
paths of the light rays. Current uacertainties in the atmospheric
models are believed to result in centimeter uncertainties im the
absolute range. The parametric inputs to these models are surface
measurements of pressure, temperature, and humidity at the station.
These often neglect horizontal gradient effects. The most promising
technique for making the atmospheric correction 1s to generate ¢ltra-—
short pulses at two frequencies and to measure the time delay introduced
between the pulses by the dispersive atmosphere during their vound trip
to and from the target. To deduce the atmospheric correction to the mm
level will requirxe a timing resolution between 200 and 800 femtoseconds

depending on the wavelengths choeen. Current receilvers have resclution

. »153
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oa the order of 40 to 50 plcoseconds. Frequency=-doubled, mode~locked
Nd:YAG lasers are used {n current state of the art field systems.

The 1 mm absolute accuracy goal requires the development of high
powsr frequency—~doubled laser transmitters with pulsewidths on the order
of a few plcoseconds and a 200 femtosecond regolution optical time
interval unit which takes advantage of developlng streak tube techno-
logy. Such a system would provide an absoluta range accuracy of 30
um in vacuumx and 500 um for ground to satellite paths in air.

When placed on airborme or spsceborne platforms, the sansor can

perform ultraprecise geodetic surveys and mouitor global tectoaic plate
motion.

The same iasirument can megsurc surface pressura over the oceans
with 0.l abar accuracy. This Ls achieved by transmitting two pulses
with diffarent wavelengths in the nedir direction, recording the wave=-
shapes reflected off the ocean aurface into the roceiver at the two
wavelengthe, and measuring the time delay between sharp features in the
profiles resulting from specular glints off the crests and troughs of
the waves. The time interval between crest aad trough gpikes ylelds the
amplitude of the wave. The frequency and direction of the wave can be
ascertained by taking readingn off nadir. The accuracles of all these
seasurements are determined solely by the timing precision of the
inatrumencation. A forecast of timing precision i3 glven in Fig. . 86.
A summary of this projection as well as a forecast of other system
perforaance parameters is given in Table . 43.

"-642.1 Alexandrite Laser Ranging System

When one considers factors such 43 adequate disparsion between
wavelengths, good atmospheric transmission and good detector sensiti-
vity, one finds that wavelengcha of 400 to 800 =m are optimum for this
appliication. Frequency-doubled alexandrite and emerald lasers operate
in thig region of the gpectrum, are capaile of high output energies, and

their bandwidths can support subpilcosecond pulsewidths when mode-locked.
A forecast of laser parameters Is given in Table b4,
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TABLE , .43 5
CRITICAL SYSTEMS PARAMETERS FOR LASER RANGING ’g
[
|
|

Parameter $0A Value 2000 Value '

Time of Flight Precision 5 x 10711 sec 2 x 10-13 sec
Absolute Range Accuracy 10 mm 0.5 gm
Surface Predsure Accuracy 10 mbar 0.1 mbar
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TABLE . 44
COMPONENT PARAMETER FORECAST FOR ALEXANDRITE LASER RANGERS

Component and Parameter S0A Value 2000 Value
Solid State Laser:
Pulse Width -7 11
= High Energy 10,, sec 10_;4 sec
= Low Energy 10 sec 10 gee
Energy 200 mJ 250 mJ

Range Recelver:

(Optical Time Interval Unit)

Resolution 10-10 sac 2 x 1(J|-12 sec

Short Term Stability 1079 1o~

As tachnology progressss from § switching to cavity dumping to
mode~locking, the puisewidth will decreage from its current value of
1.0-7 to the desired value of 10-11. Tha expected progression of

activitias in illyseracted in Fig. 87,

Q- SWITCHING

CAVITY DUMPING

i,

£

s

3

2 1010

MODE LOCKING
10-11 ‘
1980 19890 2000

i TECHNOLOGY READINESS DATE, LEVEL 8
Flgure 87. Projected Pulsewildth

Since timing 18 the critical factor for this gystem, s significant
supporting research activity Includes the development of an optical time

interval unit consisting of:
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. Diode based optical clock (<5 pilccsecond pulsewidth)

° Synchronous 200 femtosecond resolution streak camera.

Resolution and short term stabllity are forecast in Table - 44.
With these davelopments, additicnal and more precise measurements can be
made for the crustal dynamics program area including global gzeodesy,
tectonic plate motion, Earth gespatential and Earth and lunar dynamics.
in addition, whan used for the measurement of pressure and sea state,
this system can provide useful data in the development of new mathemat-
ical models for weather forecasting.

6.2.2 Qther Laser Ranger Systems

In addition to the alexandzite system discussed in the previous
section, a viasible (500-600 om) copper vapor laser gystec ia in
development. The system has a 3 m spatizl resolution vertically and a
30 m resolution horizontally due to its high PRF (20 kHz). The height
accuracy {s currently 100 m and is projected to reach L0 m by the year
2000 as illusctrated in Fig. 88. The critical system parameter i3 the
laser afficiency which has a current value of 0.1% and a projected value
of 1% ia tha year 2000. Currently laser li{fatime of only 100 hr is
poasible.

g

GLGBAL HEIGHT (TOPOGRAPHIC ACCURACV] m
8

9 ]

1980 1994¢ 2000
TECHNOLOGY AEADINESS DATE

Figure 88. Copper Vapor Laser Ranger Height Accuracy Foracast
L)
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Since current systems have outgassing problems there is a require-
ment to spend some future rasearch time and money on optical and
material technology that will limit this affect and prolong the lasaer

8

1ifatime. It is projacted that a value of 2 x L0 hr lifetime can be

achieved by the year 2000.

Narrowband solar bhlind detactors usaed in the recelver have current
efficiencies ¢f ~0.10%2. It is projacted that futura (year 2000) valuas

of 10% can be achieved.

643 Prominent Institutious and Individuals

.6.3.1 LIDAR

NASA/Goddard Space Flight Center
Je Bufton

J. Degnan

B. m’pﬂ

NASA/Langley Rasearch Canter
R. Hess -

P. Brockman

C. Bair

E. Browall

W. Hall

A. Jaliok

P. Allario

NASA/Marshall Space Flight Center
J. Bilbro

NASA/Amas Research Canter
P. Russall

Unilveraity of Arizona at Tucson
R. Schotland

University of Maryland
T. Wilkeraon
T. McIlrath

Jet Propulsion Laboratory
R. Menzies

M. Shmte

B. Grant

J. Laudenslager

S. McDermid

T. Pﬂcala

De Hinuﬂy

NOAA
F. Hall
M. Hardesty

Los Alamos National Laboratory
J. Flguera
N. Rurnit

MIT Lincoln Laboratory
D. Killiggzer
N. Menyuk

Gecorgla Institute of Technology
B. DEViE
M. Rogara

University of Hull, Hull, England
B. Bye

University College, London, England
D. Rees
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i: 6.3.2 Laser Ranging
~ NASA/Goddard Space Flight Canter University of Maryland i
p J. Degnan Cs Alley !
! J. Abshire
¥ T. Zagwodaki University of Taxas at Austin :
x R. Coates P, Shelus
é Jet Propulsion Laboratory Smithsonian Astrophysical
v N. Narheim QObeervatory
. T. Pivirotto M. Pearlman |
. N. Marzwall
; C. Elachi Geodetic Institure, Univaersity
: of Bomnn, W. Germany
:”- Pl Wilaon |
T";' 'I
' 7 PASSIVE VISIBLE SENSORS |
&f Passive vigible ayscemg are pregently well developed. Needed :
31' advances lie mainly in larger lightweight collecting optics (telescopes)
gf and large detector arrays. Large telascopes would permit greatsr light .
E gathering capability and allow measuremant of fainter and more distant f
|
é . astrophycical sources. Tn the absence of seeing affects abova the i
E Barth”s atmosphere, astrophysical objects could be observed at greater i;
§ ' spatial resolution (limited by the diffraction of the telascope }4
g' aperture). In Earth sensing applications, the visible regiom has great Co
o .
E promise. Measurement of reflacted anlar radiation and luminescence can :
ﬁ permit the mapping of geological and geographical features as well as ;f
g the digtribution of Earth resources. !‘
|
7 7.1 Charge=Coupled Devicas < u;
% ; Future visible sansors (mappers or cameras) will most likely be |
éj based on some sort of solid-stata detector array. Charge-coupled
P t
;f davices (CCDs), more than any other sglid-state camers sensors, offer t

the capability of high rasolution, high sensitivity, low cost, high
raliabilicy cameras of minimal size, welght, and powsr consumpticna.
They are expected to raplace vidicon and other devices for planetary
camera sansars almost entirely. The aize, weight, cost, and monolithic '
nature of the sengor will make possible universal umodular camera designa
compatible with a variety of planetary and Earth-orbital imaging
applications.
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Tha primary parameters forecast are thosu of rasolution (sensor
format) and senaitivity. Absolute threshold exposures are not well
knowm at this time, but a reasonable value for a current phaton-in CCD
using a pracharge preamp and exposed to a 2800 K source 1ls about 3
microjoulas per square meter. In additiom, signifizant improvements are
axpected in intrinzie nolse reduction and broader spectral bandwidth
capability. Present silicon CCDs have a bandwidth covering 0.4 to 1 um.
As other matarials are adopted, the limits will be extended below 0.2
um and (not the same device) cut to about 10 ym. An altermative that, is
under development 15 based on intaernal photo emission from matal/semi-
conductor Schottky=-barrier arrays on a silicou ar germanium substrata.
Thase arrays can employ either vidicon readout or CCD readout and signal
processging.

The performance foracast shown in Pigs, -+89 and . .90 waz made
on the basis of trend extrapolation of curraeant CCD technology and
anticipatad improvements in fabrication techniques which should ovarcome
current dafinition limits. Beczuse of 1its applicability to several
¢lasses of devices, CCD technology i3 being advanced rapidly at prasent,
benefitting both from large military and commercial fundlng asupport and
from advances f{n the ralated techmology of large scale integratad
cireuit fabrication. WNASA or othar government funding for CCD imaging
system technology will be required to use applicable technology advances
and to develop, ia parallel, specific sensors for flight systenms.

7.2 Rapregantative Inatruments

. +7.2.1 Visible and Near Infrared Imager (O.4-1.1 um)

This camera system has been designed to act ag a wide fleld of
view planetary camera for use by the Space Telascope. Similar camaras
can be used on the Solar Optical Telascope (S0T) and on various future
planatary migsicns {(e.g., Mars Geosclence Climarology Orbiter, Comet
Sample Regurn, Lunar Orbiter, Satyrn and Titan Probes)., It has a
galaectabla, highly variable tuneability and is limited in its

performance by detactor shot noise and the data readout speed.
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Figure Y.89. Solid-State Cameras (Sensor Format)
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The lastrument consists of an objective lens, focal plane detactor
and slectronic signal chain. OQperating mechanisms include both a foecal
plane shutter and filter wheel. The detactor congists of a CCD array.
It has a "silicon” response which extends from 0.4 to l.l ym. The
aptics for this spectral range may be all reflecting, catadioptric, sr

all rafractors.

Critical performance parametars include noise senaitivity, array
size, dynamic range, radliation resistance, and operating stability. The
thrust of currant afforts involves programs to raduce nolse both for
individual detactors and for arrays. When applied to ast.rophysical
targets, tha dynamic ranga will be of major concern. Furthermore, the
array resistance to surface dzmage by varying types of radiation 13 not
yet known.

Figure .91 contains a plot of projected nofse lavels and CCD
array sizes. The complatae set of significant system parameters 1s

pragentad iz Tabla , . %5.

8000 x
8000

) 5000 x
6000

4000 x
4000

1940 1990 2000
TECHNQLOGY READINESS DATE

Flgure 91. Noige Leval and Array Size Foracast
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SYSTEM PARAMETER PROJECTIONS

Parametar S0A Value 2040 Value
Noise 15 e 2a
Detactor Size 800 x 800 4096 x 6096
Oynamic Range 104 5z loﬁ
Quaptiun
Efficlancy 10Z @ 0.6 um 60% @ 0.4 ym

52 @ 1.0 ym 202 @ 1.0 um
Readout Rate 108 pixals/sec 107 pixels/sec

Cricdical subaystems for this system include:

CCD Detactors

Oo=Chip Amplifiar Devalopment
Lightwaight Optical Systems
Bettar Shustar Machanlams
Pilters (limited by UV cutoff)
A-D Convertors

Cryogenics

Opticas.

a & & & 3 9 3 0

It i3 protected that on-chip ampllfiers currently in usa can be

improved by a factor of 3 by the year 2000 (the thaozetical limit to

improvement 1s a factar of 15). Data rates are alsc fmportant. Curvent

A-D converters opaerate at 1 Mbit/sec on words 16 bits lomg. It is
projected that future rates can reach 50 Mbits/sec.

»+7.2.2 Fraunhofer Line Discriminator (0.4-0.9 um)
A Fraunhofer line discriminator (FLD) measures solar—-stimulated

luminescence to locate mineral outcrops, liquid pellutants and tracer
dyes and changes in vegetation.

FLD techniques were originally applied

to measurements of lunar luminesacence in the 1950s and 19603. Airborne
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FLDas have been bullt and succesafully used to measure luminescent Earth
Faatures since the late 196Q0a.

| An FLD gystem calculates a fractional coefficlent of brocadband

l luminascence from two palrs of intensity measurements, cne palr of the
} incident solar radiation at wavelengths in the center of a Faunhofer
abgorption line and in the adjacent continuum and a gecond pailr of the
reflected radiation at the center of the line and in the adjacent
continuem. If no luminescence is pregent, the line dapth as a fraction
of the incident continuum will be unchauged on reflection. If lumines—
cence i3 present, the line depth will be a diffarent fraction and a
coefficiant of luminescence may be calculated.

4

:‘K»Pl-,ni [ e ., o

FLD sengors, compared to other orbital sensors, require (1) high
spactral resolution (0.l om) over small bandwidtha, and (2) vary high
sengitivity to measure small Intensity changes against the high
raflected solar background. High spectral resolution is achieved with
Fabry—-Perot etalomns. BHigh sensitivity requires high throughput [ground
instantaneous field of view (IFOV) area times aolld angle subtended by

T b

A ti L S I &

the sensor aperture] or long Integration times. Large aperture sensor

F optics with large Fabry-Perot atalons will satigfy boch - | ‘irementa.
Such etalons can be physically large or can be designed as field-wldened
: etalons within the optical system. Staring mode systems will reduce the

aperture slre regulrement somewhat by allowing longer integration tiwmes

R Al O St S

than pushbroom mode systema.

The senaitivity of an orbital FLLU sensor may be specified as the

ratio of the coefficzient of luminescence, L, over the standard deviacion

;\? t\'.“. PRRLTE R F b ool

-
¥

R T Y VL s

of L. The luminescence, L, 15 a combination of the four intensity
measurements mentioned absve. In orbit, the two incident intensitias
will be conatant. The reflected intensities will cause noise in L,
probably through the Iintrinsic shot nolse of photon detection. 1lhe
polse can be reduced by increasing the throughput-integration time
product to increase the absolute intensities measured. The physical
parameters of thias product, the linear IFOV, the solid angle subtended
by the instrument aperture, and the iategration time, limit the

- 164
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performance of orbic- . FLD systems. The system to be discussed covers
the 0.4 to 0.2 pum portlon of the nptical spectrum; it 13 tuneable acruss

selected Fraunhofer absorption lines, and it has a spatial resolution in ‘
the range of 10 to 100 m IFOY.

Flgure *92 presents the signal—to-nolse ratio of the lumines—
cence umeasurement as a function of four horizontal scales. Asgsuming

ghot~nolse-limited behavior, the signal-to-naise ratio LAUL is of the
form:

1/2 4 rpov * DIaM

where t 1s the integration time and DIAM i3 the diameter of the clear
aperture.

208

(%

100 o~

GIGNAL-TO-NOISE RATIOD L/

IFOV DIANu0.8 tv(.28
1 ol 1 2 o L TN |
10 ki-] 20 30 40 80 g 1co

DIAM T=0.28 (FQw=E0
L

2 y 1 | L : [ _
0.1 15 2 3 4 .a a8 i
TIME |POV=80 DIAM*0.8
1 1 { { | | -
0.0% R 24 E.] 1
YEAR (FOVe 80 t=0.25
L T 1 11 — -
1982 12em 1880 1988 2000

[EST. AVAILABILITY OF LOW.COST WRRORE|

Figure . .92. Signal-to—-Noise Ratio and Critical Parameter
Projection for FLD
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The signal-to-noise ratio calculations assume the following

parameters:

Solar model:

Fraunhofer line:
depth:

Ground reflectance:

Ground luminescence:

Irradiation angle:

View angle:

Altitude:

6pcics tranpsmission:
: Optics bundwidth:

5700 K blackbody

0.6563 ym, Hy line
0.16 of concinuum

0.1
0.001
45°
nadir
250 km
0.05

0.1 om

i

For each horizontal écale, two values are fixed and the third is

varied. The parameter values for each scale are:

VALUES
SCALR
IFQV (m) DIAM (m) TIME (sec)
5 IFov 10-100 Q.5 0.25
4 DIAM 50 0.1-1.0 0.25
7: TTE 50 0.5 0.007~1.0

Az the far left end of the time scale, the integration time 1is
marked for pushbroom mode operation with one pixel smear, rather than

the astaring mode operation assumed elsewhere.

E The fourth horizountal scale has the estimated year when low-cost

: mirror substrates will be avallable. For this scale, signal-to-noilse
ratio 13 plotted for fixed integration time and IFOV and increasing
optics dizmeter.

Desired performznce for this system requires ar approprilate
detector array, a low—cost nominal sized collector mirror and more
" 46. A

effective Fabry-Perot etzlons. These are itemized in Table

forecast of mirror development is given in Fig.  93.
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TABLE * 446

CRITICAL SYS i JARAMETER PROJECTION
FOR FRAUNHOFER . NE DISCRIMINATION

Parameter S0A Value 2000 Value
Low Cost Collection Mirror Diamgterl 0.4 nm l1.0m
Effective Fabry-Perot Etalon Sizez d.lnm 1.0 w

Note:

l. La.ge enough mirroers could be built today, but at excessive

cost.

Z. Plat Fabry-Perct atalons wmight be ugsed to 0.25 m diameter;
certain other designs may be suitable for the maximum aperture
gize presented.

Orbital FLD sensors will have both parameters at the same aize.

k)
M

PTICS

ESTIMATED LOW-COST L

';.u’
M
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Figure 93. Estimated Low Cost Optics Aperture S$ize Developuent
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:7.3 Prominent Institutiocs and Individuals

,7.3.1 Viaible and Wear Infrared Imager

Jet Propulsion Laboratorsy California Inastitute of Technology
F. Vescelus J. Westphal
University of Arizona Ritct Peak National Observatory
B. Smirch M. Belton
Princeton Univeraity of Hawaiil
J. Gunn C. Pilcher
~7:3.2 Fraunhofer Line Discriminator
Jat Praopulsion Labora:cfy Univeraity of Arizona
J. B. Breckenridge P. N. 3later
J. E. Stacy

Perkin Elmer Corp.

.8 PASSIVE ULTBAVIOLET SENSORS

Oltraviolet remote sensing of the upilverse began shortly after
World War II using experiments carried aboard sounding rockets. 3ince
then there has besn a steady evolution towards obsarvations from
spaceboriue platforms. Except for a 'l sky mapplng surveys, such as the
EQV-Explorer or the Space Schmidt missions, the emphasis has been and
will contigue to be directed co mgdium to high resclutior absolute
spectrophotomecric observatlons. Spectral resolution capability has
progressed steadily from the firat major UV sactellite, 0AO0-2, through
the Copernicus Observatory to the present operationsl system -~ the
International Ultraviol it Explorer (IUE). Instrumentation on~board the
Space Telescope (S5T) scheduled for launch in 1986 will push the
resolving power of UV sengorsz into the 105 range. Other NASA wisaions
in various stages of development which will drive advances in the
extreme and far ultraviolet (EFUV) sensor technology include the Far
Ultraviolet Spectroscopic Explorer (¥USE), ST follow—on ipstrumentation,
and STARLAB.

The EFUV spectral region betwaen 10 and 200 nm contains most of
the Lmportant resonance transitions of cosmically abundant atoms aad
ions. PFor this reason, the EFUV region congtitutes a cricical area for

angoing development in sensor technology.
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Because EFUV obgervations nust be carried out abova the strongly
absorbing atmosphere of the esarth, they are ideally suited to be )
performed on spaceborne platforms and can generally be divided into
dovnlooking (Earth sensing) or uplooking (astronomical) catagories. For
the case of the former, EFUV observations of the thermoapheras cffer the
posaibility of remote optical monitoring of atmospheric constituent
abundances and tramsport phenomena. 9bservations of the terrestrial
surora provides an importent link in our understanding of the coupling
nf eolar wind energy into the atmosphere. The thermosphere is also an
invaluable laboratory for testing the validity of radiative traunsport
theories in the regime of vary large optical depths. '

Fundamental information {3 contained in the optical Eootprint of
the universe in the EFUV region regarding coswic evolution, the inter—
galactic medium, and the evolution of the solar system. For the case of
astronocmical cobsarvations, the EFUV spectral region i3 unuscally useful
in cthat conditions and phenomena spanning a very large temparature range
(103--1.07 K) can be probed.

An EFyy sengor consists of three basic elements: (1) an optical
front end (telescope); (2) the basic instrument optics (e.g., gratings,
mirrors, ete.); and (3) the detectors ged to convert photoms incident
upon the sengor Lato a usable electronic signal. A specific example For
the cage of potential FUSE ir-<trumentation would be a 10° grazing inci-
dence telescopa, a normal incidence Rowland spectrograph and a detector
consiating of a windowless Cal coated microchannel plate fiber optically
coupled to a CCD array. High speed back end electrouics are needed for
processing the acquired data. Of the subsystems, the most critical -

e e e —— ™

areas with respect to enabling advances in the science that can be
achieved are detector techmology and total seasor throughput (which is
largely a function of the collecting area of the optical front end and
the reflectivity of the optical surfaces).
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Broadly speaking, EFUV gensors can he lumped into two general
clagsificationa: (1) broadband imaging cameras which achlieve wavelength
discrimination by some combination of window, filter, and photocathode s

materials; and (2) spectrometer systems which use diffraction gratings
ag dispersive elements.
Figure *94 schematically {llustrates in the form of a "techno=-
logy tree” the main gystem components for the case of an EFUV sensor
based on dispersive opcics. The bagic subsystems which comprise the
sengor are arranged vertically in the rectangular boxes. Aspects of
tachnology which require devalopment are indicated by the solid lines 1
branching from che subsystem components. A discussion and projection of
the major technology alements needing development i3 given balow.

¥

~ +8.1 Optical Pront End (Talascope)

Maximum collaction and throughput of photous is of principal
concern i{n the talescope optics. Two approaches are possible: (1) the |
use of conventional tslescopes with improvad high reflection coatings :
and (2) the davelopment of grazing incidence teluscopes which improve ]
throughput by the use of higher raflectivities for incident photons

nearly parallel to the mirzor gurface. Greatesc galns are expected in
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grazing incidence design. For obsarvation of polnt sgurces, the

telescope diameter determinea the total number of photons collected and

T P

thereby, contributes to overall Llnstrument gsensitivity. Tadle 47
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gumzarizes the forecast of important UV telescope parameters.
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Figure 94, Technology Tree For UV Sensors
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TABLE 47
UV SENSOR OPTICS FORECAST
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Critical Component

and Charactariastic S0A Value 2000 Value
Telescopes:
Normal Incidence Raflectance
(High Reflective Coacing)
>115 om as% 90%
<115 m 25% 50%
Grazing Incidance Raflectance
(10° incidence angle) 70% 50%
Total Throughput 50% 80%
Spaceborne Talescope Diamater
Normal 2.4 m 4 m
Grazing lm 2 m
Gracings:
Ralative Efficilency
(lst order)
Classic (ruled) 74 70%
Holagraphic 0% 607%
’ 3iza
Classic 0.25 x 0.25 o’ 0.25 x 0.25 m> '
Holographic 1x1 mz I3x3 mz

Ruling Frequency
Classic
Holographic

5,000 grooves/um
6,000 grooves/mm

7,000 grooves/mm
18,000 grooves/mm
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8.2 Spectrometex Optics

The areas needing development in EFUV spectrometaer optics include
exotic disperaive oprical layouts, such as those based on grazing
incidence conical diffraction, and grating techmology for normal
Incidence spectrometer dasigns. Grazing incidence designs improve
absolute grating efficiency and can provide more uniform and efficient
blaze properties resulting in a high throughput in the apectrometer
along with raesolving powars of “104. The areas In grating technology
needing development are listed in Pig. . 94,

Efficlently blazed, large area, aberration correctad holographic
gratings will receive the most intense development in the futura. The
use of ion milling technology to contral groove shape offars tremendous
promise for improving holographic grating efficiency. Efficiency is
achievad by a comblnation of blaze proparties and raflective coating.
Reflective coating projections are the same as those given for talaescope
design. Because of better control of blaze characteriatics, clasaically
ruled gratings permit higher total throughput at the cost of higher
scattered light. However, they are limitad to relativaly small sizes '
{0.25 = 0.25 m?). Holographic gratings can be made larger, morz uniform
in afficiency across the aurface and can be aberratlon corrected. The
scattered light from holographic gratings is >l order of magnitude lower
than that for ruled gratings. This fact permits wider dynamic range in
some applicatioms. They can alsoc be made with far greater denaity of
lines than is practical with classically ruled gratings. The grating
efficlency relative to a perfect mirror (i.a., neglecting the reflactive

coating) is an important parameter and i3 Fforacaat along with other UV
grating parameters in Table . 47, b

8.3 Detectors
Detectors are the critical components of UV ayatems and as can be
geen in Fig. .94 present many technological areas which require
development. All generic UV detectors contain a photocathode, which
converts photons to electric charges, an intensification stage which

provides 3ain,‘and a readout stage (e.g., anode) which collects the
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final signal. State of the art and future detector concepts all attempt
to presarve apatial informaticn and thus require a large number of
regolution elements. Hizhly sensitive detectors are characterized by
their quantum efficiency and capability to do single photon counting.
The limit to EFUV detactor sensitivity for space applications is
genarally detarmined by thermal noise in the photocathode and the
quantum statistics of the signal and cosmic ray background incident om
the detector.

.8.3.1 Phatocathodes

The photocathode quantum efficiency dominates the net quantum
efficiency of the datactor aystem. Excluding background noise (e.g.,
coamic rays), thermal nolse generally sets the minimum achievable noise
lavel. Qptimum quantum efficliancy 1s achieved usalng photocathodes in an
opaqua configuration. Photocsthodes of adequate quantum efficlency
presently exiat (e.g., Csl, Cul, KI) for the 20 am to 190 om regilom.
Howavar, these matarials ara hydroscople und are subject to contamina=-
tion when used in a windowlaess configuration. Furthermore, below 110
om, no adequately transmitting window materials exist. Stable photo-
cathode wmaterials naed to be developed as well 48 better UV transmitting
window materials. However, prograsas in these areas la expectad to be
slow. The photocathode quantum afficiency i3 forecast in Table . _.48.

8.3.2 Intenaification Stage - Readout (Anode) Stage

With ragard to futurs detactor requiremants, several approaches
are particularly actractive; the two—dimensional digicon (2D-Digicom)
and two detactors based on microchannel plate (MCP) tachnology.

2D-Digicon. The 2D Digicon is a gemerallization of a digicon type
davica to two dimensions. In such a device, electrons from a suitabla
pitotocathode are accelerated (through 20-30 keV) and magnetically
focuasad onto a CCD or photodiode array, giving rise to a net galn asz the
accalaerated alectrons lose energy to genaerate electron hole pairs in the
devica. The diode array provides intermediate storage of the signal
prior to electronic readout imto the data procesaing stream. This

methed has the potential for high spatlal tesolution limited only by the
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CCD or photodiode pixel siza. Because ther pulse height distribution in
this system ia very narrow, 2 minimum of gain nolse after the photo-
cathode is {ntroduced into the system and single photon counting can be
achieved. The major disadvantaga of this device is that it requires
cooling (e.g., thermoelectric) to reduce diode leskage currents. A
projection of singla CCD array element resolution and size is given in

Table ..48. Mosaics of CCD arrays can in principle be used to increaasae
tha fractional resolutiou.

TABLE .. 448
DETECTOR COMPONENT PARAMETER FORECASTS

Component/Parametaer S0A Value 2000 Value
Photocathoda QE 50% 0%
Datactor Technology
2D Digicon 2 2
CCD Element Siza 15 x 15 um 7x7 um
3ingle Array Size 800 x 8Q0 1600 x 1600
MCe
Pore Size/MCP Diameter 67 ym/25 mm 77 um/150 mm

Gain Characteristics 10" + 62 over 25 mm 10" + 3% over 150 mm
MAMA

Resolution/Length 50 yum/25 wm 25 ym/50 mm
Anode Array Slze 500 x 500 2000 x 2000
MOSAIC
Resolution/Diameter 15 um/35 um 7 tm/35 mn
Mosale Array Size 2300 x 2300 4800 x 4800
CCD Readout Rate 50 kHz 250 MHz

MCP Based Detectors. Two of the most promizing techniques using
intensification based on microchannel plate technology are detactor

systems using discrete multianode arrays - {(multiancde microchannel
{"te arrays (MAMA)); and devices based on fibar optic coupling batween
tie MCP and a single or mosaiced CCD array. In a microchannel plats
intengification occurs as photoelectrons are accelerated at ~2 kV
through narrowly spaced holas (pores) in a semiconducting glass material.

Gains of "ulO6 in 2-3 mm thicknesses can be achieved. Spatial
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regsolution is limited by the pore size and is forecaat in Table 48
and Fig. »95. A photocathode deposited on the front end determines
? the wavelaength sensitivity.
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Figure ...95. MCP Resolution Element for Large Diameter
(150 mm) Plate ’

MAMA: In tlo MAMA detector, the charge cloud from the MCP fa
proximity focused onto a two—-dimensional array of wire grids. In this

detector, AxB pixels are read out by A+B discretﬁramplifiers using a

VUWEE 5 WY e e

coincidence technique., Current technology limits the maximum number of
diacrate amblifiers to about 103, however, advances in packing large
numbhors of amplifiers into a small‘volume uging large scale Integrated
circult technology should increase the fractioual resolution capabllicty
of this technique by a factor of &4 by the year 2000, A forecast fo.
MAMA detector regolutiou and gize 1is given in Table | .48. The MAMA

TR Gt Sl kAL v, dedt A

detectors have many advantages, These include low geometric distor—
tiona, high time resolutiaon, and relatively low voltage requirements.
Several of these detactors are being built for use in sounding rocket

and Shuictle instrument payloads.
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MCP~Fiber Optic Coupling in CCD”s (MOSAIC): In the fiher optic
coupled device, the output of the MCP is proximity focused onto a

phosphor coatad fiber optic bundle which is coupled to a CCD or photo-
diode array. Several fiber optic bundles and CCD arrays can be used in
a mosalce format theraby increasing tae effective array size. In one
version of this datector under development (MOSALC), the fiber optic
coupler has nine tapera arranged Iinm a 3 x 3 mosaic, each with a CCD at
its output. Thia detmcto: will be a photom counting device with a large
field and high resolution (more than 2300 x 2300 pixels). Perhaps the
most exciting aspect of the MOSAIC design is its varsatility. Ounce the
feagibllicy of using fiber optic modules to coupla the MCP output to
saveral CCDs has been established, the output format can be customized
for particular missiona. A linear mnasaic of CCDs may be appropriate for
some aspectroscoplce observations while larger flelds of view and/or
higher resolution can be obtained by incraasing the number of CCDs used.
Tha resolution is presently limited by the CCD pixel size aud ultimately
by tha pore size of the HCP. A forecast of several fiber aptic coupled
device parameters is glven in Table - 48.

*8.3.3 Electranics

Ercept when used in a Diglcon configuration, the readout rate of
the CCD is critical to the capebility of the device to do single phaton
counting. A projection of CCD readout ratas is given {n Table .. 48 and
Pig. ..96. Faster electronics are clearly desirable. To obtain the
higheat possible resolution from a detector, it may be necessary to
centroid the output to find the precise locatlon of an event. In photon
countlng systems, where only the location of individual events is storad
in accumulating memories, a centroilding operation must be performed in ..
real time. With the large number of pixels im current and next genera- '
tion detectors, very high apeed electronics are required to accomplish
such calculaticou.
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Figure _96. CCD Readout Rate Projection

It is also clear that large high resolution two=dimensional photon
detectors will generate enormous data rates and place severe demands an
agsoclated data processing and storage tachnology. For example, 400
Mbics of data are contained inm a 16 bit 5000 x 5000 array. Methods must
be found to store all these data, yet retrieve them quickly and
efficiently. Computers with parallal procesaing capabilities will be
needed for rapid reduction of two-dimenaional data. Systems capable of
»isplaying the data from 2500 x 2500, and uliimately 104 x 104 pixel
arrays will be required. For the data amalysis, areas of interest will
inelwiv. pattarn recongnition, extraction of meaningful physical parame~
tars froa a series of images, and restoration tachniques to racover as
mueclt detall as possible. Mathods to deal with law intensity lmages must
also be developed,

The weight and volume of the support electronics for a detector
can be much larger than for the detector subsystem itself. For example,
in the MOSATC system described abovae, the support electrounics will
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comprise about 27 kg of the 28 kg of the entire system, and will occupy

3

0.09 @” of the total voluse of the gystem, 0.11 m3. oo minimize costs,

mass and volime must be as small aa possible in a space wissiocn, so tha

need to develop small and ligiv: support electronica Ls compalliaz.

‘8.4 Prominent Institutiors and Ind.ividuals

NASA/Goddard Space Flight “unze:
A. Boppess

E. P. Gentieu

D. Weistrop

B. Woodgate

Space Telescope Inatitute
F. Pareace

Night Vislon Laboratory
J. T. Cox

i"aval Research Laboratory
G. B. Carruthers

G. H. Mount

D. Michels

Alr Force Geophysies Laboratory
H. E. Hinteregger
R. Hoffman

California Institute of Technology
J. B. Qke

Utah State University
D- G» Tarr -

Service d"Aeronomie du C.N.R.S5.,
Verrieres le Buisson, France
J« E. Blamont

— 9 Z~RAY SENSORS

Jet Propulsion Laboratory
J+ Janesick
F. Vescelus

Johne Hopkins University
H. W. Moos

F. U« Peldman

Ao F. Davidson

University of Coleorado, Boulder
C. Barth

G. Lawrence

C. Timethy

Universicy of Califormia
C. S. Bowyer

sc
A+ L. Broadfoou

University of California,
San Diego
E. Beaver

University of Texas, Austin
R. Tull

Princeton University
P. Everett

The energy reglrre spsnuned by x~ray lnstruments ranges from 40 eV

to more than 100 keV. This energy range nverlaps at low energy with the

ultraviolet and at high energy with gumma ray photon energies. WNeither
end of this spectral energy range is sharply defined. X-ray sources
include radiation emitted due to inner shell transitions of electrons,

Compton scattering, and Bremstrahlung.

X~ray measurements can be used for elemental analysis and

alemental mapping of planetary surfaces, for the study of the intermal
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structure of solar corooal loops and reconnection reglions of solar
flares, and the obasrvatlion and mapping of astrophysical sources. ZX-ray
spectra associsted with pulsnavs, quasars, and black holes have been
identified.

X~-ray scuser systems currently belng prepared for future space

. applications include spectrometers and Imaging spectrometers. These
gystems utilize grazing incidence telescopes and unique detectors to
cover each specific energy range. Optimum sensirivity is achieved with
moderate cooling of the detectors.

L

. 9.1 X-Ray Detectors

LI

X-ray detectors are normally composed of either high purity
germanium, HP{Ge), or silicon [e.g., Lithium doped silicon, S1i(Li)].
Racent regearch on new materials for z-ray detecticm has illuscratged
thav. mercuric iodide (HgIz) detectors hold promise for future
applicatiouns.

Pregent and future x~ray sensors require the use of detector
arrays. Thus, detector development 13 focused on array and CCD
technology including detector material improvements as well as the
development of new low nolse preamplifiers and readout electronies. The
development of passive and activa cooling systems (2100 K) which are
required for detectlon with optimum sensitivity Is also needed.

STLTA RO TS AR AR Y AL TR T e

A forecast of detector paranieters ls provided in the following

syastem and component descriptions.

9.2 Reprassntative InstTuments

. 9.2.1 X-Ray Imaging Spectrometers (41=-410 eV)

This class of apectrometer for low energy x—rays utilizesg EFUV
technology already discussed. A representative system covering the 3-30
am spec:ral reglon consists of a grazing—-iacidence soft x—-ray optical
system coupled to a multiancde microchanmnel array plate. Spectral

digspersion ia provided by a holographic grating and apatial resolution
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i3 obtained in the perpendicular direction using focusing optics. The
gpatial resolution is on the order of 5 to 8§ arc gseconds over a 0.12°
field c¢f view. The dark count rate is the dominant detector noilse
source. System performance is limited by scattering due to optical

surface roughness.

The development of CCDs for the goft x-ray region (2-30 am) is
important for the spectrometer. The energy discrimination of the CCDs
will allow order sorting, so that a single spectrometer could cover more
than 1 octave wavelength range.

The spectral and spatial resolution are forecast in Fig._ .97 and
Table 49. Curve B iun Pig. . 97 depends upon a technology lmprove—

ment in the accuracy of figuring optical surfaces and ensuring low

scatter at soft =-ray waveleagths.
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Figure  97. Performance Projection for the X-Ray Imaging
Spectrometer
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TABLE - 49
PERFORMANCE PROJECTION FOR THE X-RAY IMAGING SPECTROMETER SYSTEM

Parvameter S0A Value 2000 Value
Spatial Resolution 5 are sec 0.5 arc gec
Spectral Reszalution 165 md 16 of

Critical subsystems for this system include holaegraphic toroidal
grartings and multianode microchannal 2—way plates with a sengitivity to
gofr x~rays. The mirror technology and Ehac for the microchannel plate
are of most importance for proper operation. Table .. 50 illustrates

the current and projected valums for these subsystem elements.

TABLE . .50
CRITICAL SUBSYSTEMS FOR THE X-RAY IMAGING SPECTROMcTER

Critical Component
and Characteristic S04 Valye 2000 Value

Mirror Technology
Surface Flgure
Aecuracy for an
Aspheric Surface 0.5 arc sec +0.03 arc sec

Surface Roughness 0.25 om 0.1 om

Microchanael Plate 2 5
Pixel Size 25 x 25 um 10 x 10 ym

The SOA mirror techmology values of Table .50 were obtained from

the manufacture of the Einstein x~ray telescope (1978). The year 2000
values are based on a projection of the technology t sught posalbles for
the AZAF telescope (1999).
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9.,2.2 X~Ray lmager (0.1-8.0 keV)
This class of imstrument based on silicon CCD array detectors is )

designed specifically for astrophysical applications. It covers the
spectral region from Q.1 to 8.0 keV, has a tuneability of 130 eV, and
its spatial resolution on the focal plane i3 13 line pairs per milli-
meter. Lts data readout rate {s limited to 10 Mb/s. The optics consist
of a grazing incidence telescope. The focal plane incorporates one or
mora Si charge coupled devices (CCD) which have been optimized for x=ray
performance. The detector i3 cocoled to ~223 K. A conventional CCD
signal chain is utilized. A forecast of system gensitivity, areal
coverage, and spectral resolution at 5.9 keV is {llustrated in Fig.

98.

MOSAIC OF
NINE

1000 x 1000
ARRAYS

SPECTAAL REGOLUTION oV
SENSITIVITY, QUANTUM EFFICIENCY %

1980 1920 2000
TECHNOLOGY READINESS DATE 4

Figure 98. Forecast of X-Ray Imager Parameters at 5.% -V

Spectral resolution is currently ~100 eV and 13 projected to reach
50 eV in the year 2000. The quantum efficiency is expected to double by
the year 2000, and at the same time, it 18 expwcted that the current
value for areal coverage (ome 300 x 800 CCD array) will be increased to u
a mosalc of nine 1024 x 1024 arvays. The CCD dynamic range 1{s expected I
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to increase from its current value of 1000 to a value of 10,000 by the
year 2000, This will require further CCD development and new work in
the area of x-ray optics.

,9.2.3 Salid State (Deep Diode) SLi Detector X-Ray Imaging Array

(L~30 keV)

The Imaging X~Ray Spectrometar {s a solid-state silicon detector
using "deep diodes” through the wafar formed by thermomigration of
alumingum. Thermomigration 18 a method in which temperature gradient
diffusion 18 used to drive aluminum posts through a silicon subatrate
with a lateral spreed of a few psrcent (less than 5%) of the substrate
thicknass. The first such x~ray datectors ware degigned, fabricated,
and tasted at the Goddard Space Flight Center (GSFC). The detector
array 18 unique because 1t offars both good energy and spatilal resclu-
tion for the analysis of x-rays in the 1 to 30 keV range. Becausa the
aluminum poats go complately through the detector substrate, the com~
plete thicknesa of the wafer can be depleted, leading to high quantum
efficiencies for x~rays in the 1 to 10 keV range. The quantum effi-
cliency i3 a function of the gilicon thickness. A 400 ym silicon gub-—
strate will =top all but l/e of incident 15 keV x~rays. Thicker silicon
aubatrates nzi: be uged for higher anergy x—rays. The thickness of the
wafers to ba uzed 1s only limited by the abilify to drive post® because
dapletion voltages are now indepandent of substrate thickness. To date

good posta have been drivea through 1300 yw wafers. Spatial resolution
is actained by forming a grid structure of individual thermomigratead
aluminum posts. In the middle of each pixel 1s a post which forms the
electron collection terminal for the individual pixel. Ao array of

greater than 100 pixels, 1 mmz per pizxel, is planned for che AXAF
mission.

The critical parameter of interest is the noige level of the
detector aystem. This is mrasured as the full width of the line at half
maximun of the peak (FWHM). Racent work has enabled the saparation of
the detector nolse from the cverall e¢lszstromies. The noise levels add
in quadrature. Total nolse levels have dropped from 2.25 keV meagured

on the Iinitial successful detectors %o about 280 eV measured on a recaunt
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batch. Of this 280 aV, about 200 eV was due to the detector while about
170 eV was due to the electronics. Improvements in on-chip Lntegration
electronics and dotector arrays should reduce system nolise lavels.

Figure . .99 chows the prograss made since 1979 in reduction of
system nolse as well as a forecast for the future. The research is well
into technology level 4, critical function/characteristic demonstration.
By the end of FY 86, a level 7 technology, euglneering model, ready to
be tastad in space should be obtained.

FWHM {keV)

" A
"'f"' T T L T T T T
e '
L 1 L L. 1
1580 1988 1980 1938 2000

TECHNOLOGY NEADINESS DATE, LEVEL 4

Flgure "'99. Projection for Imaging X-Ray Spectrometer System
FWHM Noisa Lavel

Electronics is now a hybrid system with unique problems. Further
noise reduction 1s obtainable by putting completely redesigned electro-
nilcs oun the chip. Reduction of surface leakages and the use of higher

resistivity material reduces capacitance thersby reducing ajaectronic

noise of the deteactor. However, this also leads to higher surface

leakage problems which can be solved by extra surface pasaivation and

gurface treatments.
185
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Prasent material used has resgistivity of a few hundrad ohm=cm.
Later development will uge matarial of several thousand ohm.cm. A
significant part of xz—ray detector fabrication research will be solving
the rasistivity degradation problem at high processing temperatures
(greater thaa a 1000 C). A farecast of improvements Lo detector and
elactrouics nolse levels 18 given in Figs. .100 and - . 10l. Table
51 summarizes these forecasts and gives the expected increase in

array size.

»
i

NDISE LEVEL FWHM {keV:
- (5]

-
i

1800 19e0 1980 1995 2000
TECHNOLOGY READINESS DATE

Figure | 100. FWHM Noisa Lavel for Imaging X~Ray Detector

FWHM IN keV

1088 1980 1998 1000

TECHNOLOGY READINESS DATE

Figure l0l. Preamplifiar Electrounics FWHM Noise Levels
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TABLE ...51
PROJECTED X~RAY ARRAY CAPABILITIES

Critical Component Theoratical
and Characteristic S0A Value 2000 Value Limit
X-Ray Array Noise (Total) 280 oV FWHM 180 v Approx. 140 eV
Datactor Noiase Approx. 200 130 eV FWHM Approx. 100 aV
eV FWHM
Electronic Noise Approx. 170 120 oV FWHM  Approx. 100 eV
aV FWHM
Number of PBixals 9 (number for >1000

first array)

To achiava thase values, a concurrent program in cryocgenics must
be actively pursued that will provide cooling to ~100 K. A Stirling
cycle refrigerator can allow proper cooling with mianimum size, power,
and waight constraiats. The physical parameters of an imaging

spectromatar based on this detector concept are:

Waighet: 67 kg (inclwding Stirling cooler)
Size: 0.75 x 0.75 x 0.5 m°

Power Requirement:: 150 W

Cooling: 100 K

Data Rate: 64 kbita/s

9.2.4 Solid Statae HgIl, Energy Dispersive X-Ray Spactrometer
(0.5=150 ka¥) *

This detector system operatad as an energy dispersive x-ray
spectromater in the 500 eV to 150 keV energy range. An example of its
resolution 1s provided by Lts response to 5.9 keV (Fe=55) xz-rays. Using
this source, the FWEM i3 300 eV at room temperature and 200 eV when the

input FET of the preamp is cooled. This parameter baseline 1s used to
characterize the system and is projected in Fig,  102.
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&
- 2 LOW NOISE FET MADE OF NEW (OTHER
ul THAN 31} MATERIAL SUCH AS Gass

5004

3 NEW IDEAS IN L.OW NOISE
PHEAMPLIFICATION SYSTEM
800
@ vaxv zns 904 LGLKD MITIOGEN COOLED RHCWH FOR AEFIRENCT]
004 + Hey DETECTOA AO FET AT NOOM TRMPERATUNE SEAT TO DATE (LEVEL &
A Hely DUTECTON AMO FET AT TOCHM TEMPIRATUAE RESULTS REALSTICALLY ATTAINABLE WTTH SMALL Haly DATECTOR (LCVEL 4}
CEmGRaTHATION GF Tra FOSS=E RRSTAUTION OF SRl B , BITECTTS AT RCOM TERSINATURE VITH COOLSD PET [LEVEL 3}
SUOL-

Figure  102. Energy Resolution of HgIz X-Ray Spectrometer for
5.9 keV X—-Ray

Mercurlec lodid=z (Hglz) is a golid-gtate x~ray detector material
which because of lta large energy band gap can be used to make detectors
having leakage current of the order of picoamperes at room temperature.
X-ray spectrometry with an HgIz datactor can thus be accomplished
without. tha naed for cryogenic cooling, allowing vary subatantial
savings in space and mass. The energy resolutlon which can be attained
at present makes HgI2 an attractive alternative to other solid state
detactors, and projected lmprovements in resolution with further
ragearch and developmant will make 1t closely competicive with Si{Li)
and HP(Ge). The atare of the art clearly demonstrates the outstanding
progresa which has been made in enaergy resolution in the paat several
years.

A forecast of system paramstars 13 givean in Table . 52,
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TABLE .52

SYSTEM PARAMETER PROJECTIONS

Paramater 30A Value 2000 Value
Energy Resolutlon for
5.9 kaV X~Rays 300 eV (FvHM) 100 aV (FWEM)
Mzgs Few Ounces 30 gm
Size Approx. 16 cm3 <1 cm3
Power Required 3 W (mostly for <100 oW
Paltier coaler
1if used)

Critical parameters for thin ayatem are ltemized aa follows:

1. Hgl, aingle cryatals: the critical parameter is the product
of 2lectron mobility and mean trapping time; the yield of
high quality crystals is an important conmalderation.

2. HgI, x~ray detectora: these must be stable in their
performance with time (i.e., 0o polarizacion effects).

3. Preamplifier input FET: the critical parameter is the
alectronlc nolse lavel.

Future research and development will be concentrated in the areas

of H312 purification and crystal growth and in reduction of the noilse of

the fleld affect translstor usad Iln the first stage of signal

amplification.

The FETs must be capable of low naolse ambient temperature

operation or assoclated low powar miniature cooler development will be

necessary. A forecast of these technology areas is given in Table

" 53.

u w————
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TABLE 53
PROJECTION FOR HgI2 CRITTICAL COMPONENTS

Critical Component
and Characteristic S0A Value 2000 Value

Yield of High-

Quality HgIz Cryatals 1 o 5% Up to l0OOZ
Noise of Iunput FET 225 aV (FWHM) at Room Below 50 eV Lf a New
Temperature Matarial Other Than .

LA % - 7
S

A oy e
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Applications of thase systems are foreseen in the areas of
alemental anlaysis by ZRF, alemental mapping in SEM, and the study of

extraterreatrial x-ray sources Im x—-ray astronomy.

9.3 Proeminent Institutions and Individuals

NASA/Goddard Space Plight Canter
G. Alcorm

8. Holt

P. Serlemitsos

Onivergity of Southerm Califormia
A. Dabrowslki
G. Huth
J. Iwanezyk
J. Kusmias
\
University of Chicago
A. Turkevich
T. Econcmou

Imperial College, Londom, England
R. J« Speer

Hebrew University of Jeruaalem,
Iarael
M. Schieber

Jat Propulaion Laboratory
M. P. Chrisp

5. A. Collins

G. Rieglnr

J+ Janesick

MIT

G. Ricker
J. Vallerga
G. Clark

Colorade State University
P. Leyden

Pennsylvanla State University
« P. Garmere '

Universita di Padova, Italy
G. Tondello
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10 GAMMA RAY SENSORS

The importance of gamma ray systems for astrophysical purposes was
firat ovoted theoretically in the decade of the 1950s. Howaver, the
experimental development of gamma ray astrooomy was initially quite
slow. Ballcon experiments prior to 1960 were not successful. It wasg
not until 1972 that high energy celastial gamma rays were detected with
cartalnty. Thils was accomplished by upgrading the detector systems and
uaing larger, high altitude balloong. The f£irat gamma ray telescope was
launched in lata 1972 on the Small Astronomy Satellita (SAS=2). This
was followed by the launch of the Cosmic Ray Satellita (COS-B) 1in 1975
and other satallites carrylng gamma ray detectors including the Solar
Maximum Mission (SMM). Data acquired from thege systems have had
applications in the study of:

Primary aud Secondary Galactic Cosmic Interactions
3clar Astrophysica

Galoceic Matter Distzibution
tsalatic Cosmic Ray Distribution
Neutron Sktars

Pulsars

Supernovae

Black ‘Holes

Extra Galactic Radiation
Cosmology

Diffusae Radiation.

Flight aystems normally include ulectronics, a detactor, and a
thermal shield. For scintillator asystems like those carried on the
Apollo misasions, the detector gubagsembly consisted of a right cylindri-
cal NaX(Tl) crystal with an area of 7 x 7 cmz. In contrast, the gamma
ray spectrometer usad for the 5MM contained seven high resolution
detectors. Each detector was of the order of 7.5 x 7.6 cmz, composed of
NaI{Tl). The increased area allowed an increasa in the senasitivity to
low gamma ray flux. Gamma ray detaectors and detector arrays can be
divided into two general categories based upon the energy of the
incident photons; detectors for epergies <10 MeV and those for energles
210 MeV.
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", 10.1 Detactors (100 kaV to L0 MeV)

Detectors for photona of less tham 10 MeV are used for the detec—
tion and compilation of the electron—photon interactisns due to the
photoelectric effact, fluorescence radiation, pair production and anni-
hilation radiation, and Compton scattering. These systems use both
eryatal scintillators and semiconductors.

*.10.1.1 Scintillator Systems
Commoun detector materials include WaI(Tl), CsL(Tl), and Cal(Ya).
Photomul tipliers are used ko counvert the scintillation to an ocutput

voltage or count rata. The resolution of these gystems depend on the
photomul tipliar used and is limited by such things as the collector

efficiency of the photocathoda, emission by the photocathode, phosphor
emisgion, and statistical fluctuationa.

. +10,1.2 Semicenductor Detector Systems

Semiconductor devices have their resolution defined in tarma of
the full width at half maximum (FWHM) {n pulse height units which can be
cnn&erted to energy units. Types of semiconductor detectors include
31(L1), Ge(Li), high purity germsuium Ge[Ge(HP)], and mercuric fodide.
These have improved energy resolutfon compared to gas proportional
counters and scintillators. Garmanlum Ls best for energies between 10
keV and 20 MeV. However, thess detactors must be cooled to liquid
nd trogen operating temperaturas <100 K.

Cthay szemicounductor materials have been studied as gamma ray
{ugactors. HMoat promising of these L3 at pragent mercuric ilocdide which
may eventually emerge ag an alternative to germanium as a detector
offering high denaity and good resolutioun without the ccoling require-
ment, Lf sufficlently large crystals can be grown. Further improvement
of gamma ray sansors can be achieved through the development and use of

detector arrays for these energles and coded aperture detactors as
needad.
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Germanium Gamma Ray Detectors. Germanium crystal gamma ray

detectors ara solid-state ionlzation devices. Absorption or decattering

of gamma rays within the intrinmsic region produces electrons whichk lose

thelir energy by creating electron~hole pairs to act as free—-charge

carriers. Thesa carriars are collected by introducing a veltage

gradient across the {ntrinsic region and integrating and amplifying the

resulting current. The obaerved charged spectrum consists of a

continuum and one gor more narrow peaks from which one can infer the

energy spectrum of the incldent gamma ray flux., The areas under the

peaks are a function of the detector size and shape, the position of the

source with respect to the detector, and the photon energy. The widths

of the paaks and the haights relative to the countiruum are determined by

the energiea of the photons, the intrinsic rasolution of the datector, )
and the noise contributed by the amplifying and measuring system. It is
the helg! .. of the charactaristic gamma ray peaks relagive to the
contineum which one wishas to optimize by weans of high efficileuncy and
high resolution. In order to bring the inherent noise of thea Ge
detector to a level which allows its operation as a gamma vay detector,
the csmperature must be maintalioed helow 100 K. Lithium drifted
germanium detectors must be maintained at these temperatures at all ) ;
times to prevent Li redrifting. High purity (intrinsic) detactors may

be stored at room temperature when oot in use. These detectors are made

in two basic configurations, planar for x-ray and low energy gamma ray l
datection and the larger cylindrical or ecaxial for higher energy gamma
rays.

The energy regsolution of these detectors 1s diractly related to
the detactor volume. Detector sensitivity 1s proporticnmal to
(volume) 1/2. Current detector volumes ara on the order of 200 cma. It ' T
i3 projected that this value can reach >400 cm3 in the future, A plot

of projected Ge datector volum: i3 given in Fig, - 103,
Detector afficiency and energy resolution is forecast in Fig. é

104. These parameter projections as well as preamplifier noise
projection are tabulated in Table 54.
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TABLE .. 54
PROJECTIONS FOR GE DETECTORS
Parameter SOA Valua* 2000 Value
Efficilency 3s% 60Z
Resolution 1.8 keV 1.5 keV
Preamplifier NHoise 250 eV 125 aV

u
Available rather than exceptional.

Improvemants for these detectors require increased crystal purity,
tmtcer preamplifiers for detector systems, and the utilization of both
active and pasaive cooling systems.

Gamma Ray Detaction Using HgI, (No Seintillator). Mercuric fodide
(HgIz) is a solid-state gamma ray detector material which combines tle

properties of a wide—bandgap material with high stopping power because
of the high atomic numbers of its constituent elements. As a conse—
quence of the large eunergy bandgap (2.13 aV) of HgIz, detectors made
from it have a very low leakage current at room temperature and have low
electronic noise. This allows construction of highly efficient spectro=-
meters which can be operated at room temperature.

The energy resolution and efficiency values recently obtained with
thick HgI2 gamma ray detectors oparated in the current—-pulse mode will
make f:hem competitive with the acintillation-photomultiplier combination
nov in wide use. HgIz already presents distinct advantages over other
gamma ray detectors (such as cryogenically cooled Ge detectors) in siz~,
weight, and power consumption. Future developments in HgI2 purification
and crysual growth technology will produce improvements in enevgy reso—
lution and will allow advantage to be taken of the reduced spread in
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charge generation statistics of a solid~state ionization detector com—
pared with seintillation counters. The system operating range for
detection is 20 kaV to several MeV, Applications can be foreseen in
gamea tay detectlion and spectrometry from space where the combinationm of
compactness, ruggedness, high detection efficiency, and low power

cousumption 1s needed.

Critical performance parameters include energy resolution and
datectiov efficiency. Forecasts of parameter values are presented in
Table _ 55. Physical parameters ars also provided.

TABLE ..55
FORECAST OF PARAMETERS FOR EgIz GAMMA~RAY DETECTORS

Paramater SOA Value 2000 Value

Energy Rasolution 16Z for Cs-137 1/2%
Gamma Rays (662 ke¥)

Detaction Efficiancy

for S5~cm Thickness 922 Close to 100%

Weight 0.45 kg Primarily Weight
of Hglz Material

Size 130 cm3 Primarily Size of

HgI, Material

Power Requirement 100 oW 50 mW

The theorstical limit i3 set by the statistical fluctuation in the
charge produced in the detector; a measure of this is the Fano factor,
of which only an upper limit is kmown at the present time.

Three critical areas needing development for this gamma ray

detactor are:
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(1) Large voluma HgI, single crystals: The critical parameter
i3 the product o% alactron mobility and mean trapping time.
The yleld of high—quality crystals is an important consider—
atiana !

(2) Uniformity of electrical properties throughout the volume of
the crystals. ]

(3) Hgl, gamma ray detectors: These must be atable in their
per%ormance in time (i.e., oo polarization effects).

These activities requirs angoing research in the growth and i {
purification of large volume, thick, single crystals of BgIz and the
further development of low noise electirroulca suitable for application to :
the current pulse method of spectrometry. ;

Camma Ray Detector (With Scintillator). This new gamma ray sensor
consists of an EgIz phocodatector optically coupled to a scintillator ) ;

ecrystal. Nearly all incoming gamma rays are stopped in the sciatillator
crystal and the scintillation light is detected by the HgI2 photo—-
conductor. The spectral regponse of HgIz iz well matchad tn the light
output from wany scincillators. The scintillation light 1is absorbed '
within a very thin surfaca layer of the HgI2 photodetector and generates

P o Sy S S

charge carriers which are collected in much the same way as in an HgI2
x~ray detector. With the entrance electrode negatively blased, ounly the
electrons give rise to the output signal. Unlike the photomultiplier

R o g o

tube, which has a typical quantum efficlency of about 20%Z, for a solid-
state photodetectur, the quantum efficiency can be much higher, even

- e e M Saree Ame—e =

approaching 100%, so that the ultimately attainable emergy resolution f “J
mny be much better thau can le obtained with a

photomultiplier-gcintillater device. The HgI2 photodetector

scintillator gamma ray detector thus combines the advantages of the high 4
stopping power of the scintillator and the high quantum efficilency of a
solid~state phaotodetector.

Future research and development will L concentrated oun improving ;
the quantum efficiency of the Hgl, photodetectors and the low noise
amplification electrouiecs. In the area of HgI2 purification and crystal
growth, efforta will be wade to obtain a better yleld of larger, uwore
uniform single crystals with good electrom tramsport properties.
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Applications of these detectars can be foreseen in gamma ray

detection and spactrometry when the combiuation of compactness,
ruggedness, high detaction efficiency, and low power consumption is

needad, as it i3 {n gpace applicatious.

In addition, RgIz photo-

detectors do oot need to be shialded from magnetic fialdas (as photo-

multiplisrs de).

The system covers the 50 kaV to several GeV energy reglon. It 1is
tuneable and has a spatial resolution on the order of 1 om for low

anergy ZaNms rays.

Its performaunce is limited by its energy resolution

of 107 at 511 keV; dictated by the use of a BgI2 detector with a 5 mm

2

thick CsI(Tl) crystal with a 27 mm~ area. The active area of the HgIz

photodetector is at present limited to a few cmz-

The system 1z best

described by its energy rasolution and detection efficiency. These
parametars and the physical size parametsrs are presented in Table

"2 56.

TABLE ..56

GAMMA RAY PHOTODETECTOR PERFORMANCE PROJECTION

Parameter SOA Valne 2000 Value
Energy 102 for 511 k -4
Resolution kaV with Cal(Tl)

Detaction 63Z for 5 mm Close to 100X

Efficiency Thickness

Magwn Few Qunces Primarily Mass
of Seintillator

Size 49 cm3 Primarily Size
of Seintillator

Pover

Requirement 100 mW 50 oW

Note: The theoretical limir depends on the statistical
process of scintillation light production.

This technology will be driven by items similar to those described

previoualys
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(1) Large arasa Hgl, single cryatals: The critical parametar ls
the product of sclectrom mobility and mean trapping time.
The yield of high quality crystals ia an important counsid-
eration. Uniformity of electrical properties throughout the
volume of the crystala «will be crucizl.

. (2) Hgl, phectodetectors: Thuase must be stable in their perform-
ancé in time (i.e., no polarization effacta). Higher
quantum aefficiency will be sought for the photodetectors.

Gamma Ray Datection for Energies >10 MeV. When energlas aras in

excens of 105 MaV, the intensitiles of celestial gamma rays are Loo low
to be swan with space telescopaes. At present the upper limit for sactel-
lize experiments ia “103 MaV. Larger available detectors may extend
this limit to '10“ MaV. Countar talescopes are the principal sensors in
this energy region. The first of the countar telascopes to ba flown in
space was a scintillator Carenkov counter detector flown on Explorer ll.
Since then, technology evolution has led to the utilization of spark
chamber counter systams for this region of the energy spectrum. Five
diffevent tjpes of imgge chamhars have baen devaloped o the point of
being included in a gamma ray talescope. They are the conventional
optical spark chamber, the vidicon, tha sonic spark chamber, the pro-
portional counter, and the multiwire magnetic core digitized spark

chamber.

,10.2 Prominent Institutions and Individuals

Jat Propulsion Laboratory Y48A/Goddard Space Flight Center
A. Metzger B~ J. Teagardean
A. S. Jacobson

Lawrence Berkaley Laboratory
University of Califormia, San Diego R. Pehl (Ge)
J. Matteson
Bell Laboratories
usc M. Leventhal
A. Dabrowski (HgIz)

= Raferznca: Gamma Ray Astrophysics, NASA 3P—-453, C. E. Fichtel and J. L.
. Troubka-,lGSF' C (198"1'5'_.

11 PARTICIZ SENSORS

11.1 Charged Particle Detactors

il.1.1 High Energy Particle Detectors (>100 Mev)

Magnetic spectrometaers use position-sensitive detectors (a.g.,

spark chambers or nuclear emulsions) to measure the amount of deflection
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of high energy charged particles traversing a magnetic fleld. In com—
bination with other types of particle detectors, magnetic spectromatars
way be used to: (1) distinguish matter from antimatter in the cosmic
rays, (2) rasolve isotapes of cosmic ray nuclei, and (3) measgure the

composition and energy spectrum of cogmic-ray particles at high energy.

The magnitude of the deflection of a particle in the field and,
hence, tha resolution of the spectrometar 1s proportional to the
atrength of the field and the length of the particle”s path in the field
(L.a., the "field intaegral,” JSBedl). This is the primary parameter
foracast.

This foracaat (Pig. ..105) is basad on development of existing
technoleogy; no “bresikthrough” is required. The forecast assunmes
constant laval R&D support for spectrometers and associatad experimental
equipaenc. The forecast through 1990 is based on scaled-up versions of
exiscing balloon—-borne superconducting gspectrometars that use the same
commercially available suparconductive wire (Nb Ti). Extrapolation
beyoud this date will require more efficient suparconducting material.

108

102

101

MAGNETIC FIELD INTEGAAL  k§- m

o S o S R —— — -
e 1978 1090 1906 1989 1998 2000
YEAR

Figure = 105. Superconducting Magnetic Spectrometer
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- 11.1.2 Mid=-Energy Particle Detectors (>50 keV)

Middle energy particle detactors utilize either solid-gtate sili-
con or solid-state germénium. The major advantage of these solid-state
detactors 1ig high sensitivity to small amounts of enargy and the inher-
ently uniform charge resclution. However, neither sensor sensitivity

for the minimum detectable flux nor the energy resnlution capability
gshows a recognizable trend. Energy regsolution in particular is not
limitad by the sensor but by the nature of the plasma being investi-
gatad. The minimum detactable flux i3 related to the energy bandwidth
impinging on the detactor, the time constant over which the energy is
collected, the size of the expogsed detector faca, and bit rate avail-
abla., The first two ralate to types of particles of interest and their
inherent temporal and spectral variability. The size of detector is the
main technology 1limit on sensitivity toward higher energies., The
detector trends for existing golid=state silicoen or germanium detactors
are showm in Fig. -~ 106. A University of falifornia at Berkeley device
with area 125 cm™ appears to represent present technology. Areaa in the
100 to 1000 cmz regimes appears to be feagible in the 19903, especially
ag Shuttla aspace processing can be implementad for low gravity crystal
growlng.

108

i
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Figure 106. Trends in Solid-State Charged Particle Detector Size
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« ,11.1.3 Low Energy Particle Datectors (<50 keV)

Low epergy particles are detected using chamneltrons or electron
mu'tipliers. The detection of particles in space using charneltrons is
a mature technology. Miasions where particle detectors have been flown
include ISEE, Mariner 10, Voyager, SMM, and Solar Pelar. Future
missions such as OPEN will benefit from this progzciaion of techmology.

Chanpaltrons are saall conducting glasa tubaes that have a
potential appliad between sheir ends. Incident particleas or photons
produce an alectron at the negative end of the partially evacuated tuba.
This initiates an avalanche. Due to chié avalauche, a finite charge
pulse ia detectable at the poaitive end of the tube.

Bach chaoneltron tuba has a small diametaer on tha order of
nillimetars. This allows many tubes to be placed aide by side in the
focal plane of a datector system. In this configuration, the detector
is called a channsl plata. Detection by an individual channeltron in
the channel plate can be traced to a unique spatial location. Incildant
particle direction can be determined uaing this location and the fore
optica of the system through a simple 14y trace methodclogy. The energy
of particles detected in this manner is dependent upoun the adjustable
ionization potantial for each tube. Pulses are faat. The maximum
counting rate for these systems fa presently limited to 1 MHz. Because
of their light weight and low power, these detactors have been usad
extenaively in past space experiments.

Parformance of these systems ig normally limited by background
radiation. Present development activities are underway to ilmprove both
speed and positional accuracy. It is projected that the current 1 MHz
counting rate can be incraased to 100 MHz by the year 2000. Concur. znt
activities to improve positional accuracy are forecast to decrease
apatial uncertainty from 1 mm to 0.' um by the year 2000.

11.2 Neutral Partlicle Detectors

Neutral particle detectors rely onr either fleld fonizatiam or
charge exchange to generate detectable ions from which the inecident flux
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can be calculated. Their application for interplanetary space would be
aspecially valuable foo tha detection of hydrogen and helium.

Slow neutral particles are detected using £leld Lfonizatioun. The
detectors are normally composed of an arrangement of tungsten needles
with very fine points (from a few hundred angatroms to microus in
diameter). The nsedle array i3 kept at a fixed potential. The
geomatric configuration of the individual needles results in locally
very high nlaectric fields which fLonize neutral particles in their
vicinity. The sensitivity of the asystam depends ou the lonization

afficiency.

Past neutral particles are detected through charge exchange.
Normally the incident flux of particlas is passed through o carbon grid
or mesh kapt at a fixed potantial. The inown fonization efiiciency of
this grid, coupled with the count of ionized particles, allows the
caleulation of the incident flux density of uneutrals. Both types of
detector systems are directional; i.e., they detect only particles that
enter a specific solid angle at an entrance port govarned by the

collimator—detactor combination.

Detector sensitivity depends upon configuration. Preseat detector
afficieucies are of tha order of 1% yet can be theoretically lncreased
up to 100Z. No neutral particla detactors have yet been flown by NASA.
However, this technology Ls both available and suitable for future

aissionsa.

:11.3 Prominent Institutions and Individuals

NASA/Goddard Space Flight Center University of Arizona
K. Ogilviae

University of Califormia,
Barkeley

University of Iowa
Night Vision Laboratory

Bendix
Phillips (UK)
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. v 12 MAGNETOMETIER

12.1 Fluxgats Vector Magnetomater

The detection of magnetie flalds and particles requiras the use of
magnetouetars as an instrument class. The gpecific example to be dis-—
cuysad 1a the Fluxgate Vector Magnetometer. It 1s used primarily for
gpace applications in the study of space physics, plasma physics, and
measurement of planetary fields. The instrument operates im the DC to
300 Hz frequency range and i3 sensor nolse limited. Its performance

limits 1ie hetween 0.005 nT to 107 nT depending on the design coufigur—
ation.

Systems utilize balanced, tunerd, second harmonic generatora and
saturable cores. The oscillator signal drives the permeable core to
gaturation. An extarnal magnetic field {ntroducas an unbalance Iin the
differential winding which produces aignals occuring at even harmonlcs
of the oscillatsr fraquency. The amplitude of the signal depends on the
magnitude of the extaernal fleld.

Instruments of this type have a 50 year history of application in
the flelds of anti—submarine warfare, geophysics, proapecting and
asromagnetic gurveys. These initial instruments were adapted to space
applications in the 19603 where the state of che art was upgraded for
apecific miasions such as IMP, PIONEER, Mariner, Voyager, HEOS, HELICS
and MAGSAT. The state of the crt instruments (1983) are satisfactory

for all space missicns except for surface penetrometers.

The most important system parameter ls sensor nolse. This
parametar has been plotted as a function of frequency im Fig. ° 107 in

terms of the syatem powar speciral demnsity. Projectlions have been
itemized in Table 57.

Booms are critical subsystems which require careful design.

Important considerations include their lemgth, required Lo assure
operation on the spacecraft in an enviroument that 1s not contaminated

by spacecraft electronics, and trade-offs that must be made between booum
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and the angular stability of the hoom/senszor combination. The best
achieved stability to date is illuatrated by MAGSAT whare system

oscillations are iess than 5 arc sec RMS. These factors, cleanliness

and accuracy are projected in Tabla . 58.
104
g 1c8
%
s &
3 =
= 7]
2 a
o F 108
g &
"
&
5
Q
“ 107
1998-2000
1 10 100 1000
FAEQUINCY Hz
Figure , .107. Sensor Noise for MagnetometZers
TABLE . 57
PROJECTIONS FOR MAGNETOMETIERS
Parameter S0A Value 2000 Va.ue
Noise 0.006 oT (BMS) 0.001 aT (RMS)
Acceleration Sarvival for
Penetrometers (Sensor) 17,000 G's 25,000 G's
(Elactronics) 6,000 G's 10,000 G's
TABLE .58

SUBSYSTEM PARAMETERS

Critical Component

and Characteristic S0A Value 2000 Value
S/C Magnetlc Cleanliness 0.02 T Unknown
Boom/Sensor Angular Accuriacy 5 arc sec RMS 1 arc gec RMS
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Supporting research activities include:

. Further development of electronics capable of withstanding
large accalerationa/decelerations (high G electronics).

° Sensor development Ffor the penetrometer class of Iinstrument.

° Analytical tachnlques to estimate spacecraft fields.

° Past Fourler Transform/Data compaction of on—board data.

. Autonomous instruments that are gelf-adaptive to varying

amblent counditions such as failures and other data
trancmisaion constraints. This will require on—board memory
technology including the development of microprocessors.

12.2 Promisient: Inatitutions and Individuals

NASA/Goddard Space Plight Center UCLA

M. H. Acuna C. Rusasgell

N. F. Ness R. McPheraca

Jet Propulsion Laboratory Univarsity of Braunschwaig (FRG)
E. J. Smith F. Neubauer

Je Slavin G. Mussman

Uaiversity of Rome (Italy) Imperial College (UK)

F. Mariani R. Hedgecock

R. Tarenzi A. Baloch

13 CRYOGENICS AND THERMAL CONTROL ~

13.1 Cryogenic Technology

Projected gensor capabilities presented in this volume rely
heavily on parallel research efforts into many different areas. How=-
ever, ona consistent theme mentioned for all systems 13 thet better
paerformance or the projected performance cannot be attained until or
unless better cryogenic systems are daveloped. Table , 59 illugtrates
this polant by presenting a reprasentative sample of required operating
temperatures cited for both S0A and year 2000 ingtrument capabilities.

- -

_ "~y -

206

e ——— e g




’Y_*ﬂr{:."m AR RV S S
> '

OWIGINAL PAGE 18
OF POOR QUALITY

TABLE -.°,59
SYSTEM TEMPERATURE REQUIREMENTS

Systam S0A 2000
Microwave and Millimeter Wava
Radioueters:

DMR far COBE 295 K (31.4 GHz)

130 K (53 and 90 GHz)

Far IR Spectrophotometer for

COBE - 1.5K 0.1 K
SIS Mixar <4 K
Millimeter Wave Spectrometar 20 K
Infrarad Systems:
Fouriar Transform Spectrometar <10 K
AMS 70 K 60 R
MLA 50 X (IR)
Arrays for Astronomy
54:X 40 K (4 um)
8 K (30 um)
Ge:Ga <4 K
Laser Heterodyne Radiometer 30 K (10 um) 110 K
20 K (28 um) 3o R
Vigible-~V CCDs 220 K
X-Ray Imager (Si CCD) 220 K
X-Ray Array (Deep Diode S1) <100 R
X-Ray Detectors (51i:Li) <100 K
Gamma~Ray Detectors (Ge) {100 K

Obvioualy, each system with its unique requirements for active
oparational lifetime will need a unique cooling acheme, l.a., some
instruments can use state of tha art coolers while others will require
the development of wuore complex cryogenic aystems capable of maintaining
the sensor temperature at cryogenic levels over extended periods of
gime. In either case, the size, welght, and power requirements of
paggive and actlive systems must be reduced to make them more compatible
with spacecraft limitations. As an 1llustration of current research in

this area, representative gystems will be discusgsed. These include a
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Joule~Thomson adsorption ccoler for ugse at 20 K over extended periocds of
time, and Stirling cycle systems capable of maintaining the temperature
at 65 K and 11 K over a 3 to 5 year life cycle.

, 13.1.1 Joule=Thomsan Adsorption Cooler

This passive cryogenic cooler based on the Joule-Thomson effect
uses waste hear from the spacecraft, solar energy, or an internal power
source to achleve low opyerating tempgratures for extended periods of
time. It can provide vibration free cooling for sengitive detectors as
wall as for the assoclated telescope aystems since it is scalable to
high heat loads. The heat load capability of this system 1s illustrated
in Fig. _ 108.
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TECHNOLOGY AEADINESS DATE
Figure ', 108. Projected Heat Load Capability

At 20 K, the 1982 value of heat load removable by this type of
system is 0.2 W. It is projected that by the year 2000 this value will
increase to >1.0 W.

Critical research for this system involves enhancement of the
efficiency of the adsorption—desorption process and research into
materials that will extend the long lifetime capabiliéies of these

coolers.
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., 13.1.2 Stirling Cycle Coolers

The expected lifetime of performance for the 65 K, 5 W heat load

S5tirling cycle cooler to support missions with infrared, x~ray, and
gaumsa ray sensors is fllustrated in Fig. . 109.

FLIGHT-TYPE 85K CLOSED-CYCLE
COOLER LIFETIME {YEARS)
[~ ] »
1

1980 , 1980
TECHNOI.OGY READINESS DATE

Pigure . .10Y. Cooler Performance

Expectad lifatime of performance for the 11 K, closed Stirling

cycle cooler {(e.g., for extrinsic silicon detectors in 30 um range) is
i1llustrated {n Fig. . 110.
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Filgure | 110. Projection for the 1l K Stirling Cycle Coouler
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Such systems requirs the development of a method by which the
working material (solid and liquid helium for 4 K to 100 K cooling) can
be retained and used over an extended lifetime. A projection of this
improved capability is presented in Fig. . _.1lll.

100

80

ro

% LIFETIME INCREASE FOR A GIVEN WEIGHT

980 2000

1980
TECHNOLOGY READINESS DATE

Pigure ~ . lll. Projected Lifetime Increase for Cooler Working Medium

Diffevent missions require different capabilities. For example,
the space shuttle misalons raquire a low cost liquid aitrogen sortie
coolar. This system is currently about 60% complete and should be
flight—ready by 1990. In contrast, infrared astronomy satellites for
the future require a leang life, closed cycle, hellum liquifier using
magnetic bearings in the compressor. This will provide the cooling and
stability required. At current funding levels, this latter system will
not he totally developed by the year 2000.

13.2 Power Dissipation and Thermal Control
Power dissipation and thermal control in spacecraft environments
i3 also an Important consideratiom. Certain systems such as high power
laser syatens (e.g., alexandrite, CO,, dye lasers in LIDAR systems)
genarate substantial waste heat which must be removed. Other instru—

ments require thermal control at nonambient temperatures Iin order to

maintain aligoment and mechanical and electronic operation. Systema

21¢

-

L N e e e e e

A% e i a—




1 b T TL AN, Sl B S sesEe

ORIGINAL PAGE (9
OF POOR QUALITY

that can perform these functions can be an important part of spaceborne

sengsors. A Forecast of a representative thermal control system Ls given
here.

J3.2.1 Two Phase Thermal Utilicy

This capillary and pump assisted cold plate system is used for
thermal control of spacecraft instzuments. It haa an operating range
batween 263 K and 313 K. Its performance limits are dictated by its
ability to diasipate 10 kW of power via radiation from 3 to 10 W per cmz
over a 5 to lf, m transport langth. Current mechanlsms of this type
operate using capillary systems augmented with mechanical heat pumps to
provide anergy transport over the total 50 K temperature raanga. Present
ragearch in this area placas these gystems at the level 3~4 state of
davelopment lavel.

Heat traansport capacity and power demsity of the gyatem sarve as
its figure of merit. Heat transport capability 1s defined as the
ability to transport energy (watts) over a long distance (meters).

Power density 1s the energy dissipated into the thermal system per unit
area. These parameters have been projected forward to the year 2000 and
are illuatrated in Fig.  11l2.
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Figure . 112. Heat Transport Capability and Power Density of
' Tnstrument Thermal Systems
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Critical subaystems Iinclude cold plate evaporatoss and condensors
which include technologies for the pumping head, fluid management and
distribution, and pumps that have provan reliability over extended life-
tima. The relationship batween the projections for pumping capacity and
cold plate power density 1ias foracaat in Fig. _.1l1l3.

100

100

PUMPS

10 }j== 10

COLD PLATES

1.0 1.0

10 .10

PUMPING HEAD (INCHES ABOVE FLUID LEVEL)
COLD PLATE POWER DENSITV (W/cm?)

1970 1978 1980 19885 1280 1323 2000

TECHNOLOGY READINESS DATE

Figure  113. Projections for Pumping Capacity and Power Density

Future supporting resgearch activities include testing and analysis
of flow boiling, fluid discribution, fluid separation, further materlals
rasearch to increase the lifetime of operation of these systems, and
further efforts in materials rasearch and thermodynamics to insure
material compatibility for all components of the total system. The
question of reliability and lifetime are noutrivial and require exten—
slve testing prior to making these systems gpace ready.

It i3 projected that driving sclentific programs will involve all
areas mentioned where instruzents requizing temperature control within
thegse 1imits are needad. It {3 felt that this utility will be of
particular value to large space platforms carrying instruments for
multidiscipline users.
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E 13.3 Prominent Institutions and Individuals
* ||
) | ‘ «
i ,13.3,1 Cryogenics ‘
. NASA/Goddard Space Flight Center NASA/Johnson Space Caenter -
P A. Sherman W. Ellis o
4 Jet Propulsion Laboratory NASA/Ames Research Center
' D. Elleman P. Rittel

M. Tward

...13.3.2 Thermal Control

¥ NASA/Goddard Space Flight Center
> S. Olisundorf

- 14 OPTICS
> Advanced optical systams usually require largs aperture tale- -
ﬁ scopen, often with large flelds of view, Virtually all aspects of opti-

cal tachnology and optical system design affect survivability, and a

wide ranging affort towards effactive protection i3 important., Above-

the=horizon (ATH) viewing systems, looking for gpace objects require '
; very high levels of cut-of-field=—of-view rejection (OFVR) for bright ;
sources such as the Earth, Moon, and Sun. High values of OFVR becone }
increasingly difficilt as the requirecd field of view (FOV) increases. i

. o N

[ e

For Earth-viewing sensors, avoilding eroastaik from bright sources ,
locatad within the FQV is ansthar difficult OFVR requirement. OFVR ?
requirements may be different for a scanning sensor and a staring sensor
that pevforms the same mission. Improvements to the mainstays of K.
optics, materials, coatings, and filters are still important, with new

raquirements imposed by the briad gspectrum of sensors discussed.

For astronomical application, large spaceborne telescopes permit

obgservations in spectral reglons which are absorbed by the Barth’s
atmosphere (e.g., 30 um to 1 mn and UV wavelengtha). They also permit
higher spatial resolution limited by the diffractionm of the optical
aperture since atmospheric "seeing effects” are not present. In the
abaence of atmospharic effecfis, large telescopes would also permit
meagsurements of more distant astrophysical objects. Opto-mechanical
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technology 13 closely related to the feasibility of the large optical
gystems, but other lssues including optical quality, size, and weight

are of conceru.

4.1 Lightwaight Mirroxr Technology (Fig. .  Lll4)

The mirror area per unit mass achievable by several large-mirror
fabrication technologies {s shown. The techmology for stiff mirrors
made by fusing or frit-bonding a faceplate to a lightweight core struc=
ture 13 predicted to scala with size as shown. The space talescopae (ST)
primary mirror represents 1980 fused mirror technology and offers a
lightening gain of a factor of 4 with raspect to a solid mirror. PFrit-
bonding (ca 1935) may allow a gain of another factor of 5. Other
developments may include lighter weight, composite material cores.
Mirrors that rely on active control rather than their stiffuess to
natntain figure accuracy may offer substantial weight reductions for
large mirvorg if tha predicted acaling law (mass per unit area independ-
ent of diametar) is obeyed. Existing and planned programs are listed in
Tabla ___ GO.

DIAMETER (m)

5[,

AREZA (md)

Flgure 1l4. Lightweight Mirror Technology
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TABLE - « 60
SPACEBORNE TELESCOPE PROGRAMS

Agency Progr.m Kay Goals

0.85 u diameter, £/24, 0.13°
FOV, Ritchev=Chretien beryllium
mirrors, 2 to 10 K focal plane

NASA SIRTF

NASA IBAS 0.6 m diameter, £/6, 1.2° FOV,
. double=folded Gregorian, 3 to
10 R
NASA Space Telascope 2.4 m primary, 0.l sec
resolution, AT1/48, Q.0)07=sac
atability

- J14.2 Adaptive Optics
Large space mirrors ara classified into gix categories according

to continuous versus segmented and passive/semlactive/active character—
iasticas. Adaptive optics include semiactive or active mirrors for which
the actuator signals for figure adjustment are generated automatically
using real-time image quality measurenents.

Figure = 115 shows the applicability of various c¢lasses of mirzor
design by diametar showing that the complexity of figure adjustment
features increases dramatically with size. Also shown i3 a foreczst
curve for milrror masa per unlt optical surface area. {This material was
provided by the Rome Air Development Centar.)

14.3 Large Deployable Reflector (LDR)
This is sn example of a future large diameter gpacehorne reflec=—

tor. Tha National Aeronautics and Space Administratiou is In the pre-
liudnary planning stages for this large submillimeter and far infrared
orbiting astronomical telescope faclility. The talescope will ba betwaen
10 and 30 m in diametaer, the upper limir being defined by taechnology and

cost.
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Figure ; 115. Space Mirror Technology

The operating wavelength will be between 1 mm (1000 pm) and 30 ym.
The short wavelength limit 13 a compromise between the point where
smaller cooled telescopes become more semsitive () ~ 10 um) and practi-
cal technology. The short wavelength limit may be Llncreased Lf the
trade~off between cost and scientifilc return 13 advantageous. Typlcal
technical raquirements for the LDR are presented in Table , 61.

The telescope will be a Cassegrain design of approximately £/1.

‘The primary reflector will be made up of a number of close packed

panels. Each panel will be actively controlled with three degrees of
freedom so that the overall optical figura of the primary reflector can
be maintained within a small fraction of the shortest operating wave—
length. The panels will be attached to a tetrahedral truss backup
structure which will absorb the reaction forcrs of the panel actuators.
Active control and optical surface quality of the individual sgegmentcs is
expactad to provide diffraction limited operation to 30 ym wavelengths.

The spacecraft and optical reference structure will ba behind the vertax
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of the primary reflector. The focal plane instruments, surface

measuremwent system, and possibly the central pane. will be rigidly

mounted to this optical raference.

TABLE . 61

LDB TECHNICAL REQUIREMENTS

Wavelangth:

Light Buckat Blur
Circla:

Primary Diamatemr:

Mirror Temperature:

Stray Light Rejection:

Telescope Pointing:

Ratargeting Slew:

Launch/Deployment:

Migaion:

30 < A < 1000 ym diffraction
1imiced

2.0 axc sgec
20 =

150 K, or as cool as pogsible
without active cooling

Stray light from Sun, Earth, and
Moon 13 less than telescope
emlssion and zodical lighet

0,06 arc gec absclute accuracy,
0.03 arc sac jittaer

Zoolmin

Single Shuttle launch to low
earth orbit, semlautomatic
deployment

l0~year duration with periodic
reviales at 2-year Intervala

The herltage of guch a aystem 1ls best 1llustrated through

comparison with other aystems elther planned for the future or in an

dctive status today. This 13 illustrated in Pig. "__ 114,
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Figure _ .116. LDR Size and Spectral Reglon Covered (Shaded)
Compared to Other Optical Systems

A forecast of IR/submillimeter reflector diameters for use in
space 13 provided in Fig. - l17. A related parameter 1s the mirror
areal densicy (kg/m?). Mirror segment areal density will depend upoun
the type of matarial selected (glass or composite) and upon the
environmental condizions of launch and orbit. The segments must be
light but robust enough to survive launch. They must have temporal
stability and not be thermally gensitive (prone to dlstortions when
axperiencing a thermal gradient). A forecast of areal density is
provided in Fig. 118,
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Figure 118. Projection of Areal Density
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Performance parametars of the LDR are evolutionary only in the

g sense that technology has to improve in order to meet the system rae-

i |

L. quirements. Segmented mirror technology is addressed in this forecast. I

: Projection of parameters of large space optics are given in Table .,62' 'f'

E These include reflector diameter, measurement and control of structures '

¥ ‘ |

51; to within ~1 pym tolerance, and materials research to provide raflector

3 materials with low thermal expansion coefficients and areal density.

3

TABLE . ..62 1

& CRITICAL SYSTEM PARAMETERS FOR LDR

)

' !

: f

.‘.'~ Critical Component ‘

; and Characteristic S0A Value 2000 Value '

Y :

i Raflector Diameter (@ 30 um) “Zm 20 m |

B Measurement and Cantrol 50 um <2 um |

f Raflaector Materials Glass Composite :

] Reflactor Areal Denaity 50 k.g/mz 10 kg/m2 ?1

" :

¥ i

Other tachnology needed for the LDR faecility include space quality

cryogenlcs with multiyear lifetimes and millimeter and submillimeter "

receivers and have been treated elsewhere in this document.
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14.4 Advanced Optical Degign

In order to obtain maximum information return from a remote

measurement great care aust be applied to the design and constructiom of
the signal collecting and procesaing systems. Optical instrument
designs often requira a compromise of design parameters based on
measurement prioritles, ease of design and fabrication, and cost. A
atructured system analysis and computer aided design (CAD) can permit
the developmant of optical systems approaching ideal performapce limits
at minimum cost. Parametars such as spatial resolutlon, spectral reso=~
lution, seusitivity, Iinatrument size, and number of data chaaouels can
all be optimized to produce the maximum information rvetura from any
couceptual gensor system. This design capabili:& i3 especially lmpor—
tant for multifunction systems, where various modes of operation may
requira optimization of different optical parameters for best perform—
ance. Computer alded design can generate the best compromise between
competing requirements. Such an analysis requires the definitilon of a
system figure of merit and a baseline from which comparisons between
systems can be made. A figure of merit describing the overall effi-
clency of an optical system can be defined in terms of the Relative
Information Throughput (RIT),

2 2 No. gpectral
RIT = {apatial rasslution)” x (format size)”™ x bandwidth x chammels
(source intenaity)

¥ost current systems have a value of RIT on the order of 2 x 104. It is
projected that future gyatems such as the ST and LDR will have values omn
the order of LOS with no major change in funding. Increased funding
could, however, Increase this value to 1011. This {3 illustrated in

Fig. 119.
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Figure ' 119. Space Advanced Optical Systems (UV-Vis)
Remote Sensing and Measurement Design Approach

As the volume of data (the RIT) increases with new designs, it
will be required that new and better methods be developed for data
procesaing. Optical information procesaing offers one solution to this
problem. Construction of an optical electronic hybrid computer for this
purpose could lead to an increased information throughput capabilicy up
to elght orders of magnitude larger than currently possible. This
projection is illustrated in Fig.  120.
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Pigure __ 120. Optical Information Processing Optical Electronic

Hybrid Computer
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15 Acronyms

AMS  Advanced Mapping Spectrometer

AMTS Atmospharic Moiature and Temperature Sounder
A0S  Acougto-Optic Spectrometer

ATMOS Atmospheric Trace Molecule Spectrogcopy

A1S Advanced Technology Sataellite

A/D Analog to Digital

BMLS Balloon crowave Limb Sounder

GCD Charge Coupled Devica
CID Charge Injected Device

DIAL Differential Absorption Lidar
DMR Differantial Microwave Radioneter

EFUV Extrzema Far Ultraviolet

FPET Fleld Effect Transistor

FIRAS Far IR Absolute Spectrophotometar

FLD Fraunhofer Line Discriminator

FIS Tourier Tranaform Spectrometer

FUSE PFar Ultraviolet Spectroscopic Explorer
FWEM Full Widch Half Maximum

HSRMWR High Spatial Resolution Millimeter Wave Radiocmeter

IF Intermediate Frequency

IFOV Ingtantaneous Fleld of View

IMPATT Impact Avalanche and Transit Time
IRCCD Infrared Charge Couplad Devices

IUE Intermational Uliraviolat Explorer

LAMMR Large Antenna Multifrequency Microwave Radicmeter
LDR Large Deployable Reflector

LHS Laser Heterodyne Spectromater

LO Local Oscililator

L3ST Large Space Structures Tachnology

LWIR Long Wave Infrared

MAMA Multianode Microchannel Plate Array
MCP Microchannel Plate

MFIR Moderate Fleld—of-View Imaging Radiometer
MLA  Multispectral Linear Array

MLS Microwave Limb Sounder

MSS Multispectral Scanning System
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HEP Noise Equivalent Power
NIMS Near Infrared Mapping Spectrometar
NOSS National Oceanic Satellite System

OFT Orbiting Flight Test
OFVR OCut of Fleld-of-View Rajection

PBMR Pughbroom Microwave Radiometer

PHRIR Pointable High Resolutioa Imaging Radiometer
PIS Pointable Imaging Spectrometar

PMT  Photo Multipler Tube

PPS Pulses Par Second

RF Rad{o Frequency
RIT Ralative Information Throughput

SAM  Simultaneous Astrophysical Migaion

SAR  Synthetic Aperture Radar

SAW  Surface Acoustic Wave

SEM  Scanning Electron Microscopy

SFMR Step Frequancy Microwava Radiometaer
SIR Shuttle Imaging Radaz

SIRTF Shuttle IR Talescope Facility

8IS Suparconductor—1insulator-Superconductor
SLAR Side Looking Airborme Radar

SMMR Scanning Metrological Microwave Radicmeter
SNR Signal-to=Nolise Ratio

ST Space Talascope

SWIR Short Wave Infrared

TDI Time Delay and Integration

TDRSS Tracking Data Relay Satellite System
TIR Thermal Infrared

™ Thematic Mappar

UARS Upper Atmosphare Reassarch Satellite
VOIR Venus Orbiting Imaging Radar

WFIR Wide Pleld-of-View Imaging Radiometer

XRF X-Ray Fluoreacence
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LEVEL 1:
LEVEL 2:
LEVEL 3:
LEVEL 4:
LEVEL 5:
LEVEL 6:

LEVEL 7:

APPENDIX I

TECHNOLOGY READINESS LEVEL DEFINITICNS

Basic Principles Obgerved and Reported

Conceptual Design Formulated

Conc iptual Design Teated Analytically or Experimentally
Critical Function/Characteristic Demonstration
Component/Breadboard Tested in Relevant Environment
Prototype/Engineering Model Tested in Relevant Environment

Engineering Model Tested ia Space
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