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AEROTHERMODYNAMICS BASE R&T PROGRAM

AEROTHERMODYNAMICS

« Itis the process of developing and applying analytical and
experimental capabilities to understand the complex,
hypervelocity flow environment in which a particular vehicle must
operate.

+ Itis alsg the conduct of analytical and experimental research to
advance the technology of aerothermodynamically efficient
vehicle design

[ 3]

AEROTHERMODYNAMICS BASE R&T PROGRAM

BENEFITS

« DEFINITION OF FLIGHT ENVIRONMENT FOR VEHICLE DESIGN
CRITERIA

- FLIGHT CONTROLS, STRUCTURES, MATERIALS/TPS,
PROPULSION, ETC.

«  MORE OPTIMIZED OVERALL PERFORMANCE (COST)

AE1-2



AEROTHERMODYNAMICS BASE R&T PROGRAM
PAYOFF EXAMPLES

TRANSPORTATION: AEROTHERMODYNAMICALLY EFFICIENT
CONFIGURATION DESIGN RESULTS IN:
« IMPROVED DESIGN MARGINS

FLIGHT ENVIRONMENT DEFINITION REDUCES TPS
UNCERTAINTY
(+2000 LB NSTS)

AERODYNAMIC PERFORMANCE INCREASES CONTROL
AUTHORITY (ORBITER ENTRY CM ANOMALY

AEROLOADS DEFINITION INCREASES LAUNCH FLEXIBILITY
($10+M PER FLIGHT)

AEROHEATING DEFINITION INCREASES CROSS RANGE
(+300+MILES NSTS)

+ REUSABILITY INCREASES OPERATIONAL EFFICIENCY
($100+M PER FLIGHT)

+ AERODYNAMICS INCREASES FLYING QUALITIES (BETTER
FLYABILITY AND REDUCED PROFICIENCY TRAINING)

AEROTHERMODYNAMICS BASE R&T PROGRAM
= @) I S e —————————————————————————————————————————————

PAYOF A ONT

EXPLORATION: AEROTHERMODYNAMIC CAPABILITIES ENABLE
EXPLORATION MISSIONS:

- AEROBRAKING VS. ALL-CHEMICAL PROPULSION RESULTS IN
30-40% REDUCTION IN LEO MASS AND INCREASED PAYLOAD
RETURN {1000'S LBS)

« AEROMANEUVERING (L/D) IMPROVES CROSS RANGE (UP TO
MARS GLOBAL COVERAGE)

+ ATMOSPHERE BRAKING ENHANCES PLANETARY SCIENCE
(ATMOSPHERE STRUCTURE AND COMPOSITION)



AEROTHERMODYNAMICS BASE R&T PROGRAM
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SPACE TRANSPORTATION ARCHITECTURE OPTIONS
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AEROTHERMODYNAMICS BASE R&T PROGRAM

O AL

INVOLVES THE FULL INTEGRATION OF THREE ESSENTIAL, UNIQUE
CAPABILITIES TO PROVIDE THE DESIGN CRITERIA FOR FUTURE VEHICLES

Conceptual design and
analysis

Prediction Verification

Computational
Tools

Experimental analysis

(ground and flight)

-

Code validation
AE1-4



AEROTHERMODYNAMICS BASE R&T PROGRAM

i S e

MUTUALLY DEPENDENT TECHNOLOGIES

Data beyond capability
of ground facilities

Validate portions ¢
Computational Toc

Parametric studies

)]
¢ Detail study of
Test in actual lnterp_ret ground % phenomena
flight environment and flight tests 5
o
Critical problem Data bgse LE%
identification Expansion
Specific design integration
Explore single and multi-parameter
variations
AEROTHERMODYNAMICS BASE R&T PROGRAM
OAE.]
AUGMENTATION PLAN
COMPUTATIONAL
TOOL DEVELOPMENT
CAPABILITY Expenwggwh BUTA
RESEA / -
DEVELOPMENT TIONAL VALIDATION
FACILITIES RESEARCH
CAPABILITY CONFIGURATION
APPLICATION ASSESSMENT
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AEROTHERMODYNAMICS BASE R&T PROGRAM

o BUDGET IMPLICATIONS
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AEROTHERMODYNAMICS BASE R&T PROGRAM
RUNOUT OF AUGMENTED(STRATEGIC) PROGRANM ($M)

OAEL

ok Aesoues pn EYe2 | EYed | EYe4 | EY®s | EY9s | EYo7
Y
\ Computational Tool
k Deveiopment 22 4.2 4.9 6.2 7.2 8.2
Experimenial Ressarch/
Computstions! Validation 07 1.8 3.0 as 42 55

Facilities Researctv
Development 0.4 as 5.6 7. 8.4 10.0

Contigursiion

Assessment 0.7 28 26 2.7 3.0 33
-
Ce Generic
Hypersonics 14 1.4 19 20 21 22
Total
(Net) 5.4 137 18.0 215 24.9 29.2
Total
(Gross) 15.4 24.8 30.4 3s.2 39.8 45.6
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AEROTHERMODYNAM\CS BASE R&T PROGRAM
AUNOUT OF AUGMENTED(STRATEGIC) PROGRAM (SM)
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g Configuration Assessment
50
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AEROTHER
. | MODYNAMICS BASE R&T PROGRAM

COMPUTATIONAL
TOOL
DEVELOPMENT
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AEROTHERMODYNAMICS
COMPUTATIONAL TOOL DEVELOPMENT
Sy @) | S Remene—————————————————————————————————

DETAILED FLOWFIELD/FLUID PROPERTIES ANALYSIS TOOLS
TECHNOLOGY NEEDS

COMPUTATIONALLY EFFICIENT,

ACCURATE PREDICTION OF AERODYNAMICS,

ACCURATE HIGH TEMPERATURE GAS PROPERTIES,

HEAT TRANSFER FOR 3-D CONFIGURATIONS IN REAL-GAS FLIGHT ENVIRONMENT,
ACCURATE, INTEGRATED ANALYSIS FOR DEFINING LOCAL AEROTHERMAL LOADS CRITICAL
TO MATERIAL AND STRUCTURAL CONCEPT SELECTION

CURRENT PROGRAM S-0O-A

3-D CONFIGURATIONS, EQUILIBRIUM GAS COMPUTATIONS "IN-HAND"; THERMOCHEMICAL,
NON-EQ SOLUTIONS AND DSMC TECHNIQUES NOT VALIDATED; PHYSICAL PROCESS MODELIN'
REQUIRES EXTENSIVE IMPROVEMENTS; COMPUTATIONAL TIME REQUIREMENTS
EXTREME FOR 3-D

AUGMENTED PROGRAM

MORE EFFICIENT COMPUTATIONAL ALGORITHMS DEVELOPED:;

BROADER RANGE OF PHYSICAL PROCESS MODELS WITH REDUCED LEVELS

OF UNCERTAINTY (RADIATIVE TRANSPORT, THERMOCHEMICAL KINETIC RATES,
TURBULENCE); MORE AGGRESSIVE ROLE IN DESIGNING EXPERIMENTS

AE1-8



AEROTHERMODYNAMIC CFD CODE DEVELOPMENT

. Aeroassist Aerospace Space
Space Slation  Rocket Plumes Orbital Transfer Planes Transportat:

FREE MOLECULAR TRANSITIONAL
FLOW . FLOW

[ DIRECT SIMUL ATIGN; ONTE.CAR

AEROTHERMODYNAMICS BASE R&T PROGRAM
s 8§ o 5 e —————————— e ———————
Low Density Flow Regimes

90 -
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70
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= 0 3\ % g}; > Shock jumps
< ¥ s A\b Continuum
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Cowl Leading Nose Missile AFE  ASTV
10 Lip Edge
Imm lem uem im 10m

Nose Radlus. R,

« "LOW DENSITY EFFECTS" ARE A FUNCTION OF THE LOCAL
LENGTH SCALE AND THE LOCAL MEAN FREE PATH

LENGTH (LOCAL KNUDSEN NUMBER, Kn = \/L)
- THEY ARE NOT JUST A HIGH ALTITUDE PHENOMENA
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, DSMC SIMULATION OF FLOW ABOUT SHUTTLE ORBITER
|
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Streamlines Near Shock-Shock Inteiaction

(preliminary resuits)

- *#Piph Altitude Hypersonic Flow about an ASTV
A Knudsen Number Comparisons

e~ —

INavier Stokes s

Augmented Burnett

Base Diameter 1.7 m

F. Lumpkin & E. Venkatapathy
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AFE SURFACE HEATING

V_=9.3km/s h=75km o = -5°
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ADVANCEMENT IN RADIATIVE TRANSPORT
AFE Equivalent Sphere Radiative Flux

5 —
4 -
N
E
g 3 -~
= Tangent Slab Transport (1-D)
e | 77T MDA Transport (3-D)
T ol
Modified Ditferential Approximation
1 (MDA) Shows Potential For
Solving 3-D Radiative Transport
0 | ] | | | | J
0 5 10 15 20 25 30 35

s, cm

COMPARISON OF THREE CHEMICAL REACTION RATE SETS

Voo = 12 km/sec, altitude = 80 km, Rnose =1.08m

—— Kang and Dunn

-~ — Park (87)
=== Park (91)
Stagnation Line Electron Surtace Heating
16 Number Density

125¢

15 :
100}

14
Convective

Log (N .
g (Ng) 13 a, |
12 W/cm [
| S0f
1 ;
b 25-
10. 2'\‘.-(" '''''''
) TEE W | . M
0 0.025 0.075 0.125 0 05 10 15 20 25
z,m s, m

AE1-13



Initial Shuttle Surface and Volume Grid

Flowfield and Surface Pressure

Mach =74, o = 40°

2.0 r
1.8f
Cp |
osf
0.4

0.0

Computed - LAURA
=== Computed - HALIS
s Experiment - windward
A Experiment - leeward
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FLOW TEMPERATURE

3000

2000

1000

AFE Afterbody

Adapted grid
based on densily, pressure
and temperature gradients

lemperature contours obtained
using adapted grid showing
recompression shock and shear lover
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STAGNATION POINT HEATING RATE ON AFE

T, = 1785°K, Reuseable Tlie Slumping Stars and
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AEROTHERMODYNAMICS
COMPUTATIONAL TOOL DEVELOPMENT/APPLICATION

VEHICLE SYNTHESIS ENGINEERING TOOLS
TECHNOLOGY NEEDS

ROBUST AND RAPID AERODYNAMIC AND AEROTHERMODYNAMIC
ENGINEERING METHODS FOR CONFIGURATIONAL DESIGN AND OPTIMIZATION

CURRENT PROGRAM S-0-A

"APAS” - AERODYNAMIC PRELIMINARY ANALYSIS SYSTEM - ENGINEERING CODE
DEVELOPED WITH CAPABILITIES TO PREDICT VEHICLE AERO/HEATING.
REQUIRES IMPROVEMENTS IN MODELING FOR TRANSONIC REGIME AND
HEATING IN HYPERSONIC REGIME

AUGMENTED PROGRAM

“"APAS" TO RAPIDLY PREDICT TOTAL FORCES, MOMENTS, CONTROL EFFECTIVENESS.
AND HEATING OF COMPLETELY ARBITRARY CONFIGURATIONS THROUGHOU1
EXPECTED FLIGHT REGIME FOR USE IN DESIGN AND OPTIMIZATION.

ENHANCED SOLID MODELING AND INCORPORATION OF

EXPERT SYSTEMS AND ADVANCED OPTIMIZATION

ALGORITHMS

25 M\ FALSYAY  AEROSPACE RESEARCH TOOL | angley Research Cent

¥ AERODYNAMICS

Hw

OPERATIONS ,ﬂ;_ MISSION ANALYSIS §

~

(on

WEIGHTS & SIZING STRUCTURES

(SN

e T~
AEROTHERMAL ff,'f,y;.- DT

A8 Sesign CADBNHUME =
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" AEROTHERMODYNAMICS
COMPUTATIONAL TOOL DEVELOPMENT

e ) | S e ————— e ————————————————

FY 93 FY 94 FY 95 FY 96 FY 97

[ DETAILED FLOWFIELD/FLUID PROPERTIES ANALYSIS

A A A A A A A

Enhanced High Temperature 3.0 Non- 3.0 Turbub Comgplets Develop Coupled Nonequilbrum Fully Coupled

Gnd Gas Equilbnum and Shear-Layer o Prototype 3-0 Radiation Modet Flowlieis and
Generanon Proparties Radiation Modehng Adapiive Unsiructured Compiais Abianon
Modsling Mesh Capataiy

[ VEHICLE SYNTHESIS ENGINEERING TOOLS

A A A A A
Wmpeove the SMART Flawlield-based inttial inisgration of Deveiop a o.mnA,” abe
Y Enginesrng Expert Systems Global Vehicie Geometry of Expen
of Enhancement Methods Optimization Capabdity Systems/
APAS Optimization

AEROTHERMODYNAMICS BASE R&T PROGRAM
e B S e ——————————————————————————————————————

EXPERIMENTAL
RESEARCH/COMPUTATIONAL
VALIDATION
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AEROTHERMODYNAMICS

ariris EXPERIMENTAL RESEARCH/COMPUTATIONAL VALIDATION
s ) i S ———————

GROUND-BASED DATA ACQUISITION AND ANALYSIS
TECHNOLOGY NEEDS

FUNDAMENTAL FLUID PHYSICS AND CODE VALIDATION DATABASES:
THERMOCHEMICAL NONEQUILIBRIUM, RADIATION, VISCOUS DOMINATED FLOWS,
SEPARATED FLOWS, GAS-SURFACE INTERACTIONS, TRANSITION/TURBULENCE,
WAKE STRUCTURE, PLUME-SURFACE INTERACTIONS

CURRENT PROGRAM S-0-A

CERTAIN HYPERSONIC SIMILITUDE PARAMETERS MAY BE REPLICATED WITH WIND
TUNNELS OVER LIMITED RANGES OF VALUES WITH ACCURATE MEASUREMENTS FOR ONLY
GROSS FLOWFIELD AND POINTWISE SURFACE PROPERTIES. REAL GAS
FACILITIES EXPAND THE PARAMETER RANGE, BUT LIMITED
IN SIZE, FLOW QUALITY, AND FLOW DIAGNOSTICS

AUGMENTED PROGRANM

DATABASES THAT ENCOMPASE A BROADER SPECTRUM OF FLUID PHYSICS FOR
UTILIZATION OF EXISTING HIGH ENTHALPHY FACILITIES, INCREASE!

TESTING IN UNIQUE, COMPLEMENTARY, NON-NASA FACILITIES

MORE AGGRESSIVE INVOLVEMENT OF CFD II.

EXPERIMENT DEFINITIOHN

ADVANCES IN COMPUTATIONAL CAPABILITY
(Mach 10 Air, a=-55 Rel =159,000)

" Surface Grid

s = Aic Longlh in S tinetry Plane
Measured from Slagnation Point

L = Base Diameter {3.67 in.)

C, = Pressure Coelliciont

0 L 1
Cy = Heal Transter Coollicient Referenced to -0.25 0 025 0
Fay and Riddell Siagnation Point Value o) .50 0.75
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HYPERSONIC RAREFIED FLOW ABOUT A DELTA WING:
COMPARISON OF DSMC AND EXPERIMENT

DELTA WING MODEL DENSITY CONTOURS
Kn_=0016 -

S e

/i";‘.v(/_
5 / "

i 0.10 HEAT TRANSFER ors LIFT COEFFICIENT
] ——— i~
‘ MoFl'o::.ulo mol";:ﬂ w'/ N
/
‘ osol o
0.05)- BN
i CL /;_/ oo './‘
/
ol ;
! ?Ep’fnm / Kn
o -0~ DSMC 0.389
W Experiment  0.443
Bt YTy T ke T T T % T T T
Kn i «. deg
) [ NU
1IN I\
Nalioral Aeronaiics and
Space Admnsstraton

DMV GHA . Z0TTOM HSING GAS GE OV DISCHARCGE

shoey Ty A AN e . Kannn \ nny




35° Ramp, p_ = 39.12 x 10°°
M_=21.58,A_=0.073 mm, T, = 341 K
SKIN FRICTION

Begin Ramp
x=71.4 mm 4

DENSITY (p/p.)

40 Begin Ramp
x=71.4 mm -

¢ € o005
00 28 50 78 100 0.ooo 25 50 75 100
STREAMLINES ! MACH NUMBER
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0 25 50 75 100
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| COMPARISON OF EXPERIMENTAL AND SIMULATE!
RESULTS FOR INCIPIENT SEPARATION
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ELECTRIC ARC-DRIVEN SHOCK TUBE FACILITY
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0 90

Ames 10 cm Shock Tube Nozzle Flow . !
Translatonal and Vibrational Temp,,

Ti=7157K, pt=1493psi, a=4 7x10" cm'
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20000 —-

©  Experiment (N7 ), Ref.2
@  Experiment (N, ), Rel.4
—  Theory Nz' Ref. 1

.-~ Present Theory N,

10000 —

0 o
L LR l RER
0.00 0.01 0.02
x,In

Figure 9. Comparison of theory and experiment, rotational temperature

O  Experiment (N ), Ref.2
®  Experiment (N, ), Ref.d
— Theory N g Ref.
Present Theory N,

0.00 0.01 0.02
x,m

Figure 10. Comparison of theory and experiment, vibrational temperature
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AEROTHERMODYNAMICS
EXPERIMENTAL RESEARCH/COMPUTATIONAL VALIDATION

FLIGHT DATA ANALYSI
TECHNOLOGY NEEDS

FLIGHT DATA ANALYSIS LEADING TO IMPROVED GROUND-TO-FLIGHT
DATA EXTRAPOLATION TECHNIQUES, AND VALIDATED
AEROTHERMODYNAMIC SIMULATION CAPABILITIES

CURRENT PROGRAM S-0-A

LOW LEVEL-OF-EFFORT, IN-HOUSE RESEARCH ANALYSIS OF OEX DATA

AUGMENTED PROGRAM

SIGNIFICANTLY INCREASED LEVEL-OF-EFFORT TO INCLUDE ANALYSIS OF
OEX (EARTH-TO-ORBIT), AFE (AEROBRAKING), GALILEO (PLANETARY ENTRY) DATA

TYPICAL SILTS QUANTITATIVE DATA - STS-28

Allitude = 216 kit
Mach Number = 19.8
Angle-of-Atlack =

— 1100

— 1000

— 900

— 800

— 700

— 600

— 500
400
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STS-28 SILTS - THERMOCOUPLE DATA COMPARISON

800
F--— Thermocouple V0779634
-—— SILTS r
—~ 600 o
loJ- —
Q
3
© |—
5 400
a
E
s l
200 L
! | l ] J
0 200 600 1000 1400

Time from Entry Interface (sec)

CSE EXPERIMENT CONFIRMS NON-CATALYTIC BENEFIT
OF G.23S TILE COATING IN FLIGHT ENVIRONMENT

20 O RCG Coating (Baseline)
\ @ Catalytic Overcoat
\
\ STS-2
16 \ Mach 23.4
\ o Altitude = 233 kit
» \\
Q \ g :
12 AN Equilibrium Chemistry
B \ Prediction
ft?sec N
81+
4 [
O-L ! ! ! [ | J
0 0.1 0.2 0.3 04 0.5 0.6
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SHUTTLE ACCELEROMETRY (HiRAP/IMU)

DENSITY MEASUREMENTS

18 P
” STS.7 :0 ~ STS?

44 . PI? R

%, , e T
oL

6 2
e S7S8 \ e ! ‘{ STS-11
L ‘Tx\/""“ pip 1o — )_\P\,_’
10 ——- -y v“g NG 6 /
§ 2
14 ‘e
: $75-32 R
PR O \/\"‘\/\-” TN 761.0
GT l‘ s §
Z . ! 14
" A ‘ STS-26
1.8 : : AN
57513 AR I & : 751.cr\ VSO g
pp 14 BI G ST g F
76 : 4 s A H R 6
1.0 o S A Lz
P . AR R .
A S e
.
1.4 STS-6 1. STS.24
LN AN W
761.0 751.\./\.VV =
160 140 120 100 80 60 foo a0 120 %0 80 &
Altitude, km Altitude, km

HIRAP PROVIDES VALIDATION DATA FOR RAREFIED FLOW
COMPUTATIONAL TOOLS

1.2

® Direct Simulation
Monte Carlo Prediction
(1990)

HIRAP / IMU Data
STS-6,7,8,9, 11, 13

0 W __ Free
B Molecule
[ N T R R T SR S N T Limit (Diffuse)
60 80 100 120 140 160

Altitude, km
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335-kg GALILEO ENTRY PROBE

-(————RB

30° TAPE-WRAPPED )
CARBON PHENOLIC

=062 m—»

PHENOLIC-NYLON
AFT SHIELD

DESCENT
MODULE

BOND

CHOPPED-MOLDED
CARBON PHENOLIC

FOREBODY FLOW PHENOMENA-JUPITER ENTRY

89% H, + l11% HE

2

RADIATION
CHEMICAL
NONEQUILIBRIUM

INVISCID HYDROGEN-
HELIUM GASES

' /—-T=13COOK

/,/—ruaauum LAYER

e WITH ABLATION

h / ’

! ,;gl///' N\ SPECIES

[~ ABLATION
INJECTION
{CARBON + OXYGEN
+ HYDROGEN)

T = 16000 K
Uy = 39.29 km/sec
P =4.% x 104 kg/m3}—
T = 151K
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DSMC PROVIDES DEFINITION OF AFE RAREFIED
FLOW AERODYNAMIC PERFORMANCE

2.0 r— E—
18- A e
1.6} Q
/[3’
1.4 —_— 3-D DSMC Results, a = 17°
1.2 O €
8+
6 —— — Analytical Bridging
Formula
4 — -
2k e
oL Sos0e0-
.2 | | ] I | | I |
10° 10* 102 102 10" 10° 10' 102 10°
Kn



AEROTHERMODYNAMICS BASE R&T PROGRAM
=mﬁ
EXPERIMENTAL RESEARCH/COMPUTATIONAL VALIDATION

‘ FY 93 FY 94 FY 95 FY 96 FY 97

[ GROUND-BASED DATA ACQUISITION AND ANALYSIS

A A A A
Compiale Thermal Thermochemics! Aerodynamc
Nonequilibrium Nonequilbrium Nonequilibrium Dstabase for
Air Radiation Data for RAsactiom and Mars
Datsbase Free Jol Radiation (Expanding Asrocapiure/Eniry
CGy/N,)
rFLIGHT DATA ANALYSIS
A A A
Comgpieie inkiste Analysis ol initiate Analysis
OARE Galileo Data of AFE Dats
Anslysis

AEROTHERMODYNAMICS BASE R&T PROGRAM
a8 | 5 e st ————— e ————————

FACILITIES
RESEARCH/
DEVELOPMENT

AE1-31
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AMES FACILITIES

RUN

FACILITIES IDEAL GAS REAL GAS TIME
M<6 M=z M>10 Vibra- }Dissoc-] loniz- | RARE- Seconds

6-10 tion lation } ation FIED

35" X X X 10"

16" X X X X | X 1072
EAST X X X X X X 107

Arc-Jet X X X X

Ballistic Range | X X X X | x| x RS
UC Berkeley X X X X X Cont.

ORIGINAL PAGE IS

ITY
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LaFlC HYPERSOﬂIC FACILllES COMPLEX

e -

gt 20- Inch Mach 6 CF4

CHARACTERISTICS OF LaRC HYPERSONIC FACILITIES COMPLEX

Facility Test p,. To, M, RM pp  Nozzle Nozzle Test Run
Gas psia ©R x106 p_  Type Exit,in. Core,in.  Time, sec
20-In. M6 CF4 | CF4  100- 1100- 6 0.03- 120 Axis. 20D. 14 10-
2500 1460 0.7 30
20-In. M6 Air 30- 760- 6 0.5- 53 2D 20x20 12x12- 120-
500 960 9 14x14 900
15-In. M6 Hi T | Air 50- 1100- 6 0.5- 53 Axis. 15D. 8-10 120
250 1500 4
12-In. M6 =1 P | Air 50- 700- 6 1- 5.3 Axis. 12D. 4-8 180 to
2700 1060 40 vacuum
900 to atm
18-In. M8 Air 30- 1160- 75- 0.1- 56 Axis. 18 D. 7-16 80 to
3000 1500 8.0 12 vacuum
600 to atm
31-In. M10 Air 125- 1830 10 0.25- 6.0 30 31x31 12x12- 60
1450 2 14x14
20-In. M17 N5 | Np 2000- 2800- 17 0.2- 6.6 Axis. 20D. 8-10 3600
5500 3500 0.8
60-In. M18 He | He 300- 520 16.5- 2- 4 Axis. 60 D. 20 5
2000 18.5 15
22-In. M20 He | He 300- 520- 18- 1- 4.0  Axis. 22 0. 8-10 20-
3000 1000 22 20 40
ORIGINEL PAOE IS AE1-33
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AEROTHERMODYNAMICS
FACILITIES RESEARCH/DEVELOPMENT

e 8 S et ————— e ——

EXISTING FACILI PGRADE

TECHNOLOGY NEEDS

HIGH FLOW QUALITY, EXPANDED SIMULATION BOUNDARIES, INCREASED OPERATIONS
EFFICIENCY AND PRODUCTIVITY

CURRENT PROGRAM S-0-A

UTILIZING OLD FACILITIES THAT PROVIDE SIGNIFICANT RANGE OF SIMULATION
PARAMETERS; TUNNELS HAVE LIMITED VACUUM CAPABILITY AND MODEL OPTICAL ACCESS;
SOME UPGRADES MINOR/MAJOR CoF AND R&D (LaRC HFC, EAST, AND 16" SHOCK TUNNEL);
BALLISTIC RANGE BARELY OPERATIONAL, RADIATION RANGE DEACTIVATED,
ARC JETS NOT SUITABLE FOR AERO/AEROTHERMODYNAMIC
TESTING

AUGMENTED PROGRAM

EXPANDED SIMULATION CAPABILITY (NOZZLES, HEATERS, VACUUM SYSTEMS, DIFFUSERS,
AFTER COOLERS, PUMP/LAUNCH TUBE, SHOCK TUBES), IMPROVED FLOW QUALITY
(NOZZLES, IN-LINE FILTERS, AUTOMATED PRECISION FLOW CONTROL), UPGRADED

DATA ACQUISITION, REACTIVATED RADIATION FACILITY

GRiaNAL PACE IS
GF POOR QUALITY

0

AE1-34



AEROTHERMODYNAMICS BASE R&T PROGRAM

— i
Shock Wave Generation Capabilities
for Shock Structure Studies
i00 100 r
80 ASTV 80 }— ¥
] — /
/ ! /l /
g 60F 60 |— !
: ) / ‘ /
% ok A // 2 w0 / //"/
/‘I / \
20 20 - /[€AST 4 nc|
/ e
v
0 ROV B 0 /..s. N ™
1 10 | 10
Velocity, km/s velocity, km/s
AEROTHERMODYNAMICS BASE R&T PROGRAM
—

Altitude, km

100

80

40

20

SIMULATING CAPABILITIES FOR 1/100 SCALE MODEL

LN

-{et Wing Tunneis|

velocity, km/s

100+

80

60

Altitude, km

4O

20

SIMULATING ENTHALPY, MACH, AND REYNOLDS NUMBERS

Ballistic R
3.5 1t wind Tunne!

1 1 | 1 ]

[
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AEROTHERMODYNAMICS
FACILITIES RESEARCH/DEVELOPMENT

o i B Br————————————————————————————————————————————
TEST TECHNIQUE DEVELOPMENT
TECHNOLOGY NEEDS

GLOBAL QUANTITATIVE SURFACE MEASUREMENTS, BENCHMARK DISCRETE SURFACE
MEASUREMENTS, NON INTRUSIVE DIAGNOSTICS (FLOWFIELD STATE/RADIATION),
TECHNIQUES TO CHARACTERIZE HYPERSONIC TURBULENT FLOWS, 3 - D FLOW
VISUALIZATION METHODS, DEVELOPMENT OF FLIGHT QUALIFIED TEST INSTRUMENTS

CURRENT PROGRAM S-0O-A

REFINEMENT OF GLOBAL SURFACE TEMPERATURE MEASUREMENTS, LIMITED APPLICATION
OF NONINTRUSIVE MEASUREMENT TECHNIQUES (SCATTERING AND LASER VELOCIMETRY
IN MACH 6 AIR AND 3.5'; OMA EMISSION SPECTRA, RAMAN SCATTERING, AND LHI IN EAST

FACILITY; SCANNING LASER ABSORPTION AND LHI IN 16" SHOCK TUNNEL), LIMITED
APPLICATION OF INTRUSIVE MEASUREMENT TECHNIQUES, ANTIQUATED/LIMITED FAST
RESPONSE MEASUREMENT CAPABILITY

AUGMENTED PROGRAM

GLOBAL SURFACE QUANTITIES (REFINE THERMOMETRIC, DEVELOP PRESSURE),
DEVELOPMENT/IMPLEMENTATION OF NONINTRUSIVE MEASUREMENT TECHNIQUES

(PLIF, RAYLEIGH/RAMAN SCATTERING, LHi, OMA EMISSION SPECTRA, CARS, E-BEAM,

LDV, NO AND O: LASER TOMOGRAPHIC), DEVELOP FLOW VISUALIZATION SYSTEMS WITH
VIDEO RECORDING AND IMAGE ENHANCEMENT, OBTAIN FAST ARESPONSE INSTRUMENTATION

L9-w0

PHOSPHOR THERMOGRAPHY ACQUISITION SYSTEM

Wind Tunnel UV Lamps

) Il Phos .

rhor v ]

Image Procesegs

External -,
Trigger [’-_
Circuit

PC Controller |
(Compang 386 20) |-

e

.- — i TS

Image Hardcopy Large Screen
Monitor

- - L4 K.'-.‘-..' 'f:}(;.i- !S
AE1-36 O POOR QUALITY



APBLUTATION OF THERLIOGRAPH'C
“HOSPHOR TECHNIQUE

RIEINTARN IS ¢ Sdrwt S (A |

RS TS
LN |

IENTERLINE v L=0) |

E ‘ » Thribms A
w " heragraphid
Cooonssphar S

.
-

9, !
’ !"".'vl‘\\-\"! tve ~orryuns 3
™

22 04 05 08774

\bv

el aea T R Rl T

SLOREL SEATWS BATES IMMEDIATELY
FOLLOWING TEST

1 ————— . 2 e e e

ALOU HHCANMUU TIVAVIUD

FACILITIES RESEARCH/DEVELOPMENT
e @)y | S f—————————————————————————————————————————————————————

EACILITIES CONCEPT STUDIES

TECHNOLOGY NEEDS

TECHNOLOGY MATURATION FOR HYPERVELOCITY, FREE-FLIGHT/TRACK FACILITY (AHAF)
{LAUNCHERS. ON BOARD INSTRUMENTATION, MODEL/SABOT INTEGRATION, ASYMMETRIC
AND/OR ANGLE QOF INCIDENCE TESTING, CONTAINMENT/RECOVERY); IMPROVED ARC JET
FLOWS FOR A£~OTHERMODYNAMIC TESTING, LOW DENSITY WIND TUNNEL

CURRENT PROGRAM S-0O-A

MODEST EFFORT SUPPORTING TECHNOLOGY MATURATION FOR AHAF
{HEAVILY DEPENDENT ON DOD, DARPA, AND SDIO FUNDING),
ANALYTICAL STUDIES OF IMPROVED ARC JET FACILITIES

AUGMENTED PROGRAM

ACCELERATED DEVELOPMENT OF AHAF TECHNOLOGIES, DOCUMENTED
ARC JET FLOWFIELDS, IMPROVED DESIGN OF ARC HEATERS AND TUNNELS, PILOT FACILITY
DEVELOPMENT, A LOW DENSITY WIND TUNNEL

AE1-37



AEROTHERMODYNAMICS BASE R&T PROGRAM

iy Sipm —
DIFFERENT ABOUT ADVANCED HYPERVELOCITY
WHALIS AEROPHYSICS FACILITY (AHAF)?

+ In one word - SIZE

» Near order of magnitude increased in model size provides:
- Testing of full-size vehicle components (e.g. nose tips)
+  Volume for large amounts of onboard instrumentation
«  Aerodynamic forces and moments

«  Detailed pressure and heat transfer distributions for
analysis of aerodynamic and aerothermal loads

+  Sufficient shock/boundary layer thickness for:
+  Determination of scaling (finite rate chemistry) effects

+  Measurement of flowfield properties via offboard
advanced diagnostics

Etc. (reference workshop proceedings NASA CP 10031)

" AHAF " - Atarge - scale, high pertornance,
Iree flight / track range

+ Objeclive - Perlorm earth and planetary light
experiments in a ground - based facillty
+ Duplicate { as opposed to simulate )

- Fiight velocity ( enthalpy )

- Flight aliitude ( quiescent pressure or
densily )

+ Atmospheric composition

> Light - gas gun
V10 20,000 ips
Mode! dis 10 8 In

* Rafl gun
V 10 45,000 tps

AHAF Mode! dis to 18 In
+ Full scele components

* Onboatd Instrumentation
- Forces and moments
' Detailed pressures
and heat lrangler

« Thick shock and boundary layers + Ram accelecalor
* Scaling elfects V 10 45,000 1py

+ Ottboard ttow-lield measurements Mode! dia 10 10 in

AE1-38



COMPARISON OF VEHICLE FLIGHT REGIMES
IN EARTH'S ATMOSPHERE

Aeroassist - Hiah-li
flight experiment (Zgg?ﬂgﬁfﬁﬂgx;
Lo(\g:v-liflt AOTV \ change)
oplanar
350 GEP_,LEO _

300 , Proposed

250 facility
| Launch
Altitude 200 tDu_be
1073 f ia.,
x 107 150 Lin.-18h.0 X
100 AV W Launch tube
DOM N Dia.. in.
50 st ERGe "G 2.5
- 3% Iz 1.5
0 10 20 30 40 50

current

12 in. dia.
AHAF
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AEROTHERMODYNAMICS BASE R&T PROGRAM
— iy S ————— S —————

S S

ADVANTAGES OF THE RANGE CONCEPT

» Correct velocity and density - energy modes in gas correct

+ No support/sting interference - base flow effects

+ Quiescent test medium - boundary layer transition

+ Species distribution and magnitude

- Chemistry effects modeled where binary scaling is valid
Gas/surface interactions

+ Spatial resolution of surface effects flowfield properties

+ Validation of CFD codes

+ Spatial and spectral distribution of radiation data

AEROTHERMODYNAMICS BASE R&T PROGRAM
OAEL.

FACILITIES RESEARCH/DEVELOPMENT

FY 93 FY 94 FY 95 FY 96 FY 97

[ EXISTING FACILITY UPGRADES

A A A A A
18° Shack 15° Mach 8 EAST 20° Mach & '20'Mu:h!7N2
Tunne! Upgraded for CF, - Balisic Range
Relubished High Alitude
[ TEST TECHNIQUE DEVELOPMENT
A A A A A
LIF and LKI 3-0 Ramanfayleigh Ermission and E-Besm in CARS Laser
inShoch Tubes S i A Ab ion Sp Mach 17N 2 n Tomogiaphy
in Shock Tubes and HYPULSE EAST in16°
[TEST TECHNIQUE DEVELOPMENT
A A A A A
« AHAF Cancept REF pre PER Launcher Siudy * AMAF pre PER + Rarefied Flow
Detinition Completed + Arc Jot Fiows Faciay
« Concept Study for Documented Operatonal
Rareiied Flow « Arc Jeot Prot
Facliay (RFF) Facility

AEL-40
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AEROTHERMODYNAMICS BASE R&T PROGRAM
@)y |y S fm—————— ——— —_—

CONFIGURATION
ASSESSMENT

AEROTHERMODYNAMICS BASE R&T PROGRAM

E MENT
TECHNC. ..y NEEDS

CREDIBLE EARLY PHASE VEHICLE DEVELOPMENT;
VERIFICATION OF PERFORMANCE; CAPABILITY TO SUPPORT USER REQUIREMENTS;
OPTIMIZED CONFIGURATIONS; ENHANCED DATA BASE; KNOW HOW TO CORRECT DEFICIENCIE®

CURRENT PROGRAM S-O-A

LIMITED RESOURCES—® 1 - 2 VEHICLES AT A TIME
FOCUS ON ONE PLS CONCEPT AND AFE

AUGMENTED PROGRAM
MODELS, COMPUTER TIME, AND FACILITY OPERATIONS TO ASSESS:
Mission Conflg, Mission Conilg.
ACRV @-8) SDIO-SSTO (1-2)
PLS (3) NLS (TBD)
AMLS (Untimited) NDV (TBD)
OTHER (TBD)

AE141



AEROTHERMODYNAMICS BASE R&T PROGRAM
4 SPACE TRANSPORTATION ARCHITECTURE OPTIONS
1995 2000 2005 2010 2015 2020
| | | | |
SPACE SHUTTLE
[ I 1
SPACE STATION FREEDOM

| [ [ |
ACRV (assured return)

I PLS (;ssured return) l l
— NILS (Multi-role Heleavy-lift) l
B
- SEI
[ l [ [

SPACE TRANSPORTATION ARCHITECTURE SYSTEMS

o Ny

Space PLS NLS AMLS
Shuttle NLS Core HEAVY LIFT SSTO
Core+strapons

AE1-42
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(Moment ref = 0.54L)
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SUBSONIC L/D ENHANCEMENT FOR
HL-20/HL-20A

L/D

-4 0 4 8 12 16 20 24 28
o, deg

CRAHRAUIEHISITIUS

a = 30°
1.0

0.8 o HL-10 (M=8)
o PLS lifting body (M=6)

O Shuttle (M=6)

0.6
hihget
0.4

0.2

0.0

| 1 1 .
02 04 06 08
x/L

NASA FORM 1598 arp o
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MACH NUMBER CONTOUR PLOTS

Moo=10 o= 25° Yy=14

DSMC SIMULATION OF FLOW ABOUT PLS/ACRC
Alt = 100 km, Vo= 7.5 km/sec, a = 20°

. o
D S D R (MRS A Y

i A AN Lk UL LA i
ha SN g Ve o 4

atd ot iyl Suel ByIA F‘i,‘\un,.\,’.l‘ -
AE1-45
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PLS WINDWARD CENTERLINE PEAK HEATING
DISTRIBUTION/MATERIAL REQUIREMENTS

Entry from Orbit T into KSC

x location, ft

120 Transition Heﬂ /Me =335

3500
; 100
i 3000 K
j 80 - ACC nosecap (3000°F)
: Peak 2500 12229227777V Y7 IIIIIIIIIIVIIIIIIIIPP VIFIFIFIIIINIIIIIIIIN

Peak radiation .
. heatrate, 60} equilibrium HRSI (2500°F)
, Btu/Mt2-sec temperature,
; °F 2000+
’ 40+ \
\

1500 X — Rad. eq. temp.
| 20} \\ ~=-Heat rate
, 1000 |- T
[ 0 e 1 1 1 | 1
‘ 0 5 10 15 20 25

(X

DQRPGNGEL PAly 15

OF POOR QUALITY
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AEROASSIST

Reusable

Low Ballistic Parameter
Low L/D

Low Total Heating
External Payload

VEHICLE DESIGN CHOICES

A One - Shotter

HighL/D
Ablative Healshield
Inlernal Payload
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R
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AFE EXPERIMENTAL DATA BASE

EAB/SSD/LaRC

04

i Aero coelfs -
o2 B ey, Shock shapes

0 agq (s
) "y
Co - 8 | b p S
-0 s, Forebody pressure ¥ 2 '
'g I&‘~ ‘\

04 08l W \‘\\\4,\— ;)2/|)1 =12
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5 REF
-12 1.2
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10" Alterbody impingement
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! 400 5 ‘Make heating
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ORIGINAL PAGE 18
OF POOR QUALITY
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AEROTHERMODYNAMICS BASE R&T PROGRAM
i Sp — —
CONFIGURATION ASSESSMENT

FY 93 FY 94 FY 95 FY 96 FY 97

LCONFIGU RATION ASSESSMENT
A A A A A A
PLS/ACRY Preiminary 2-Siage AMLS identily Preletted Begw Dstabase Compiste Aero/ Seiect Canduzaiu

Database Compi Datsb. Comph AMLS Concepts on Seleciad PLS Asrohasting Analysis Concepls (AM|
Conligurations (AMLS)

AEROTHERMODYNAMICS BASE R&T PROGRAM
@iy 5 t———————

PROGRAM AUGMENTATION - WHY NOW?

T T sl

- NASA NOW AT CRITICAL JUNCTURE IN PLANNING THE
FUTURE

« SYSTEMS DESIGNED FOh PERFORMANCE AT LOWEST LIFE
CYCLE COST ARE MANDATORY

. AEROTHERMODYNAMICALLY EFFICIENT DESIGNS ARE KEY
TO HIGHER PERFORMANCE MARGINS AND RESULTING
LOWER COST

.  CONFIGURATION ASSESSMENTS OF NEAR-TERM SYSTEMS
ASSURE AGENCY IS "SMART BUYER"

« THE OAET AEROTHERMODYNAMICS CAPABILITY
ADEQUATELY APPLIED TO THE BROAD RANGE OF OPTIONS
WILL BENEFIT THE AGENCY/NATION

GGl PEOE IS
OF POUR QuALITY

AE149
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AEROTHERMODYNAMICS BASE R&T PROGRAM

——— ————

UNIQUE CAPABILITY NOT DUPLICATED IN FREE WORLD
SUPPORTS/ENABLES ALL AGENCY MISSIONS
RECOGNIZED OUTSIDE OAET AS ABSOLUTELY REQUIRED FOR

GROWING NUMBER OF FUTURE VEHICLES

PRESENT LEVEL OF EFFORT INSUFFICIENT

PACE OF THE DEVELOPMENT OF COMPUTATIONAL DESIGN
AND ANALYSIS TOOLS

- ADEQUACY OF EXPERIMENTAL CAPABILITY TO VALIDATE
SUCH TOOLS AND PROVE DESIGN CONCEPTS

APPLICATION OF VALIDATED TOOLS AND FACILITIES FOR
CONFIGURATION DESIGN AND ASSESSMENT

AEROTHERMODYNAMIC TECHNOLOGY WILL
GREATLY INFLUENCE THE VIABILITY AND
AFFORDABILITY OF ALL FUTURE SPACE
TRANSPORTATION SYSTEMS.

AE1-50



AEROBRAKING
(Acroassist)
for
Transporiation Tnrust

External Review

of
Integrated Technology Plan
for the
Civil Space Program

June 27,1991

Aerobraking

« Definitions

« Applications/Benefits

+ Environments

+ Issues

» Performance Objectives
» Technology Program

« Synthesis Report

AE2-1
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AEROBRAKE TECHNOLOGLY ORGANIZATION

OAET PROGRAM MANAGER
J. MOSS (HQTRS, RF)

ARC - J. Arnold
LEAD CENTER PROJECT MANAGER JSC-R. mr::
C. ELDRED (L8RC) JPL - L. Wood

INTER-CENTER WORKING GROUP

CODE RF - J. Moss
LaRC - W. Plland

MSFC - (Ex Officlo) E. Austin

Mission , Vehicie Asrothermo- GN&C
Cancepts & Operations dynamics Lead - C. Keckier
Lead - D. Freaman Laad - S. Deiwent (LaRC)
(LaRC) (ARC)
Dpty - C. Teixelra Dply - K. Sutton Dpty - L Wood (JPL)
(JSC) {LaRC) G. McSwain {JSC)
M. Tauber - (ARC) C. Scott {JSC)
Ground, Space &
Struciures TPS Materials ot T
Lead - H. Goldstein
L'(':. a %) Rummler (ARC) R. Rled(JSC)
Dpty - D. Curry (JSC) P. Siemers(LaRC)
D- Curry (J3€) H. Mashs- (LaRC) D. Cooper (ARC)

4/1991

~ UNSA «
Types of Aeroassist Maneuvers

» Aerobraking
- Use of atmosphere for deceleration, generally requires L/D < 1

« Aerocapture
- Maneuver from hyperbolic trajectory or high energy
orbit to lower energy orbit
« Orbit altitude reduction
- Maneuver from high altitude orbit to lower energy orbit

» Direct entry

- from orbit, either high or low altitude
- from hyperbolic trajectory

+ Aeromaneuvering

- Use of aerodynamics for plane change or cross range, generally
requires L/D > 1

L LaRC SEI 7

| AU A bt Rereis e Guiniin b MBS ¥ 1091 Pupy
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Direct Entry

(trom hyperbolic trajectory
or high orbit)

AEROBRAKING MODES

Aerocapture

( from hyperbolic trajectory
or high orbit)

Orbital
Entry

— JN\SN\

AEROBRAKING APPLICATIONS

(F—\

All Chemical | Chemical/ Nuclear
Aerobrake Thermal
Lunar Return
Aerocapture N/A Baseline N/A
Direct Entry Baseline -
At Mars
Aerocapture - Baseline Option
Direct Entry - Option Option
Entry from orbit Baseline Baseline Baseline
Mars Return
Aerocapture - _Option Option
Direct Entry Baseline Baseline Baseline

Aerobraking provides many viable mission options.

AE2-3
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Aerobraking Applications to Mars \
Precursor and Robotic Missions

Mars Sample Return (2005 Time Frame)

< Chemical propulsive departure for Mars
- Aercbrake to Mars Orbit
- Separate from Earth Return Vehicle
Aeroentry and land
Deploy Rover and collect sample
+ Ascend to orbit and rendezvous with Earth return stage
Transfer sample
+ Chemical propulsive departure for Earth
« Aerobrake to orbit or aeroenlry and recovery

Mars Site Characterization Landers (2010 Time Frame)

- Chemical propulsive departure for Mars
« Aerobrake or chemical brake to Mars orbit
+ Aeroentry and precision landing

Mars Robotic Missions to Remote Sites (2015-30 Time Frame)

+ Either same scenario as site characterization landers
« Or deployed from approaching or orbiting Manned Missions
+ Aeroentry and precision landing

L LaRC SEI —)
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Benefits of Lunar Aerobraking

isp Range {(Vacuum}
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. Aerobraking enables recovery/reuse of high cost elements
of the Lunar vehicle (crew module, propulsion/avionics)
with major reduction in initial mass in LEO (~35%) over all
chemical propuision option.

+ Entry velocities of ~11 km/sec are insensitive to return
trajectory or Lunar departure point (surface, orbit, or
libration point). AFE technology validation enables efficient
structures with reduced design uncertainties.

«

Aerobraking Application to Lunar Missions

AE2-5
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Mars Short Duration Stay Venus Swing-By Missions

All-up Piloted
Vehicie
Imtial Mass 2000

in LEO (1)
1500‘ Y
~y /
/ \— == All Chemical
——

Practical 1000 @ ChervAB
IMLEO———»
Upper Limit ,)\‘~ A\

500 |

™Y <yq -

0
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Launch Opportunity

Short duration stay Mars missions are not
practical for Chemical systems without Aerobrake

& SEI —)
~ UNSA «
Benefits of Aerobraking for Mars Missions

« Mars long stay-time missions are the only type of Mars
mission that are feasible with chemical all propulsive systems
- Use of aerobraking enables a reduction in one way
transit times within practical IMLEO limits. 200-270
days transit times can be reduced to 120-160 days,
depending upon opportunity.
» Chemical propulsive short stay-time missions are not practical
without aerobraking
- IMLEO reduction of 30 to 60% over a chemical all
propulsive system
L : concser

| AP i Aardadun Bardin 18 MAEHE ¥ B Pary
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AEROBRAKING ENVIRONMENTS

Lunar Missions:

Extension of Apollo flight experience
Entry velocity conditions the same

Significant ditferences in flow conditions between:
Direct entry (Apolio)
Aerobraking

Mars Missions:

Extend flight environments significantly beyond our past experience for
both Mars entry and Earth return entry

Highly variable conditions with:
Opportunity year
Type of mission trajectory

Avwa y Crers 2 LA U1 E

— NNASA
EARTH ENTRY VELOCITY ENVELOPES

Shuttle O
GEO Return/AFE )
Lunar Return/Apolio a

Return from Mars
1000 Day Mission
500-600 Day Transfer
300-400 Day Transfer
200 Day Transfer
500 Day Mission

<~

SEI —/

¢~

350 Day Mission

[ 1 | 1 | | 1

8 9 10 1 12 13 14
Ventry*, km/sec

L * Inertisl
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ALTITUDE, km

EARTH-MOON
| MARS ATMOSPHERE, {\EE:&ALS:;SET
“AEROCAPTURE"

SE] AEROBRAKING/AEROCAPTURE MARS RETURN
A=1M

AlR IONIZATION

; AlR DISSOCIATION
@ PEAK HEATING - w/cn?

L ' A 1

3 ] 9 12 15
VELOCITY, km/sec

— NNSA
MARS ENTRY VELOCITY ENVELOPES
Orbital
Entry Transit time reduction
1000DBV —— FEERNENENENNNENNNN] 4
500 Day R
Sprint S
440 day
Sprlnt -
360 Day
1 1 i 1 | 1 | !
4 5 6 7 8 9 10 11

« ~

Ventry, km/sec
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Aerobraking Challenges and Issues

There are no showstoppers

SEI ——/

Aerobrake Deployment/Assembly

Issue: Aerobrakes are too large for conventional intact launch
and require precision assembly. What is the impact of
Aerobrake deployment/assembly requirements?

Answer:

« Current studies are examining:
- Designs for simplified assembly
- Alternatives to assembly
Intact launch options
Deployable, space rigidized

» Precision assembly Is not unique to Aerobrake
- Propellant feedline connects/disconnects

are common {o all configurations

Asrobrake Payload Sizes, dla
Sizes, dia -
Lunar, 15m- ~ ST, 45m « On-orbit deployment/assembly and precision
ars. 13 = HLLV (701), 7.8m assembly is required regardless of
S, 3JIM 4
L~ WL (250 1), 128m Aerobrake utilization

On-orbit assembly is a critical issue for Aerobrakes

as well as all Exploration missions. Current studies
are addressinﬂtla variety of options.

LaRC SEI —/
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Mars Vehicles Relative Sizes e

i

=

va

] I

=
Option Chem/Aerobrake Nuclear Thermat Nuclear Electric
Length 50m 110m 230m

Chem/Aerobrake Is the smallest system option.
All reference concepls use Aerobrake for Mars entry/landing.

SEl  ——

—~ \ASA Q€ -

CREW G-LOADS DURING AEROBRAKING

Issue: Are the Aerobraking g-loads (around 5 g's)
acceptable for the flight crew following extended
weightlessness during transit to Mars and return

Answer:

Soviet cosmonauts experienced
similar (5-g) profile following
8 month in weightlessness

Plan collaboration with Soviet
M.D. cosmonaut to study effects
of g-loads following
weightlessness

set —
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READAPTATION TO 1 G FOLLOWING PROLONGED SPACEFLIGHT

SKYLAB AND SOVIET STUDIES INDICATE THAT FOR MISSIONS OF THREE
MONTHS OR MORE, CARDIOVASCULAR READAPTATION TAKES 3-7 DAYS
AND DOES NOT DEPEND ON MISSION DURATION.

First-hand reports from Soviets:

. ONE COSMONAUT FLEW A PLANE THE DAY HE RETURNED FROM AN 8 MONTH MISSION

. WALKING AFTER 8 MONTH MISSION:

- 50 PACES THE DAY OF RETURN
- ONE HALF MILE THE DAY AFTER LANDING

- FIVE MILES AFTER ONE WEEK

*  PLAYING TENNIS IN 4 TO 5 DAYS

- NASA < -
Mars Aerocapture Altitude Boundaries
issue: Do tall mountains on Mars present a hazard to Mars Aerocapture?
150 -
Answer:
100
- The altitude range for Aerocapture
is between 30 and 55 KM
*":;;"- s | sititude. The height of the tallest
mouniain Is 27 KM.
7\ e,
Mone, 27 km) - Also, mountains are highly localized
oF Average sievation (Skm)  gnd easlly avoided In mission planning.
Lowest valley (-7 km)
.50 1 1 1 }
2 4 8 ] 10
o Eniry velocty, knvsec
Mountains are not a Aerobraking hazard. I
S
L set  —

Sdvacacy Chow 1 LoRC O
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NAVIGATION ACCURACY FOR MARS AEROCAPTURE
Issue: Does Mars aerocapture require extreme
interplanetary navigation accuracies?
0s Current Earth- Answer:
e Based Navigation
Capability
¥ \ Aerocapture does require more precise
é_ 04 navigation than propulsive maneuvers.
3 However, current Earth based planetary
3 navigation provides good aerocapture
\ performance for mid L/D (0.3 - 0.5)
£ oo Optcal ety | vehicles.
g Nav Capabiiity
Autonomous onboard optical star
0.0 trackers, probably required for man rated
0.0 0.2 04 oe systems, can provide greatly enhanced
Navigation Error nav performance providing improved
(FWght Path Angie Ervor st 125 KM) Aerobrake elficiency.
Navigation accuracy is an important design
consideration. However, it is not a show-stopper
\ e —
r NNASA
CG MANAGEMENT REQUIREMENTS

Issue: The Aerobrake L/D Is dependent on the proper location of
the vehicle center-of-gravity. What Is the required
precision for location of the C.G. ?

Answer: C.G. management is a design and operational issue
common to all flight vehicles. Potential methods include
design to minimize C.G. variations and/or to compensate
for C.G. movement. These include payload location, active
control/trim devices, active mass balance systems, and
adaptive guidance systems. Preliminary analyses of
adaptive guidance systems indicate that C.G. variations of
+ 1to 1.5% of body diameter can be accommodated. This
provides a C.G. envelope of 2 to 3 feet for a 100 foot
diameter Aerobrake.

The Aerobrake system can accommodate a reasonable
C.G dispersion.

L LsAC SE! —/
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Maximum Dust Storm Variations
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ATMOSPHERIC VARIATIONS & UNCERTAINTIES

Issue: What is the Aerocapture risk caused by the Mars
atmospheric uncertainties and variations?

Answer: This issue has been extensively analyzed by the Mars
Atmosphere Knowledge Requirements Working Group.

Aimosphere:

« Limited data show large variations
In pressure and density

« Dust storms greatest source of
variations

+ State-of-the-art guidance

algorithms successfuily flew

worst case atmospheres
« Possible TPS erosion In dust

storms, but small system weight impact
« Recommended increased

emphasis on Mars Observer

statistical atmospheric

measurements

Atmospheric variations and uncertainties can be
accommodated with modest design impacts.

AEROBRAKING IN A DUSTY MARTI/

TMOSPHERE
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RADIATION ENVIRONMENT

Issue: Venus swingby trajectories used in 500 day class Mars
missions increase the crew radiation hazards from
Solar flares

Answer: This type of trajectory Iis being
used for both Aerobrake and NTR
short duration missions. A radiation
shelter is required for solar flare
protection regardless of the type of
trajectory. The impact of swingby
trajectories on this shelter is
modest.

Inbound

\ sei  —

AMvacacy Chve 2 L 8RC CHE

—~ ANSA «€ -~
KEY ELEMENTS OF AEROBRAKING TECHNOLOGY

An Integrated Program

Integration of misslon, design and technology issues

Multidisciplinary technologies
Aerothermodynamics
GN&C

- Thermal Protection

Structures

Valldation
Ground test
Flight test

— se —/
AE2-14



AEROBRAKING PERFORMANCE OBJECTIVES

TECHNOLOGY CURRENT SOA OBJECTIVE/REQUIREMENT
GOAL/ PARAMETER

VEHICLE CONFIGURATION LD = .25-.3, ground based LD 0.5 with mission margin snd Hexibility

AEROTHERMODYNAMICS | 3-D models for non-equitibrium conditions, Validated 3-D gas codes, chemical and
with very limited vaiidation datab

thermal rareflied flows, Mars gases, coupled
radiative heating/massive ablation limied,
validation database

GUIDANCE, NAVIGATION & | Entry to precise Eanh surfsce Aerobraking to precise planeiary orbit:
CONTROL precision landing to Mars surtace; autonomo:
navigation; adaplive, fault tolerant systems

THERMAL PROTECTION Reusable < 2800 - 3000°F;

Light-weight reusable materials {lunar),
SYSTEM Abistive: moderate-energy (Apohio)

Increased rsuse temp 10 - 4000°F
Low weight ablative maierials for high energy
missions at Mars and Earth return

STRUCTURES Structures and TPS are ground based Aerobrake mass fraction < 15%, on-orbit
assembly and certification
SYSTEM LEVEL
PARAMETERS
ENTRY VELOCITY 4.5 km/sec 8.5-10 km/sec
@ PLANETY
ENTRY VELOCITY 11 km/sec K\ 12- 15 kmv/sec
@ EARTH -
MANRATING Manned Entry, Unmanned Aerobrake

Manned Asrobrake

6/17:91 Chbt

3 = Funct bemo Aerobraking Technology Plan

6 (EEXXF] System Prototype
7 EEEEES Proto Demo In Environ
1990 1
1 995 2000 2005
Planetary

Readiness Target
Configuration Assessmants —/— 4 4
Aerothermo Models

TPS Assessments

Lunar

Aero Models/Wake

A Readiness Targel
TSPS Enhancement - Space based LTV
nect
tructures Demo A A%\;lncod

Mars/Earth Return

Configuration Definiion L ) L
Asrothermo Models

GN&C Devel —3%
TPS —/

A Readiness

Target
L

Advanced
Development

Structures

Flight Experiments
Flights
Data Assessment # 4 AFE
Preliminary Planning - "

Migh Energy Aerobrake Fiight Experiment | 1
High Energy AFE Program

A HEAFE

' 17791 C1
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Transportation Te  nology
Space Transportation Systems

OBJECTIVES

Aerobraking

+ Programmatic

Develop Aerobraking technologies for
manned lunar, robotic and manned Mars,

and pianetary missions.

« Technical

Validated aerothermodynamic codes
Reusable and non-reusable TPS materials

Adaplive guidance
Light weight structures
Flight test validation

SCHEDULE

* 1995 Mars entry probes code validation
+ 1998 AFE flight data code/TPS assessment
MRSR aerocapture validation
+ 2000 LunarLTV
Codes, TPS, Assembly validated
Comet sample return
Codes, TPS validated

(HEAFE) test
« 2004 Mars mission valldation
Codes, GN&C, TPS, Structures

+ 2002 High Energy Aerobrake Flight Experiment

RESOURCES

+ 1991
1992
» 1993
+ 1994
+ 1995
- 1996
- 1997
- 1998
- 1999

.

S09 M
$09 M*
$48 M
$93 M
$148M .
$20aM ' 7
$238M
$22.5M
$18.1 M

’

* AA's Discretionary Funds

PARTICIPANTS

+ Langley Research Center
Project lead; lead tor technology integration,

Support for aerothermodynamics and TPS
- Ames Research Center
Lead for asrothermodynamics
and thermal prolection materials
Johnson Space Center
Lead for ground and space lest

aerothermodynamics
» Jet Propuision Lab
Support for navigation

Aerobraking Suo-element

guidance, navigation, & control; and structures

Support tor thermal protection, structures, and

6/10/91 CHIF

OBJECTIVES

Missions, Concepts, & Operations

+ Integrate and optimize serobrake

technologies with design, operations,
cost and schedule issues to meet

mission requirements

Description

+ Refine reference vehicle/operational

concepts for technology Impects
+ Detine technology requirsments
+ Assess technwogy progress

SCHEDULE

+ 1993 Refine lunar aerobrake reference
concspttechnology rqmnts

+ 1893 Define pianetary technology rqmnis

+ 1994 Estabiish Mars reference concepV/
technology requirements

+ 1995 Define High Energy Aerobrake Flight
Experiment concept

* 1997 Assess AFE flight data impacis

+ 1996 Retine Mars Aerobrake technology trades

RESQURCES

1991
1992
1993
1994
1995
1996
1997
1998
1999

s s o & o e 2 e =

$02 M
$03 M*
$04 M
$0.7T M
$09 M
$12 M
$12 M
S$1I0M
$10 M

* AA's Discretionary Funds

PARTICIPANTS

*« Langley Research Center
Sub-element lsad

concepts, cost estimation.
« Ames Research Center
especially entry "g” criteria

- Define planetary serobraking technology
requirements

AE2-16

Mission performance, vehicle concepls, operational

- Refine serobraking human factors requirements,

6/6/91 CHE



THE L/D ISSUE

Advantages to high L/D aerobrake configurations

« More aerodynamic control authorily — grealer corridor widlh, greater
capability for load-reliel, heat rate-relief

« Convective heating dominates — better able to quantify at the systems level

« Greater cross-range, if required

Drawbacks to high L/D aerobrake configurations
« Higher ballistic coefficient — greater structural and TPS mass
« Packaging difficulties — c.g. control

« Integrated vehicle design — aerobrake and payload design cannot be
separated

Trade-olf Approach

« [dentify the minimum required aerobrake L/D to insure a successful
aerocaplure maneuver

+ ot

'NIMUM AEROBRAKE L/D . DR MARS AEROCAPTURL
1° CORRIDOR WIDTH REQUIREMENT, 5-G DECELERATION LIMIT

1y

15
/
—— Highly elliptic parking orbit,
minimal guidance
-=—— Various parking orbits,
adaptive guidance ,
10| /
Adaptive
guidance
Minimum /
required i
Parking orbit 7
SK [_ selection
o High «
Moderale a Moderate o
0 ! 1 1
6 7 8 9 10
Vaim® km/sec
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Aerobraking Sub-element

Aerothermodynamics

"BJECTIVES
:xtend, validate and apply computationai
.odes for the prediction of asrodynamic
and aerothermodynamic characleristics
of Earth and planetary serobraking

SCHEDULE

« 1993 Lunar concept lorebody/wake modeis

developed

maneuvers. « 1994 Planetary modeis defined
» 1995 Lunar concept mode! validetion
Description: Combine the use of + 1996 Eslablish High Energy Aerobraking Fiight
- Computational Fluld Dynamics (CFD) Experiment aerothermodynamic objectives
- Computational Chemistry » 1897 Assess AFE flight data
- Experimental test + 1998 Mars concept mods! validstion
- Filght experiments
ARTICIPANTS

RESOURCES

©1391 $02 M

©1992 $03M°

©1993 $14 M

. 1994 $25 M

©1995 $27 M )
©1996 $30M | Ar <

- 1997 $30 M dArl
. 1998 $24 M

. 1993 $20 M

* AA's Discretionary Funds

« Ames Research Center
Sub-element lead. Development ol validated
phenomenological models. Validated CFD codes
and ground based high enthalpy experiments.

» Langley Research Center .
Validated engineering codes, configuration analysis
and parametric experimental studies.

+ JSC
Contiguration assessment

617191 CHE

VALIDATION OF SEI AEROTHERMODYNAMICS CODES
TWO-1EMPERATURE MODEL VS EXPERIMENTS

MARS ENTRY

Ni-CO, Mixtare in Shock Tube, Vus.9 km/s

0.20 r—

LUNAR RETURN

Alr in Shock Tube, V=11.3 km/s

300
. 250
‘,:oo-
' 150
- —— Prasent Model
Z 100 —— loniz Ramwes/10
*==+ loniz Aaies x 10
L1 ®  Experiment, Wilson(1968)
Scale|
0
T T T T T T
0 1 2 3 4 [
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STATE-OF-THE ART CFD FOR REAL GAS FLOWS

Temperature Contours

Aerobraking Sub-element

Guidance, Navigation and Control

OBJECTIVES

» Develop and valldate advanced guidance
techniques, Including appropriate sensors,
which autonomousiy compensate for mission
variations In navigation, ssfodynamics, snd
atmospheric properties.

Description:
- Enhanced Interpianetary navigation
. Valldatble adaptive guldancs algorithms
- Atmospheric density sensors
- Test bed/light demonsiration

SCHEDULE

1994 Concept demo of G&N system

1995 Define High Energy Aerobrake Flight
Experiment GN&C objectives

+ 1996 Validate lunar GN&C

+ 1997 Define GNA&C for flight test

+ 1998 Mars test bed demo

1993 Indentity guidance/sensor architectures
1993 Define Mars reference navigation system

RESOURCES

1991
1992
1993
1994
1995
1996
1997
1998
1999

e e e e s e s v s
VNN AN
SN~ O0O00
NN
TLTZTEZZTEXE

* AA's Discretionary Funds

PARTICIPANTS

« Langiey Resesich Center
Sub-element lead
Adaptive guidance aigorithms. stmospheric
sensars, test bed

« Jet Propulsion Laboratory
interpianetary navigation support

+ Johnson Space Center
Validation

AEZ2-19
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ADAPTIVE GUIDANCE METHODS

» Responsible for guiding the vehicle through the atmosphere in the presence of
off-nominal conditions 10 a set of specified atmospheric exit parameters

* Mission success is measured in terms of the post-aerocapture AV requirements

LaRC Algorithin Features
« Predictor-corrector formulation
» 3 DOF inner-loop simulation
« Orbital energy control
« |.oad-relief
» Orbiltal plane control
» Deceleration feedback

« Bank-angle modulation is the only control

POST-AEROCAPTURE AV REQUIREMENTS
MULTIPLE OFF-NOMINAL EFFECTS

150
2 =05
“n = 8.5 km/sec )
Traj.
no. Off-nominal characteristi
1 Load-relief
(nominal trajectory)
100 {- 2 Load-relief, random
density profile
3 Load-relief, random
AV, — e density profile,
m/sec u a horizontal density wave
e ) 4  Load-relief, aerodynami
¢ ﬁ misprediction
01 ] ,f; 5 Load-reliet, random
% 4 density profile,
;;; ﬁ horizontal density
¢ wave, aerodynamic
° @ misprediction
g b
N I."“ v g
0 1 2 3 4

Trajeclory number
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Aerobraking Sub-element

Thermal Protection Materials

OBJECTIVES

+ Develop, modet, and validate thermal protection
materials which meet the reusability
requirements of manned lunar missions and the
high combined (convective and radiative) heat
rate capabllity for Mars aerocapture and Earth

SCHEDULE

Assess TPS rqmnts for manned & robotic
missions

Evaluate materials for MRSR mission
Detine rqmnis for manned Mars missions

+ 1993

« 1994

return. < 1995 Define TPS experiments for High Energy
Description: Aerobrake Flight Experiment
+ Description: . 1996 Model and test high energy serobrake
- Extend Shuttle type tile and carbon-carbon materials
reusable materials + 1997 Evaluate AFE TPS test resuits
- Tailor ablators to Mars capture and Earth return . 1998 Design TPS tor HEAFE
- Develop new materlals
ARTICIPANT
RESOURCES
« Ames Research Center
Sub-element lead
. 13:; : g':SMM . RSI enhancement
. 1093 § 08 M Ablator talloring/development
. 1984 $ 15 M Ceramic composites > 4000 °F
©1995 $30M
. 1996 :4,0 M + Langley Research Center
<1997 $50 M Carbon-carbon materials/structures
+ 1998 $SO M
£ 1999 $42 M . JSC

* AA's Discretionary Funds

Reusable Thermal
Prolection Systems (TPS)

Potential for advanced

ceramic composlles \

Carbon-carbon materials
Material validation

6/6:91

Maximum service
temperature (°F)

RCC single mission —

A

Tiles single misslon ——=
RCC muliti-mission /_
Tiles multi-mission

h

— 6000

- 5000

N B e
L/~ 3000 i
Z 2000 \ _Frleusa',blevTF':s :orlw
/- ransfer Vehicle
% - 1000

« Development of higher temperature TPS materials is a NASA critical techn

§

g
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THERMAL PROTECTION SYSTEMS TEMPERATURE CAPABILITY

5000
nsulative Abistive

Maximum tempersture (F)
g

[] Rene'a1 Carbon Advenced AFRSt HRS Flbrous 83 AVCOAT
Geminl carbon carbon- {shuttie) (shuttie) rigid Geminl (Apolic)
(shuttte) carbon cersmics

i. . POST-TEST PHO" 'GRAPHS OF RCC AND

i i, r} 5 ;I "‘“f;ZrB.q- 20 v/o SIC SAMPLES "
! iy 1'

s mmm **Mm-ammmmnmnmnwmme
L uMﬁ‘ "'9?11{ mm-mmmg.mno.mamm

LTV-tin2a Cerac-12nda
RCC ~ 2rB, + 20 v/o 8IC
Recession: 70mils Recession: -1 mils
Woelght change: 1.3t gm Welght change: 0.01 gm
Peak temp.: 3700°F Peak tomp.: 3300°F
8IC coating losti after Adherent, thin, glassy
approximalaly 100 sec coating formed on sample

l\l’\g\mmm Thermal Proteciion Meleriale Branch

, W

R

. ORIGINAL PAGE IS
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Aerobraking bub-element

Structures
OBJECTIVES
. Demonslrate integrated structural concepts SCHEDULE
which neet the combined requirements of
mission performance and operations. . 1993 Detine Lunar structural/assembly
Pertormance requires low weight while supporting concepls
dynamic inertial and thermal loadings,and . 1994 Deline reference Lunar structure

meeting operational requirements for launch « 1995 Assembly lest bed demo
packaging, assembly/deployment, and inspection/ . 1997 Deline reterence Mars structure
certitication. + 1998 Lunar structural test bed

+ 2002 Mars structural lest bed

. Description:

- Asseinbly test bed

- Lunar Aerobrake lest bed
- Mars Aerobrake test bed

PARTICIPANTS

RESQURCES

« Langley Research Center
L1991 $ OM Sub-element leed. integrated structural concepls
L1992 $ OM for thermal structural loadings, assembly, and
. 1993 $O07 M inspeclion/certitication.
- 1994 $1O M
. 1995 $23 M + JsC
. 1996 $37 M Integrated design requirements, structural
1997 $48 M assessment and validation.
<1998 $52 M
+ 1999 $40 M

B/14/9!

STAGNATION POINT HEATING PULSES DURING MARS
AEROBRAKING

Vg = 8.8 km/sec, AFE SHAPE, {L/D) =03
MCpA « 100 kg’

Ts 18

1900 '0['

Undershoot
Q « 3.2 kiiem®

~=== Equil. red.
e Total

8
L4

Equil. wall termp. (K)
b1
-

g
T
T

Heating rats (W/cm?)

-
—

1 i L
0 50 100 1%0 200 250 ;ﬂ
Time from 90 km aititude (sec)

MASS FRACTION = 13 %
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Including Fundamental Integration Concerns

P

Fully configured aerobrakes are too large
to launch inside a rocket payload shroud

structure | Foabl
.  Martin Marietta
solutions “—
Assembled in space
- Boeing Huntsville
. = McDonnell Douglas
Rigid N \
Slmc_“"e Deployable -
solutions| . No major effort ] j
Integral launch il
+ Boeing Hunisville _] e
- N\ AP
L HE
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Figure 7. Mockup Layout and Proposed
Figure 6b. integrated Mockup Assembly Operations in the UWTP
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AciuuIantlly Sub-eielliel il

Ground and Flight Test

OBJECTIVE
SCHEDULE
. Define and establish the integrated ground and
tiight test programs necessary for the validation . 1993 Define Aerabraking validation data

of aercbraking technologies. requirements

» 1994 Assess flight experiment vs ground test
options

« 1995 Deline flight experiment concepts

« 1996 Detine flight experiment instruments

+ 1998 Recommend flight experiment concept

Descriplion

- Deline integrated testing requirements

- Detine requiremants for tlight test
dsmonstrations beyond AFE

- Define and compare ground facility options
Inctuding development of new faciiities

PARTICIPANTS
RCE
RESOURCES . s
Sub-element lead
+1991 $ OM
L1992 S OM Flight experiment concepts
; :ggg :g; :: +  Langley Research Center
’ Ground lest facliities
$ 1995 S08 M Flight experiments
<1996 $16 M
1997 $1S M . Amaes Research Center
1998 S$1O0 M G d i
. 1999 $09 M round testing
Flight experiments
&6 CHif
] [}
N N

AEROASSIST FLIGHT EXPERIMENT (AFE)

Mission Profile - Simulates STV Aercpass

1 '._9_‘
LA %
Deploy from’

Shutte
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Transportai... Technology

Technology Flight Experiments

QBJECTIVES
High Energy Aerobraking
« Programmatic
Validate and demonstrate Aerobraking SCHEDULE
technologles for manned Mars
missions. - 1993 Begin concept planning
+ 1997 AFE flight test
. Technical + 1997 Start experiment development
+ 2002 HEAFE tlight test
« 2004 Mars mission validation
Validated aerothermodynamic codes
Demonstrate high temperature TPS Codes, GN&C, TPS, Structures
materials

Adaplive guidance demonstration

PARTICIPANTS
RESOURCES
. Langley Research Center
. 1997 $20M Aerothermodynamics, GN&C, Structures

+ Ames Research Center
- 1998  $60M Aerothermodynamics, TPS

- 1999 $110M

Johnson Space Center
Structures, TPS
. 2000 Continue

« Jet Propuision Lab
Navigation

» Marshall Space Flight Center
Spacecraft

Synthesis Report on Aerobrake

« Contents:

Aerobrake purged from main discussion and art

Aerobrake not listed among key technologies

Aerobrake listed as a backup option

AFE supported

OAET Acrobrake technology Team Preparing Response To Synthesis report
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+ Aerobraking provides many beneficial mission options

« Several design, operational, and technology Issues
But
There are no show stoppers
The issues are understood

There Is a strong foundation of existing technology
and experience

+ There are significant benefits of technology advancements

+ A sirong, focused, multidisciplinary technology program is needed to
validate and enhance Aerobraking technologies

SEI

Adwacscy Chve £, LARC (4
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AEROASSIST FLIGHT EXPERIMENT
e £ S

PRESENTATION

TO

SPACE SYSTEMS
and
TECHNOLOGY ADVISORY COMMITTEE

JUNE 27, 1991

ORIGINAL PACE IS
OF POOR QUALITY



AEROASSIST FLIGHT EXPERIMENT

PROGRAM GOA

e PROVIDE CRUCIAL TECHNOLOGY FOR DESIGN AND

DEVELOPMENT OF EFFICIENT AEROASSISTED SPACE TRANSFER
VEHICLES (ASTV)

PROGRAM OBJECTIVES

CHARACTERIZE THE AEROTHERMODYNAMIC ENVIRONMENT IN
THE GEO AND / OR LUNAR RETURN REGIMES

VALIDATE COMPUTATIONAL FLOW FIELD CODES WITH
MEASUREMENTS NOT AVAILABLE FROM PREVIOUS FLIGHT
VEHICLES OR GROUND FACILITIES

DEVELOP GUIDANCE AND CONTROL TECHNIQUES FOR A LOW
L/D VEHICLE IN A VARIABLE DENSITY ATMOSPHERE

EVALUATE PERFORMANCE OF CANDIDATE THERMAL
PROTECTION SYSTEMS

h.dm.-
90949 Lmdon § Juhness Spese
Spece Admrrsnsnen @”e ousten, Tenes 17068 Conter

[
“7

Miss nPrn il

;. AERDASSRY ‘ﬁ?em EXPERENT fm‘w y

AES-2 CRIGINAL PAGE !
OF POOR QUALIT



AEROASSIST FLIGHT EXPERIMENT (AFE)

DEPLOYMENT CONFIGURATION

AEROBRAKE

Cr (T

ASTV FLIGHT REGIME

-],
@ PEAK HEATING
SHUTTLE
350 — ENTRY
! /
SIGNIFICANT y
S 300+ NON. \ " .
x EQUILIBRIUM : /
m 7 /
E 1 | s sl .
= 1% :
E IONIZATION—  hETORN
200 s s ‘,’ .............
EQUILIBRIUM APOLLY
150 1 [ 1 ]
16 20 24 28 32 36

VELOCITY, kft / sec
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AEROASSIST FLIGHT EXPERIMENT

=&&&§

ASTV FLIGHT ENVIRONMENT

AEROBRAKE
RAREFIED
FLOW

THICKENE\

SHOCK
e
IONIZED
SHOCK LAYER “ >
H
NONEQUILIBRIUM
CHEMISTRY
RADIATIVE
HEATING
BASE CONVECTIVE AND
CATALYSIS
(CONVECTIVE HEATING) RADIATIVE HEATING

893-020A

AEROASSIST FLIGHT EXPERIMENT
3;"-—-"——%_\

ASTV [LSiGN ISSUES AFE EXPERIMENTS
SHOCK LAYER RADIATION o  RADIATIVE HEATING EXPERIMENT (RHE)
o MICROWAVE REFLECTOMETER IONIZATION
SENSOR EXPERIMENT (MRIS)
SURFACE CATALYSIS 0 WALL CATALYSIS EXPERIMENT (WCE)
THERMAL PROTECTION o HEAT SHIELD PERFORMACE EXPERIMENT (HSP)
SYSTEM MATERIALS o ALTERNATE THERMAL PROTECTION MATERIALS
EXPERIMENT (ATPM)
o FOREBODY AEROTHERMAL CHARACTERIZATION
EXPERIMENT (FACE)
WAKE FLCWS/HEATING o BASE FLOW AND HEATING EXPERIMENT (BFHE)
o AFTERBODY RADIOMETRY EXPERIMENT (ARE)
AERODYNAMICS/CONTROL © AERODYNAMIC PERFORMANCE EXPERIMENT
(APEX)

0 RAREFIED-FLOW AERODYNAMICS
MEASUREMENT EXPERIMENT (RAME)

0 PRESSURE DISTRIBUTION/AIR DATA SYSTEM
EXPERIMENT (PD/ADS)

49-030A

AE34



AFE FOREBODY INSTRUMENTATION

—cri

HEATSHIELD PERFORAMANCE
PRESSURE DISTRIBUTION
AIR DATA SYSTEM

73 WALL CATALYSIS

© atem

\ TOTAL RADIOMETER

THEAMOCOUPLE
WCE PRESSURE
WCE THERMOCOUPLE

@ MRIS
90-0t2

Y HIGH RESOLUTION SPECTROMETER

BASE REGION INSTRUMENTATION

O A E

[X] - oFHE TILES - 3 T/CS EA

B rane

C - CAMERA
® - PRESSURE TAP
x - THERMOCOUPLE

Y, - TOTAL RADIOMETER
N - HIGH RESOLUTION SPECTROMETER

90-013

AE3-5



AEROASSIST FLIGHT EXPERIMENT
STATUS

¢ PROGRAM
- PROJECT REPLANNED TO ACCOMODATE 1991 AND 1992 FUNDING CONSTRAINTS

- EMPHASIZE CARRIER VEHICLE DESIGN COMPLETION AND EXPERIMENT DEVELOPMENT

- LAUNCH PLANNED FOR JULY 1996

e CARRIER VEHICLE ‘ \
. COMPLETED REVIEW OF NASA DESIGN - OCTOBER 1990 S
. DESIGN TRANSFERRED TO CONTRACTOR - FEBRUARY 1991 ' =¥ ="t

- STRUCTURAL TEST ARTICLE IN FINAL DESIGN - INITIATE FABRICATION SEPTEMBER 1991

- MAJOR AVIONIC SUBSYSTEMS ORDERED/READY FOR PROCUREMENT

s

- CONTRACTOR éﬁﬂ‘éCHEDULED FOR JUNE 1992
® AEROBRAKE

- CDRCOMPLETED OCTOBER 1990 - '~

- STRUCTURAL TEST ARTICLE DESIGN/FABRICATION COMPLETE - IN TEST

- FLIGHT STRUCTURE/TPS DESIGN/FABRICATION 95% COMPLETE

fpass Conter

891-34%4)




e € 5

AEROASSIST FLIGHT EXPERIMENT

STATUS
e EXPERIMENTS

NINE EXPERIMENT CRITICAL DESIGN REVIEWS COMPLETE \Q
3 OF 4 MICROWAVE TRANSMIT/RECEIVE MODULES DELIVERED FOR ENGINEERING UNIT

THERMAL CAPACITANCE TESTS OF TRIAXIAL ACCELEROMETER PLATE COMPLETE AND
ELECTRONIC FILTER DESIGN VERIFIED THROUGH BREADBOARD TESTS /

ACCEPTANCE TESTING OF FLIGHT PRESSURE TRANSDUCERS 70% COMPLETE [ ‘
INSTRUMENTED TILES MANUFACTURED FOR AEROBRAKE STRUCTURAL TESTS

TYPE “K" TC WIRE AND ALL EXTENSION WIRE ACCEPTANCE/CALIBRATION TESTS
COMPLETE

BREADBOARD TESTING OF BASE FLOW VISUALIZATION SYSTEM IN PROGRESS
INTEGRATED BREADBOARD TESTING OF RADIOMETER SYSTEM IN PROGRESS

TWO RADIOMETER WINDOW DESIGNS HAVE SURVIVED ARC JET TESTING AT
EQUIVALENT EQUILIBRIUM TEMPERATURE OF 2900°F

AE3-7 CRIGINAL Fasal 18
OF POOR QUALITY
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r ACTIVITIES Ccy9 CvY82 cY93 CY94 cY9s CY9%
S AP Pl P L e L2 s [ 2 s [ [ L2 [ [« [Tz 3%
W LOADS UPDATE ACORYY <7 GSEACOR <7 Sw)com ¢ oEL To Kse \"4
A caan AT IMU 91 A LAUMCH
' PHASE I FLT SAFETY RvWS7 AVIOMCSDELSY  T7REC A8 FROM J5C
MILESTONES X PHASE B GR
S Rrmnaan  Vsrenaw [ swsoeemamond _ _
- —-—-——7 — T TIqCvMOCKUPTEL ™ cARRIER VEMICLE DESIGN
CARRIER VEHICLE DN Ev AssY OPS
FLIGHT ARTICLE . L } AVIONICS, EXA & A/B ASSY
. FLT STRUCT ] .
o FTSTUET [ (i a vemnbanon
STRESS ANAL FAB & ASSY
CARRIER VEHICLE { TEST l TEST REPORT PEL
STRUCT TEST ART . :
X GRQ
. DEVELOPMENT & UPGRADE (4
SIMLAB ! f ;‘E
: INTEGRA
. DESIGN °<°7“ FABRICATION
AIRBORNE SPT EQuUIP [N ] C ]
. [ MSFC
: STRUCT ASSY
) OES, FAD & ASSY 7P FAB CONP
AEROBRAKE — ]
| TILES, INSTRUMENTATION, HARN & TPS IesTALLATION——— [ 1 <7per Tomsec
FAB & ASSY COMP o kecerr rest
AEROBRAKE i 1 INST S TPSINSTALL DYNAMKC TEST
STRUCT TEST ART C IC ]
STATIC TE8T
©  BFMEBOOMY DEL TO MSFC VE:’““"'" FL|GHT ARTICLES
EXPERIMENTS — Y IpEuvERY To J5c

mﬂ_ﬂa___l__e

AFE STATUS

AEROASSIST FLIGHT EXPERIMENT

STATUS: 6/791

NOA, OBS & COST ACTUALS
BASELINED 4/91
250
200 I —_ NOA l
: — OBSPLAN
r -O- ACTUALOBS
20 — COSTPLAN
—0- ACTUAL COSTS
o | —
g |
Mo [ ’
150 i
C
100 [
; (
ol
[
| o
[ X HOUTETITUEY FEITUTH YOOIt YTV VT Adsaassadaalasy FYETETVUL FTVITRVINTVE FYVTTVTPOUTS FUTTUU PPN
Oct 1,07 Oct 1,88 Oct 1,09 Oct 1,90 Oct 1, 81 Oct1,92 Oct 1,9 Oct 1,94 Oct 1,95 Oct 1,98
Fiscal Yeers
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AEROASSIST FLIGHT EXPERIMENT

e PROGRAM SUMMARY
- NINE EXPERIMENT CRITICAL DESIGN REVIEWS COMPLETE
*+ ENGINEERING DEVELOPMENT HARDWARE IN FABRICATION
- AEROBRAKE STRUCTURAL DESIGN COMPLETE
+ STRUCTURAL TEST ARTICLE FABRICATED AND IN TEST

- CARRIER VEHICLE

* DESIGN RESPONSIBILITY TURNED OVER TO MCDONNELL
DOUGLAS

« PRIMARY STRUCTURE DESIGN COMPLETE
- CONTRACTOR CDR ON SCHEDULE FOR JUNE 1992

SUMMARY

e G S Fe———————————————————————————————

e AEROBRAKING IS A CRUCIAL TECHNOLOGY OPTION FOR FUTURE
SCIENCE AND EXPLORATION MISSIONS

- FLIGHT EXPERIMENT DATA IS CRITICAL TO EFFICIENT /
REUSABLE SPACECRAFT FOR LUNAR / GEO MISSIONS USING
AEROBRAKING

- FLIGHT DATA PROVIDES THE FOUNDATION AND CONFIDENCE

TO PURSUE AEROBRAKING FOR MARS ENTRY AND RETURN TO

EARTH AS BACKUP / ALTERNATIVE TO NUCLEAR SYSTEMS

- AEROBRAKING TECHNOLOGY DEVELOPMENT IS NEEDED FOR

SCIENCE, SAMPLE RETURN, AND PROBE MISSIONS

e AFE IS REQUIRED TO VALIDATE AND DEMONSTRATE THIS
TECHNOLOGY

® SIGNIFICANT PROGRAM PROGESS HAS BEEN ACHIEVED

AE3-10



ENTRY TECHNOLOGY FOR
PROBES AND PENETRATORS

For
SSTAC REVIEW OF INTEGRATED TECHNOLOGY PLAN

System Studies
Aerothermodynamics
Thermal Protection Materials
Aeroshell Structures
GN&C

By
James O. Arnold

NASA Ames Research Center .
6/25/91

QUTLINE

NEEDS FROM SCIENCE COMMUNITY (F. SURBER, JPL)
APPROACH TO FILL SELECTED NEEDS

EXAMPLES

FUNDING

SUMMARY - ISSUE

AE4-1




AN N N NN

AN

' TECHNOLOGY NEEDS

AR _SYSTEM EXP TION MISSION
+ MARS NETWORK (PENETRATORS, HARD LANDERS)

" Entry Technology Require

« NEPTUNE ORBITER (PROBE)

PLUTO FLYBY (PROBE OPTION)

URANUS ORBITER (PROBE)
+ JUPITER GRAND TOUR (PROBE, PENETRATORS, HARD LANDERS)

ASTEROID AND COMET MISSIONS (PENETRATORS, IMPACTORS, HARD LANDERS)
+ VENUS PROBE

MERCURY ORBITER (PENETRATORS, HARD LANDERS)

E RAT i
 LUNAR AND MARS SITE RECONNAISSANCE (IMPACTORS)

SITE CERTIFICATION AND ENGINEERING DATA COLLECTION (PENETRATORS, HARD LANDERS)
+ LUNAR AND MARS ENY!IRONMENTAL STATIONS (HARD LANDERS)

NAVIGATION BEACONS (HARD LANDERS)
+ PHOBOS/DEIMOS SCIENCE (PENETRATORS, HARD LANDERS)
+ VENUS SCIENCE (PROBES FOR VENUS FLYBY TRAJECTORIES)

RTG SURVIABILITY - GALILEO - CASSINI

SPACE SCIENCE TECHNOLOGY: IN-SITU SCIENCE
PROBES AND PENETRATORS

STATE OF THE ART ASSESSMENT

 Entry Technology Required

CURRENT PROBE & PENETRATOR TECHNOLOGIES ARE FUNCTIONALLY
ACCEPTABLE, BUT LARGE, HEAVY AND EXPENSIVE.

DoD HAS DEVELOPED A WEALTH OF APPLICABLE TECHNOLOGIES, BUT MANY
KEY ELEMENTS FOR SPACE MISSIONS ARE MISSING.

DETAILED ASSESSMENT:

v ATMOSPHERIC PROBES HAVE A LONG HISTORY: SOUNDING ROCKETS,
PIONEER VENUS, VIKING, GALILEO, CASSINI

. SANDIA HAS TESTED THOUSANDS OF INSTRUMENTED PENETRATORS

. HIGH-G ELECTRONICS AND SENSORS FOR SMART GUN-LAUNCHED MUNITIONS
EXCEED PENETRATOR REQUIREMENTS

. gglo 1S sDEVELOPlNG MINI-SUBSYSTEMS & COMPONENTS FOR BRILLIANT
BBLE

. CRAF PENETRATOR DESIGN WAS WELL DEVELOPED WHEN DELETED FROM THE
PHOJECT.LBUT THE TECHNOLOGY HAD NOT YET BEEN DEMONSTRATED AT THE
SYSTEM LEVEL

. HARD LANDERS WERE BUILT AND SUCCESSFULLY DROP TESTED IN THE 70'S
BUT NONE HAVE FLOWN SPACE MISSIONS

v APPLICATION OF NEW TECHNOLOGIES AND INSTRUMENTS COULD REDUCE THE
SRIEZ$, MASS AND COST DRAMATICALLY WHILE IMPAOVING THE SCIENCE
URN

AE4.-2



PROBES AND PENETRATORS
TECHNOLOGY CHALLENGES

TECHNOLOGY DEVELOPMENT CHALLENGES:

OAET

REDUCE SIZE AND COST DRAMATICALLY AND INCREASE SCIENCE
RETURN CAPABILITY

SURVIVE EXTREME ENVIRONMENTS OF PRESSURE, TEMPERATURE
AND SHOCK

SPECIFIC CHALLENGES INCLUDE:

. MINIATURIZED PROBE & PENETRATOR SENSORS
. IMPLANTING & ANCHORING DEVICES
. IMPACT ATTENUATORS AND ABSORBERS
. HIGH-G (1000-10,000 G'S) SUBSYSTEMS, INSTRUMENTS &
COMPONENTS FOR PENETRATORS
. MODERATE-G (40 G'S) SUBSYSTEMS, INSTRUMENTS & COMPONENTS F
HARD LANDERS
. ADVANCED THERMAL CONTROL SYSTEMS FOR PENETRATORS
. HIGH PERFORMANCE, STORABLE BIPROP ENGINES
. MINI, HIGH-THRUST, HIGH-PRECISION THRUSTERS
VA HIGH ENERGY AEROCAPTURE, AEROMANEUVERING &

DEPLOYABLE AEROSHELLS
v . DESCENT/IMPACT ATTITUDE CONTROL

SPACE SCIENCE TECHNOLOGY: IN-SITU SCIENCE
PROBES AND PENETRATORS

T

PROGRAMS  Entry Technology Required

R&T BASE
v AERODYNAMICS
. SPACE ENERGY CONVERSION
. PROPULSION
N MATERIALS & STRUCTURES
SPACE EXPLORATION
. SPACE NUCLEAR POWER
. HIGH CAPACITY POWER
. SURFACE POWER & THERMAL MANAGEMENT
SPACE SCIENCE
. SAAP
. {OPTOELECTRONICS SENSORS - POTENTIAL PROGRAM)
’ (MICRO INSTRUMENTS AND IN-SITU SENSORS - POTENTIAL
PROGRAM
TRANSPORTATIO
. ADVANCED CRYOGENIC ENGINES
v o AEROASSIST (AEROMANEUVERING)
v . AUTONOMOUS LANDING
v AEROASSIST FLIGHT EXPERIMENY
v o (HIGH ENERGY AEROBRAKING FLIGHT EXPERIMENT - POTENTIAL
PROGRAM) HEAFE
SPACE PLATFORMS
. DEEP SPACE PLATFORMS

DoD PROGRAMS

SDIO BRILLIANT PEBBLES
SMART GUN-LAUNCHED MUNITIONS
SANDIA PENETRATOR PROGRAM

AE4-3



PROBES AND PENETRATORS
T N Y ELEMENT PR TV

/' Entry Technology Requlr«

COMPLETE INITIAL SYSTEM CONCEPT, DESIGN AND REQUIREMENT STUDIES
1994

+ DEMONSTRATE LABORATORY MODELS OF MINIATURIZED SENSORS
~/+ DEMONSTRATE LABORATORY MODEL OF DESCENT/IMPACT ATTITUDE CONTROL
+ DEMONSTRATE PROTOTYPE IMPLANTING AND ANCHORING DEVICES
+ DEMONSTRATE PROTOTYPE IMPACT ATTENUATORS AND ABSORBERS
+ DEMONSTRATE PROTOTYPE MODERATE AND HIGH-G STRUCTURES & PACKAGING
+ DEMONSTRATE ADVANCED PENETRATOR THERMAL CONTROL SUBSYSTEMS
+ DEMONSTRATE PROTOTYPE HIGH-G POWER, DATA & COMMUNICATIONS SUBSYSTEMS
+ DEMONSTRATE PRECISION MINI)-THRUSTERS
'+ DEMONSTRATE A PROTOTYPE LIGHTWEIGHT PROBE AEROSHELL
+ CONDUCT HARD LANDER FLIGHT EXPERIMENT WITH INTEGRATED SYSTEMS
+ CONDUCT PENETRATOR FLIGHT EXPERIMENT WITH INTEGRATED SYSTEMS
+ DEMONSTRATE PROTOTYPE MODERATE AND HIGH-G MINI RTGS IN THE 100 WATT CLASS

***FLUGHT EXPERIMENT COSTS NOT INCLUDED IN TECHNOLOGY ELEMENT RESOUACE ESTIMATES.

PROBES & PENETRAT - BUDGET
PROBE TECHNOLOGY $M

Exs4 EY9S EYS6 EY97 EYS8 EYS9
AERO‘THER“DYNAHCS 20 .50 .80 .80 .50 .30
GNa&C 20 30 .80 .30 .30 -
STRUCTURES 20 50 .80 .80 .50 .50
THERMAL PROTECTION 20 .50 .60 .80 .50 .50
MATERIALS
80 1.80 240 2.10 1.80 1.30

AE44
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APPROACH

TRANSFER TECHNOLOGY TO INDUSTRY

* MARS PRECURSOR MISSIONS

MESURE
MRSR

e OUTER PLANET ENTRY
NEPTUNE PROBE

» HIGH SPEED EARTH RETURN

SELECT THREE MISSIONS FOR STUDY & CONDUCT SUFFICIENT TO

COMET SAMPLE RETURN
RATG PROBLEM
MESU R W zndward S UT'f ace F Low Prope'rtzes
% Vd}-?@“l m/uc‘igs ol o \}it" 3‘
All ~ “K m N R R
Tempe"atufe Pressure

9587 (0
2.3% N
17% A
Dz 2m

CRIGINAL PAGE 1S

OF POOR QUAL!TY



NEPTUNE PROBE “coLD WALL'
HEATING RATES

Ve =25 km/sec
¥, =—50"
6 -
sTaG. B[ PEAK. TURBUL
HEATING CONV. CONV.. =12 kW,
RATE
(kahf) 2t
RAD
ol . 2 .
f 4 8 12 S 20
TIWME , sec
o Tays

COMET SAMPLE. RETURN VEHICLE
“COLD WALL HEATING RATES
- V=155 k’M/Sec.
7‘;‘ _8. :
D=l8sm V]

3r
UlL.
i RADIATION
STAG.PT
HEATING
RATE
(kW/c.nf) Ik
N —( 1 i
») 1O a0 40 50 O

20
'T'lME} sec
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ISSUE

FUNDING TIME LINE/AMOUNT DO NOT CORRELATE WITH
SCIENCE REQUIREMENT
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PRESENTED TO:

JUNE 26, 1991
MCLEAN, VA

PRESENTED BY:
DR. MELVIN D. MONTEMERLO
CODE RC

NASA HDQ
WASHINGTON, D.C.

 AUTOMATION & ROBOTICS x
INTRODUCTION

SPACE SYSTEMS AND TECHNOLOGY ADVISORY COMMITTEE

MANAGER OF AUTOMATION AND ROBOTICS

N/

7/~ A&RAGENDA N

Wednesday

9:45 A&R Overview
10:45 Discussion

11:00 Artificial Intelligence
11:45 Al Discussion

12:00 Lunch

1:00 Telerobotics

1:45 TR Discussion

2:00 Rovers

3:00 Break

3:15 Rover Discussion
3:30 A&R Discussion & Conclusions
5:00 Adjourn

Montemerio
Friedland

Friedland
Weisbin

Weisbin
Lavery, Bedard

Bedard
Daly

s

AR1-1



N

SUPPORT THE AUGUSTINE COMMITTEE RECOMMENDATION
TO PROVIDE AN EXTERNAL REVIEW OF NASA'S PLAN TO
AUGMENT THE SPACE TECHNOLOGY PROGRAM.

BY

e TP A&R Committee Task

DRAFTING A&R RECOMMENDATIONS FOR INCLUSION INTO
JOE SHEA'S SSTAC REPORT.

\ e sz
PREVIOUS N

A&R RECOMMENDATIONS

- National Commission on Space "Pioneering the Space Frontier”

- Sally Ride report: Leadership & America's Future in Space:

- Augustine Committee

- 1987 ASEB "Space Technology to Meet Future Space Needs"
- AlA "Key Technologies for the 1990s"

- The Automation and Robotics Panel (ARP) - 1985

- The Advanced Technology Advisory Committee - 1985

- SSTAC meeting at ARC - 1990

e csem S
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K | A&R PROGRAM OBJECTIVES x

o PROVIDE A&R TECH TO ENABLE BOLD CIVIL SPACE PROGRAM

o SERVE AS NATIONAL FOCUS FOR SPACE A&R TECHNOLOGY

o DEVELOP & VALIDATE THE BASIC TECHNOLOGY TO ACHIEVE
SUCCESSIVELY HIGHER LEVELS OF AUTONOMOUS SPACE
OPERATIONS AND TELEROBOTICS

o HASTEN THE USE OF A&R WITHIN NASA
o DEVELOP WORLD-CLASS A&R R&D CAPABILITY WITHIN NASA

o PROMOTE SPACE A&R R&D IN INDUSTRY AND ACADEMIA

QREASE THE SUPPLY OF NEW PH.D.s IN SPACE A&R J/
NASA © A ET

K ' MACHINE INTELLIGENCE (A&R) N

COGNITION IMPLEMENTATION
- SENSATION ' - MANIPULATION
- PERCEPTION - LOCOMOTION
- MEMORY
- PROBLEM SOLVING

'

- PLANNING & SCHEDULING - SERVICING
- FAULT DIAGNOSIS - ASSEMBLY
- DATA INTERPRETAION - REPAIR

l '

- MISSION OPERATION - SATELLITE SERVICING

&- - TELESCIENCE - REMOTE EXPLORATION )
NASA QA ET

AR1-3




f

(Manipulation)

TELEROBOTICS <

ARTIFICIAL INTELLIGENCE

(Cognition)

A&R

>

\

ROVERS
(Locomotion)

oser )

f A&R NEEDS/OPPORTUNITIES

TR A.l ROVERS
IN-SPACE
- Health monitoring - Free-flyers
- EVA servicing and maintenance (eg OMV)
& assembly - Process control (eg EVA retriever)
- Cranes - Data interpretation
- IVA processing - Training
TERRESTRIAL
- gllssion (;:orlltrol - Emergency hic
. - Data analysis response vehicle
TS easng | -Planning & Sched | -STStile
- Satellite Inspect. : g:ssilg\nlnfrastructure waterproofing
PLANETARY
- Science
- assy, servicing - Systems autonomy - Transportation
- science ops - Construction
NASA OAET ___//

AR1-4



7/~ A&RBENEFITS I

- INCREASED PROBABILITY OF MISSION SUCCESS
- REDUCTION OF THE "MARCHING ARMY"

- INCREASED SAFETY MARGINS

- INCREASED RETURN FROM SCIENCE DATA

- INCREASED OPERATIONAL CAPABILITY IN SPACE

- AMELIORATE EFFECT OF BIMODAL AGE DISTRIBUTION
(Capture knowledge of retiring empioyees)

- ABILITY TO DEAL WITH MASSIVE DATABASES ON COMPLEX
LONG-LIVED SYSTEMS

- INTEGRATION OF DATA FROM NUMEROUS SOURCES FOR
IMPROVED DECISION AIDING

- INTELLIGENT AUTONOMY OF SPACE SYSTEMS
- Frees astronauts from housekeeping

- Unmanned spacecraft can recognize & cope with unexpected
- Enable planetary exploration
NASA © A ET

\

f A&R PROGRAM ELEMENTS \

EXPLORATION
- ROVERS

R&T BASE
- ARTIFICIAL INTELLIGENCE R&T BASE
- TELEROBOTICS R&T BASE

OPERATIONS
- ARTIFICIAL INTELLIGENCE (mission ops asst, data analysis,
autonomous control, and large KBs)
- TELEROBOTICS (robotics, telerobotics, teleoperation,
telepresence, and terrestrial robots)

- TECHNICAL FLIGHT EXPERIMENTS (Under Code RX)
- FTS DTF

AR1-5




\

r A&R TECHNOLOGIES

ARTIFICIAL
TELEROBOTICS INTELLIGENCE ROVERS
- Control - Planning & Scheduling || - Mobility
- Human Interface - Learning - Navigation
- Sensing & Perception || - Large Knowledge Bases || - Vision
- Intelligence - Knowledge Rep. - Power
- Mechanisms - Model-based Reasoning || - Autonomy
- Architecture - Human interface - Processors
- Processors - Diagnosis - Payload(SAAP)
- Systems Integration - Real-time Control - Sys. Integration
- Implementation - Validation & Verification
Infrastructure - Systems Integration
- -
- >

\\ SYNERGISM /)
NASA QAET
f . A&R AT NASA (9-88 MOD 6-91) \

1980 1984 1988 1991

- TRADITIONAL AUTOMATION ONLY
- OAST TAKES FIRST STEPS IN A&R

- CONGRESSIONAL A&R MANDATE

- A&R TO BE CENTERPIECE OF STATION

- EXTREME POSITIONS PRO AND CON

- EXTREME VIEWS ON CAPABILITIES OF Al AND TR

- REVOLUTION, NOT EVOLUTION

- OK TOHAVE R&T BASE

- A&R HONEYMOON
- MUCH NASA A&R PLANNING AND WORK
- CENTER & HDQ ROLES STILL EVOLVING
- Al IS REALISTIC; TR IMMATURE
- NOT OK TO HAVE R&T BASE (CSTI)
- ROVER ADDED; SEITO4X A&R $

- Al "WINS” CHANGE CLIMATE
- NASA DROPS FTS,0MV,SSS

- TR PROGRAM "FOCUSSED"

- TR GROUND APPLICATIONS

- JAPAN TR REVIEW

- TR "SYSTEMS” FOCUS

- EVOLUTION, NOT REV

- HONEYMOON OVER

- AUGUSTINE TO4X A&R S
k -OK TO ADD AN RAT BASE/
\ NASA QAET ____~
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f | A&R FUNDING ($M) N

1984 |1985| 1986 | 1987 | 1988 | 1989 1990 | 1991 | 1992

AI&TR 4= (g2 |10.2 |17.8 |253 |258 |21.4 |227 |279

ROVER 5.0 28 |30 0.0**

R&T
BASE 0.8

++ ROVER FUNDING IN FY92 INCLUDES $0.8M IN R&T BASE
AND $0.75M IN TELEROBOTICS

e e
~ A

ARTIFICIAL INTELLIGENCE

\ e osm
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7~ Al OPPORTUNITIES AT NASA

Space and Aeronautical Mission Control
- reduce manpower needs
- reduce training time
- improve critical decision making

Management and Analysis of Science and Engineering Data
- Increase science return from under-analyzed data
- improve effective use of bandwidth capacity
- conduct in-situ analysis on planetary surfaces

Onboard Monitoring, Diagnosis and Control
- enhance safety by discovery of incipient failures
- free crew to conduct mission tasks
- provide realtime capabilities beyond human levels

Preservation and Utilization of Life-cycle knowledge
- capture knowledge throughout design, construction,
test and operations
- Integrate knowledge from many disparate sources
- provide for multiple use of generic knowledge

\&"“;%LE&ZS?SZ%?L%C., outomation, ete. J/
/r | Al BENEFITS N

- Speed-up of work

- Cost saving on internal operations.

- New product & services.

- Changes in way of doing business.

- Improve quality of consistency of decision making.
- Return on investment.

- Capturing people's know how & disseminating it.

- Crisis management.

- Stimulating innovation.

- Reduced training time.

\_asa s
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f - Al: Accomplishments \

- Al in use at all NASA centers

- Turned Mission Control from negative to positive at JSC, JPL
- RDTS and SHARP were major "wins"

. AUTOCLASS Bayesian learning tool used on IRAS data
- also widely distributed

- JSC applications won national award for innovative Al applications
- Implemented numerous Al systems at JSC and JPL

- Developed world class Al capability
- widely published
- highly visible at all national and international Al symposia
- major in-house strengths in plannin?, scheduling, learning, and
cals

design & reasoning about physi ystems

it cin
\

Al: The Delta

STATE OF THE PRACTICE:

- Embedded stand-alone rule-based monitorin% diagnostic

expert systems used in Mission Control (RTDS, SHARP)
- Bayesian learning (AUTOCLASS) used on time-independant data
- Hubble Space Telescope batch scheduling

FUTURE STATE OF THE PRACTICE:

.Coordinated distributed diagnostic systems capable of model-based
as well as experiential reasoning in Mission ontrol

- Embedded real-time systems for scheduling, control and diagnostics

- Space system autonomous health monitoring and management

- Intelligent scientific instruments which monitor and modify their
protocols for increased science payoft

- Life-cycle knowledge capture and maintenance for space systems

- Reactive realtime scheduling for Shuttle processing,

- Use of massively parallel processors to amplify Al capabilities

- Widespread use of Al iIn NASA infrastructure (eg procurement)

- Al programs which learn (modify themselves based on experience)

- Al tools for scientific and engineering data analysis

- Intelligent tutoring systems

- Natural language interfaces for large data-bases

- Data visualization tools used for scientific & engineering analyses
NASA 0 A ET
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Intelli

for Mission

- Automated Scheduling Tools
Advanced Interaction Media

- Automatic Classification and Theory Formation

SHARP
RTDS

Al PROGRAM: Tasks

istan eration

Guidelines: Human Interface with Al

EXODUS Sheli

KATE - LOX

Ops. Mission Planner

Proc. Reas. Sys (PRS) for Shuttle Mission Cntr.

Al for Software engineering

Shuttle Ground Processing Scheduling
is Techni

ientifi
P.l.in a Box

ngineerin

- Scientific Analysis Assistant
- NASA Infrastructure Expert Systems
- PC-based scheduler

- ADPE planning expert system
intelligent Purchase Request system

N

.84

A

ARC,JPL,JSC
ARC, KSC

N

Center

ARC
ARC
JPL
JSC
JSC
KSC
KSC
JPL
JSC

ARC
ARC
JPL

JSC
JPL

ARC /
Q4 ET /

Autonomous Control:
- DTA-GC Instrument Control System

Intelligent Interacting agents

inte

Predictive Monitoring
q"'v:e Station Power Expert System

. D (Power) Cooperative Expert System

Dm gnosis of Physical Systems

Know!
- Large-

nol

le Knowledge Base
- Knowledge Acquisition & Use During Design
- Distributed Knowledge Base Management

K ~i:OGRAM: Tasks (contmued)\

ration of Symbolic and Numeric Control
Machine Learning for Sys. Maint. & Improvement

MSFC

oser I

ARC
ARC
ARC
ARC
JPL
LeRC

ARC
ARC

ARC
GSFC

AR1-10



J

f | Al Program ($M)

HISTORY

1984 1985 1986 1987 1988 1989 1990 1991 1992
23 4.1 49 88 120 111 109 10.7 1341

PROPOSED 1993 1994 1995 1996 1997

Baseline 139 142 149 156 16.6
Constrained 139 165 187 201 223
Strategic 159 19.7 238 26.7 303
IMPLICATIONS

Baseline - Keeps up with inflation*
Constrained - Modest growth in outyears*
Strategic - Program doubles in 5 years.

&— ; A' jsaZs.uming low inflation rate e ‘—/
K | Al PROGRAM: \

Implications of funding profiles

BASELINE

- New areas added only as current tasks are rolled over.
- Rate of impact on NASA about same as now.

CONSTRAINED

- New areas added at the rate of one every two years

- Areas of Learning, multiple interactive systems, and control
will be having effect in late 1990s.

- Modest increase in funding to academia.

STRATEGIC

- Healthy program growth with applications at all centers and
tundamental work increased at ARC, JPL, academia and industry.

- New areas to be added include: integrated cognitive architectures,
distributed problem solving, Al with massively parallel computing,

!\j intelligent interacting agents.
K NASA OAET __//
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K ~ Al; CONCLUSIONS N

- Al PROGRAM HAS HAD A FIRST ORDER EFFECT ON NASA
-Al PROGRAM IS WORKING CLOSELY WITH POTENTIAL USERS
- ARC AND JPL Al GROUPS ARE WORLD CLASS

- EXISTING FUNDAMENTAL WORK SHOULD BE TRANSFERRED
TO R&T BASE

- PROGRAM HAS ERODED IN ACTUAL-YEAR DOLLARS SINCE FY88

- "CONSTRAINED" BUDGET IS MIMIMUM RECOMMENDED FOR
PROGRAM WITH PROVEN IMPACT.

- WITH Al BEING AN A.LLA. KEY TECHNOLOGY, THE INVESTMENT
WILL PAY TOP DIVIDENDS

- CURRENT MIX OF APPLICATION AND FUNDAMENTAL WORK

!HOULD CONTINUE /
k NASA OAET /

. N

TELEROBOTICS

\ e s
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/NEEDS/OPPORTUNITIES MATRN

SCIENCE —+
EXPLORATION -
STATION L TELEOPERATOR
TELEROBOT
sTSs <+

CRANE

SERVICER

\&w&s& o OAET J
f 'NASA TELEROBOTICS N

OPPORTUNITIES/NEEDS
IN-SPACE

- EVA servicing & assembly
- Cranes
- IVA processing

TERRESTRIAL

- Manufacturing
- STS processing
- Satellite inspection

PLANETARY

- assembly and servicing
- IVA processing

K - science operations
NASA QAET —/
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SPACE TELEROBOT SPECTRUM

ENVIRONMENT
DPESOF 7 ON-ORBIT TERRESTRIAL MOON/MARS
- FTS -VACUUM PLASMA|- EXOSKELETON
- SPDM SPRAY ROBOT FOR SITE
SERVICERS FOR SME MAINTENANCE
- STS RMS -ORBITER/747 }+ LUNAR VEHICLE
. SSF RMS MATE/DEMATE | UNLOADER
CRANES - VEHICLE ASSY| DEVICE (LEVPU)
MOBILE - OMV - STS TILE -UNMANNED &
ROBOTS -ETS-7 INSPECTION MANNED
ROVERS
SPECIAL - STS PCR - LUNAR TUNNEL
PURPOSE -NODE &STRUT|  {ii TER DIGGER
DEVICES ASS'Y INSPECTION |- MICROROVER
SOIL SAMPLER

J

/ TELEROBOTICS BENEFITS \

IN-SPACE

- ENABLE IN-SPACE ASSEMBLY OF LARGE PLATFORMS & VEHICLES

- ENABLE SERVICING WHERE EVA NOT POSSIBLE

- ASSIST EVA ASTRONAUT (EG RMS AS A PLATFORM)

- INCREASED SAFETY

- FISHER PRICE REPORT - LARGE SPACE SYSTEMS WILL REQUIRE
MUCH EVA SERVICING

- REDUCED CREW SIZE

- REDUCE ASTRONAUT HOUSEKEEPING TIME (EG CAGE CLEANING)

- TEND A PLATFORM DURING UNMANNED PHASES.

TERRESTRIAL

- SAFETY (EMERGENCY RESPONSE VEHICLES)

- COST REDUCTION AND IMPROVED CAPABILITY IN SATELLITE
TESTING (THERMAL-VACUUM TESTS)

- COST REDUCTION AND IMPROVED PERFORMANCE IN
MANUFACTURING AND REFURBISHING STS COMPONENTS

- INCREASED SAFETY AND REDUCE TURNAROUND TIME IN

ORBITER GROUND PROCESSING
\K NASA QAET _J
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// | TR: The Delta N

STATE OF THE PRACTICE

. STS RMS, Canada's teleoperated crane, is the only current
remote manipulator in space. (1981-present)

- SSF FTS, a US-designed servicer has had components fabricated,
which may be flight tested on DTF-1

- Viking Martian lander had a robotic scoop & soil analyzer. (1975)

- Lunar Surveyor had a robotic claw and soil analyzer (1966-68)

. Soviet Lunakhod was remotely controlled from Earth (1970)

FUTURE STATE OF THE PRACTICE

. Terrestrial robots widely used in space system tabrication and test
- Terrestrial robotic vehicles used in emergency handling
- Terrestrial robots used in processing of Shuttle
- Space telerobots using supervisory control from the ground
- Space teleoperators that can be controlled by a single operator
- Fleet of space telerobots In use for various applications
(cranes, EVA servicers, assemblers, free-flyers, IVA robots)

- Satellites with resident robot
- Planetary robots for servicing, assembly, science, manufacturiy
NASA ©AET

mTURE TELEROBOTS IN SPACE\

OPERATIONAL FLIGHT SYSTEMS
- Canadian Special Purpose Dexterous Manipulator
- Canadian SSF Remote Manipulator System
- Japanese JEM Small Fine Arm
- Japanese JEM Remote Manipulator System
- French HERMES Remote Manipulator System

EXPERIMENTS
- Japanese ETS-7 Free-flyer

- German ROTEX in Spacelab
- American FTS DTF-1

AR1-15




7/~ NASA SPACE ROBOTICS

(X indicates program cancelled or delayed)

CODEM

- Space Shuttle Remote Manipulator System Operations- (Code MEO)
X - Orbital Maneuvering Vehicle (Code ML)
X - Satellite Servicer System flight demonstrationg---e—----- (Code MD)
X - Space Station Flight Telerobotic Servicer (FTS)--------- (Code MT)
X - FTS Evolution studies (Code MT)
? - Advanced Development (Code MT)

- Space Station cooperation with foreign partners ---—--— (Code MF)
CODER

- Automation and Robotics program (Code RC)

- Telerobotics
- Artificial Intelligence
X - Planetary Rover
X - Vehicle Servicing and Processing
X - Exploration Automation and Robotics

- Centers of Excellence in Space Engineering -----——---—--- (Code RS)
- grant to Rensselear Polytechnic Institute
- Materials and Structures program (Code RM)

X - Rover sample acquisition, analrsis and preservation

X -In-space assembly & construction (of large space vehicles)
(SEI robotics and rover studies
NASA OAET

K - SPACE TELEROBOTICS: \

THE CHALLENGES

1) INFO BASE FOR FUTURE SPACE ROBOTIC
- SERVICERS, CRANES, ROVERS
- WHEN TO USE TELEOPERATION, TR & ROBOTICS
2) SUPERVISORY CONTROL FROM THE GROUND
3) HIGH FIDELITY SIMULATION FOR FULL-TASK DEMOS
4) ROBOTIC IMPLICATION FOR SYSTEM DESIGN
5) DESIGN FOR ROBUST CAPABILITY (FAULT TOLERANCE)
- ABILITY TO WORK IN DEGRADED MODE
- DESIGN FOR MAN-RATING
6) TERRESTRIAL ROBOTICS FOR SPACE SYSTEMS

7) DEVELOP INFRASTRUCTURE OF ROBOTICISTS AND FACILITIES
- UNIVERSITY GRANTS

- CENTER TEAMS AND EQUIPMENT
Q IMPROVED COMPONENTS & ARCHITECTURES FOR SPACETR /
NASA QAET
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/ TELEROBOTICS PROGRAM \

Teleoperations: Center Challenge
- Cranes JSC 8,7,1
- Advanced Teleoperation JPL 8,1,2
| - Free-flying manipulators U. MD. 7,31
N - Exoskeletons JPL 1,8,4
S | Telerobotics (Supervisory Control
P | - Telerobotic Inspection JPL 8,1,2
A | - Compound Manipulators LaRC 8,4
C
E | Robotics:
- Structural Assembly LaRC 4,1
- Muitiple Autonomous Robots (Stantord) ARC 7,8
- Fault Tolerant Actuators (Univ of Texas) JSC 7,5,8
c' Servicer Automation GSFC 1,4
R | Ground robotics:
O | "*"Ground Emergency Response Vehicle JPL 6
g - STS Tile Inspection and Maintenance KSC g
D

- PCR Filter Inspection Robot KSC
\\ - Vacuum plasma spray robot for SSME MSFC 6 J/
NASA @ AET

/fp o FELEROBOTICS: S\

OGRAM ACCOMPLISHMENT

CHALLENGE

PROGRAMMATIC ,

- INFRASTRUCTURE (EXPERTISE AND FACILITIES) 7,3
- COORD AMONG CENTERS & WITH OUTSIDE 7,1
- OVER 40 GRADUATES NOW IN TR & RELATED FIELDS 71

TECHNICAL

-"PEG IN HOLE" TASKS WITH COMPLIANCE

- SINGLE ARM PUTS SINGLE STRUT IN NODE

- CONTROL OF MULTIPLE ARMS WITH SINGLE JOYSTICK

- HUMAN CONTROL IN SIMULATED MICROGRAVITY

- GENERALIZED FORCE-REFLECTING HAND CONTROLLERS
- "SMART END EFFECTOR"

- PRECURSOR TO FTS HARDWARE (LTM)

- VISION-BASED STOPPING OF A SPINNING SATELLITE

- TELEOPERATED ASSEMBLY OF EASE IN WATER TANK

- TELEOPERATED ASSEMBLY OF ACCESS STRUCTURE

- END-POINT CONTROL OF FLEXIBLE ARMS 4

QEEOMETRIC CEASONING "FOR ROBOT TASK PLANNING 8,2 /
MASA , O A ET

AR1-17
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f | TELEROBOTICS: \

" "
LEVEL 0" MILESTONES
CHALLENGE
1991 - EMERGENCY RESPONSE VEHICLE 6
1992 - COOP MANIPULATION FOR FREE-FLYING TELEROBOTS 1,7
1992 - TELEOPERATED DEMO OF SOLAR MAX REPAIR 8,3,1
1992 - HEPA FILTER INSPECTION ROBOT FOR PCR AT KSC 6
1993 - AUTOMATED ASSEMBLY OF NON-PLANER STRUCTURE 4,52
1993 - MULTI-SENSOR ROBOT INSPECTION FOR GAS LEAKS,ETC 6
1994 - ROBOTIC PLASMA SPRAY GUN FOR SSME 6,8
COMBUSTION CHAMBER FABRICATION

1994 - SHUTTLE TILE INSPECTION & WATERPROOFING ROBOT 6,8
1994 - DUAL-ACTUATOR WITH REDUNDANT MOTORS, 5,8

ENCODERS, GEAR TRAINS.
1995 - EXOSKELETON TELEPRESENCE SYSTEM 1,8
1996 - PERFORM ROBOT ASSY OF SOLAR-DYNAMIC 4,1

STRUCTURE

N\ e see

f " TR PROGRAM NEEDS \

- FOCUS ON ROBUST TR SYSTEMS PERFORMANCE IN HI-FI SIM

- "RAPID PROTOTYPING"” APPROACH TO SYSTEM CAPABILITY
DEFINITION AND ENHANCEMENT

- HIGHER LEVELS OF FIDELITY AND SYSTEM INTEGRATION IN
TR EXPERIMENTS ( WHICH INCREASE COST)

- SOME APPLICATIONS WINS
- TERRESTRIAL APPLICATIONS ARE FASTER
- AS IN Al, CHERRY-PICK THE EASY ONES FIRST
- TO TRAIN IN-HOUSE PEOPLE ON TR SYSTEMS

- TO BE GEARED TO:
- CREATING THE CONFIDENCE FOR PROJECT MANAGERS
TO WRITE TR REQUIREMENTS
- A RANGE OF POSSIBLE TR APPLICATIONS, BECAUSE
IT IS IMPOSSIBLE TO PREDICT WHICH WILL HAPPEN FIRST
- GROWING A CADRE OF EXPERTS, WHO ARE READY

- SUFFICIENT FUNDING TO TAKE ADVANTAGE OF EXPERTISE

QI_\CADEMIA AND INDUSTRY J
\ NASA ‘ Q4 ET /
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INTEGRATION OF A ROBOT

INTEGRATION OF COMPONENTS |- ADAPT SYSTEM
INTO A ROBOT - ADAPT EQUIPMENT
COMPONEh;lT . COMPONENT - ADAPT PROCEDURES
DEVELOPMEN
- SELECTION - ADAPT ROBOT DESIGN
- GO Ros” - MODIFICATION
e - INTEGRATION OPTIMIZE
- HUMAN INTERFACE ,S,ESR,T_.’(-’J%M ANCE
- ELECTRONICS OPTIMIZE PER :
; ggev%%ssons A ——— ROBOT
- ARCHITECTURE PERFORMANCE.

KSPECIFIC TR PROGRAM NEEDS\

. A FEW NEAR TERM TASKS WHICH CAUSE NASA TO USE ROBOTS
- INCREASE THE SET OF SPACE TR FOCI
- CURRENTLY (INSPECTION,
FREE-FLYERS, CRANES, EXOSKELETONS)
- ADD: IVA ROBOTICS, COMPOUND MANIPULATORS,
ROBOTIC ON-SATELLITE SERVICING)
- RE-INSTITUTE THE R&T BASE

- FIND PEOPLE EXPERIENCED |
IMPLEMENTATION AND MAK

- JOINT RESEARCH TASK WITH JAPANESE
- CODIFY CURRENT TR STATE OF THE ART
- ESTIMATE SPACE TR INFRASTRUCTURE

- ATASK ON LOW-COST TR WITH LOW COMPUTATIONAL POWER

KDEVELOPMENT OF A TR EVALUATION TOOL
NASA

ADV TELEOPERATION FOR SERVICING,

N REAL-WORLD ROBOT
E THEM PART OF OUR TEAM

J

s
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// - Impressions of Japanese N

Approach to Robotics
Technology Development

- Pick limited set target task(s) quickly

- Focus on getting target tasks done robustly
(Don't try to get one robot to do too much)

- Minimalist approach (use only technology needed)

- Design Robot as part of system (The Systems Approach)

- Stepwise, not continuous, evolution toward autonomy
(Stay with a paradigm until its successor is ready)
(Teleoperation, Supervisory Control, Autonomous robots)

- "Rapid Prototyping" approach

buiid series of prototypes; dont design tirst for evolution)
minimize development time)

- invest for long term payback to research
[l O AET

i (X

fTELEROBOTlcs CONCERNS \
- NAS

A CANCELLED ALL U.S. PLANNED SPACE ROBOTS
- LACK OF NASA TR REQTS UNDERMINES R&D PROGRAM
- IN 20 YRS, NASA HAS STARTED & ENDED FOUR TR R&T PROGRAMS
- 1-SHOT FTS PROGRAM COULD DRAIN LONG-TERM R&T PROGRAM
-PER{ ' "N THAT SPACE TELEROBOT WILL COST OVER $1B
-FAIL: :~ - - ~'NY TELEROBOTICS DEMONSTRATIONS

-LACK OF n_ ' {ICISTS WITH EXPERIENCE IN DESIGNING AND
IMPLEMENT«<G REAL ROBOTS IN THE REAL WORLD

- COST & SIZE OF SPACE TR INFRASTRUCTURE NOT APPRECIATED
- NEED REASONABLE-COST ACCESS TO SPACE FOR EXPERIMENTS
- TIME LAG FROM RESEARCH TO USE CAUSING OVER-PROMISING.
- U.S. LOSING TO FOREIGN POWERS IN SPACE TELEROBOTICS

\REPEATED REPLANNING OF PROGRAM FUNDING QUADRUPLINy/
NASA 0 A ET

GRIGINAL PAGE 1S
OF POOR QUALITY
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f | TR Program ($M)

J

HISTORY

1984 1985 1986 1987 1988 1989 1990 1991 1992
2.3 4.1 53 89 13.0 13.3 109 116 1456

PROPOSED 1993 1994 1995 1996 1997

Baseline 16.2 166 174 182 189
Constrained 16.2 189 204 216 249
Strategic 16.2 19.6 259 33.2 421
IMPLICATIONS

Baseline - Keeps up with inflation*
Constrained - Modest growth in outyears*

Strategic - Program doubles in 4 years.

\k ] A' ;;sumlng low inflation rate o J
f | TR PROGRAM: N

Implications of funding profiles

BASELINE

- New areas added only as current tasks are rolled over.
CONSTRAINED

- New areas added at the rate of one every two years

. Areas of IVA robotics, coop task with Japanese, database codification,
low-computation robotics, and telerobotics evaluation tool to be
added in that order.

- Modest increase in funding to academia.

STRATEGIC

- Healthy program growth with applications at all centers and
fundamental work increased at JPL, LARC, academia and industry.

- New areas to be added Include are same as those listed In
constrained program except they would be added more quickly.

sser
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fTELEROBOTICS: Conclusions N

NEAR TERM OBJECTIVES:
- STAY ALIVE
- CREATE A MARKET

- It is imperative that the Code RC TR program continue in existance
since it is the only Space TR technology program in the US.

- The constrained budget is the needed to have a near term
impact on NASA ground and space robotics.

- The goal of the TR program should be to do whatever necessary
to give project managers the confidence to write TR requirements.

- NASA needs more access to more expertise in robotic systems
impiementation.

- An R&T Base should be reinstituted to insure the development of
adequate component technologies in space teicrobotics. /
\¥ NASA QAET ___~

- ‘ R

A&R
CONCLUSIONS
AND
RECOMMENDATIONS

\_naes cim
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\

TWO IMPORTANT OPEN ISSUES

- Space Station

- Space Exploration Initiative

csm

PREVIOUS

A&R RECOMMENDATIONS

N

- Augustine Committee

- AlA "Key Technologies for the 1990s"

- SSTAC meeting at ARC - 1990

- National Commission on Space "Pioneering the Space Frontier”

- Sally Ride report: Leadership & America's Future in Space:
- 1987 ASEB "Space Technology to Meet Future Space Needs"

- The Automation and Robotics Panel (ARP) - 1985
- The Advanced Technology Advisory Committee - 1985

s
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A&R PROPOSED FUNDING PROFILES ($SM
91 92 93

K

ARTIFICIAL INT.

- Baseline

- Constrained

- Strategic
TELEROBOTICS

- Baseline

- Constrained

- Strategic
A.l. R&T BASE

- Baseline

- Constrained

- Strategic
TR R&T BASE

- Baseline

- Constrained

- Strategic
ROVERS

- Baseline

- Constrained

- Strategic
FTS DTF

- Baseline

- Constrained
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f - A&R - three proposals

\

BASELINE CONSTRAINED STRATEGIC
OPERATIONS - Focussed Al SAME AS BASELINE | -small augs in 93-95
- artificial Intelligence | - Focussed TR -large augs in 86-87
- telerobotics
R&T BASE -portion of Al & TR
Al & TR AUGMENTED | SAME AS
- artificiai inteiligence m°;$g;° R&T Base CONSTRAINED,BUT
- teletotictics LARGER AUG.
EXPLORATION | “tindingendsin | g ionce rover funding
- rovers reinstituted in FYS3 | Augmented to
add manned rover
in FY94
DTE. SAME AS BASELINE
TECH FLTEXPT | - D1 under SAME AS BASELINE

oss
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7/~ CONCLUSIONS N

ARTIFICIAL INTELLIGENCE
- EXEMPLARY R&D PROGRAM
. CONVERTED GROUND CONTROL FROM ANTI TO PRO
- MULTIPLE APPLICATIONS NOW IN USE
- OUTSTANDING GROUP OF RESEARCHERS
- EXCELLENT RAPPORT WITH USER COMMUNITY
- GREAT INTERCENTER COMMUNICATIONS
. SUPERB RELATIONSHIP WITH ACADEMIA & INDUSTRY

TELEROBOTICS

- THRU INFANCY AND ADOLESENCE, NOW LEAN & FOCUSSED

- WILL HAVE EFFECT ON NASA ROBOTICS USE IN < 2 YRS

- DIFFICULT ENVIRONMENT TO AFFECT SPACE TR SOON

- NOW FOCUSSED ON NEAR-TERM TERRESTRIAL APPLICATIONS
AND SET OF LIKELY SPACE ROBOTICS PARADIGMS

- EXCELLENT DRAW ON UNIVERSITY EXPERTISE

- FUNDAMENTAL WORK IS SMALL, DUE TO IMMENDIATE NEED
TO SEEK NEAR TERM TO STAY ALIVE

- NEEDS EXPERTISE IN ROBOT SUSTEM IMPLEMENTATION

ROVER

. R&D NEEDED NOW FOR PROJECTS 10-15 YRS OUT
QEDS TO EXPAND AND EVALUATE ALTERNATIVES //
NASA QA BT

7/~ RECOMMENDATIONS N

Al
- EXAMPLE FOR OTHER CODE R PROGRAMS
. KEY TECH WILL BE CENTRAL TO NASA'S FUTURE
. CONTINUE TO FOSTER WITH DOUBLING OF $ IN FIVE YEARS
- TAKE MORE ADVANTAGE OF ACADEMIA AND INDUSTRY

TR
- TR WILL BE SURELY PART OF NASA'S FUTURE
. MORE IMPT TO KEEP R&D ALIVE, GIVEN PROJECTS TERMINATED
- INSURE SOME NEAR TERM TERRESTRIAL "WINS"
- WIDEN SET OF SPACE TR PARADIGMS BEING WORKED
- RE-INSTITUTE THE R&T BASE
- DOUBLE TR FUNDING IN FIVE YEARS;
AND, ADD $20M FOR FLIGHT EXPERIMENT

ROVER
- PARAMOUNT FOR ANY EXPLORATION SCENARIO, SO INSURE
FUNDING CONTINUATION.
- COVER SPECTRUM OF ROVER TYPES AND ARCHITECTURES
- CANNOT COVER R&T ON ALL SUBSYSTEMS;

\\F(-DEUS ON EVALUATION OF SYSTEM CONCEPTS /
NASA ' QA ET J
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7/ PREVIOUS N

A&R RECOMMENDATIONS

1984 - Public Law 98-371
1985 - The Automation and Robotics Panel (ARP)
1985 - The Advanced Technology Advisory Committee (ATAC)

1986 - Paine's National Commission on Space
"Pioneering the Space Frontier"

1987 - Sally Ride report: Leadership & America's Future in Space:
1987 - ASEB "Space Technology to Meet Future Space Needs"
1987 - AlA "Key Technologies for the 1990s"

1990 - SSTAC meeting at ARC

1991 - Stafford’'s Space exploration "Synthesis Study”

1991 - Augustine's "Report of the Advisory Committee on Future of the
\\ Space Program //
NASA QA ET

N

f " PUBLIC LAW 98-371
NASA R&D, 98 Stat. 1227.
(July 18, 1984)

"Provided further, that the Administrator shall establish an

Advanced Technology Advisory Committee in conjunction with NASA's
Space Station program and the Committee shall prepare a report by
Aptil 15, 1985,

identifying specific space station systems which

advanced automation robotics technologies, not in use in existing
spacecraft, and

that the development of such systems shall be estimated to be no
less than 10 per centum of the total space station costs."

N\ asa cse
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mtomation and Robotics Panel:N

25 Feb 1985

Recommendations:

1. Achieve high level of Space Station automation

2. Hook and Scar IOC station for evolving A&R

3. Grade Phase B contractors for A&R inclusion

4, Search actively for and alow for A&R breakthroughs

5. Include specific A&R features in 10C

6. Demonstrate specific A&R capabilities prior to 10C

7. Shift from Earth-based to space-based operations control

8 Specifies A&R technologies for NASA to lead, leverage & exploit
9. Fund A&R R&D at $100 -$190M/yr (85% research & 15% demos)
10. Sustain aggressive A&R R&D program even if Station is delayed
11. Goals for A&R R&D broader than Station

12. High level management responsibility for A&R R&D

13. External review panel

14. Coordinate with other organizations doing A&R R&D

15. Transfer A&R technology to other NASA applications

16. Use A&R for NASA operations both in space and terrestrial

17. Establish incentive schemes for participation in A&R
k_ NASA Q@AET __//

/. FIRSTREPORT (4-185)

of Advanced Technology
Advisory Committee (ATAC)

Congress has seen fit the wisdom of developing a new generation of
automation and robotics technology. Such a general-purpose technology
would be efficient and flexible enough to meet needs as yet unspecified.
Therefore, Congress has given NASA a mandate to advance the state ot
the art in automation and robotics not only for the benefit of space
station, but for the benefit of the US economy as a whole.

NG oum
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mational Commission on Space\

"Pioneering the Space Frontier"

"The U.S. must substantially increase its investment in its space
technology base. We recommend: a threefold increase in NASA's

base technology budget to increase this item from two to six percent
of NASA's total budget. This growth will permit the necessary
acceleration of work in many critical technical fields from space
propulsion and robotic construction to high performance materials,
artificial intelligence and the processing of non-terrestrial materials.
We also recommend: Special emphasis on lntelligent autonomous
systems. Cargo trips beyond lunar distance will be made by unpiloted
vehicles; the earllest roving vehicles on the Martian surface will be
unpiloted; and Erocessln plants for propellants from the materials

on asterolds, Phobos, or Mars will run unattended. To support these
complex, automated, remote operations, a new generation of robust,
fault-tolerant pattern-recognizing automata Iis needed. They must-
employ new computers, sensors and dlagnostic and maintenance
equipment that can aviod accidents and repair failures. These systems
must be capable of making the same common sense corrective actions
that a human operator would make. These developments by NASA should

@have broad application to 21st century U.S. industry."

NASA QAET

ﬁlational Commission on Space\

"Pioneering the Space Frontier"

"Robo*'' = “ “uman exploration and surveying of substantial areas

ofthe - .- - 2 Mars. This effort will begin on the Moon with
autor ‘- . 3 vehicles teloeperated from Earth, and on Mars with
vehic!:: . ‘.~ substantial artificial intelligence. Robots will be

followec :-v “ie fi~st astronaut crews operating from Lunar and Martian
outpos:z a:J bases."

AR1-28
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f Leadership & America's \

Future in Space:
the Sally Ride Report

Concerning Mars sample return:

“As it is defined, this initiative places a premium on advonced
technology and enhanced launch capabilities to maximize the
scientific return. It requires aerobraking trechnology for aerocapture
and aeromaneuvering at Mars, and a high level of sophistication in
automation, robotics, and sampling techniques.”

Concerning the Qutpost on the Moon initiative:

“Beginning with robotric exploration in the 1990s, this initiative
would land astronauts on the lunar surface in th year 2000..... The
initial phase would focus on robotic exploration of the Moon. ...
Depending on the discoveries of the Observer, rovotic landers and
rovers may be sent to the surface to obtain more information.

oncerning the Mars Exploration initiative;
" This iniative would: carry our comprehensive robotic exploration
of Mars in the 1990s. .. These missions would perform geochemical

characterization of the planet, and complete global mapping and
support landing selection and certification. //
NASA QAET

. Space Technology to \
Meet Future Needs: an ASEB report

"Up until now most operations In space have been performed manually,
but the proper role for man in space is supervisory. Robots can relieve
the requirments for extravehicular activity, with its attendant hazards,
and perform functions that man cannot perform or reach places that
man cannot go. Robots for space differ from their terrestrial brethern.
Then must operate in zero gravity and they must be multipurpose and
adaptable. Needless to say, advances in robotics will benefit both |
manned and unmanned missions.”

"Automated systems can augment human capabilities by performing
mundane, repititious or dangerous tasks, and can both increase human
roductivity and conduct tasks infeasible for humans; automation will be
ncreasingly important In unmanned missions as well. While much can be
gleaned from terrestrial experience, microgravity, long transmission
delays and the space environment dictate special design and protection
considerations. Light, limber manpulators will interact with dynamically
active elements such as structures, transportation elements, and
free-flying satellites. Advancing sensing and control techniques will be

needed to sense the environment and interact with the tasks. Artificial
intelligence will be needed for advanced information processing, along
with trainable systems for unknown environments.”

NASA QA ET
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NASA

Chapter 8

| Space Technology
Meet Future Needs: an ASEB report

Automation, Robotics and Autonomous Systems

to

asr

8
Automatibn, Robotics, and
Autonomous Systems

BACKGROUND
mtin-huwmwddnml‘abmhc,.u_um‘\:;boud
robotics, to the other major tech '_‘ ~peop -JE:'::
materials, and information ag! ~that are >
sential to U.S. capability to operate effactively in space. There
thres reasons: affordability, achievability, ll.ldlnd
There i an logy b the ¢ _d;pml:y‘mm'”
i ircralt thet may be belpful to cite. For a P
:’::i Tl:l:‘:,h:l:oﬁ.r considered critical Lo n_duncuu the l:lptbl:l,::
of military aircraft were propulsion, munﬂ-h and m&:::, and
serodynamics. A time came when aireraft information 'H
mumdmsﬂqmmuamdhmmu:q.& .;
underlying techuology took its place beside the other, tradition
technologies. Today this upobiliq bas uLdvuud ‘lo mhm
aa the pilot's apprentice and total cockp Py |:"
ages but the tion system Bies Lhe Aep
change in the level of operations ,i' ia store for the space enterprise;
but the magnitude of the step will be much larger. o -
Excapt for specific instances (e g, dnpw mM-dmu v
Shuttle flight path control), NASA'Q use of automation mbom:l*I
in space has been limited. The primasry reasca that spaceworthy

T

™

robotic capability does not exist is due 10 lack of investment in Lhe
underlying technologies. The United States hae managed L0 “get
by”® to date because

o For d mises (s) bave been short and
intense, allowing the use of large ground crews for mission cantrol.
and (b) sstronauts have historically been “pilots® rather than in.
space operalors.

o For d missions: (s) ep At have been considered
“disposable® and were not designed to be serviced on orbit; and
(b) Earth orbiting spacecraft are readily commanded from the
ground because of easy communication (relative to deep-space mis-
sions}.

Changes driving the need for automation and robotics in space
include vast increases in mission duration objectives and complexsty
(e.g., most of the “easy” space science has been done); & major
change in the primary role of astronsuta to in-space workers (which
will be intensified in the Space Station era); and the deployment of
in-epace serviceable assets.

STATUS

Puture missions of NASA will rely i ingly on on,
robotics, and autonomous systems for the follows § reasons:

1. Safety of bumane in space: Exposure of lumans Lo has-
ardous environmenta such as EVA, nuclear and hasardous chemical
fuels handling, and high-radiation sones should be minimised.

2. Increased human productivity: Routine and/or hasardous
tasks can be aut d, and crew time- ning EVA preparation
<an be d by use of robota.

3. Performance of tashs that are infeasible for humans: Robots
can greatly enhance human capabilitiss for such tasks as maving
large structures, capturing spianing satellites, and controlling com-
plex systems.

4. Easbling sew 0 other pl Mobility and ma-

ipulation aids for d missions and aut d systems for
[ ) d ms , ¢.8., Mare rover/sample return, will

pmvridc new capabilities.
The cost of maintaining humans in space is extremely high, even
in LEQ; therefore, sach buman must be supported by systema that
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can enbance sstrooaut effectivenem o the wtmost. Each human
must be [ree of mundane and repetitious taske—of mind or band —
80 that the unique judgment and dexterity that only bumans possess
are optimised. All other tasks should be carned out by machines

Human EVA is nmrmly sxpensive, involving extensmve prepa-
ration time and itoring by other h in addition to coetly

t and p dures. I the future, this can usually be o
1 t-l for !n-ﬂym. robots; and in microgravity they can have some
| remarkable capabilities. They can be light, imber, and dextercus
They can trevel and massuver. They can be any wmse, includiog
quite large. And they can operata effectively in teams.

Such machines could be part of U.S. space systerms beginning
about the yessr 2000, but only if the technological base for them 19
developed in & timely and sustained way. It is true that some of
the technology required for epace sutomation will be developed in-
dependeotly of the space program—aespecially computers of greater
and greater capacity {with lass and less volume and power required)
But other critical aspects are space peculiar, and will act be svuil-
able ugless they are pursued vigorously by NASA itself. Two ex-

ples are the b /machine interface and free-flying robots n
microgravity. Such robots will be so fundamentally different (rom
those that will evolve in the Earth-bound spviroament that they
will sever be available if NASA does not develop theiz underly-
ing technologies (e g., | of fBexible lightweight manipuiators,
and vering and i g st microgravity}. The cost and
waste of human EVA hmo'dl constrain space operations to s small
{enction of what could be.

Ououlpropum ud ch and development for Earth-

jon and robotics, e.g., withia the DARPA,
SDIO the National Scieacs Poundation, and industrial robotics
and teleoperation programs. The current support of space automas-
tion and robotics R&D is al irely NASA funded (at a level
of about 925 million a year starting in PY 1968).

An excsptica o this is the technology of mobility and su-
tonomous navigation that could be applied \o & planetary rover
This technology is currently supported primarily by the DARPA
Autonomous Land Vehicle (ALV) program and some Army pro-
grams.

FIGURE 9 Surrogate space robot at work: aa iaterim measers.

- [ ]

In 1985 the Automation and Robotics (ALR) Panel, with non-
NASA specialista m sut tion acrom the spectrum of the space-
relevant technologies, was commissioned. The panel addressed Lhe

ion of which aut tion and robotics technologies were crit.
ical for NASA to support (aad which would not require NASA
support) in order for space operations—and specifically, operations
of the Space Station—to advance o the new bigh level that only
mwmntm can make possible. Atlention was given to timing and

‘: - tion, and to sel d epace d , a8 well a8 to the
sequence of primary technology-base achievementa that would be
F i necessary for fully-automated, minimi out, high-capability op-

eration of the Space Station by the year 2010. Drawing upon exper:-
ence with similar DARPA programe, the AkR Panel recommended
that the cost of the necessary national technology development
program shouid be between $100 million and $190 million in 1990

wvabicls with

KEZY TECHENOLOCY AREAS AND OPPORTUNITIES

Soms of the technology required for space sutomation and su-
tonomous systems will be developed independently of the space
program, and NASA ehould certainly take advantage of these de-
velopments. But other critical espects, such as human-machine

3 interface and free-flying robots in micrograrity, are space peculiar,
3 and will not be availeble uniess they are pursued vigorously by

H NASA itoelf.
3 The microgravity and qnu exposure ennronmt dictates spe-
cisl design and protecti jons for d snd robotic

space systems, u opposed Lo lerrestrial eysterms. Long transmis-
sion delays and limited or absent crew in space imply higher levels
of supervisory coatrol snd local automation. The requirements
for Aexible operation in the performance of snepecified tasks in
an uncertain environment stand in contrast o the repetitive tasks
of industrial robots, for example, and place special demands on
validation.
Thus, lllhou;h cou»dcnbh resesrch, development, and use of
tion and logies are in place for terrestrial
applications, space applications pose unique requirements to which
the NASA program must be directed. Thess include the lollowing:

FIGURE 10 Cacrent spacs rebot

1. Design will be driven by low.mass requicements that imit
l power, sise, snd communication bandwidth (in the case of robotics,
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mass limitations require machasisation of light, limber manipula-
\ore interacting with dypamcally active elements such as structures,
transportatios slements, and free-flyiag satellites). o

2. Multipurpose robots will be required for operation in the
complex, uncertain, hasardous space enviroament {relative to fac-
tory robots that tend to perform limited, well defined, repstitive
{unctions) becsuse launchiog s wide variety of special-purpose
robols m L0o castly and may result in single-point failures, and many

spece tasks are oot predeterminable, thus Sexibility and adaptabil-
ity are ssseotial. ) .

3. Very high reliability and safety requirements (-;_ncn_lly in
maoned systems) place special requirements oa the validation of
intelligent systems

4. Advanced ing and pulation/coatrol techniques will
be needed for the space environment.

S. This, in turn, will require advanced information processing
of & vasiety of dsts types; this processing will require the use of Al
to achieve & high degree of sutonomous capability.

8. Al tachniques must be specially selected for the requirements
and constrainta of space missiona.

7. Most important, the man-machine interface is especially
critical in manned space missions where sach crew member will
perform & variety of [unctions requiring interaction with automasted
and robotic systems.

There is lively speculation sbout bow bumans can most effec-
tively interact with machines in space—with the “thinking” experi-
mental systams that will asmst in mission management and scientific
discovery as wall as with *doing” robots. Command st the mast
sophisticated level is the goal. Extensive research will be needed
to develop a system for interaction betwees humans in space and
the sutonomous systems that serve them, and no one but the space
community will develop it.

Key technology arsas that need to be addressed include:

« rapid, p trol of Bexible, lightweigh P
systems;
« cooperation b ipulstors and b robots;

« mobility and maneuverability;
» telepresence: human interaction and effective dieplays;

a8

. lfdn‘bh, model-based systerna Lo be wsed in unknown en.
vironments;

real-time expert systems aad predictoes;

tools and effectors; '

sensing and perception;

ldmud in-epace computing systems; and
maintainability.

e 0o 0 0

RECOMMENDATIONS

o Cn qgn-iv: space sutomation and robotics program will ben-
; oth od and n d missi by allowiog increased
uman produchnty‘ both in space and on the ground, increasing
science or cmu retura on investment, reducing operstions
::u. improving salety and comfort of space operations, and en-
L
ndt‘.bh ous space achie and operations otherwise not
Incresses in funding in this ares should be di
4 i irected toward
botl:n'.b-u: advaaces in the key enabling technologies and lppll:d
resear l::'c‘u-d on the _lpcad Besds of space sutomation and
st u:tm:- bould focus oa: (1) technol-
L} d and robotic systems (because the
ued colmdn:nbh. technological issues iz such systems ill“lrl&lonr)!.
u. (2) 'uhdmonLd.lhe utility, ycliubiﬁty, salety, aad 0 on of
ity nd [ " logies in space applications.
. university community, with its basic research orientation.
-.::_dly suited l.o play & major RD role in sutomatios and
:: bc?r.i:h.:j:': :':uny.l_u, sod many different approaches need
t - Also, t logies under di sos b,
variety of applicstions and can be implemented ot m:;.k:e:i.f
:;T:lu“gyh:“ uy-u:‘ integration. Ultimately, however, NASA
ave respoansibility to d ilits i uncn"

validation of sutonomous wpf:*;'flﬂhh for intege d

VLSIC

Key Technologies for the 1990s:
2t AlA report - November 1987

Composite Materials

Software development
Propulsion systems

Advanced sensors

Optical information processing
Artificial intelligence
Untrareliable electronics

pages 33 to 35
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History may judge artificial
intelligence (Al} to be the most
pivotal technology of this century.
The success of many U.S. efforts is
dependent upon computers that
evaluate complex situations;
therefore, the progress of Al
development is crucial.

This advanced technology is
concerned with complicated data
processing problems and the
development of problem-solving
capabilities that elaborate on a
mode! of human intelligence.

Al covers a number of
computer-based activities, one of
the most common being the design
of “expert” systems. Traditional
computing technicues required
hours of laborious programming
to load a data base with all possible
solutions to each problem. In
today’s expert systems, computers
use selected knowledge from one
or more human experts to solve
problems in much the same way

T

as a human might. The only
drawback is that such a system
only “learns” from new human
input. Future Al systems wili be
capable of machine learning; their
data bases will be continuously
updated by the outcome of their
own problem-solving operations.

The impact of Al technology on
both military and civilian
aerospace systems will be
considerable. Human productivity
will be increased. system
performance and reliability will be
improved and life cycle costs will
be reduced. By the turn of the
century, applications of Al are
expected 1o revolutionize a variety
of aerospace products, as well as
the way in which those products
are manufactured.

Applications of Al technology
are heavily dependent on the
availability of other newly
emerging key technologies, such
as advanced computer software,

G E T T

CIAL

Algorithm Development

ADVANCEMENT INHIBITORS

o Insufficient knowiedge of human

problem-solving process
@ New Al (echnologies suffer from:
s Unpredictable performance

LN Uy 2

B! § SHacY
Y X4 T - [ S B IRER Jw P
s LB e o
S Eo sl i i P T MR AR S S

Al will also be easier to implemcu
with further development of
computer hardware, very large
scale integrated circuitry and
optical information processing. We
need to encourage further
advances in both computing
hardware and theory, as well as
develop demonstrators to illustraic
Al applicability as the technology
moves from theory to practice.
Despite strong challenges from the
Soviets and the Japanese, the
United States still enjoys a lead in
this technology, but without
focused attention this lead will
undoubtedly disappear.

.}*%q .‘,h“\: " 7;

3
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- i ==
Fanter, u:rrr l‘lrlln“rl
Inturmation Gathering
and Sortng -

P R ’L\’
lmpmve(' Perfo
Man Machine Sy atems

Greater Minlon ..
Flextbillty and Rellabi

E T e
increased Adaptabllity
Means Longer Life for

' Inaceeasible

REQUIRED DEVELOPMENT

8 Ulirarellable sofltware validation methods for

expert systermns
8 Advanced computer system for problem

" Aeal

gn and software

& Lack of design tools that need to be
developed and proven

@ Different risk perceptions between Al
and system developers

®» Divergence between acedemic and
nonacademic technology trends

AR1-33

design, development and maintenance

8 Improved techniques for modeling and precessing
Information contaminated by uncertainty

8 Seftware capable of nee T Ing
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®» Place more emphasis on

RECOMMENDATIONS MAJOR BENEFITS

relevant, real demonstrators to Application of artifictal Tnrelltvence wh oot &
) pplication of artificial Intelligence will result In -
encourage acceptance by system . ) revolutionary productivity tmprovements for '
developers and enable Al 1o . . man machine syatemn

become specific in real svstems : by

Encourage Al content in
selected systems, as with L [P
automation and robotics, for b : Vehicle Sensors Miwlon Wespon
K . 5., Support Svstema
space station )

Applications

Expand government-sponsored
industry internship programs
for university faculty members
on sabbatical

Using the Software Engineering
Institute as model, organize
similar efforts to encourage
communication between Al,
data-based management systems
and software engineering
technologies

ﬁ(ey Technologies for the 19905:\

an AlA report - November 1987

"History may judge artificial Ingelligence to be the most pivotal
technology of this century."”

"By the turn of the century, applications of Al are expected to
revolutionizea variety of aerospace products, as well as the way in
whiz.ti those products are manufactured.”

P2vyErs:

- Fa<.v., more rellable information gathering and processing

- In:j.roved performance for man-machine systems

- Greater mission flexibility and reliability

- Increased adaptability means longer life for inaccessable systems

RECOMMENDATIONS:

- Relevant real demonstations to encourage acceptance

- encourage Al in selected systems (eg for Space Station)

- Gov't sponsored industry sabbaticals for academicians

- Encourate communications between Al, data-based management

systems and software engineering technologies
U oaer 7
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7/~ AUGUSTINE REPORT

RECOMMENDATIONS
- MISSION TO PLANET EARTH
- info from EOS near 10 trillion bits of data per day, or about one
Library of Congress per day ((note: role for Al))
- MISSION FROM PLANET EARTH
- "...exploration will be a continuum of robotic missions preceding
the presence of man..."
- BASED ON:
- NEW SPACE INFRASTRUCTURE
- TECHNOLOGY BASE MUST BE REPLENISHED
- H-CONFIDENCE, REASONABLE RISK TRANSPORTATION
- INTERNATIONAL COOPERATION TO BROADEN OPPORTUNITIES
- INSISTENCE ON EXCELLENCE
. ANTICIPATE & MANAGE RISK ((note: role for Al))
(( remember Charles Perrow's book, Normal Accidents))
- THREEFOLD INCREASE IN TECHNOLOGY FUNDS

RECOMMENDATION #7: That technology be persued which will enable

a permanent, possibly man-tended outpost to be established on the Moon
for the purposes of exploration and for the development of the experience
base requiremd for the eventual human exploration of Mars. That NASA

@Id initiate sutdies of robotic precursor missions and lunar outposts. j
NASA © A ET /

AUGUSTINE REPORT -
Items onNASA Infrastructure: \
A&R implications

SYSTEMS ENGINEERING EXPERTISE - "..enhancing cost estimating
capabilities, margins for increasing cost, schedule and performance,
and strengthen systems engineering."”

ROLE OF UNIVERSITIES - “We urge that universities, other Institutions,
and their investigator teams be used increasingly as "prime” contractors
for space research instruments and projects.”

DATA ANALYSIS -

“Research support activities, such as mission
operations and data analysis programs, as well as many ortions of the
advanced technology development program, represent the life blood of
civil space research.’

"The information to be gathered trom EOS could approach
10 trillion bits of information - about one Library of Congress - per day.”

PROCURMENT - Requires inordinate amount of time

\aes s
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- AUGUSTINE REPORT -
/Items onNASA Infrastructure: N
A&R implications

HUMAN FRAILTY - 400,000 people at 20,000 involved in Apollo design

CONTINUING OPS COSTS - "...large complex space systems such as
the Shuttle and the Spacae Station that are or will be largely dirven by
operational issues - turnaround time between flights, manifesting,
retrofitting of design changes for safety, cost or payload capability
purposes, logistics, training of gasic and science crew members, ..."

TRAINING - Problems of getting, training, and keeping skilled workforce,
and of using lesser qualified people when appropriate to save money.

ROLE OF CODE R - "In particular we believe that technology which may

have generic applicability should be developed under the ausrlces of
the Assoclate Administrator responsible for advanced technology."

PERSONNEL - NASA has a bimodal age distribution, causing a problem
for future senlor management selection.

NASA CENTERS - consolidate & eliminate overlap in areas ofexcellence
\¥ NASA O A ET __//

@TAC Review of OAET Al Program

Sept. 1990 at ARC

Code RC's Al program presentations made by
- Peter Friedland, ARC
- David Atkinson, JPL
- Troy Heindel, JSC

SSTAC stated: This Al R&D program should be used as a model for
Ccae R's technology programs, notln?
- strong internal program put together In short timeframe
- well connected with user community within NASA
- well connected with academic and Industry Al community
- excellent mix of technology development and application

\_naes ie )
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KEXploration "Synthesis Report"N

Stafford Committee (6-91)

Recommended four options, all involving rovers

1. MARS EXPLORATION
- 2003: surface rover on Mars

2. SCIENCE EMPHASIS FOR MOON AND MARS
- 2001: robotic lunar network
- 2003: first Mars rover

3. PERMANENT MOON BASE WITH MARS EXPLORATION
- 2002: robotic lunar rover

4. SPACE RESOURCE UTILIZATION
- 2001: robotic lunar rover

\ e i
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OAET Artificial Intelligence Program

Integrated Technology Plan External Review

Presented by

Dr. Peter Friedland
Ames Research Center

June 26, 1991

Qutline

Al Program Philosophy
NASA Center Roles
Mission Objectives / Research Themes

Case Studies

. RTDS (Real-Time Data Systems)--JSC
. SHARP (Spacecraft Health Automated
Reasoning Prototype)--JPL

STS Orbiter Scheduling--ARC/KSC
AutoClass--ARC
Pl-in-a-Box--ARC/MIT

How Things Work--Stanford

Measures of Success
Short Term (FY 1992) Al Program Growth

Long Term Program Growth

AR2-1



Roles

Ames: Fundamental Research, Variety of Applications

Goddard: Applications to Unmanned Earth Orbital
Missions

Johnson: Shuttle Mission Control Applications,
Research on Human Interface Issues

JPL: Applications to Planetary Missions, Research
in Scheduling and Sensor Modeling

Kennedy: Shuttle Processing and Launch Applications
Lewis: Applications to Electrical Power

Marshall: Applications to Power and Propulsion

Research Themes

Major Thrusts in:

+ Planning
« Combinatoric, Constraint-Based Scheduling
« "Anytime" Re-Scheduling
« Multi-Agent Planning
. Reactive Planning (Intelligent Agents)

o Learning

Data Analysis and Classification

Theory Formation

Learning Architectures

Automatic Improvement in Problem-Solving

« Design of and Reasoning about Large-Scale
Physical Systems

Knowledge Acquisition during Design

Model-Building and Simulation

Knowledge Compilation

Symbolic Control

AR2-2



Goals
_/——_—

« Increase the quality of flight decision making
« Reduce/enhance flight controller training time

. Serve as a near-operations technology test-bed

1987
Road Map of Flight Control Disciplines

_________.—__—————’______——-_—__——_—______-_—_______
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Road Map of Flight Control Disciplines
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199l
Road Map of Flight Control Disciplines
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REAL TIME DATA SYSTEM (RTDS)

- FEB89-STS-29 RTDS EXPANDED TO INCLUDE:

. TIRE PRESSURE AUTOMATED MONITORING

. PREVIOUSLY REQUIRED FULL TIME PERSON TO ACQUIRE DATA,
COMPENSATE FOR TEMPERATURE, CONVERT TO STANDARD PRES
AND PLOT (TASK AUTOMATION)

. VISUALIZATION OF FLIGHT INSTRUMENTS (TASK AUTOMATION)

. ASCENTGNC MONITORING - (TASK AUTOMATION)

- INSTALLED MONITORS IN SOME CONSOLES REPLACING MAINFRAME
DISPLAY UNITS

. NETWORK INSTALLED FOR DISTRIBUTING SOFTWARE AND REAL TIME

DATA
1 DP11/1FMuratore: Real Time Data System (rr
REAL TIME DATA SYSTEM (RTDS)
UPGRADE PARADIGMS
TRADITIONAL

~ s HAKEDOW
WEEKEND —> NEW sYSTEM |3 EDOWN _ UsE

FROM
DEVELOPMENT

RTDS APPROACH

‘ OLD SYSTEM - >
GRADUAL

...MONTHS . ... PHASEOUT

¢

SHAKEDOWN et OPERATIONAL USE
RTDS

MATURE
APPLICATIONS

- NEW NEW
LESSONS - SYSTEM
LEARNED SYSTEM

AR2-5
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Technology Testbed (1992)

f

« The Procedural Reasoning System is a promising
expert system software tool developed by
Stanford Research Institute (SRI) in cooperation
with ARC

« PRS will be interfaced with real-time shuttle
telemetry from RTDS and evaluated during
simulations and missions

« ARC LAN-Link to RTDS

« Provide real-time data feed to Al researchers at
ARC

21

SPACECRAFT HEALTH AUTOMATED
REASONING PROTOTYPE

AR2-6 " ORIGNAL PAGE IS
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SHARP PROGRESS

o
d\.@ . g . & c’\‘\‘
’ 3 N\ N e
. W ‘59" L Fe o‘ge“’\
& P & IR
& W ,*0 & P &
R S .
- f—_—'—‘—. p——
1987 1989 1990 1991
Evaluation Reusable Pilot
Prototype Kernel nstaligtio
Shallow Constraint Deeper :
Diagnosis Based Telecom j Uhderway
Diagnosis Diagnosis.
30 Sec. to 1.5Sec. to “Anytime®
Diagnose Diagnose Diagosis
Max - 100 RT Max - 10K AT Capacity to ‘
Channels Chanpels - 4 ;

LISP Machine  Sun and SFOC nstalled in
Compatible Magellan Ops

CONCLUSIONS

- ARTIFICIAL INTELLIGENCE HAS A PROVEN CAPABILITY T0
DELIVER USEFUL FUNCTIONS INA REAL-TIME SPACE FLIGHT
OPERATIONS ENVIRONMENT

. SHARP HAS PRECIPITATED MAJOR CHANGE IN ACCEPTANCE OF
AUTOMATION AT JPL — Al IS HERE TO STAY

. POTENTIAL PAYOFF FROM AUTOMATION USING Al'IS
SUBSTANTIAL

. SHARP, AND OTHER ARTIFICIAL INTELLIGENCE TECHNOLOGY IS '
BEING TRANSFERRED INTO SYSTEMS IN DEVELOPMENT

. MISSION OPERATIONS AUTOMATION
. SCIENCE DATA SYSTEMS
. INFRASTRUCTURE APPI ICATIONS

. AR2-7
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CONSTRAINT-BASED SCHEDULING

i . Expecied to reduce ground operations time and cosl l - -
per launch by streamlining and optimizing operations. —_

. Supports dynamic rescheduling in response to
resource conflicts, operallonal problems, and other

unexpected conditions.

. Provides operations personnel with an on-line
~window" to schedules that are in-process, projected

or completed.

Project Roles

ARC - Overall project management and
system development. :

LAIC - System development and LSOC
support.

LSOC - Knowledge engineering, user
support.

(More system development after Mike D.
transfers.)

KSC- KSC advocacy (the mole) and
administration of Lockheed funds.

AR2-8



;s axsmmEpace Shuttie Processing:
ﬂ Cust Study In Artificlal lnto|llgcn«

ALTERNATIVE SEARCH
STRATEGIES: COMPARISON

TRADITIONAL — SYS TEMATIC BACKTRACKING

s GUARANTEED TO TERMINATE
= INTUITIVE
« EXHAUSTIVELY TESTED

[TERATIVE IMPROVEMENT — SIMULATED ANNEALING

s SIGNIFICANT PERFORMANCE IMPROVEMENT
s"ANYTIME ALGORITHM"
a INHERENTLY PARALLEL — CONNECTION MACHINE

s MORE AMENABLE TO OVERCONSTRAINED
PROBLEMS

BV A A

N.nlnnl \unull I|I|
TR L Cholen

_aszasBpace Shattle Processing:
| a (:m Study In Artificial Intelligence

SYSTEM ARCHITECTURE

‘ ‘ SCHEDULING

VARIABLES FUTURE
v APPLICATION

VALUES .lc':/'\ T INE

CONTROL
RULES

CONSTRAINT ﬁﬂ(f ki

KNOWLEDGE 'w“ vk e

\ \ j:fl&scneuuune

\ MACHINE |.
; LEARNING | ¢
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Bayesian Learning

Goals: Development and application of Bayesian data
analysis techniques to classification of large-scale,
potentially noisy NASA databases.

Project Leader: Peter Cheeseman
Inhouse Effort: 5.5 FTE
Characterization: Basic and Applied Research,

Tool Development

Domain Applicability: IRAS Data, CalSpace Cloud Data, LandSat Data

Start Date: 10/86

Projected Length: Indefinite

- One (or few) examples

- Verification by prool

- Learned concept must
be useful

« Many examples required

Cannot prove theory

- Leamed concept refiects
intrinsic structure

P4 N

Fund Source: OAET Al Program
NASA _ NJTOCLNS!
Machine Learning
[ Knowledge Intensive | ‘/5 dmm\u [ Knowledge Weak |
« Strong prior theory + Waak prior model

y N

EBG Discovery Leaming

Model Discovery

N

?

[ MarkovModels |  |Classification Models| [ Series Prediction |

AR2-10

Supervised | Unsupervised



NMASA _NJTOCLNSS

N i
: &““‘m - mﬂ“““

: - : |

I U F BRI
% : *"’*‘f‘«‘ ':" 3: e -sw-rrT* o ba

.
;;-;—v-_- SAIETS LIBEINRL. o

ted IRAS classes with peaks at 9.7 and 10.0 microns.

The spectra show two closely rela
This discrimination was achleved by considering all channels of each spectrum. AutoClass
results would be found If the

currently has no model of spectral continuity. The same

channels were randomly reordered.
The galactic location data, not used In the classification, tends to conflrm that the clas-

sification represents real differences in the sources.

| FUTURE APPLICATIONS

Short Term (1-3 Years)

. Improvements 10 Autoclass

. Hidden Markov Models - speech, trend analysis, weather prediction

. Time series analysis - (e.0. SME data)

. Learning expernt systems from data

Long Term (3-10 Years)

. Totally automatic data analysis/model discovery

. Inl_egfates symbolic Al methods with statistical (numerical) approaches

AR2-11



"Pl-in-a-box" as an
Astronaut Science Advisor

GOALS.

- Monitor data quality and help diagnose problems with
equipment when experimental data is erratic or poor

- Suggest protocol changes that would result in better
utilization of remaining time

- Capture, reduce, and archive experimental data
« Identify and permit investigation of "interesting" data

\ Project Teaml

Laurence R. Young
(PN

MIT

Silvano P. Colombano Jurine Adolf
Michael Compton Tina Holden

Richard Frainier Lockheed/JSC
Irv Statler

NASA-AmMes

Nicolas Groleau
Peter Szolovits

MIT
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Protocol Manager Screen:
New Proposed Protocol

wies behnd _muwtes ahead
o @1 |
B0 S0 s ®©T
\f Current Protocol Proposed Protocol
6 run 3 MS2 free-f1t | run 3 MS2 free-f1L 1

Q 7 run 3 MS2nck-twst] 17 run 3 MS2nck-twst! ]

-~ sti-bung 3 MS2bungee . - 7 run 3 MS2 free-f1t 1 (1IN

8 run 3 HS2bungee ! il .- att-bung 3 MS2 bungee

-- exit 1| . bunges . run 3 MS2 bungee !

-- adj-bung 2 bungee . - exit 1 bungee .

-- enter 3 PS| bungee . det-bung 2 . none

9 run 3 PSibungee \ enter 2 PSinone . out

—-_get-bupg2 PS1nODE Slio run 3 PS1frse-til)
MET 03/1407:00 GMT 15:21

tecture

[ . :
Protocol \ ¥
Data Acquisition  {——= E Manager e |a—
Module X f
from e !
experiment c Diagnosis/ 2
equipment u | Troubleshooting | e
t Module
g |
L v Experiment
Data Quality e Suggester
Monitor
Interesting
‘] Data Filter
"Data Computer” "Al Computer”
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'Support of SLS-1 Missionﬂ )

. Pre-flight baseline data collection:

system used to collect and analyze data from Vestibular
Dome experiment in the Baseline Data Collection Facility
at JSC on L-150, L-75, L-45, L-30, and L-15 sessions

. Ground support during flight experiment:

system used in the Science Monitoring Area at JSC to collect
and analyze in-ﬂi%ht data from the Dome experiment
downlinked from Spacelab

. Post-flight data collection:

system in use at Dryden to collect and analyze data from the
Dome experiment on R+0, R+1, R+2, R+4, R+7,and R+10.
sessions

for

upport of SLS-2 Mission|

. In-flight use of system by crew

system to be re-hosted on ﬂight-%ualified hardware and used
by astronauts on orbit during LS-2 mission (currently
scheduled for May, 1993)

. Pre-flight and post-flight data collection

system to be used for collection and analysis of Dome data
during b;selme data collection sessions before and after
the mission

AR2-14



Capabilities of a Human Expert

Capability

Subject Area

o Expertiseina speciality area
« General competence in a domain

« Common sense ability in all areas

wiedge Systems Laboratory, Stanford University

2 Kno

The How Things Work Project
/—— SRS

¢ Objectives
. Develop systems that pertorm intelligently in a broad subject area

. Have multiple areas of specialized expertise
. Use general knowledge about a subject area
. Develop knowledge reuse technology and infrastructure
. Knowledge base translation and integration tools
. Libraries of reusable knowledge bases

e Strategy

« Focuson -
. Knowledge about engineered devices

. Support of device design, manufacturing, and maintenance

Knowiedge Systems Laboratory, Stantford University

AR2-15



Measures of Success
« NASA Mission Utility:

. Significant Operational Use in Shuttle Mission
Control Center at JSC and Deep Space Mission
Control at JPL. Systems Accepted as Standards
for Control Center Upgrades

« Al Program-Developed Scheduling Technology in
Use for Shuttle Orbiter Processing at KSC

. Future Mission Testbed Use at GSFC, LeRC, and MSFC

. Utilization of Data Analysis Tools at Ames and JPL

« Al Research Contributions:

« Major Impact in Publications. From Ames Internal
Program Alone 5 AAAI-90 Papers (a New Record
for a non-University) and 7 IJCAI-91 Papers (Also
a New Record). Over 80 Peer-Reviewed Publications
in Major Journals and Conferences in both 1990 and
1991 from the Program as a Whole

. NASA Scientists Serving as Journal Editors, Editorial
Board Members, and AAAI/IJCAI Program Committee
Members on a Routine Basis

Long Term Growth Plans

. Movement of Fundamental Research Components into
Base R&T Program

. Potential Addition of Natural Language Research Work
to the Base Program (Particularly as Applied to
Database Management)

« Considerable Expansion of External Research Projects
in Academia and Industry

. More Spacecraft Applications Work (Perhaps to JPI.J .
Discovery Missions and/or Goddard Explorer Missions)

« EOS Science and Mission Control Applications

. Movement into the Training Infrastructure

AR2-16



ILLUSTRATIVE TEGHMIGAL HIGHLIGHTS
OF THE
MASA TELEROBOTICS PAOGRAN

) 12

b))

¢

PRESENTED TO

THE INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM MEETING

JUNE 24 - 28, 1991
WASHINGTON, D.C.

BY
CHARLES R. WEISBIN
JET PROPULSION LABORATORY
PASADENA, CALIFORNIA

o-mall address: welsbin@telerobotics.|pl.nass.gov
olfice phone number: 818-354.2013 FTS 792-2013

THIS TALK IS INTENDED TO PRESENT TECHNICAL
R&D ACCOMPLISHMENTS OF JPL

THE PRESENTATION WAS CHOSEN AS REPRESENTATIVE OF THE BROADER

1.
NASA TELEROBOTICS PROGRAM.

INTIMATE FAMILIARITY OF TRIWG COCHAIR
WORK CONDUCTED BY LEAD CENTER
LIMITED TIME AVAILABLE

2. THERE ARE MAJOR ELEMENTS OF THE TELEROBOTICS R&D PROGRAM NOT

DESCRIBED HERE

OTHER MAJOR NASA CENTERS
LEADING UNIVERSITIES AND INDUST

AND EXCITING R&D

RIES CONDUCTING IMPORTANT

AR3-1



DESIRED CAPABILITY

THE ABILITY TO RELIABLY AND EFFICIENTLY PERFORM COMPLEX TELEROBO1
TASKS

ORU REPLACEMENT + EXPLORATION AND SAMPLE ACQUISITION
FLUID SUPPLY RECHARGING +  ASSEMBLY OF LARGE STRUCTURES
SURFACE CLEANING + RUN CABLING

RADIATOR PANEL REPLACEMENT

IN A CLUTTERED, NON-STATIC ENVIRONMENT, WHERE OBJECTS OF INTEREST MA®
BE OCCLUDED

IN THE PRESENCE OF A RANDOMLY VARIABLE TIME DELAY BETWEEN REMOTE AND
LOCAL SITES

WHERE COMMUNICATIONS BANDWIDTH AVAILABLE IS LIMITED ON BOTH UP AND
DOWNLINK "

ALTERNATIVE CONTROL MODES

ADVANCED TELEOPERATION SUPERVISED CONTROL
+ NON-REPETITIVE, LESS WELL- |+ REPETITIVE, BETTER MODELED
MODELED TASKS TASKS
FOCUS
+ COMPUTER-ASSISTED OPERATOR|+ PROCESS-LEVEL AUTONOMY
CONTROL (E.G., HUMAN TASK (E.G., GRASP FIXTURE)
PLANNING WITH REAL-TIME
GRAPHIC DISPLAY)
+ DEPLOYMENT OF LARGE + MULTIPLE BOLT INSERTION/
EXAMPLES SATELLITES REMOVAL
+ CUSTOM CUTTING/WELDING + POLISHING HIGH-PRECISION
REPAIR OPERATIONS SURFACES

AR3-2



Slan-A ot Sastoms Loty Kobutics and Aulumation

Solar Maximum Satellite Repair

Savelite launched in 1980
Collected data on solar flare activity

ailure of Attitude Control Subsystem (ACS) after 9 months

NASA estimate - repair cost = $19m

- replacement cost = $77/m

fstronauts on STS-13 performed repair operation
15t objective - ACS module replacement
2nd cbjective - more complicated MEB replacement
STS-13 crew trained for 1 year in neutral buoyancy

Successiul satellite repair in 1984 - MEB replacement took 2 hours

JPL
ADVANCED TELEOPERATION

S ARADIGM DEMONSTRATION/EVALUATION EXPERIMENT
SOLAR MAX REPAIR MISSION (SMRM)

MOTIVATION

© REALISTIC: IT HAPPENED AND
WELL-DOCUMENTED

o CHALLENGING AND VERY RICH IN
CAPABILITY REQUIREMENTS

© THERMAL BLANKET REMOVAL

® HINGE ATTACHMENT FOR ELECTRICAL PANE!
® OPENING OF ELECTRICAL PANEL

© REMOVAL OF ELECTRICAL CONNECTORS

® RELINING OF CABLE BUNDLES

& REPLACEMENT OF ELECTRICAL PANEL

© SECURING PARTS AND CABLES

@ RE-PLUG ELECTRICAL CONNECTORS

o CLOSING OF ELECTRICAL PANEL

o REINSTATING THERMAL BLANKET

AR3-3 AKB. 22090 1
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JPLu
ADVANCED TELEOPERATION:

1990 HIGHLIGHTS SUMMARY

NEW SMART HANDS PREDICTIVE DISPLAYS

PR 'ﬁ CAUBRATION Qfle”

“l-'_w‘;

PREVIEW DISPLAYS

CALIBRATED TASK SET-UP m

FIBEA OPTIC 0 COMMUNICATION

CONTROL STATION
- ‘il

PETICY : ’
. ~ -\ﬁ .

L

—_ —
WORK DOABLE m -

1‘ . .
~ Y -’
e ‘ )
) v v 3"
p -
0 e . . N
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; . : . JEe \:M
. - ; .
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' ’ . - “heo
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(A . i by
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AKB, 690

JPL  pREVIEW AND FORCE-REFLECTING
GRAPHICS DISPLAYS

6.DOF AAI ARM GRAPHICS IMAGE AND . |~ FORCE INDICATING/REFLECTING

DUAL-ARM SET-UP FORSMSRTASK '~ . | - ... CAPABILITY
[ 4
N
0
c
0
h N
! T
f ' A
[~ c
-] T

-“OP>P-ZOO
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ADVANCED TELEOPERATION, 1990
ATELLITE REPAIR TASKS -

THERMAL BLANKET CUTTING

¥/5 BOXPANEL

Ay
,  WITH DISPLAYS

PREVIEW ICONIC
SENSOR  DISPLAY |NTERFACE

UNBOLTING MAIN ELECTRONIC

CONTROL STATION UPGRADED

WORKSITE UPGRADED
WITH MULTETV
GANTRY SYSTEM

JPL  SOLAR MAX SATELLITE REPAIR
EXPERIMENTS

S

USE OF DIAGONAL CUTTERS FOR
CUTTING PLASTIC TIE WRAPS OF
WIRE BUNDLES

' USE OF POWER SCREW DRIVER TO
REMOVE CONNECTOR SCREWS

AR3-S AKB ©
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Man-Machime Sysiems Gooup, Kebotos and Aututiation

Experimental Task - Unbolting, Bolting
Move forward from start position to screw head
Stant unbolting, withdraw tool as screw unbolts
After screw free of hole, move back to start position

Move back to screw hole

Bolt screw and move tool in as screw enters hole

MViun-Muchine Systems Group, Kebuties aud Automalion

Ji

Subject Training

Perform task until consistent

5 successive repetitions with std. dev. < 0.15 of mean

Experiment Design
Seven subjects
Seven control modes
Three repetitions of task in each mode

Total of 21 repetitions per subject - randomized

Data Collected

Slave positionorientation, interaction forces/torques

Grioper force. gripper position, task completion time
AR?A



Man-Machine Systems Group, Robotics and Automation

Jp!

RESULTS: RELATIVE TO SELECTED TASK

POSITION CONTROL BETTER THAN RATE CONTROL
POSITION ERROR BASED FORCE REFLECTION BETTER

THAN ALL OTHER POSITION CONTROL MODES

PURE POSITION CONTROL BETTER THAN PURE RATE CONTROL

OBSERVATION:

COMPLIANCE BETTER THAN FORCE REFLECTION

SUBJECTS PREFERRED POSITION CONTROL OVER RATE CONTROL

FIST
ACTION

. FORCE-REFLECTING EXOSKELETON
ANTHROPOMORPHIC TELEMANIPULATION

MASTER ARM AND CONTROL ELECT RONICS  SLAVE HAND QLOVE CONTROLLER

~! bexterous
FINGER
ACTIONS

.% SUAVE AND HUMAN HANDS
AKD, &80
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- EXOSKELETON ANTHROPOMORPHIC TELEMANIPULATION

THE EXOSKELETON
ALTERNATIVE

¢ QUESTION: HOW FAR CAN THE EXOSKELETON
ALTERNATIVE TRULY PERFORM THE EVA-GLOVE
RATED MANIPULATIVE ACTIVITIES WITHOUT
CHANGING EVA TOOLS/PERIPHERALS OR
WITHOUT ADDING NEW ONES TO THE EXISTING

EXOSKELETON iR? (155 T A 198
ASTER GLOVE REPERTOIR? (155 TOOLS AS OF 1985)
HAND" AND
SLAVE HAND

e ANSWER; CARRY OUT EXOSKELETON
EXPERIMENTS WITH REALISTIC EVA TOOLS
ON REALISTIC EVA TASKS, IN COOPERATION
WITH INTERESTED NASA CENTERS' PERSONNEL

{INFORMATION SOURCE FOR EVA TOOLS/TASKS TEST
CANDIDATES: NASA DOCUMENT "EVA CATALOG, TOOLS
AND EQUIPMENT", JSC-20466, NOV. 1985.]

AKB. 2 28 9!

JPL
EXOSKELETON ANTHROPOMORPHIC TELEMANIPULATION

CANDIDATES FOR EXOSKELETON TOOL

HANDLING TASKS
"EVA" JAM REMOVAL TOOLS

(FROM: NASA DOCUMENT “STS, EVA DESCRIPTION ANO DESIGN CRITERIA™, JSC-10815, MAY 1983, p. 19)
: AKB. 2 28 91 {18
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SURFACE INSPECTION TASK IMPLEMENTATION PLAN

JUSTIFICATION

o Several stichies have indicated that inspection will be an important activity for Space Station
Froodom
— NASA/ISC Final Report. Space Station Freedom External Maitenance Task Team
W F Fiher and C. R, Price., July 1990
_ e Blue Panel Report. June 12, 1990
~ NS Headaunters Repart: Offiee of Space Station, Space Station Frecdom Autona
Hon ad Roboties: An Assessient of the Potential for Increased Productivity, De
29
o Use of teletuboties cigd reduce astronant EVA time

& Datibise from this task will provide actual experimental data for more realistic estimates
for the SSF inspection tasks
o This task will also show technology readiness and identify what new technologies are re-

tpuresd lor insprction tasks.

[
b

REMOTE SURFACE INSPECTION

IDENTIFIED INSPECTION TASKS:

o luspection for truss strut datnaged by micrometeoroids

o Tuspection for visible cracks in structures

o Iuspection for shield arca damaged by micromercoroids

o luspection of thermal Dlanket, radiator, and solur panel damage by micrometeoroids and aton
OXYRCD

o ORLU inspet tion (prior to and alter installation)

o ORU,Svatem Diagnosties: SSRAIS ur SPDM power aud duta interfaces are used to perform ORU
i tiostios

o luspertion ol deplovable wechanistus for incorrectly positioned latches, convectors, aud other mie-

Cianica] devices

o huspection of the SSF-hased Shinttle docking port before each docking

o Utility rray inspection: inspection of Huid and power lines

o uvitommeital wonitorig: monitoring of wagnetic fields, plasma fickds, contuninants levels, and
fn L e o et T o

o \ioihe o dean o mronied pracess for vertifying payloads

AR3-9 ORIGINAL PAGE 1S
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REMOTE SURFACE INSPECTION

LONG DURATION EXPOSURE FACILITY (LDEF) EXAMPLES:

(b} 6cm

(a) 2<m

(s)  Solurarray-matcrials LDEF experiment

(hy  Thermal blankel dasnaged by micomcteoroid
and dulamanon

Conconifreally -ringed impact teatuic o

[(S]
e while panmied alunnum surfate

LA

Ti
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REMOTE SURFACE INSPECTION

OPERATIONS SCENARIO:

e Memote Visual Inspection:

— Datuige ot vhjetts are plac ed on the mockup.

- Operaton s asked to locate damaged arvas,

S Operator ses the anipulator carried cameris el the controbled Tights 1o idennly danaged
Sy

v cunple Bostos petfortied to measare aperator’s accuracy and time-to-completion.

e Autunited Iuspection:
A nones basedanea prereconded trajectory while the antomated inspection modnle perforne
HesprecTiah
< This tegpures sy fironization hetween nunipulitor control and antonated inspeetion modul,
= Tispre von s ddone Dy Cotpiting previonsly recorded with present dati
C nrented mspection techmigue i» hised on elininating ot nininizing offect of anthient lightine
T iy, «controlled lighiting,

sy tenn tespotds watde FOUND DAMAGE, NO DAMAGE, or DON'T KNOW

AR3-11 ORIGINAL PAGE IS
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. REMOTE SURFACE INSPECTION

MANIPULATOR CONTROL

A redundant 7DOF robotic arm is used for dexterous placement of
sensors for surface inspection.

A novel configuration control methodology developed at JPL is
implemented for task-based resolution of redundancy.

Using space shuttle-type joysticks, operator controls the end-
point of the arm while the arm posture/configuration is controlled
automatically based on a priori selected task constraints.

Currently developing supervisory teleoperation where arm
collision with environment is avoided automatically based on a
worid model.

AR3-12



ADVANCED OPERATOR

|

REMOTE SURFACE INSPECTION

Automated Flaw Detection
OBJECTIVE: Detection of flaws for simple but time consuming inspections tasks

CGENERAL APPROACH: Detection of changes between “before” and “after” images

of a scene

TECHNICAL ISSUES:

e Eartl orbit ambient light variations for “hefore” and “after” images
e Misregistration hetween the “before” and “after” images due to camera position-
ing repeatability which causes large differences in high contrast regions
TECHNICAL APPROACH:
o Subtract image of ambient it surface from one lit by controlled lights and improve
the results by averaging over many images
e Develop estimation techmques to correct for camera repositioning error

e Derforn subtraction ouly in non-lugh contrast regions by means of image-

masking,

' REMOTE SURFACE AUTOMATED FLAW
INSPECTlO | DETECTION

I

QUANTIFYING FLAW
NTERFACE DETECTABILITY
l 3

AR3-13



o Sulluric Acid Spill (Pallet of batteries dropped duriug delivery) —- 1988, Level B (Proper equiptien
uot available at time of incident).

o Hydrogen Fluoride Faulty Cylinder Reguliator (Threated Releise) --- Building 189, November 1959,
Leved C (Should lave been Level A; proper equipmient uot available at timne of incident).

o Aubniins Annuonia Leak -- Building 111, March 1990, Level B

o Piopane Leak Building 264, October 1990, Level €

o Sultin Acul Spill Cryugenies Dock, September 1990, Level B
o 11 Phcdoraethune Spill -~ Building 111, September 1990, Level B

I'hosphine Leak (Faulty cylinder) Class A Poisun/Toxic Gas - Building 302, November 1990, Levei
A, (Storage in hydiogen created additional explosive danger).

STATISTICS:
o lucidents reynving Level B suitup -~ 1 incident/2 weeks (average)

o Oxvpen Delicioney testing - 6 times/week (average)

PATERGESCY JtEsPoNs] HAVS 1y

¢ Iuvolvement of experts in the detection and handling of hazardous materials:

IPL Occupational Sadety Office (0SO)

JPL Firc Departiient and Emergency Respouse Teun
JPL’s Lead Chemical Safety Engincer

- JPL’s Priuciple Safety Coordinator

o Procurement of two identical vehicles:

- Development. of new system capabilitics
— Field testing, performance evaluation, aud deployment on actual emergencies. (Operated by
IPL's Ewergeney Respouse Tewn)

e ldentilication of needed capabilities bused on dicect user inputs (e.g., transmit data signals from
chemical sensors to uperator, physically scan door seals with scusor probes, cte).

o Development and implementation of nser specified capabilities.

o Transfer of in-livuse robotic technologies and expertise.

e NEY RESEFONST AR3-14 [AVAREFRVALL
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SYSTEM REQUIREMENTS — SPECIVIC

o liaverar 150200 1t of pavement Lo building entrance.

o oot o hetieal sensor peadings to velicle control station (andio alarns, anatlog metersi,

o Do toexhiaust vents fon chetnical etnissions ushig cameras and chewical seusor probes
o S cdoan scids withsensor probes {1-2 inches away).
o Opon and dleat extenor door { Thumb Latch Type, Door Clouser).

o letgeve, mannpuilate, and stow viLrions Components (sensor prohies, duot key, dour staps)

o Open Store Roan daot (Nuob w/key).

o lispert stote roonr entrance prior to entry using cianeras and chenical sensor probes e vies

Jroved o orners).
o Clunls onto aned later over 10 inch door sill.

Vistally scan and mspect chetical stores w/onbaard fights (shelves tanging from 1-7 Tt hugh).

o Navigite ta det ontamination site.

P Rea NN Iy SIPONST HAVS {0

) [ 2}

JPL EMERGENCY RESPONSE ROBOTICS
ACCESSING HYPOTHESIZED INCIDENT SITE

HWS, 2/8/91 (15}
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4PL EMERGENCY RESPONSE ROBOTICS

“VISUAL AND CHEMICAL SENSOR INSPECTION
PRIOR TO PHYSICAL ENTRY

HUMAN ENTRY TEAM HAZBOT-I

HWS 2/8/91 (16)



USER EXPERIENCE & NEEDS

o Abiliry ta salely enter confined spaces contannng combustible vipors is citical to the awcceptance of

Gobote Enrergeney Response Vehiele

devices used i the operato interface, their conlignration, aned the manner
of nat dillicult to control Hhe systenn's naipulator and
in terins of the actions it v akes

o |l mputontput
which hies ol actions pmake it awkward
Mo clements Users seekoan interface which is selfl explanatory

o 11VZLEAT proasanmiel tepe ally have fitdleilany. poot experience in operating ¢ otplex ity degre
e <vstenes. Heneega vinble systenn st eoy poriate seusots and controls el at reducny
the operatons peed to petfonn conples spatial Feasening,

ocations such as door seis and other sipliar tashs is com

o Positianinn sensot llllbln‘\ at Qll'ill,(‘p,i('l
v to cotreetly perceive depth. Effcctive means for prrceniny

pheated b the operator’s linited abiht
{lwlnh e 1m|on[1'(‘
to perform basic operations essentind to ITAZMAT response. st lioas

o ITxisting svstems ate niable
¢ their stowage and retrieval,

P valves offopiven the lack of tooling andd siimple means {o

o Lxiating sustemns do not support and for are nnable to deploy chemical seusors conunonly nsed m

tespotiding 1o Nazandons Materials incidents.

RS N L R 1 SNEIRRY HAVS h/ 1T i N

THERE HAVE BEEN SIGNIFICANT
AND
WIDE-RANGING PROGRAM ACCOMPLISHMENTS

EXAMPLES

ASSEMBLY OF A TETRAHEDRAL TRUSS STRUCTURE WITH APPROXIMATELY 100
ELEMENTS (LaRC)

TWO TWO-ARMED FREE-FLYING ROBOTS COOPERATIVELY MANIPULATING A
COMMON OBJECT (STANFORD UNIVERSITY)

(1)

(2)

(3) FAULT-TOLERANT MANIPULATOR JOINT DEVELOPMENT (JSC)

(4) NEUTRAL BUOYANCY ASSEMBLY OF STRUCTURES AND SATELLITE SERVICING

(UNIVERSITY OF MARYLAND)

(5) SHUTTLE TILE INSPECTION AND REWATERPROOFING (KSC)

ORIGINAL PAQGE IS
OF POOR QUALITY

AR3-17



THERE ARE STILL MANY
TECHNICAL AND PROGRAMMATIC FRONTIERS

TECHNICAL:

(M

(2)
(3)
(4)
()
(6)

SAFE AND ROBUST CONTROL OF MANIPULATOR/ENVIRONMENT INTERACTION,
{e.9. COMPOUND MANIPULATORS, FAULT TOLERANCE)

MACHINE PERCEPTION IN REAL TIME

HUMAN FACTORS CONSIDERATION (E.G. CAMERA POSITIONING, LIGHTING)
DEVELOPMENT OF A LIBRARY OF MACRO SKILLS

TELEROBOTICS/EVA INTEGRATION

ERROR RECOVERY AND GRACEFUL DEGRADATION

THERE ARE STILL MANY
TECHNICAL AND PROGRAMMATIC FRONTIERS (conTD)

PROGRAMMATIC

(1)

(2)

(3)

(4)

NEAR-TERM SYSTEM DEMONSTRATIONS ARE REQUIRED TO BUILD CONFIDENCE
(e.9. SPACECRAFT INTEGRATION AND TEST, PAYLOAD INSPECTION)

ROBUST PERFORMANCE IS PREREQUISITE TO ACCEPTANCE
(e.g. FLIGHT EXPERIMENTS, FAULT TOLERANCE, GRACEFUL DEGRADATION)

MAINTAIN A STRONG INFRASTRUCTURE
(SUITABLE BLEND OF BASIC AND APPLIED RESEARCH)

PARTICIPATE WITHIN THE INTERNATIONAL COMMUNITY WHERE APPROPRIATE
(e.9. EXCHANGE VISITS HAVE ALREADY BEGUN WITH JAPAN AND FRANCE)

AR3-18



Planetary Rover Program___

June 26, 1991
SSTAC/ARTS External Review

Planetary Rover Program

Technology Challenges B

. Missions: Mars Sample Return, Lunar Exploration, Mars
Exploration

. Needs: Unmanned Science Rovers (Near-term)
. Low (2-500Kg) vehicle mass
. Semi-autonomous navigation
« 100m-40Km traverse distances
« SAAP payload compatibility
« 1-year lifetime (minimum)
- System autonomy

« High mobility
Planetary Rover Program ;

AR4-1
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Technology Challenges (con't)

« Misisons: Lunar Outpost Placement, Remote Lunar
Science, Lunar VLFA Construction

 Needs: Unmanned Lunar Rovers (Mid-term)
- 5-year+ operational lifetime
- Regolith manipulation capability
« Advanced materials/tribolog
« 1000Km+ traverse per year
« System Autonomy
« Long-life mobility
« CARD navigation

Planetary Rover Program 7

”'[echr'l_quo_‘g'y Challenges (con't)

. YIS o g oot

- Missions: Outpost Crew Transport, Regolith Mining, ISRU,
Cargo Transport

« Needs: Manned Lunar/Mars Rovers (Far-term)
« Mobile pressurized life support (ECLSS)
« Advanced materials/tribology
« Long-life mobility systems
 2-4 person crew support
 Navigation aides

Planetary Rover Program :

AR4-2



Earliest Technology Needs Horizons

1592-1996 | 13562000 1 2000-2004 | »004-5008_1 2008-2012 | 2012-2010 [2016-2020 |

Mars Science [7 s CD ‘ Oparations __I
ggruer:/‘Sampie OSSA Strategic Plan
(Code S, Code RZ) MRSR Studies
Lunar Science/ [ aCD A\  Operations ]
Exploration Rover SEi Study
(Code RZ) Lunar VLFA Study
JSC Robotic Rover Report
Lunar hganned [ ecm A Operations _ |
(Code RZ) SE| Study
JSC Manned Rover Report
Mars Manned [__ 8 CD A Operatons |
(Code RZ)
SE| Study

(From Space Technology Long Range Plan)

Planetary Rover Program ﬁ‘

- Navigation
« 100-meter SAN in 4 hours
« 500-meter CARD
« Remote teleoperated driving
« Mobility
« Apolio LRV drive systems/wheels
« Lab demos of walking machines
« Lab demo of pantograph suspension

« Operations Autonomy
« HST constraint propagation schedulers
« Ground-based remote scheduling systems (Voyager)

« Mobile Power
« Low power photovoltaics
« Apollo LRV batteries
« Voyager RTGs

Planetary Rover Program -

AR4-3



Current State Of The Art - Systems

« Remote mining/trucking

« Remote ordinance disposal vehicles
. Battlefield survey/recon vehicles

« Apollo LRV

« T.M.I. clean-up vehicles

There are no operational systems in the
United States which can compensate for
Earth-Mars (or Earth-Lunar) time delays

Planetary Rover Program ;.

Current State Of The Art - Systems
% f_ ,

Planetary Rover Program 1
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Related Efforts_

. DoE-Sandia: Contaminated site clean-up vehicles

- x

. US Army-TACOM: Battlefield survey/recon vehicles
. DoD-DARPA: Autonomous Land Vehicle

. DoE-ldaho Falls: Contaminated site clean-up vehicles

Planetary Rover Program

Goalé and Objectives

P ki R i

. Goal: Develop the technologies to enable robust, flexible and
efficient vehicle systems for planetary surface operations.
. |dentify technologies which are required to enable robust,
efficient and flexible planetary rover systems
. Identify, using terrestrial experiments, the current capability
of rovers to perform complete system-level tasks
. Determine what increased capabilities are necessary and
desirable for rovers to perform several tasks
. Selectively develop these component technologies to
determine their operational characteristics in a realistic
environment
. Demonstrate an integrated system designed to illuminate th
impact of the new technology on overall system performanc

Planetary Rover Program 1}
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Program Structure

Rover
Program
— o Operations Advanced Systems
I Navigation I I Mobility I I Autonomy I Concepts I Integration i

Planetary Rover Program

Progfam Developments to Date

S Y -

« Initial SAN « SiGe spark erosion apparatus

- Autonomous walking « Stereo correlation algorithms

- Task Control Architecture « Terrain matching algorithms

« Active sensing perception system - Global path planner

« Local terrain mapper « Expectation generation system

+ Generalized gait planner « Execution monitoring system

« Structured light sample acquisition  * Path and monitoring planner

« Composite terrain mapping « Mobility analysis wheel model

« Active leveling system » Ground-based sequencing simulator

« Legged mobility mechanism design  ° Design reference mission definition
- Fine powder SiGe electrode samples * Piloted rover technology needs assessment

Planetary Rover Program ;
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Program Schedule

L IR RIS Yy T g

il [ 1982 |

100-meter SAN

Indoor autonomous walking
in rough terrain

Sample collection task in
200-m test course with SAN,
CARD, teleop

Micro-rover sample
collection task

Robust self-contained
autonomous walking with
sampling
Behavior-controlled
micro-rover sample
collection task

Outdoor walking in rough
terrain

1994

1996

Planetary Rover Program

Progfam Schedule (continued)

.....

ey [ a9ae |

Extended sample collection
task with dynamic
replanning,continuous
traverse, AOTF integration

thavior-contrplled
micro-rover science
instrument emplacement task

Extended outdoor
autonomous walking

Lunar manned rover testbed
development

Science instrument
deployment task in extended
field test

AMBLER | field testing

[ 1999

\

L

Planetary Rover Program '
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,Bo_\(_;e'rﬂﬁunding Profile

Dollars In Millions

40 - x

- FY 88 Guidsline
35§ /

3= FY 89 Guidsline 30.4
30} -=— FY 90 Guideline / ]

—a FY91Guidetne | _/ _a 45
254 . po— Strategic
20 ——— 7.
15 49;

12.0
10 ‘
4 X] - Constrained
ST 0 !
. 3 Baseline

0 —t
FY89 FY90 FY91 FY92 FY93 FY94 FY95 FY96 FY97

Planetary Rover Program !

Issues
« No rover program in FY 92-97 baseline

+ No operational or demonstrated rover systems which
compensate for time delay

» Mission architectures still undefined for Lunar and Mars
systems

 Reduced-funding of rover-supporting program elements
« Directed reduction of manned rover efforts
- Directed reduction of mining & construction rover efforts

Planetary Rover Program

AR4-8



NASA [/\\
OAET
NASA
PLANETARY ROVER
PROGRAM
ROGER BEDARD
JET PROPULSION LABORATORY
& DAVID LAVERY
NASA HQ/CODE RC
JUNE 26, 1991
SSTAC MEETING
k JPL .)
e OUTLINE _—_—
OAET
T - oons
- o BACKGROUND . PILOTED ROVERS

SCIENCE ROVER INTRODUCTION

. OBJECTIVES AND LONG
RANGE PLANNING

+ VISION
« APPROACH

. TECHNOLOGY NEEDS
SCIENCE ROVER ACCOMPLISHMENTS

. LEGGED LOCOMOTION AND
AUTONOMOUS WALKING

. WHEELED LOCOMOTION AND
AUTONOMOUS NAVIGATION

. MICRO AND MINIROVER TECHNOLOGY

PILOTED ROVER ACCOMPLISHMENTS -
TECHNOLOGY ASSESSMENT STUDY

SUMMARY

. CONSTRUCTION ROVERS

FOCUS OF THE ROVER
PROGRAM AND THIS REVIEW
IS THE SCIENCE ROVER

JPL /
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OAET GOALS

vow )

. UNMANNED SCIENCE (AND EXPLORATION) ROVERS
+ PILOTED ROVERS
. CONSTRUCTION ROVERS (VEHICLES)

TO DEVELOP, INTEGRATE AND VALIDATE THE TECHNOLOGY TO ENABLE
MANNED AND UNMANNED ROVERS, ON BOTH LUNAR AND PLANETARY
SURFACES, IN SUPPORT OF THE SPACE EXPLORATION THRUST

THE INITIAL FOCUS HAS BEEN ON
PLANETARY ROVER MOBILITY AND NAVIGATION
FOR EXPLORATION AND SCIENTIFIC INVESTIGATION

IJPL_)

NASA BACKGROUND

wou

« UNMANNED SCIENCE ROVERS

» LUNAKOD
- MARS ROVER

« PILOTED ROVERS
« APOLLO LUNAR ROVER VEHICLE (LRV)
- SEI UNPRESSURIZED ROVER
« SEI PRESSURIZED ROVER

+ CONSTRUCTION ROVERS
. SEl PAYLOAD UNLOADER
« SEi MINING EXCAVATOR/LOADER

|JPL./
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OUTLINE

——

» GOALS
. BACKGROUND

iﬂf . SCIENCE ROVER INTRODUCTION

= . OBJECTIVES AND LONG
RANGE PLANNING

- VISION
. APPROACH

. TECHNOLOGY NEEDS
SCIENCE ROVER ACCOMPLISHMENTS

. LEGGED LOCOMOTION AND
AUTONOMOUS WALKING

. WHEELED LOCOMOTION AND
AUTONOMOUS NAVIGATION

PILOTED ROVER ACCOMPLISHMENTS -
TECHNOLOGY ASSESSMENT STUDY

. SUMMARY

. MICRO AND MINIROVER TECHNOLOGY

ROVER PROGRAM INCLUDES:
+ SCIENCE ROVERS
. PILOTED ROVERS
. CONSTAUCTION ROVERS

FOCUS OF THE ROVER
PROGRAM AND THIS REVIEW
1S THE SCIENCE ROVER

JPL ./

SCIENCE ROVER

2

INTRODUCTION

BY APOLLO LRV AND SOVIET LUNAKHOD

OBJECTIVE

SIZE RANGE OF 1 TO 1000 KG, THAT CAN:

- PERFORM SCIENTIFIC EXPLORATION

- DEPLOY SCIENCE INSTRUMENTS

. PLANETARY SURFACE SCIENCE MISSIONS ARE INEVITABLE

. 'ROVING' ALLOWS WIDE AREA SURFACE SCIENCE AS DEMONSTRATED

. TO DEVELOP REMOTELY PILOTED SCIENCE ROVERS, COVERING A

. IDENTIFY, ACQUIRE, ANALYZE AND PRESERVE

SCIENCE SAMPLES

| JPL./
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NASA
OAET

VISION

wou"

TEST AND EVALUATION OF BREADBOARD SCIENCE ROVER
OPERATIONS IN RELEVANT EARTH TEST ENVIRONMENTS

« Science Rover Testing

at JPL Arroyo, Edwards

and Death Valley

» Remote Mission Control

- SHOW SPACE SCIENCE COMMUNITY THE CAPABILITY OF THE

SCIENCE ROVER SYSTEMS

+ BUILD A DATABASE SO DESIGNERS AND SCIENTISTS CAN
UNDERSTAND THE IMPORTANT MISSION TRADEOFFS

JPL

THE APPROACH

—

vow"

TECHNOLOGY
OPTIONS

AND VALIDATE
SYSTEM TASK
CAPABILITY

\

INVESTIGATE ROVER

IN RELEVANT EARTH
TEST ENVIRONMENTS

« JPL Arroyo,

Edwards or
Death Valley

+ Different

Configurations

« Ditfferent

Components

« Various Sizes

« Scientific

Exploration

+ Surface & Subsurfac

Sample Acquisition,
Analysis and
Preservation

+ Science Instrument

Emplacement

« At Various Levels

of Human Control

« With Various Levels

of Time Delay (from
0 to 40 minutes)

g
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TECHNOLOGY NEEDS

KEY TECHNOLOGY NEEDS INCLUDE:
. Minaturization and micro/mini rovers
. Low power, low mass, high mobility vehicle
. Passive and active sensing and perception

. Path planning and behavior control

. Coordination of mobility and manipulation

. Misslon operations

TECHNOLOGY ALONG MANY DIMENSION, INCLUDING:

- Size
. Degree of autonomy

. Scilence system task capability

. Computer aided remote driving navigation - Variable time delay

. Systems integration and science task demonstration

SCIENCE ROVER RESEARCH AND TECHNOLOGY MUST ADVANCE THE STATE OF

. Safety Limits (eg. types of detectable
hazards such as duricrust, pits, etc)

. Contiguration

. Operational Limits {eg. day/night « Adaptability
vs day only) Robust
\ . Reliability - Robustness JPL /
N &
NASh OUTLINE —th
« GOALS ROVER PROGRAM INCLUDES:

. BACKGROUND

. SCIENCE ROVER INTRODUCTION

. OBJECTIVES AND LONG
RANGE PLANNING

- VISION
+ APPROACH

. TECHNOLOGY NEEDS
I@ . SCIENCE ROVER ACCOMPLISHMENTS

LEGGED LOCOMOTION AND
- AUTONOMOUS WALKING

. WHEELED LOCOMOTION AND
AUTONOMOUS NAVIGATION

+ PILOTED ROVER ACCOMPLISHMENTS -
TECHNOLOGY ASSESSMENT STUDY

. SUMMARY

. MICRO AND MINIROVER TECHNOLOGY

+ SCIENCE ROVERS
. PILOTED ROVERS
. CONSTRUCTION ROVERS

FOCUS OF THE ROVER
PROGRAM AND THIS REVIEW
1S THE SCIENCE ROVER

.JPL./
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CMU LEGGED VEHICLE \
MOBILITY AND NAVIGATION ROVER

OBJECTIVES

DEVELOP LEGGED LOCOMOTION
ENABLING SUPERIOR ROUGH TERRAIN
TRAVERSABILITY (COMPARED 71O
WHEELED VEHICLES) WHILE ACHIEVING
PRACTICAL POWER EFFICIENCIES

DEVELOP AUTONOMOUS NAVIGATION

FOR AMBLER
PARTICIPANTS AND FACILITIES SCHEDULE AND FUNDING
A eefss] 90f 91] 92| 93| 94 95
PARTICIPANTS DESIGN AMBLER p—
DEVELOP SNGLE LEG -
. CARNEGIE MELLON UNIVERSITY DEVELOP SIX LEGGED VEHICLE
INDOOR WALKING WITH
FACILITIES REDUCED TETHER =
OUTDOOR WALKING-BENIGN TERRAIN -
« SINGLE LEG TESTBED OUTDOOR WALKING-ROUGH TERRAN -
. SIX LEGGED AMBLER EXTENDED OUTDOOR WALKING L
. PLANETARY ROVER LABORATORY DESIGN AMBLER I :
K FUNDING (S [ 20{2.0[20]1'5 ]
JPL
e CMU KEY ACCOMPLISHMENTS )

. FORMULATED A SIX LEGGED ROVER VEHICLE CONCEPT

. IMPLEMENTED A SINGLE LEG SYSTEM CAPABLE OF WALKING THROUGH
ROUGH TERRAIN

. DESIGNED AND BUILT THE SIX-LEGGED ‘AMBLER’ VEHICLE

(1988 THROUGH JUNE, 1991)

. INTEGRATES SENSING, PERCEPTION, PLANNING AND EXECUTION

. PERFORMED EXTENSIVE TESTING LOGGING 100's OF METERS
IN ROUGH TERRAIN

» COMPLETED ASSEMBLY IN DEC. 1989
+ ACHIEVED FIRST INDOOR WALKING IN MAY, 1990

INTEGRATED SENSING, PERCEPTION, PLANNING AND EXECUTION
AND ACHIEVED TETHERED AUTONOMOUS INDOOR WALKING IN DEC 1990

JPL /

CURRENTLY MIGRATING THE ELECTRONICS AND COMPUTERS ON
BOARD THE AMBLER TO REDUCE THE SIZE OF THE TETHER ,

AR5-6



/~ NASA
OAET

JPL WHEELED VEHICLE
MOBILITY AND NAVIGATION

ui\\

ROBBY
OUTDOOR ROVER (1000 KG)

TOOTH  -INDOORMICROROVER (1 KG)
ROCKY 3 -OUTDOOR MINIROVER (20 KG)

ROCKY 4 -OUTDOORMICROROVER (25 KG)

OBJECTIVE

Develop remotely piloted science rovers,
covering a size ranging from 1 to 1000 kg,
that can

o Perform scientific exploration

o Identily, acquire, analyze and preserve
science samples

o Deploy science instruments

PARTICIPANTS AND FACILITIES
PARTICIPANTS

. JPL ROBOTICS & AUTOMATION SYSTEMS
JPL ADVANCED INFORMATION SYSTEMS

JPL SPACE MICROELECTRONIC DEVICE
TECHNOLOGY SECTION

. JPL MECH SYSTEMS DEV SECTION
JPL MISSION PROFILE & SEQUENCING SEC
MIT Al LABORATORY

FACILITIES
. JPL ROBOTICS LABORATORY
. U.S. ARMY DISPLAY & CONTROL STATION

SCHEDULE AND FUNDING

89 |90 |91]92[93{94 95

DEVELOP ROBBY

100 METER ROBBY AUTO TRAVERSE
ROCKY SAMPLE ACQUISTION VV
ROBEY SAMPLE ACOUISITION v/

nenmscen:ﬁsws ' ‘7‘7

CONTINUOUS TRAVERSE AND
EXTENDED TESTING

..
[
-
o

JPL FUNDING (SM) 1.5

( OAET

JPL KEY ACCOMPLISHMENTS

OPERATIONS COMMAND LANGUAGE

STRATING SIMPLE BUT ROBUST

(1989 THROUGH JUNE 1991)

. DEVELOPED NAVIGATION TESTBED VEHICLE 'ROBBY’, SEMI-AUTONOMOUS
NAVIGATION (SAN) TECHNOLOGY AND ACHIEVED CONTINUOUS 100 METER
SAN TRAVERSE IN ROUGH, NATURAL TERRAIN

. DEVELOPED A NEW WHEELED VEHICLE MOBILITY CONCEPT THAT HAS
ACHIEVED TWICE THE BUMP PERFORMANCE OF PREVIOUS TECHNOLOGY

. DEVELOPED A ROVER MISSION OPERATIONS SIMULATION CAPABILITY,
PERFORMED TWO SCENARIOS, A SAMPLING SCENARIO AND A SuUB-
SURFACE WATER DISCOVERY SCENARIO AND DEVELOPED A MISSION

. ACHIEVED AN INDOOR EXPLORATION AND SAMPLE GATHERING DEMO-
MICRO-ROVER BEHAVIOR

| JPL/
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OAET OUTLINE voy" )

. GOALS ROVER PROGRAM INCLUDES:
+ SCIENCE ROVERS
- PILOTED ROVERS
BACKGROUND - CONSTRUCTION ROVERS
+ SCIENCE ROVER INTRODUCTION FOCUS OF THE ROVER
PROGRAM AND THIS REVIEW
« OBJECTIVES AND LONG IS THE SCIENCE ROVER
RANGE PLANNING
+  VISION
+ APPROACH

TECHNOLOGY NEEDS
- SCIENCE ROVER ACCOMPLISHMENTS

LEGGED LOCOMOTION AND
AUTONOMOUS WALKING

+ WHEELED LOCOMOTION AND
AUTONOMOUS NAVIGATION

+ MICRO AND MINIROVER TECHNOLOGY

TECHNOLOGY ASSESSMENT STUDY
« SUMMARY

\_ | JPL)

K « PILOTED ROVER ACCOMPLISHMENTS -

NASA PILOTED ROVER ROVER
OAET TECH ASSESSMENT STUDY \
INTRODUCTION

< Performed by Boeing under contract to MSFC

- Purpose to determine technology advancements required for a utllity rover
in support of establishing a lunar surtace habitation facility and expioration base

+ Two types of pilioted rovers; a light unpreasurized vehicle for short range
(local outpost) use and a medium range pressurized sxploration vehicle

SUMMARY OF TECHNOLOGY DEVELOPMENT RECOMMENDATIONS

+ Wheels » Man systems
« Drive Systems + Structures and Mechanisms
« Lubricants and Seals - Radiation Protection
- Shocks/Dampers » Navigation
» Implements - Communications
« ECLSS + EVA
- Electrical Power « Finishes and Coating
+ Thermal Control » System Integration !
k JPL _J
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(" nasa OUTLINE —

ROVER PROGRAM INCLUDES:
+ GOALS - SCIENCE novsnss
. "PILOTED ROVER
. BACKGROUND . CONSTRUCTION ROVERS
QCUS OF THE ROVER
SCIENCE ROVER INTRODUCTION }F'Rg‘(‘;nAM TG THIS REVIEW
. OBJECTIVES AND LONG IS THE SCIENCE ROVEA
RANGE PLANNING
VISION
. APPROACH

. TECHNOLOGY NEEDS
. SCIENCE ROVER ACCOMPLISHMENTS

. LEGGED LOCOMOTION AND
AUTONOMOUS WALKING

. WHEELED LOCOMOTION AND
AUTONOMOUS NAVIGATION

. MICRO AND MINIROVER TECHNOLOGY

. PILOTED ROVER ACCOMPLISHMENTS -
TECHNOLOGY ASSESSMENT STUDY

K . SUMMARY |
— JPL /

(" NasA SUMMARY _——

« The Planetary Rover Program Is Well Advocated and Highly Regarded

. Rover and microrover technologies are “of primary importance . . .

1o the Solar System Exploration Division, Code SL" per Wes Huntress
letter to Greg Reck dated Jan 30, 1991

“From the science standpoint, future pianetary missions (following

the current fiybys and orbiters) will require landers and rovers” per

Dr. Stone (JPL Director) to A. Aldrich (NASA Code R AA) dated Feb 8, 1991
- “Planetary Rover teams at JPL and CMU have made significant progress’

per Aviation Week, March 18, 1991 quote from John Mankins, Code RS ETP
Program Manager

. The Planetary Rover Program is planning exciting new accomplishments for FY 92
including:

- A Robby Science sample acquisition experiment

- Outdoor Ambler operation

. Microrover and minirover sample acquisition experiments

_ T,
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/~ NASA SUMMARY vow )

OAET 20F2

. ROVER TECHNOLOGY PLANS ARE WELL COORDINATED WITH
POTENTIAL ROVER USERS

- JSC PLANET SURFACE SYSTEMS (LED BY BARNEY ROBERTS
AND JOHN CONNOLLY)

- OSSA ADVANCED MISSION STUDIES (LED BY WES HUNTRESS
WITH ERWIN SCHMERLING BEING THE ROVER POC)

- JPL FLIGHT PROJECT OFFICE ADVANCED MISSION
STUDIES (LED BY JOHN BECKMAN)

ROVER SUPPORTS TWO MAJOR NASA OAET THRUSTS
- EXPLORATION
- SCIENCE

. JPL AND CMU ROVER WORK RECEIVING MEDIA ATTENTION
- NUMEROUS TELEVISION NEWSCLIPS
- NUMEROUS MAGAZINE AND NEWSPAPER ARTICLES

. CONCERNED ABOUT THE FATE OF THE ROVER PROGRAM, THE ROVER
TEAM AND THE ROVER EQUIPMENT DUE TO GREATLY REDUCED QR

LACK OF FY 92 FUNDING
k JPL _)
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INFORMATION SCIENCE & HUMAN FACTORS DIVISION

e A T ——— —
BRIEFING
TO THE
SPACE SYSTEMS TECHNOLOGY ADVISORY COMMITTEE
ON

SCIENCE SENSOR TECHNOLOGY

FOR THE
INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

JUNE 26, 1991 DR. MARTIN SOKOLOSKI

OFFICE of AERONAUTICS, EXPLORATION and TECHNOLOGY \
(CODE R)
R
Assoclate Administrator
Arnold Aldrich

RS l R2 l RN ‘ RJ I
Director for Space Nat' | Aerospace Director for
Space Exploration Plane Aeronautics

- Gregory Reck vacant Lee Beach Ceci) Rosen
RF ‘ RM
- B iRy Aerodynamics
R nformation Sciences Louls williams Materials &
and Human Factors Structures
. Lee ftolcomb gamuel venner!

R

RP RX

Propulsion, Power
puls flight Projects
and Cnergy Jack Levine
John Facey (acting)
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SCIENCE SENSING TECHNOLOGY PROGRAM
— e -

- "DURING THE 1990's", ARRAYS OF INFRARED DETECTORS, THE
ABILITY TO BUILD LARGE OPTICAL TELESCOPES, IMPROVED
ANGULAR RESOLUTION AT A VARIETY OF WAVELENGTHS, NEW
ELECTRONIC DETECTORS, "...... WILL MAKE POSSIBLE AN
IMPROVED VIEW OF THE UNIVERSE."

--- ASTRONOMY & ASTROPHYSICS 1991 NATIONAL RESEARCH
COUNCIL, CHAIR JOHN BAHCALL.

. "ADVANCE SENSOR TECHNOLOGY IS ESSENTIAL TO LEADERSHIP
IN SPACE SCIENCE AND APPLICATIONS. THE COMMITTEE
RECOMMENDS EMPHASIS ON FOUR PRINCIPLE .... AREAS:

LARGE APERTURE OPTICAL & QUASI - OPTICAL SYSTEMS.
DETECTION DEVICES AND SYSTEMS.

CRYOGENIC SYSTEMS, AND

IN - SITU ANALYSIS AND SAMPLE RETURN SYSTEMS".

--- SPACE TECHNOLOGY TO MEET FUTURE NEEDS, AERONAUTICS
& SPACE ENGINEERING BOARD, 1987.

6.2491

SCIENCE SENSING TECHNOLOGY PROGRAM
—

OBJECTIVE: .

PROVIDE THE SENSING SYSTEM TECHNOLOGY TO ENABLE THE
REQUIRED SCIENCE SENSING INSTRUMENTATION NECESSARY FOR THE
SPACE SCIENCE AND APPLICATIONS PROGRAMS CONSISTING OF
MISSIONS STUDYING:

+ THE PLANET EARTH

- THE SOLAR - SPACE PHYSICS

« OTHER PLANETS & PLANETARY SYSTEMS
- THE UNIVERSE - ASTROPHYSICS

649
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HIGHEST
PRICRITY

2080 HIGHEST
PRICRITY

3RD HIGHEST
PRICRITY

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

OSSA TECHNOLOGY NEEDS

NEAR TE3M NEED

Sub mm &, wave Sersng
Long Lite Cryd oo s Crvo Sheddng
~igh Energy Deteclors
Sersor Aeavout Eieconcs
Yibrabor 1so1apon T echnogy
Sizart Guet Rehgecator Frearer

Exzeme _ppe: Aimosohecs (nsg Plallorms

High Frame Rala Res YiceoUata Comoress
24:c 4 Meter 10C < Lghtweignt PSR
Sclar Aravsels
Autom aled Siomedical Analysis
Aadiaton Mardenec Parts Deteclors
Long ute tugh Energy Censity Batteres
Real Time Enwanmantal Control
Space Ouaitied Masarslon Clocks
Fiud Duagnosics

Descent Imagmg/Mr BTG/Mn Camera
® Band Transponders
Utra- High Ggabevsec. Telemery
Mine Spacecratt Subsysiems
Real-Time Radavon Morvionng
Soid/Liquid Intertace Charactenzavon
Laser Light Scanenng
High - Temperature Matls for Fumnaces
Fiaid Ponabie Gas Chromatographe
Agv. Furnace Technology

MID-TERM NEED

Long Lle. Stanie. Tunabie Lasers
Solar Probe Mercury Ortrler "hemmal Protect
High Vol .Density Rate Onboara Oata Storage

Interteromerer Specific Technology

Auto Sequencng & CMD Generavon
Ao S C Momionng & Fauil Recovery
32 Gru TWT Opoca Communkanons
Teescance Teleprasence Ant Inteligence
improved VA Suit PLSS (EMU)
Combuston Dewvces

Plasma Wave Anteana Thermai

Regeneratve Lde Support
_ Thermai Congot Sysiem
Non-Conlact Tamp Measurement
3 0 Pachaging for 1MB Sohd Saw Chips
Microtsal Deconlamnaton Methods
Arumnal and Plant Reproducton Ads
Spacsl Purpose Broreacior Senulator Syst
Aaoed SutiecySampie Detvery & Rewm Capatsity

FAR-TERM NEED

Siruciures . arge Controea Cepicyed Ant a
Roboncs
Precison intee ST Ranging Pos.bomng
50 100 Kdowaft lon Propursior \NEP:
<arge Flled Apentures
Paraiet SW Eny lor MooetSTala viseanzatecn

Comouatona Techrigues

SIS 3 Thi Heteroavne Recerver
SET: Detector ecrnoages
Mine Ascent vepcie Lanses Sece eravon
RAachation Shiewding for Ziews
SAAP Probes In Sdu Instr s Peretralars
Human Arahcat Gravity Sysiems
X Ray Lotes Techncogy
Renurmed Sampe Bobarner Anaiysis Tap
+agh Resoultion Specromater

Aytoromous Rendezvous’Samole Xter Landng

Non Desguctve Monitonng Capetity

Low Dnh GyrosTrackerw Acluators

Heal Shield for 16 WTvsec Earth entry

Parnat-Grs- G Mechcal Care Sysems
Dust Protecuorvupiier's Rings

Non Destucuve Cosme Dust Collection

CELSS Suppon Technologes

SPACE SCIENCE TECHNOLOGY PROGRAM

APRIL 20 991
SON 5834

Sensing

Science Observatory
Systems

In Situ
Science

Science

Information

‘AND

ARCHIVING
RETRIEVAL

DATA
VISUALIZATION
AND

ANALYSIS

DIRECT TELESCOPE PROBES AND
DETECTORS 25!#%% PENETRATORS
SuB-
SAMPLE
MILLIMETER | |SENSOR ACQUISITION
ANALYSIS AN
;‘éigTNG SYSTEMS PRESERVATION
COOLERS &
ACTIVE CRYOGENICS
MICROWAVE
PRECISION
PASSIVE INSTRUMENT
MICROWAVE POINTING
SENSOR MICRO-
READOUTS PRECISION
cSsl
OPTO-
ELECTRONICS
SE1-3
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SCIENCE SENSING TECHNOLOGY PROGRAM
ECQ% m——

BASE TECHNOLOGY PROGRAM

N/

FOCUSED PROGRAM

oeggchoTns SUBMVIVLA.\III\éETER LASER cooal:ens
DETECTORS SENSING CRYOGENICS

. PASSIVE ! SENSOR : ACTIVE SENSOR

. MICROWAVE : OPTICAL : MICROWAVE | || ECTRONICS

. SENSING SYSTEM SENSING

6:24/9}

SCIENCE SENSING TECHNOLOGY PROGRAM
BASE PHILOSOPHY

«  MAINTAIN INNOVATIVE R & T TO ENABLE NEW CAPABILITIES IN

FOCUSSED TECHNOLOGY AREAS.

- DEVELOP AND DEMONSTRATE OPTIONS FOR NEW SENSOR

CONCEPTS.

- INDEPENDENT OF USER ENDORSEMENT (TECHNOLOGY PUSH).
« LONG - TERM INVESTMENT, WITH ULTIMATE PROGRAMMATIC

BENEFIT.

+ TASK TURNOVER TO FOCUSSED ELEMENTS WHEN SUCCESSFUL

PROOF - OF - CONCEPT ACHIEVED.

6/24:91




SCIENCE SENSING TECHNOLOGY PROGRAM
.=._=» *Qt’tﬂg?——— —————————

SENSOR BASED PROGRAM

. SENSOR MATERIALS RESEARCH

. INNOVATIVE SENSOR DEVICE RESEARCH

. SENSOR SUPPORT TECHNOLOGY

6:24:91

SENSOR BASE PROGRAM
ON - GOING

. SENSOR MATERIALS
- LASER MATERIALS
- X - RAY AND GAMMA RAY MATERIALS
- DIRECT DETECTOR MATERIALS

INNOVATIVE SENSOR DEVICE RESEARCH

- X - RAY QUANTUM MICRO - CALORIMETER
COSMIC - RAY STRIP DETECTOR
X - RAY AND GAMMA - RAY DETECTORS
IR DETECTORS
DIRECT DETECTORS

. SENSOR AND OPTICAL TECHNOLOGY
- NO ACTIVITY

6/24/91
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X-ray Calorimeters with Superconducting Energy Converters

P
o —

Siheon — /ew”

Tamatum ;.\ * ' }

|

/ | |

l T i

l 4 l ; \ \

J . “ I ;

RN T TR, S 5140 _-frrk./ i L\:\ |
) o] 62 6 < €6 €8

_hannel Energy (kev)

Coinganson of Fa-55 spectrum taken with a calormeter wilh suparconducting Ta absorber(see insel) and a sohd
state detector (curve with markers). The resoiution of the calornimaeter is 30 8V FWHM, 5 imes better than the solid
slate detector. Of this 30 eV, 20 eV 1s due 10 the superconducling absorber. Our goal 1s to reduce this contribution

JPL OAET

Silicon Micromachined Infrared Tunnel Sensor

Uncooled broadband sensor (1 um to 1000 pm)

Order of magnitude improvement in the sensitivity over pyroelectric
detector.

Silicon micromachining used to fabricate all sensor components.

Array compatibility, integration with electronics and low-cost baich
fabrication are feasible.

e

SEt-7
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SENSOR BASE PROGRAM
ACCOMPLISHMENTS

+ SENSOR MATERIALS
- MERCURY ZINC TELLURIDE IR MATERIALS.

- MERCURY IODIDE SINGLE CRYSTALS FOR X - RAY / GAMMA RAY
DETECTORS.

- LASER DIODE MATERIALS.
- SOLID - STATE LASER MATERIALS.
- QUANTUM - WELL / SUPERLATTICE MATERIALS.

- INNOVATIVE SENSOR DEVICE RESEARCH
- LASER INJECTION LOCKING OF ALEXANDRITE LASER.

- X-RAY CALORIMETER WITH SUPERCONDUCTING ENERGY
CONVERTER.

SOLID - STATE PHOTOMULTIPLIED.
IR DETECTOR ARRAY LOW - TEMPERATURE READOUT.
DIODE - PUMPED NEODYMIUM YAG LASER.

- SENSOR AND OPTICAL TECHNOLOGY
- RAMAN FREQUENCY CONVERSION FOR MID - IR LASER.

6.24:91

SENSOR BASE PROGRAM
—

AUGMENTATION

+ SENSOR MATERIALS RESEARCH
- THIN FILMS SEMICONDUCTORS
- OPTICAL MATERIALS
- NANO TECHNOLOGY
- SUPERCONDUCTIVITY

+ INNOVATIVE SENSOR DEVICE RESEARCH
- X-RAY, GAMMA RAY, UV, IR DETECTORS
- HETERODYNE RECEIVERS
- MICROSENSORS
- SPACE ENVIRONMENTAL EFFECTS

« SENSOR AND OPTICAL TECHNOLOGY
- ADVANCED OPTOELECTRONICS
- OPTICS AND MICROWAVE TECHNOLOGY
- ADVANCED METROLOGY AND CALIBRATION

62491
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SCIENCE SENSOR TECHNOLOGY
FOCUSED PROGRAM FUNDING

N CAET——

TECHNOLOGY AREA

FY ‘92

FY'93

FY '94

FY 'S5

FY '96

FY '97

SENSOR MATERIALS
RESEARCH

BASELINE

300

300

300

300

300

300

AUGMENTATION

160

320

480

480

640

INNOVATIVE SENSOR

BASELINE

750

750

750

750

750

750

DEVICE RESEARCH AUGMENTATION - 400 800 1,200 1200 | 1.600
SENSOR SUPPORT BASELINE 450 as0 a50 450 450 450
TECHNOLOGY AUGMENTATION - 240 480 720 720 360
SUB TOTALS BASELINE 1,500 1,500 1,500 1,500 1500 | 1.500
AUGMENTATION — 800 1,600 2,400 2400 | 2.200
TOTALS 3X (AUGMENT) 1,500 2,300 3,100 3,900 3.900 | 4,700
STRATEGIC 1,500 2,500 3,500 4,500 4500. | 5.500
6 2491
SENSOR BASE PROGRAM
(AUGMENTED)

OAET

. SENSOR MATERIALS RESEARCH

- BANDGAP ENGINEERED MATERIALS FOR SENSORS, LASERS,

MICROWAVE DEVICES.

. NOVEL HETEROSTRUCTURE MATERIALS FOR MICROWAVE
DEVICES.

NON - LINEAR OPTICAL MATERIALS.

GUIDED - WAVE MATERIALS AND PROCESSING TECHNIQUES.
NEW - SUBSTRATE MATERIALS AND PROCESSING TECHNIQUES.
. NEW MATERIALS FOR SOLID - STATE LASERS.

ELECTRON BEAM LITHOGRAPHY OF SENSOR COMPONENTS.

. SCANNING TUNNELING MICROSCOPY AND BALLISTIC ELEC TRON
EMISSION SPECTROSCOPY.

gg_%%hggTER SCALE LITHOGRAPHY FOR NOVEL ELECTRONIC

6/24/31
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SENSOR BASE PROGRAM

] (AUGMENTED)
—©) B - _

INNOVATIVE SENSOR DEVICE RESEARCH
- NEWHIGH Z ABSORBERS FOR CALORIMETERS.
- RADIATION HARD X - RAY CCD's.
- RADIATION HARD SUB - ELECTRON READOUT CCD:s.
- HIGH BANDGAP CCD's AND OTHER ARRAYS.
- SMART SENSORS FOR STAR TRACKING.
- SUPERCONDUCTING BOLOMETERS.
- PHOTON COUNTING TECHNOLOGIES.
- HIGH OPERATING TEMPERATURE ARRAYS.
- LOCAL OSCILLATOR WAVE SOURCES.
- MILLIMETER - WAVE SUPERCONDUCTING PHASED ARRAYS.
- PLANAR RECEIVER ARRAYS.

6:24/91

SENSOR BASE PROGRAM

(AUGMENTED)

« SENSOR AND OPTICAL TECHNOLOGY

- ADVANCED LASERS, DETECTORS, AND ELECTRONICS FOR
INTERCONNECTS.

- INTEGRATED TECHNOLOGIES FOR MICROSENSOR
APPLICATIONS.

- FPA SIGNAL PROCESSING AND READOUT TECHNOLOGIES.

- FOCAL - PLANE MICRO - OPTICS AND HOLOGRAPHIC OPTICAL
ELEMENTS.

- BINARY OPTICS.
- PHASE CONJUGATE OPTICS.
- LARGE APERTURE SCANNED ANTENNAS CONCEPTS.

- SUBNANOMETER ACCURACY METROLOGY FOR LONG PATH
LENGTH MEASUREMENTS.

- GRAZING INCIDENCE OPTICS.

624/91
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SCIENCE SENSING TECHNOLOGY PROGRAM

— O

STATE OF THE ART TODAY GOALS
DIRECT DETECTORS '
HIGH PURITY SI AND Ge DETECTORS POSITION SENSITIVITY (1000 X 1000
Hgl DISCRETE DETECTORS ARRAYS

GAMMA RAY : X - RAY

SCINTILLATOR - MICROCHANNEL PLATES | LOW - NOISE PREAMPLIFIERS

UV ! VISIBLE

51 CCD's, MICROCHANNEL PLATES CUSTOM DESIGN CAPABILITY
HIGHER QUANTUM EFFICIENCY
ENHANCED WAVE LENGTH RANGE

PV Hg CdTe,InSD LARGER ARRAY, IMPROVED O
SWIR, MWIR (1 - 5um) SCHOTTKY P1S! HIGHER QE, LOW - NOISE READOUTS
PV OR PC Hg Cd Te 12um LARGER PY ARRAYS 1 »65k
LWIR, ULWIR (5 - 30um) Sl=x 1BC {<12K} 1 =30k
LARGER ARRAYS, LOW - NOISE READOUTS
FIR (30 - 1= um) STRESSED AND UNSTRESSED GE=X ARRAY CAPABILITY (SAME >4000 X 4000}
S1 OR Ge BOLOMETERS {<1K) LOW - NOISE READOUTS _
VERY LOW NEP (RELOW 10 ~ W ™ Mz
PYROELECTRICS, THERMOPILES HIGHER D * (>100K)
BREADBOARD (1 - 1000um) LARGER ARRAYS (UP TO 1000 X 1000)
LARGER & |

62491

SCIENCE SENSING
DIRECT DETECTORS

CAET: —

TECHNOLOGY NEEDS:

EARTH SCIENCE T&EOSL
MPERATURE ~ 65K, =1

OPERATING

00K
NEAR BACKGROUND - LIMITED (BLIP) SENSITIVITY

LARGE ARRAYS

PLANETARY &NEPTUNE / PLUTO, DISCOVERY PROGRAM

OPERATI

G TEMPERATURE (GREATER THAN -~90K)

THERMAL DETECTORS WITH HIGH D, HIGH SANDWIDTH, MODEST ARRAY FORMATS

SPACE PHYSICS (SOLAR PROBE
HIGH SENSITIVITY UV / X - RAY DETECTORS
LARGE ARRAYS [(UP TO ~1000 X 1000)

THERMAL DETECT

ORS WITH HIGH D, HIGH BANDWIDTH, MODEST ARRAY FORMATS

ASTROPHYSICS (SIRTF, SMMM, LDR)
LARGE ARRAYS (SOME 2= 4000 X 4000) 18
LOW - BACKGROUND OPTIMIZATION — NEP BELOW 10 W/VHZ
HIGHER - BACKGROUND OPTIMIZATION — BLIP, WITH FAST READOUTS
CRYOGENIC, LOW - NOISE READOUTS

BENEFITS:
LASER ARRAYS

IMPROVED QUANTUM
OPERATING TEMPERA
JMPROVED MATERIALS / PROCESSING

DRAMATICALLY IMPROVED SCIENCE RETURN

EFFICIENCY AND NOISE
TURE CONSTRAINTS MINIMIZATION

6249
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MILESTONES - DIRECT DETECTORS
e )y — -

ONGOING
+ Hg ZnTe MATERIALS - 93
- Ge BIBFORFIR-'94
- READOUT TECHNOLOGY - '95
« Il - VIMATERIALS - '95
+ InAs nipi SUPERLATTICES FOR LWIR - '95
« MULTIPLE QUANTUM WELLS FOR LWIR - ‘96
+  TUNNEL THERMAL DETECTOR - '96
« STRAINED LAYER SUPERLATTICE FOR LWIR - '97

AUGMENTED
« GAMMA AND X - RAY DETECTORS - '97

» BREADBOARD IR DETECTOR - '97
» UV-VISIBLE DETECTORS - '98

« LWIRDETECTORS - 98

« FAR-IRDETECTORS - '98

« SWIR DETECTORS - '99

624N

ARC

%

- Develop and optimize low-background IR
astronomy focai plane lechnologies

- Improve senstivity, via lower noise and
dark current

- Increase spectral coverage of arrays

ASAMRRAILANRROAED

OAET

- Achieve larger formats (1o 512 x 512)

- Extremely low backgrounds, 10 <1 photorys,
réqQuire exiremaely low noise

- Low temperature operation (2 - 10 K)

- Long integration times (up 0 10's of minutes)

- Long waveiengths (to 1000 um)

- Excellent low-background charactenzation lab - Pioneered proton testing of IR amays

and staff at ARC - Conducted successhul ground-based and airborne
- Strong ties 1o SIRTF user community, and to DoD astronomical demos
- Next-generation readout electronics under - Achweved 50 electrons read noise in Si arrays

development - Measured high responsivity in GaAs far-IR photon
- Leading Si array types being cross-compared for detector

SIRTF

SE1-12 ORIGINAL PAGE IS
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SCIENCE SENSING TECHNOLOGY PROGRAM
b

STATE OF THE ART

TODAY

GOALS

SUBMILLIMETER WAVE DETECTORS

SMMM MIXERS

16 hv/ X%, 200GHz

10hv/k, 400 - 1200 GHz

40hv / k, 500GH2 10% w
SMMM LOCAL OSCILLATORS SOuwse, 700 GHz, SOuw, 400 - 1200 GHz
300 uwe, 492 GHz 10% BW
LDR MIXERS SAME AS ABOVE 16 hv/k, 300 - 3000 GHz
8w T 8D

LOR FOCAL PLANE ARRAY

NONE

2 x 10 ELEMENTS

LDR LOCAL OSCILLATORS

SAME AS ABOVE

10 mwW FOR ARRAYS

SPECTROMETER (GENERIC TO ALL)

500 GHz BW, 1MH2 RESOLUTION

SMMM - 10,000 CHANNELS
EOS - 20000 “~
LDR - 20000 -

SE1-13
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SCIENCE SENSING
SUBMILLIMETER SENSORS

TECHNOLOGY NEEDS:

HETERODYNE RECEIVER IS INSTRUMENT OF CHOICE FOR;
- HIGH SPECTRAL RESOLUTION
- HIGH SENSITIVITY

EARTH REMOTE SENSING APPLICATIONS - EOS MLS
- DISCRETE FREQUENCIES; 640 GHz, 1800 GHz
- OPTIMIZED FOR MODERATE BACKGROUND
- SENSITIVITY AVAILABLE AT 640 GHz, BUT NOT AT 1800 GHz
- RELIABILITY FOR S5 - 10 YEAR MISSION
- PASSIVELY COOLED OPERATION (80 - 130K)

ASTROPHYSICS APPLICATIONS - SMIM, LDR, LUNAR INTERFEROMETER
- CONTINUOUS FREQUENCY COVERAGE FROM 400 TO 1200 GHz
- OPTIMIZED FOR BEST SENSITIVITY (LOW BACKGROUND)
- LOCAL OSCILLATORS
- CONDUCTING MIXERS AND FOCAL PLANE ARRAYS
- RELIABILITY FOR 1 -2 YEAR MISSION
- CRYOGENIC OPERATION (4K)

BENEFITS:
+ PUSHING TECHNOLOGY TO FREQUENCIES
- NEAR TERM EMPHASIS TO 1200 GHz
- FAR TERM EMPHASIS TO 3000 GHz
+ IMPROVED SENSITIVITY AN ORDER OF MAGNITUDE
+ DEVELOPING A VIABLE ARRAY TECHNOLOGY

+ DEVELOPING SPACE QUALIFIABLE COMPONENTS
RELIABLE, LOW POWER CONSUMPTION, COMPACT

6:24/91

MILESTONES - SUBMILLIMETER WAVE DETECTORS

ONGOING

ASTROPHYSICS EARTH REMOTE SENSING

. BASELINE MIXERS - ‘9§ + BASELINE MIXER - ‘94

. NOVEL LOCAL OSCILLATORS - ‘95 . ADVANCED MIXER & LO'S - '96

. SPECTROMETERS - ‘95

- FOCAL PLANE ARRAYS - '95 SPACE PHYSICS

. BASELINE LOCAL OSCILLATORS - '96 « ADVANCED IR RECEIVERS - '97
AUGMENTED

* HETERODYNE - 96

* ASTRO ARRAYS - '96

* ASTRO MIXERS AND LO's - '97
« EARTH SENSING - 97

» SPECTROMETER - 98

6/24/81
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SCIENCE SENSING

LASER SENSING

TECHNOLOGY NEEDS:

EARTH PLANETARY REMOTE SENSING APPLICATIONS (EOS)
. EYE - SAFE DOPPLER LASER (LAWS) / SPACE QUALIFIABLE
- EYE - SAFE DIAL (LASAR) / SPACE QUALIFIABLE
. RANGE / ALTIMETER LASERS (GLRS) (PLANETARY MOLAR)
- IN-SITU LASERS

BENEFITS:

TERRESTRIAL AND PLANETARY SCIENCE INSTRUMENTS TO
MEASURE:

- WIND SPEED

- PRESSURE / TEMPERATURE

- GREENHOUSE GASES

- TRACE SPECIES: 03, C/

- TECTONIC PLATE MOVEMENT

- ICE - PACK MOVEMENT

METROLOGY FOR SPACE VLBI

6/24/91
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SPACE QUALIFICATION

-~ ISSUES -

WALL PLUG
EFFICIENCY

+ LIFETIME
« RELIABILITY / STABILITY
+ GRACEFUL DEGRADATION
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MILESTONES - LASER SENSING

ONGOING
- STREAK TUBE RECEIVER - '93 :
+ PROTOTYPE CO, LASER TRANSMITTER FOR LAWS - '93
« PROTOTYPE 2 MICRON - LASER - '94
« Ti- SAPPHIRE PULSE LASERS - '95
« TUNABLE SOLID - STATE LASER MATERIALS - '95
- OPTICAL PARAMETRIC OSCILLATOR MATERIALS - '95
- SEMICONDUCTOR DIODE LASER PUMPS - '96
+ RING LASER MASTER OSCILLATOR - '97

AUGMENTE
« HIGH - POWER LASER DIODE PUMP ARRAY - '95

» SOLID - STATE DOPPLER LIDR DEMO - '96

» BREADBOARD NEAR - IR SYSTEMS DEMO - '95

+ BREADBOARD MID - IR SYSTEM DEMO - ‘97

« ENGINEERING MODEL OF >100 mJ 1KHz ALTIMETER - '98

672491
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REQUIREMENT

ENERGY PER PULSE
PULSE LENGTH
REPETITION RATE
CHIRP

SANDWIDTH

BEAM QUALITY
EFFICIENCY (WALL PLUG)
LIFETIME

MASS

OTHER

CONCEPT WAVELENGTH |

9.1um
1020V

3 psec
10 pps
«200 kiHz

SINGLE
FREQUENCY

NEARD.L.
5%

10 SHOTS
<150 kg

MOTIVATION

SNR

RANGE/VEL. RESOLUTION
COVERAGE

VEL. RESOLUTION

VEL. RESOLUTION

SYSTEM EFFICIENCY
PRIME POWER

MISSION DURATION
PLATFORM ACCOMMOD.
SPATIAL COHERENCE

SE1-18
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LASER CONCEPTS SUMMARY

C

| =
C02 i
ITEM A
AT

PULSE ENERGY > 10J DEMONSTRATED
PRIME ENERGY ALL SOLID STATE PULSE

POWER IN EXISTENCE
PULSE REPETITION RATE DEMONSTRATED
(at REQD. ENERQY)
COHERENCE DEMONSTRATED
WALL PLUG EFFICIENCY 6-8%
(>5%)
LIFETIME 1028 COMMERCIALLY
FREQUENCY STABILITY DEMONSTRATED
EYE SAFETY EYE SAFE

OOLERS & CRYOGENICS

TECHNOLOGY NEEDS:

* THE COOLERS AND CRYOGENICS TECHNOLOGY PROGRAM WILL SUPPORT THE FULL RANGE OF
SPACE SCIENCE INSTRUMENT COOLING AND CRYOGENIC TECHNOLOGY NEEDS, INCLUDING:
- EARTH OBSERVING SYSTEM INFRARED INSTRUMENTS REQUIRE LOW VIBRATION 30 TO 65 K

COOLERS

- EOS AND GEOPLATFORM INSTRUMENTS

+ HUBBLE SPACE TELESCOPE (HST) REPLACEMENT INSTRUMENT AND HST FOLLOW - ON REQUIRE
10 TO 80 K VIBRATION - FREE COOLERS

- HST, LTT, NGST, ST - NG, IMAGING INTERFEROMETER

+ SUBMILLIMETER, LWIR AND X - RAY ASTROPHYSICS MISSION REQUIRE LONG - LIFE2-5K LOW -
VIBRATION COOLERS

+ SMMM, LDR, SMILS, SMMI, AXAF

BENEFITS:

+ DEVELOP AND DEMONSTRATE A LONG LIFETIME 30K STIRUING CYCLE COOLER (GSFC)
- FOCUSED PROGRAM TO PROVIDE 30K COOLER FOR EOS -8 INSTRUMENTS
- BAASSBOARD COOLER WILL DEMONSTRATE 5 YEAR LIFETIME, LOW VIBRATION (LESS THAN 0.05
POUND FORCE), 300 MW OF COOLING POWER AT 30K, HIGH EFFICIENCY (LESS THAN 75 WATT
INPUT POWER) AND EASE OF INTEGRATION
» FLIGHT OF A 85K STIRLING COOLER (JPL)
- DEMONSTRATE LOW VIBRATION OPERATION IN SPACE
- DEMONSTRATE SOLUTIONS FOR COOLER TO INSTRUMENT INTERFACE ISSUES

* MAINTAIN LOW LEVEL FO R & D ON ADVANCED COOLER CONCEPTS

- DEVELOP COOLER

- DEVELOP SUB - KELVIN REFRIGERATION

TECHNOLOGY TO PROVIDE NEXT GENERATION COOLERS

624N
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MILESTONES - COOLERS AND CRYOGENICS
— A —

ONGOING
. LONG - LIFE 36K STIRLING CYCLE COOLER - '96
«  FLIGHT OF 65K STIRLING COOLER - '96
. SUBKELVIN DILUTION REFRIGERATION - '97
. ADVANCED PASSIVE COOLER - '97
.  MAGNETIC COOLER CONCEPTS - '01

AUGMENTED
. PULSE - TUBE AND ADVANCED PASSIVE COOLERS - '99
. 2-5KLONG LIFE MECHANICAL REFRIGERATION - 02
. LONG LIFE VIBRATION - FREE COOLER DEVELOPMENT - 05

6:24:91

STIRLING COOLER CHARACTERIZATION RESEARCH

OBJECTIVE: Develop the technology base ADVANCED JPL INSTRUMENTATION
required to ulllize Stirling cooclers in sensitive HAS IDENTIFIED IMPROVED COOLER

sclence instruments THERMAL PERFORMANCE

APPROACH: Research the fundamentsl physies
underlying cooler performance
+ Vibration and EMI
e Lifetime and Reliability
¢ Thermal Performance

PROGRESS: Pathfinder experiments with JPL's
BAe Stirling-cycle cooler have resuited In
much improved understanding of the cocler’s
thermal and vibration performance

JPL TESTING HAS QUANTIFIED THE EXISTENCE OF STRONG
COOLER VIBRATION AT FREQUENCIES UP TO 390

S v AL -W..I 1 P =—

. vmmhoﬁ TEST SETUP VIBRATION PASOUENGY, Ne NEAT LOAD, mw

.. v
PR
MR
. g.-.._mw“..._“._-u.&‘
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SCIENCE SENSING TECHNOLOGY PROGRAM

3@&% S— —
LIFETIME <1YR. > 10 YR. . > 10 YR.
NEED DATA FLOWN 2000 2000
EOS SAR TOPOGRAPH RAIN RADAR
ACTIVE MICROWAVE SENSING RACKOR (GEO)
ANTENNA SIZE 12mx4m 16x4m 2-55x04m 10mdia.
frequency 1.3,5.3,9.6 GHz 1.3,5.3,9.6 GHz 35 GHz 35, 94 GHz
Antenna structure Aluminum Composite Composite Composite
surtace accuracy 0.5cm 05cm 0.1cm 03cm
Antenna mass 75kg/m’ <2ﬂl(g/m2 <5kg;;/m2 <H(g/m2
Peak power 9 kw > 10 kw > 0.5 kw > 2 kw
Cailbration error -2-3dB «<1.5d8B, 10°rms <148, 3°rms <05db
approximate need date — 1996 1998 1999
6/24/91
SCIENCE SENSING

__ACTIVE MICROWAVE SENSORS

TECHNOLOGY NEEDS:

+ THE ACTIVE MICROWAVE SENSORS TECHNOLOGY PROGRAM WILL SUPPORT THE
FULL RANGE OF SPACE RADAR SCIENCE INSTRUMENT TECHNOLOGY NEEDS,
INCLUDING:

+ EARTH OBSERVING SYSTEMS (EOS)
- EOS SYNTHETIC APERTURE RADAR (L-, C-, X- BRANDS, POLARIZATION)
- EOS SCATTEROMETER (SCANSCT)
« TOPOGRAPHICAL MISSIONS
- TOPSAT RADAR ALTIMETER (Ka - BAND INTERFEROMETER)
+ METEOROLOGICAL RADAR MISSIONS
- RAIN RADAR (X-, Ka BAND, LEO)
- GEOSTRATIONARY RAIN RADAR (Ka, W BAND)
« ADVANCED PLANETARY RADAR MAPPERS
- LUNAR SOUNDERS (< P - BAND), MARS LANDER (Ka - BAND?)

BENEFITS:

+ THIS EFFORT WILL LEAD TO THE DEVELOPMENT OF LIGHT , CONFORMAL ARRAY
DESIGNS UT!!l  'NG MMIC TRANSMIT / RECEIVE MODULES OPERATING BETWEEN 0.5 -
90 GHz AND | OVED FLEXIBILITY WITH ADVANCED DIGITAL CORRELATORS
INCORPORAT ... HIGH THROUGHPUT, PRECISION AND IMPROVED FLEXIBILITY WITH
ADVANCED POLARIMETRY AND SCANSAR ALGORITHMS.

624N
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MILESTONE ACTIVE MICROWAVE SENSING

_G‘ J— JS——

ONGOING

AUGMENTED
. 1-10GHz MMIC ARRAYS - '95
. ASI C DIGITAL SYSTEM - 96
. 35 GHz COMPONENTS AND ARRAYS DEVELOPMENT - '97
. CALIBRATION SUBSYSTEMS - 98
. 94 GHz COMPONENTS AND ARRAY DEVELOPMENT - 01

6,24/91

ADVANCED RADAR TECHNOLOGY
JPL  EOS SAR ANTENNA TECHNOLOGY

MMIC
DEVELOPMENT

2 PR b .
SIR-C L-BAND PANEL i SR YA
LIGHT . ' €08 SAR DEMO ON
LARGE WEIGNHT : \ SIR-C FLIGHT

ARRAY STRUCTURE -r )
DESIGNS P PR v
. . .P
ARRAY |}— h
DEPLOYMENT ' = O
MECHANISMS PROTOTYPE STRUCTURE

JCC-10
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SCIENCE SENSING TECHNOLOGY PROGRAM

% —— e ———— ——
LIFETIME <1YR. >10YR., . > 10 YR.
NEED DATA FLOWN 2000 2000

EOS SAR TOPOGRAPH RAIN RADAR
SENSOR ELECTRONICS RACKOR (GEQ)
Low - temperature operation 15 k using CMOS 24k
Low read noise 3 -5 electron rms in CCD's 30 1 electron rms

electron rms In IR switch array

munets
Large array size 256 x 256 (IR), 2048 x 2048 (CCD)| 10%x 104
High throughput 0.01 pixeis /s > 100 FPS
Low - powaer VHSIC 10014 051
Array buttabllity 3 sides 4 sides
62491
SCIENCE SENSING

SENSOR ELECTRONICS

TECHNOLOGY NEEDS:

+ EARTH SCIENCE (EOS) AND ASTROPHYSICS (SIRTF, LDR)
- CYROGENIC OPERATION (2 - 4K)
- SUBELEMENT NOISE (I ELECTRON - RMS)
- HIGH THROUGHPUT (> 100 FPS)
- LOW POWER CONSUMPYION (0.5 1J)
- LARGE ARRAY SIZE (10 X 10 )

BENEFITS:

+ INCREASED ELECTRONICS INTEGRATION

LOW - NOISE CRYOGENICS DEVICES FOR IR FPA READOUT
LARGE FORMAT MOSAIC PACKAGING

LESS COMPLEXITY

6/24/91
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MILESTONES - SENSOR ELECTRONICS

ONGOING

AUGMENTED

LOW - POWER VHSIC - '96

SUB - ELECTRON READ NOISE - '97
ADVANCED PACKAGING AND INTERFACES - 00
CRYOGENIC READOUT ELECTRONICS - ‘01
ADVANCED READOUT ARCHITECTURE - ‘02

Ames - IMPROVED LOW-TEMPERATURE READOUT
Research Center ELECTRONICS FOR IR DETECTOR ARRAYS

6:24/91
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SCIENCE SENSING TECHNOLOGY PROGRAM
—_—Mz:

LIFETIME «<1YR. >10 YR, . > 10 YR.
NEED DATA FLOWN 2000 2000

EOS SAR TOPOGRAPH RAIN RADAR
PASSIVE MICROWAVE SENSING RACKOR (GEQ)

Preclision membrain reflector

antenna:

Diameter 15m Om
Frequency uplo 12GHz $-50 GHz
Low - noise amplifiers (freq) 118 GHz up to 220 GHz
Low loss MMIC components 118 GHz 10- 220 GHz
Synthetic aperture radiometry L - band 1-6GHz
Precision membrain deflector <40 GHa 10-220GHz

sntenna technology

SCIENCE SENSING

PASSIVE MICROWAVE SENSING
QAT =

TECHNOLOGY NEEDS:

« EARTH OBSERVING SYSTEM (EOS) PASSIVE MICROWAVE SENSORS
- ADVANCED EOS - B MULTIFREQUENCY IMAGING MICROWAVE

RADIOMETER MIMw
- ADVANCED MICROWAVE LIMB SOUNDER

» GEOSTATIONARY PLATFORM
- LOW FREQUENCY RADIOMETER ((6 - 60 GHzl_l
- HIGH FREQUENCY RADIOMETER (60 - 220 GHz)

« SUBMILLIMETER MODERATE MISSION
- ACOUSTO - OPTICAL OR DIGITAL SPECTROMETER

BENEFITS:

« EXTENDED MEASUREMENT TO:
- DEVELOP IN-SPACE CALIBRATION METHODOLOGY
- IMPROVE RADIOMETER FRONG-END SENSITIVITIES

« IMPROVED ACCURACY OF MEASUREMENTS

- DEVELOP IN-SPACE CALIBRATION METHODOLOGY
- IMPROVED RADIOMETER FRONT-END SENSITIVITIES

6/24/91

SE1-26



MILESTONES - PASSIVE MICROWAVE SENSING

G /‘

ONGOING

AUGMENTED

——

. LARGE APERTURE RADIOMETER (HIGH FREQUENCY) - 97
. SYNTHETIC APERTURE RADAR (LEO) - '99

. SYNTHETIC APERTURE RADAR (GEO) - '99

. LARGE APERTURE RADIOMETER (LOW FREQUENCY) - '02
« SENSOR MATERIALS AND PROCESSING - ‘05

. INNOVATIVE AND PROCESSING - '05

. SENSOR SUPPORT TECHNOLOGY - 05

6:24/91

SCIENCE SENSING TECHNOLOGY PROGRAM

OAET

LIFETIME <1YR. > 10 YR. > 10 YR.
NEED DATA FLOWN 2000 2000
EOS SAR TOPOGRAPH RAIN RADAR
SENSOR OPTICAL SYSTEM RACKOR (GEO)
Modelling / analysis Inadequate stray light, defraction, snalysis
Metrology at nanometer laset > nanometer level nanometer level and below
Sensor optics components Inadequate advanced gratings, fliters, binary and
holographic, phase conjugate optics, fiber optics
Calibration changes long - term stability In filght

SE1-27
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SCIENCE SENSING

SENSOR OPTICAL SYSTEMS
=@f\%———* —

TECHNOLOGY NEEDS:

» THE OPTICAL SENSOR RESEARCH PROGRAM WILL SUPPORY NEEDS OF THE FULL RANGE OF SPACE
SCIENCE OPTICAL SENSOR NEEDS IN ALL PARTS OF THE SPECTRUM FROM HARD X - RAY TO 1 MM

ASTROPHYSICS
- AXAF, SIRTF, FUSE, SOFIA, AIM.....
EARTH SCIENCE
- EOS
PLANETARY SCIENCE
- TOPS
SOLAR PHYSICS
- OsL

BENEFITS:

TECHNOLOGY ENABLES:
+ FULL ACCESS TO THE ELECTROMAGNETIC SPECTRUM
+ ORDER(s) OF MAGNITUDE IMPROVEMENT IN SENSITIVITY, SPATIAL AND SPECTRAL
RESOLUTION, DYNAMIC RANGE
+ LONG - TERM RADIOMETER STABIUTY

TECHNOLOGY DEVELOPMENT APPROACH UTILITIES:
+ BASE PROGRAM FOR LONG TERM SUSTAINED, ADVANCED DEVELOPMENT
+ ADVANCES STATE - OF - THE - ART IN OPTICAL MODELING, FABRICATION, MATERIALS
CHARACTERIZATION, ASSEMBLY AND TEST
6/24/91

MILESTONES - SENSOR OPTICAL SYSTEMS

ONGOI

AUGMENTED
* INTERFEROMETER BEAM COMBINERS - '98

« STRAY LIGHT - '03

« TUNABLE FILTERS - '04

» INNOVATIVE OPTICS - '04

* INSTRUMENT METROLOGY - 04
* GRATING - 05

* OPTICAL COMPONENTS - '05

6/24/91
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SCIENCE SENSING TECHNOLOGY
OTHER EFFORTS/ACTIVITIES

% M — —t S —————

NASA/OSSA
NASA/SBIR
DoD

DARPA

SDIO

ESA

NOAA

NSF
UNIVERSITIES
INDUSTRY

6/24/31

SCIENCE SENSING TECHNOLOGY
INTERACTIVE ACTIVITIES

GAET:
NASA SENSOR WORKING SPACE GROUP
NASA,OAET,0SSA,DOD,DOE,NIST

ADVISORY GROUP ON ELECTRON DEVICES
NASA,DOD

. AF/NASA SPACE TECHNOLOGY INDEPENDENT GROUP
NAS, DOD (AF)

- INTELLIGENCE COUNCIL
NASA,CIA

62491
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SCIENCE SENSOR TECHNOLOGY
FOCUSED PROGRAM FUNDING

M

TECHNOLOGY AREA FY '82 FY '93 FY '94 FY '95 FY ‘98 FY ‘97
DINECT DETECTORS DASELINE 8.2 5.8 6.1 3.0 .7 28
AUGMENTATION - 2.8 a6 7.9 73 7.3
SUBMILLIMETER WAVE | BASEUINE 1.3 1.4 1.5 0.7 0.6 0.6
DETECTORS AUGMENTATION - 56 8.1 71 177 7.8
LASER SENSING BASELINE 3.2 36 38 1.9 1.8 1.9
AUGMENTATION - 5.0 58 8.9 9.2 12.4
COOLERS AND BASELINE 38 4.3 4.5 2.2 20 21
CRYOGENICS AUGMENTATION - 4.2 5.4 7.9 8.3 10.6
ACTIVE MICROWAVE BASELINE - - - - - -
SENSING AUGMENTATION -— 1.3 1.7 20 2.0 43
SENSOR SASELINE - - - - - -
ELECTRONICS AUGMENTATION -— 1.5 2.7 3.4 4.1 6.0
SENSOR OPTICS * BASELING - - - - —_ -
AUGMENTATION - - - 5.0 9.4 135
PASSIVE MICROWAVE * | BASELINE - - - - - -
SENSING AUGMENTATION - 40 10 120 16.0 165
TOTALS 3X (AUGMENT) 3 g 35.5 o g 45.0 457 358
STRATEGIC 0 458 6.8 ns 85.9 928
* STRATEGIC PROGRAM 2491
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SCIENCE=

INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

DIRECT DETECTOR PROJECT SUMMARY

SCIENCE SENSING PIE’IOGFIAM AREA
OF TH
SPACE SCIENCE TECHNOLOGY PROGRAM

June 26, 1991

Office Of Aeronautics, Exploration And Technology
National Aeronautics And Space Administration

Washinglon, D.C. 20546

f

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

Mi

TECHNOLOGY NEEDS

BEING AT THE "HEART OF THE SYSTEM", THE PERFORMANCE OF DIRECT
DETECTORS IS CRITICAL TO NASA SCIENCE MISSIONS (Earth Science,
Il'\qsérl?p[!)\\ésics, Planetary, Space Physics). KEY TECHNOLOGY NEEDS

UDE:

-GAMMA- AND X-RAY
Positlion sensitivity (l.e., arrays)
improved energy resolution
Low-noise preamplifiers

Iimproved quantum efficiency
Extended spectral coverage
Custom CCD production capability

+INFRARED
Larger arrays
Higher operating temperature (e.g., > 65 K)
improved quantum efficlency
Lower noise
Improved broadband detectors

SE2-1



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

TECHNOLOGY CHALLENGES/APPROACH

-TECHNOLOGY DEVELOPMENT CHALLENGES

-PRODUCE LARGER ARRAYS, WITH SMALLER PIXELS

-INCREASE OPERATING TEMPERATURE; PRESERVE/IMPROVE SENSITIVITY
-ACHIEVE LONG-TERM STABILITY

-IMPROVE RADIATION HARDNESS OF DETECTOR ARRAYS
-TECHNOLOGY DEVELOPMENT APPROACHES

-PURSUE PARALLEL DEVELOPMENT THRUSTS
REFINE AND OPTIMIZE PRESENTLY-EMERGING TECHNOLOGIES (e.g., Rag HPGe
for high-energy; InSb for SWIR; CCDs for UV/VIS/NIR)
-DEVELOP INNOVATIVE CONCEPTS (e.g., new bandgap-engineered detectors,
solid state drift chamber)

-IMPROVE MATERIAL PROPERTIES (e.g., purlty, size, lifetime, crystallinity, surface

passivation)

-EXPLOIT LATEST FABRICATION TECHNIQUES (MBE, MOCVD, LPE)

-THOROUGHLY CHARACTERIZE, AND CONDUCT EARLY DEMOS OF, PROTOTYPES

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

STATE-

DIRECT DETECTORS
F-THE-

MEN

Spectral Band

Existing Technology

Status/Limitations

Gamma- and X-ray

Discrete detectors
-High-purity Ge and Si
-Mercuric iodide (Hglo )
-Proportional counters
Scintillator-microchannel plates

No imaging capability
Low quantum efficiency
Limited energy resolution
Smaill detector size

Limited QE

Limited spectral coverage
No solar rejection

R

UV and visible Si CCDs (22048 x 2048)
Microchannel plates (>1024
x 1024)
SWIR (1-5 um) HgCdTe and InSb arrays (256x 256)

P1Si Schottky diode arrays (512x512)

Limited array size
Low quantum efficiency

Low temperature required

LWIR (5-30 pm)

HgCdTe to ~15 um
Si:As IBC arrays (128 x 128) for
T<12 K

Limited spectrai response
Low temperature required
Low yleld

Far TR (30-1000 um)

Discrete bolometer arrays
Bulk Ge:x photoconductors

No Integrated arrays

Poor QE

No mux'ing for bolometers
Radiation susceptibility

Broadband {1-1000 pm)

Pyroelectrics
Thermopiles

Poor QE
Poor frequency response
Small discrete arrays

SE2-2




SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

CURRENT PROGRAM
.DEVELOP INFRARED ARRAY TECHNOLOGY FOR SPACE ASTROPHYSICS (ARC)

-256 x 256 InSb arrays

.10 x 50 Si:x impurity band conduction arrays; discrete SSPMs
-Ge:x (incl. Ge:x IBC) and GaAs far-IR detectors

.Low-T readouts {Si MOSFETs for <10 K)

.DEVELOP HIGH-ENERGY DETECTOR CONCEPTS FOR ASTROPHYSICS AND SPACE PHYSICS
(GSFC)

-Microcatorimeter/Far-IR bolometer (0.1 kelvin)
-Cosmic ray strip detectors
-Hgl, detectors

.DEVELOP ADVANCED DETECTORS FOR PLANETARY, EARTH SCIENCE, AND ASTROPHYSICS
MISSIONS (JPL)

-Multiple quantum well arrays (e.g., GaAs/AlGaAs) for MWIR/LWIR
-Superlattices: Strained-layer; InAs nipi for LWIR

-Heterojunction internal Photoemission {(HIP) detectors

-Ge:Ga IBC detectors

.DEVELOP ALTERNATIVES TO HgCdTe FOR INFRARED EARTH SCIENCE SENSING (LaRC)

-HgZnTe PC array (18 ym cutoff at 65 K) (270 x 1 elements)
-1l-Vi Materials and Device Analysis

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

__—____—____-_-___——_g_-—————_————————-_——_———_—_—__——_——
AUGMENTED PROGRAM

sINITIATE gHOADLY-BASED PROGRAM IN GAMMA- AND X-RAY DETECTOR TECHNOLOGY,
INCLUDIN :

.Position-sensitive arrays (high-purity Ge, advanced x-ray CCDs, gas/iquid/solid interaction
chambers)

-Advanced cryogenic calorimeters

-High-Z scintiliator and APD system

.GREATLY EXPAND AND STRENGTHEN PROGRAM TO ADDRESS CHALLENGING PROBLEMS IN
LWIR AND FAR IR

-Optimized PV material development; bandgap engineered devices for higher Ts
-Novel photon counting devices

-Larger array formats; novel dopants for 1BC

-MBE and MOCVD engineered multispectral band arrays

.INITIATE RESEARCH TO ADVANCE STATE-OF-THE-ART IN BROADBAND iR DETECTORS,
INCLUDING

-Advanced pyroelectric concepts for T = ~100 K
-Optimized tunneling Golay cell concepts
-High-T~ superconducting bolometers
.SUPPORT ADVANCEMENTS OF TECHNOLOGY BASE IN UV AND VISIBLE, INCLUDING

-Advanced CCDs (incl. "solar blind", larger, & enhanced spectral response) or alternatives
-Microchannel plates/micromachined Si

SE2-3
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PACE ZCIENCE TECHNOLSGY

DIRECT DETECTORS

SCIENCE SENSING

EOCUSSED TECHNOLOGY PERFORMANCE OBJECTIVES

Example |

High-Energy Detector (Imaging X-ray Spectrometer)

| ™MiSSiON REQUIREMENT |

CURRENT SOA

REQUIRED CAPABILITY |

Energy Resn (FwHM) (eV) 75 20
Useable Range (kev) 04 -4 025 -10
Dimenstons (mm2) 75x 75 30 x 30
Reagout Noise (e} t.S W0S

Effecttve Pixel Size (um) 30 x 30 SxS
Radfatton Resistance Low >1S krads

SPACE SCIENCE TECHNOLOGY. SCIENCE SENSING

DIRECT DETECTORS

EOCUSSED TECHNOLOGY PERFORMANCE OBJECT(VES

Example 2:

UV-Visible Detector (S| CCD Array for NGST)

|  MISSION REQUIREMENT

|

CURRENT SOA

]

REQUIRED CAPABILITY

215,000 x 15,000

Array Size 800 x 80O (WF/PC 1)

QE (0.1 - 0.4 um) (R) >15 >80

QE (0.4 - | um) (%) >15 >80
weil Capacity (e”) 3x 104 1 x 105

Pixel Size (um) 15 S
Visible Blindness <10-4 <10-9

Read Nolse (e”) 10 0.1

Operating Temp (°C) -95 20

No Buttable for 2-d mosaic

Mosaic Capabllity

SE24



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

FOCUSSED TECHNOLOGY PERFORMANCE OBJECTIVES

Example 3: Infrared Detector (Ge:Ga IBC Array)

MISSION REQUIREMENT

CURRENT SOA

REQUIRED CAPABILITY

Detector Type

Ge:Ga bulk photoconductor

Ge:Ga IBC array

Spectral Range (um)

60-120

35-200

Array Format

1103 x32

32x32

Array Type Stacked linear modules Planar, integrated
Operating Temperature (K) 2 2

Readout Temperature (K) 225 2

Noise Equivalent Power 2x10-18 2x10-19

(W Hz); 1 s integration

Quantum Efficiency (%) 5 240

Radiation Susceptibility High Low

SCIENCE SENSOR TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

TECHNOLOGY ROADMAP/SCHEDULE

Three Examples

KEY ACTIVITIES (1991

1992

1993|1994 | 19951996 | 1997 | 1998

1999

2000| 2001| 2002} 2003 2004 {2005

[Nuclear Astrophysics Explorer |

!

Program Offices

SE
St
SS
¥4

Focused R&T

Gamma- and
x-ray

UV-visible

SWIR

LWIR

Far IR

Broadband IR

\__________/
R&T Base

Advanced
Detector
Research

I

User Community

Lunar Transit Telescope

Padicipation &

Oversight L

Large-volume, high-sensitivity Ge spgctrorpeter
[cimm resn_J/ \Jcompldte igw-bkgmd detectdr assembly

uv-optimized “solar-blind” CCD arra
oo AL —geme—] -

New LWIR options for >65 K oparation

[ _Nexi Gen ST

L Eos Program ]

[ proof {paraliel) 1/\[amay teasy\ demo

Options / Innovations

Continuing Hesoarct;\iﬁ Continuing Research l

Continuing Research
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

OTHER DEVELOPMENT EFFORTS

GAMMA- AND X-RAY
-Microcalorimeters (0.1 K) and CCDs (500 x 500) for AXAF
-Concept study —~ stacked Si(Ll) detectors
-Position sensitive HPGe study

:UV and VISIB
-Si CCDs for HST Il/STIS (2048 x 2048)

-High-gain microchannel plates (12 um channels)

:SWIR"
-256 x 256 InSb for SIRTF (~10 K)
-256 x 256 HgCdTe for HST II/NICMOS (lc =25 um)

LWIR
-128 x 128 Si:As IBC arrays for SIRTF (low-background)

FARIR
-Stressed Ge:Ga arrays (to 4 x 16) for SIRTF
-Semiconducting and superconducting bolometer concepts

+BROADBAND IR

-Concept studies —~ tunneling Golay cells and pyroelectrics

3

... and a handful of SBIR Phase 1 and Phase 2 projects
*DoD work partially applicable

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS
ER (Non- EFFORTS
-DOE support of High-purity Ge and Hgl, for umg;m[umg_dgmmn
UV and VISIBLE

-Modest NSF support for optical CCD arrays for ground-based astronomy
SWIR

-DoD supports HgCdTe; PtSi Schottky; InSb development
-Primarily for higher-backgrounds and rapid scan rates

LWIR
-DoD supports HgCdTe; AlGaAs/GaAs multiquantum well; InAsSb strained layer superlattice;

Si:As IBC; many others
-Primarily for higher-backgrounds and rapid scan rates

FARIR
-None
+BROADBAND IR

-Very limited DoD work on pyroelectrics and thermal detectors

SE2-6



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

PRELIMINARY FY 93 AUGMENTATION PRIORITIZATION:
Focused Program

«LWIR and Far IR
.Gamma- and X-ray
.Broadband IR

<UV-Visible

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
DIRECT DETECTORS

w
FLIGHT EXPERIMENTS

(None)
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

%——
OUT-YEAR FUNDING (Ongoing/Augmentation) ($M)

Subelements | Fvs2 | o3 94 95 | 96 97 | Total
A. Gamma - and X-ray 0.2 0.3 0.4 0.2 0.2 0.2 1.5
B. UV and visible 0

C. SWIR 0.3 0.3 0.4 0.2 0.1 0.2 1.5
D.LWIR 3.2 37 3.7 1.6 1.6 1.6 15.4
E. Far IR 1.5 15 16 1.0 0.8 0.8 7.2
F. Broadband IR 0
Ongoing - Subtotal | 52 | 58 | 61 | 30 | 27 [ 28 [ 256
A. Gamma- and X-ray 0.9 1.0 2.0 2.0 2.0 7.9
B. UV and visible 0.2 0.4 1.1 1.0 1.0 3.7
C. SWIR 0.1 0.3 0.8 0.7 0.7 26
D. LWIR 0.8 0.8 2.1 1.7 1.7 7.2
E. Far IR 0.5 0.6 1.1 1.1 1.1 4.4
F. Broadband IR 0.3 0.4 0.8 0.8 0.8 3.1
Augmention-Subtotal | o | 28 | 36 | 78 | 73 | 73 | 289
Total 5.2 8.6 9.7 10.9 10.0 10.1 54.5
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SCIENCE —

INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

SUBMILLIMETER SENSORS
PROJECT SUMMARY

SCIENCE SENSING PROGRAM AREA
OF THE
SPACE SCIENCE TECHNOLOGY PROGRAM

JUNE 26, 1991

Oftice of Aeronautics, Exploration and Technology
National Aeronautics and Space Administration

Washington, D.C., 20546

Presented by
M A Frerking
JPL

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

. SCIENCE BACKGROUND

. TECHNOLOGY CHALLENGES

. SUBMM-WAVE HETERODYNE RECEIVER
« STATE OF THE ART

. TECHNOLOGY BACKGROUND

. TECHNOLOGY PROGRAM

. NON-NASA SUPPORT

. FUNDING PROFILE

MAF 62291
2
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

SUBMILLIMETER SCIENCE OBJECTIVES I

ASTROPHYSICS

Addresses fundamental questions of astrophysics

- Birth and death of stars
- Galactic evolution

Required data:
- Composition (H20,02,0,C), mass, density,
temperature, and velocity of material in
interstellar medium

+ EARTH REMOTE SENSING

Characterize chemistry of ozone depletion in
stratosphere

Required data:
- Species abundance, time dependence
- Continuous day and night observation

MAF 6:2291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY NEEDS

MISSION SET I

- Astrophysics Frequency New Start
-SMIM 400-1200 GHz 1997
-LDR 300-3000 GHz 2002
-Lunar Interferometer 300-3000 GHz 2004
« Earth Remote Sensing
-EOS MLS 640 GHz 1996
\ -EOS MLS 2nd Generation 1800 GHz 2000
MAF 6)‘22.‘91
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ ATMOSPHERIC TRANSMISSION I
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1000 S00 250 200 125 100

TRANSMISSION

SPACECRAFT

3(;0 6(;0 90'0 léOO 1500 1800 2100 2400 2700 3000
FREQUENCY (GH2)

MAF 6/22'91
Submillimeter Wavelength: 1000 to 100 um or 300 to 3000 GHz B

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

SUBMILLIMETER INTERMEDIATE MISSION (SMIM) I

Complete submillimeter wave, high resolution, spectral line survey of
100 astrophysical objects

- 40 molecular clouds in the Milky Way

- 30 galaxies

- 30 sources of opportunity
Sensitivity: Spectral line confusion limit ~2 mK
Liquid Helium cooled focal plane
SIS heterodyne receivers from 400 to 1200 GHz
Scanning Fabry-Perot spectrometer from to 3000 GHz
High elliptical orbit
One to two year lifetime

MAF 672291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ TYPICAL SPECTRUM FROM SMIM I
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Figure 1.3 Acompressed view of Ihe OVRO spectral line survey of ONC-1.

MAF 82291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ SENSITIVITY TRADE FOR SMIM I
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SUBMILLIMETER SENSORS

MAF 6/22791
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Eos MICROWAVE LIMB SOUNDER (MLS) I

Study/monitor global change in stratosphere and mesosphere
Critical global monitoring of ozone chemistry
Monitoring of heterogeneous chemistry perturbations
Sensitivity requirement: 0.1 K

High spectral resolution receivers

440 GHz, 560 GHz, 640 GHz, (1800 GHz)

GaAs Schottky subharmonically pumped mixers
Radiative cooling of focal plane to 80 K

5 to 10 year lifetime

SE3-5
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I TYPICAL SPECTRUM FOR Eos-MLS I

SE3-6



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY CHALLENGES I

ASTROPHYSICS

ASTROTECH 21 ADVISORY GROUP RECOMMENDATIONS
.Identified Four Technology Areas
Local oscillator development (frequency agile, broad band)
Mixer development (high sensitivity Tsys=10 hv/k, broad band, high IF)
Focal plane array development
- Spectrometer development
-Identified Approach

Baseline development
% Nb and NbN superconducting mixers
% Multipliers driven by mm-wave source for local oscillator

Alternatives
. Participation by Submillimeter Wave Astrophysics Community
NASA centers

Universities MAF 672291
1n
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SUBMILLIMETER SENSORS

TECHNOLOGY CHALLENGES I

EARTH REMOTE SENSING

EOS MLS PRINCIPAL INVESTIGATOR RECOMMENDATIONS

. 600 GHz Class Receiver
- Planar devices to replace whisker contacted devices

% For both mixer and local oscillator device
Mixer development (moderate sensitivity, subharmonic, high IF)
Local oscillator development (moderate power)

. 1800 GHz Class Receiver

Local oscillator?
. Circuit topology: Quasi-optical, planar, miniature waveguide?

MAF 62291
Ak4
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY CHALLENGES I
Astrophysics Applications -SMIM, LDR, Lunar Interferometer I

- Continuous frequency coverage from 400 to 1200 GHz, to 3000 GHz
- Optimized for best sensitivity (low background)
< Techhology curizhtly ot uvallubls
Losal OssMators
Supsreopdustiyg mizers and focul Ylane wrrays
- Reliability for 1-2 year mission
- Cryogenic operation (4 K)

Earth Remote Sensing Applications - Eos MLS I

- Discrete frequencies; 640 GHz, 1800 GHz
- Optimized for moderate background
- Sensitivity available at 640 GHz, bart pet 9 1200 Gl
- Reliability for 5-10 tear mission
Planar oottty dhodss
- Passively cooled operation (80-130 K)

MAF 672291
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SUBMILLIMETER SENSORS
10"
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MAF 672291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ HETERODYNE RECEIVER SCHEMATIC I

TELESCOPE MIXER
gg%?smc MIXER CIRCUIT SPECTOMETER
I % AMPLIFIER /\
MIXER DEVICE
INTERSTELLAR
MEDIUM o
9_ Mixer combines submillimeter wave radiation
< 5] (fram molecules) with local oscillator
= S radiation to reproduce the sources spectrum
6 = u in the microwave band.
o) 8 - 9 Key components are the mixer and the local
2013 oscillator
g
3]
S
MAF 6/2291
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SUBMILLIMETER SENSORS
STATE OF THE ART ASSESSMENT
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

STATE OF THE ART ASSESSMENT

LOCAL OSCILLATORS
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

MIXER ISSUES I

- Efficient frequency conversion

- Device: Sharp nonlinearity

- Circuit: Optimum embedding impedance
+ High sensitivity, low noise

- Device: Low leakage current - shot noise

- Low operating temperature - thermal noise
- High frequency operation

- Device:High speed materials systems, smalil wRC product
- Circuit: Innovative transmission lines, tuning elements

MAF 672291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

MIXER DEVICES I
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MAF 62291
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SPACE SCIENCE TECHNOLOGY: SCIENLCE d>Eronsw

SUBMILLIMETER SENSORS

Machined Dimensions < A

Waveguide Mixer

I MIXER CIRCUITS I

RF in

Planar Mixer Array

Machined Dimensions > A

BLOWUP OF
METALIZED
PARABOLIC DIPOLE ARRAY
DIELECTRIC

FLAT

SURFACE DIELECTRIC
SURFACE

-

RF INPUT

DIPOLE ARRAY
LOCATED AT
PARABOLIC FOCUS

U

MAF 6/22/81
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

LOCAL OSCILLATOR ISSUES I

Solid State Approaches
. Fundamental Oscillator
- Efficient
- High frequency operation very difficult
«  Frequency Multiplication
- Efficiency
« Device: strong nonlinearity (C-V)
. Circuit: optimum embedding impedance
input, output and idler frequencies
- High frequency operation
. Device: small ®RC, high speed materials system

. Circuit: innovative transmission lines, tuning
elements

MAF 8/22/91
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

LOCAL OSCILLATOR DEVICES |
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

| LOCAL OSCILLATOR CIRCUITS I
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ TECHNOLOGY PROGRAM OBJECTIVES I

Develop Key Components of Submillimeter Wave Heterodyne
Receivers for Use in Space

Performance Goals Include:
- Pushing technology to higher frequencies

. Near term emphasis to 1200 GHz
- Far term emphasis to 3000 GHz

- Improving Sensitivity an Order of Magnitude

- Developing a Viable Array Technology

. Developing Space Qualifiable Components
Reliable, low power consumption, compact

Program focussed on technology needs for the SMIM and LDR
astrophysics missions and the EOS-MLS earth remote sensing
mission

’ MAF s;)zm
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ TECHNOLOGY PROGRAM OBJECTIVES (details) I

Mission Requirement | Current SOA Objective
SMIM LOs
Output Power 50uW @ 700 GHz 50uW @ 400-1200 GHz
Bandwidth 2-3% 10%
SMIM Mixers
Sensitivity 20 hv/k @ 492 GHz 10 hv/k @ 400-1200 GHz
Bandwidth 5% 10%
LDR LOs
Output power 50uW @ 700 GHz 10 mW for arrays
LDR Mixers
Sensitivity 20 hvik @ 492 GHz 10 hv/k @ 300-3000 GHz
LDR Array
No. of pixels - 2x10 element

23

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

l TECHNOLOGY PROGﬁAM OBJECTIVES (details) I

Mission Requirement
Spectrometer

Bandwidth

No. of channels

Power/channel

EOS MLS

600 GHz mixer
IF Freq/ BW
Sensitivity

1800 GHz mixer
Sensitivity

1800 GHz LO

Current SOA
AOS

500 GHz

500

100 mW

Whiskered GaAs
4 GHz / 25%

100 hv/k
Corner cube, whisker
300 hv/k

Gas laser

Object

AOS

2-4 GHz

10,000 - 200,000
10 mW

Planar GaAs
20 GHz / 50%

100 hv/k
Planar
100 hv/k
TBD

SE3-16

MAF 62291




SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

CURRENT PROGRAM I

. Astrophysics Baseline Technology
. Initial demonstrations at 200, 600, 800 GHz

. Astrophysics Alternative technology
- none

. Earth Remote Sensing Planar Diode Development
. Initial demonstrations at 200 and 600 GHz

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

MAF 6/22/91
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*

l AUGMENTED PROGRAM I

Astrophysics Baseline Technology
« Initial demonstrations above 1000 GHz
 Optimization in 400-800 GHz range
+ Spectrometers
Astrophysics Alternative Technology
+ Mixers
+ Local Oscillators
» Focal Plane Mixer Arrays
Greater Involvement from Universities
Earth Remote Sensing Technology
+ 1800 GHz components

SE3-17

MAF 672291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY PROGRAM ELEMENTS I

. Astrophysics Application [$6000K/year]

+ Baseline mixers

+ Baseline local oscillators

- Backup/alternative mixer approaches

. Backupralternative local oscillator approaches

+ Spectrometers
- Focal Plane Array
- Earth Remote Sensing [$1000K/year]

. Baseline mixer - 640 GHz
+ Advanced mixers and LO's - 1800 GHz

MAF 822191
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SUBMILLIMETER SENSORS

TECHNOLOGY PROGRAM ELEMENTS (details)

- Astrophysics Baseline Mixers
- Nb, NbN SIS junctions feasibility for 800-1200 GHz
- Nb, NbN SIS junction optimization for 600-800 GHz
- Open structure mixer cjrcuits feasibility, 800-1200 GHz
- Waveguide mixer circuit optimization, 600-800 GHz

+ Astrophysics Baseline Local Oscillators
- Varactor diode feasibility for 800-1200 GHz
- Planar GaAs Schottky diodes for 1st stage multipliers
- Triplers and quintuplers for 800-1200 GHz
- Waveguide multipliers for 1st stage multipliers

+ Astrophysics Backup/Alternative Mixer Approaches
- SIN mixers
- Planar GaAs Schottky mixers for 800-1200 GHz
- Micro-machined waveguide mounts for 800-1200 GHz

+ Astrophysics Backup/Alternative Local Oscillator Approaches
- Extended millimeter wave sources
- Quantum Well Oscillators
- Power Combining Arrays

- Micro-machined Multiplier Circuits
MAF 82291
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

‘ TECHNOLOGY PROGRAM ELEMENTS (details) I

. Astrophysics Baseline Spectrometers
- Broadband multichannel AOS Development
(10,000 channels for SMMM)
(200,000 channels for LDR)

. Astrophysics Focal Plane Arrays
- Dielectrically Filled Parabola
- Thin membranes with micromachined feeds

. Earth Remote Sensing Baseline Mixer
- Planar GaAs Subharmonic mixer for 640 GHz
- Planar devices for multipliers

. Earth Remote Sensing Advanced Mixers
- 1800 GHz components

MAF 6/22/91
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SUBMILLIMETER SENSORS

‘ OTHER NON-NASA DEVELOPMENT EFFORTS I

Trie s Is uplgue o SLACA AEETR
NASA programs
. OAET Science Sensing Submillimeter Program
. Goal: Focussed technology development tor mission set

. OSSA Astrophysics Research and Applications Program

. Goal: Instrument Development (mm- and submmwave)

. OSSA Earth Sciences EOS MLS Development

. Goal: Instrument Development (640 GHz)

. Internal JPL support
- Goal: Focussed technology development for mission set

. OAET University Centers of Excellence - Space Terahertz
Technology Center at the University of Michigan
. Goal: Generic technology development
SDIO program (small

. Superconducting Technology

. Goal: Superconducting focal plane receiver
MAF 62291
32
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

FUNDING PROFILE I

( 1992 1993 1994 1995 1996 1997 )
Baseline ($M) | 1.3 1.4 1.5 0.7 0.6 0.6
Augmentation - 5.6 6.1 7.1 1.7 7.8
Total ($M) 1.3 7.0 7.6 7.8 8.3 8.4

Significant Augmentation required to:
- Demonstrate technology above 800 GHz
- Optimize technology in 400 - 800 GHz range
- Pursue alternative technology

Timely Augmentation required to meet mission schedule needs

MAF 62291
kb
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SUBMILLIMETER SENSORS

UECHNOLOGY ROADMAP / SCHEDULE-I

KEY ACTIVITIES 1991 J 19wz ['1993 [1ova Trows | 1996 {1997 [ 1998 [ 199 | 2000 | 2001 | 2002 | 2003 | 2004 | 2008
~ FROGRAM OFFICE . - .
I Yoo
: : )
LDR . ,
cos w5 m A Y ernoms
L EOS-MLS (2nd) : C Oper
ﬁOCUSED R&T Y | imisiet 680 @0 ek .-o " imital 1000 initia) 2008
GHaclass clams class cimss clam A GHi
ASTRO MIXERS & LO's
ASTRO ARRAYS 1XS A X5 A B 1xs
SPECTROMETER 10,000 ch A 20000 ch 200,000 ch 2
EARTH SENSING A 640 GHz Planar A 1800 GHz
HETERODYNE
r ) .
R&T BASE .
MIXERS Continuing
LO's .
— J
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INTEGRATED TECHNOLOGY PLAN FOR THE
| CIVIL SPACE PROGRAM

LASER SENSORS

Norman P. Barnes
June 27, 1991

Office of Aeronautics, Exploration, and Technology
National Aeronautics and Space Administration

TECHNOLOGY NEEDS

DEVELOP LASER REMOTE SENSORS TO MONITOR ESSENTIAL
ATMOSPHERIC VARIABLES

* PLANET EARTH
- DOPPLER LIDAR FOR WIND SPEED

- LIDAR FOR AEROSOL CONCENTRATION

- DIAL FOR GAS-CONCENTRATION

WATER VAPOR

OXYGEN FOR PRESSURE/TEMPERATURE
GREENHOUSE GASES

OZONE

* PLANETARY EXPLORATION, MARS
- LIDAR FOR DUST
- ATMOSPHERIC DENSITY FOR AEROBRAKING

SE4-1



TECHNOLOGY CHALLENGES AND APPROACH

« TECHNOLOGY CHALLENGES
- HIGH EFFICIENCY
-5.+109 SHOT LIFETIME

- PROVIDE CONTINUOUS TUNING

NEAR-INFRARED
MID-INFRARED

e« TECHNOLOGY APPROACH

- EFFICIENCY

LASER DIODE PUMPING
MATERIAL SELECTION
OPERATING TEMPERATURE

- LIFETIME
LASER DIODE PUMP
RELIABLE OPTICS

- TUNING
TUNABLE LASER, NEAR-IR
NONLINEAR OPTICS, MID-IR

STATE OF THE ART ASSESSMENT

¢ HIGH EFFICIENCY
- 0.07 Nd:YAG, LASER ROD 1.0 J/pulse
- 0.08 Nd:YAG, LASER SLAB 1.0 J/pulse
- 0.05 SLOPE Ho:Tm:YAG md level

¢ LONG LIFETIME
-3.3 - 10 SHOTS PULSED
- 30,000 HOURS CONTINUOUS WAVE
- FACTOR OF 3 IN DAMAGE THRESHOLD, UV OPTICS

e TUNING
- 0.68 - > 1.0 um Ti:Al;,03
- 0.72 - 0.81 um Cr:BeAkO,
-2.5-5.4 um AgGaSe; OPO
-2.06 - 2.10 Ho:YLF, Ho:YAG

SE4-2



CURRENT PROGRAMS

« DOPPLER LIDAR
- CO; GAS LASER
- Ho:YLF SOLID-STATE LASER

DIAL IN NEAR-INFRARED
- Ti:Al203
- Cr:BeA1204

* DIAL IN MID-INFRARED
- OPTICAL PARAMETRIC OSCILLATOR
- RAMAN SHIFTING

* LASER RANGING
DIODE DEVELOPMENT

- SEED LASERS
- DIODE LASER ARRAYS

AUGMENTED PROGRAMS

Instrument Demonstration

e Doppler LIDAR LAWS

¢ DIAL/Eyesafe DIAL EAGLE

¢ Ranging/Altimetry : GLRS

Technology Development

¢ In-Situ Lasers Tunable, Single Wavelength
* High-Energy Optics Damage Resistant Optics

¢ Receiver Technology Arrays/Amplifiers

* Models/Spectroscopy Laser Design/New Materials
¢ Laser Diode Materials New Materials/Wavelength
* Scanning Lidar Develop Scanning

*NEW PROGRAMS

SE4-3



OBJECTIVE: GLOBAL WIND-SPEED

MEASUREMENT
DOPPLER LIDAR CO; LASER Ho:YLF LASER
Energy/Pulse 15J 5-154J
Pulse Repetition 10 10
Frequency
Linewidth < 0.2 MHz < 1.0 MHz
Pulselength ~ 3.0 usec > 0.6 usec
Wavelength 9.1 ym 2.1 um
Lead Center MSFC LaRC

OBJECTIVE: GLOBAL MEASUREMENT OF
ATMOSPHERIC CONSTITUENTS

DIAL/Eyesafe DIAL
Energy/Pulse

Pulse-Repetition

Frequency

Tuning Range

Linewidth

Pulselength

Lead Center

Near-IR
1.0J
10 Hz

0.7-1.0 ym
1.0 pm

< 0.3 usec
LaRC

SE4-4

Mid-IR
1.0J
10 Hz

2.5-5.5um
2.0 pm
< 1.0 usec

LaRC



OBJECTIVE: TECTONIC PLATE MOTION, ICE

Laser Ranging/Altimetry
Energy/Pulse

Pulse Repetition Frequency

Linewidth
Pulselength
Wavelength

Streak Camera

Demonstrate Resolution

Lead Center

CAP THICKNESS

Nd:YAG
~ 200 mJ total
40 Hz
8.8 -5.9 GHz
50 - 75 psec

1.06, 0.53, 0.35 ym

2.0 p'sec
GSFC

OBJECTIVE: DEVELOP DIODE SEED LASER AND
LASER ARRAYS FOR PUMPING

.

In-Situ Lasers/Seed

Sources

Power
Linewidth
Wavelength
Lifetime

Laser Diode

Materials/Pump

Power/Area
Linewidth
Wavelength
Lifetime

Lead Center

Near-IR

50 mW
< 30 MHz
0.73 um
50,000 hrs.

1500 W/em2
0.003 pm
0.67 pm

5 « 109 shots

JPL

SE4-5

Mid-IR

50 mW
<10 MHz
2.09 um
50,000 hrs.

1500 W/cm2
0.003 ym
1.63, 1.70 pm
5 « 109 shots

JPL



- OBJECTIVE: ENHANCE LASER RELIABILITY
AND PERFORMANCE

High-Energy Optics
Increase in Energy Density
Database
Design Standards/Testing
Qualify Vendors/Techniques

Lead Center

1.06, near-IR, 2.1, mid-IR
2 times
LaRC database
Establish
Establish

LaRC

OBJECTIVE: DEVELOP IMPROVED DETECTION
OF LIDAR SIGNALS

Receiver 1.06/0.53

Technology
Type Emissive
Quantum > 0.01/0.30
Efficiency
Bandwidth 1.0 GHz
Elements 1
Integrated Dynodes
Amplifier

Lead Center GSFC

SE4-6

2.1 Mid-IR
PV PV
> 0.5 > 0.5
1.5 GHz 5 MHz
land3x 3 land3x3
Electronic Electronic
LaRC LaRC



OBJECTIVE: ANALYZE/PREDICT LASER
MATERIALS/PERFORMANCE

« MODELS

- QUANTUM MECHANICS
ENERGY LEVELS, LIFETIMES
ENERGY TRANSFER RATE

- LASER MODEL

2-.D OSCILLATOR, TIME AND RADIAL COORDINATE
OSCILLATOR WITH WAVELENGTH DISTRIBUTION

« SPECTROSCOPY, NEW MATERIALS
- ENERGY LEVELS, LIFETIMES
- TRANSFER RATES

» LEAD CENTER - LaRC

OBJECTIVE: DEVELOP LIGHT-WEIGHT, LOW-
POWER SCANNING

SCANNER
SCAN ANGLE + 2.5°
SCAN SPEED -~ 1.0 Hz
LIFETIME 50,000 hrs.

LEAD CENTER LaRC

SE4-7



FLIGHT PROGRAM TIMETABLE

INSTRUMENT

Doppler Lidar

CO,
Ho:YLF

DIAL/Eyesafe Dial
Near-IR
Mid-IR

Laser Ranging

BREADBOARD

1994
1997

1993
1997

1994

TECHNOLOGY PROGRAMS TIMETABLE

TECHNOLOGY

In-Situ Lasers
Near-IR
Mid-IR
High-Energy Optics
1.06 ym
Near-IR
2.1 ym
Mid-IR
Receiver
1.06/0.53
2.1 um
Mid-IR
Models/Spectroscopy
QM Model
Laser Model
Spectroscopy 2.1
Diode Laser Materials
0.67 um

1.7 pm
Scanner

SE4.-8

TECHNOLOGY DEMONSTRATION

1996
1996

1995
1996
1997
1997

1998/1996
1995
1997

1994
1996
1995

1997
1997
1998



FLIGHT PROGRAMS TASK AUGMENTATION 1993

Program/Task Centers Budget
CO; MSFC 650
HO:YLF LaRC 1550

DIAL/Eyesafe DIAL
Near-IR LaRC 300
Mid-IR LaRC 600

Laser Ranging GSFC 300

Total 3400

TECHNOLOGY DEVELOPMENT

Program/Task Flight Program Center Budget
In-Situ Lasers

Diode Development LAWS JPL 225

Frequency Swept LAWS LaRC - 100
High-Energy Optics All LaRC 0
Receiver Technology

1.06/0.53 Ranging GSFC 175

Mid-IR LAWS LaRC 200
Models/Spectroscopy

Models All LaRC 100

Spectroscopy LAWS LaRC 200
Laser Diode Materials

0.67 DIAL JPL 300

1.70 DIAL JPL 300
Scanning LIDAR All LaRC 0

——

Total 1600

SE4-9



SUMMARY

* REMOTE SENSORS MONITOR HEALTH OF PLANET EARTH
* FEASIBILITY DEMONSTRATED ON BASE PROGRAM
* AUGMENTATION NEED FOR TIMELY DEPLOYMENT

Technology Element: Laser Sensors (3K (NET)

-E! : m_iuunuuum.nmam.uum

Eye-Sale Doppier Lidar 000 5000 $000 5000 5000 5000 5000 5000
DIAUEye-Safe DIAL 2500 5000 5000 5000 §000 5000 $000 5000
Ranging/Attimetry 1000 1500 2000 2250 2500 2500 2500 2500
In-Situ Laser 2000 2500 2750 2750 2750 2750 2750 2750
High-Energy Optics 500 1200 1000 1000 1000 1000 1000 1000
Receiver Technology 1000 1000 1000 1000 1000 1000 1000 1000
Models/Spectroscopy 800 800 800 800 800 800 800 800
Laser Diode Materials 1000 1500 2000 2250 2250 2250 2250 2250
Scanning Lidar 700 1200 2200 2200 4000 4000 4000 4000
Sub-Element Totals: 14500 19600 21750 22250 24300 24300 24300 24300

SE4-10



e SCIENCE ==

INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

PASSIVE MICROWAVE SENSING
PROJECT SUMMARY

SCIENCE SENSAI;C%SROGRAM AREA
E
SPACE SCIENCE TECHNOLOGY PROGRAM

June 27, 1991

Office of Aeronautics. Exploration and Technology
National Aeronautics and Space Administration

Washington, D.C. 20546

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

e
TE D ‘

THE PASSIVE MICROWAVE SENSOR TECHNOLOGY PROGRAM WILL OVERCOME
MAJOR LIMITATIONS OF TODAY'S PASSIVE MICROWAVE SENSORS (SPATIAL
AND TEMPORAL RESOLUTION, ACCURACY). ENHANCE AND ENABLE THE
OPERATION OF HIGH RESOLUTION MICROWA VE IMAGERS FROM LOW-EARTH
AND GEOSYNCHRONOUS ORBITS.

PROVIDE COMPLEMENTARY MEASUREMENTS OF THE EARTH'S VITAL SIGNS,
INCLUDING:

. EARTH OBSERVING SYSTEM (EOS) PASSIVE MICROWAVE SENSORS

- ADVANCED EOS-B (2006, 2011) MULTIFREQUENCY IMAGING
MICROWAVE RADIOMETER (MIMR)
. ADVANCED MICROWAVE LIMB SOUNDER (200€)

. GEOSTATIONARY PLATFORM (2005)

. LOW FREQUENCY RADIOMETER (6 - 60GH2)
- HIGH FREQUENCY RADIOMETER (60 - 220GHz)

PROVIDE COMPLEMENTARY MEASUREMENTS FOR ASTROPHYSICS AND SPACE
SCIENCE INVESTIGATIONS, INCLUDING:

. COSMIC BLACKBODY RADIATION OF UNIVERSE
T ANISOTROPY SATELLITE RADIOMETER (ADVANCED COBE), (40-90 GHZ) (AT = 6uK)
-((\EICIB.GCTIC RADIO ASTRONOMY-VERY LONG BASELINE INTERFEROMETER
. 25 METER RADIO TELESCOPE IN SPACE

691 0701 001 348 M
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

TECHNOLOGY CHALLENGES/APPROACH

TECHNOLOGY DEVELOPMENT CHALLENGES
=MLV Y VEVELOPMENT CHALLENGES

« EXTEND MEASUREMENT TO:
- SMALLER RESOLUTION CELL SIZE (FOOTPRINT <10KM)
- EXTENDED SWATH WIDTH COVERAGE

- IMPROVED ABSOLUTE ACCURACY OF MEASUREMENTS (0.1+0.5K)
- DEVELOP IN-SPACE CALIBRATION METHODOLOGY
- IMPROVE RADIOMETER FRONT-END SENSITIVITIES

TECHNOLOGY DEVELOPMENT APPROACH
- DEVELOPMENT OF LARGE APERTURE ERECTABLE DEPLOYABLE
REFLECTOR ANTENNA SYSTEMS (10 - 220GH2)

* RESEARCH AND DEVELOPMENT OF SYNTHETIC APERTURE SYSTEMS
FOR LOW FREQUENCY (1 - 6GHz) RADIOMETER APPLICATIONS

» FOCUSED DEVELOPMENT OF IN-SPACE CALIBRATION TECHNIQUES
FOR FILLED AND UNFILLED APERTURE RADIOMETERS

- DEVELOPMENT OF LOW-NOISE AMPLIFIERS (HEMT) AT
FREQUENCIES TO 220GHz

* DEVELOPMENT OF LOW-LOSS MIC COMPONENTS FOR 10 - 220 GHz
RADIOMETER FRONT-ENDS

3910801 00! 227 M

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

ATE OF MEN
Electronic scanning * No electronic scanning radiometer using a reflector has been
techniques for field aperture  used in space. ESMR (phased array) is the SOA
MMIC technology for + Phased array technoiogy for remote sensing Is lagging
radiometer phased array communications technology
feed system * LNA technology demonstrated at 118GHz
Synthetic aperture + Conceptual studies conducted
radiometer technology » L-band array, aircratt flight tests demonstrated (ESTAR)
Precision membrane * Technology demonstrated for diameters up to 15-meters at
reflector antenna frequencies up to 12GHz {possibly 20 - 30Ghz with Improved mesh)
technology (<40GHz) * Operational systems at 5-meter diameter, 20GHz

Wide scanning precision * Multiple beam antenna technology demonstrated for 20/30Ghz
reflector for 40 - 220GHz solid reflector

+ Launch of satellite planned 1992 for 20/30GHz reflector

* Solid aperture 4 - 5 meters without scanning

391 0801 001228 M
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
PASSIVE MICROWAVE SENSING
T —————————

STATE OF THE ART ASSESSMENT

Distributed phased-array » Phased-array technology developed for military applications but

technology 40 - 220GHz further deveiopment needed for LSA's

Rapid scanning ant. dev. « Conceptual studies on 5-meter conical scan reflector for use in low
Earth orbit

Computer-aided software - Numerous EM analysis techniques (physical optics, GTD MOM, etc.)

engineering but limited end-to-end analysis for LSA

Large space antenna « Near field tests of 15-meter, mesh deployable antenna at 12GHz (1985)

calibration and test + Near field tests of Magellan spacecratt (X-band) (1989)

methodology + Study completed for extending near field capability to 60Ghz (1989)

391 0801 001 229 M

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
PASSIVE MICROWAVE SENSING
S R —————————

CURRENT PROGRAM

« CODE RC

- ADAPTIVE FEED COMPENSATION ON 15-M HOOP/COLUMN ANTENNA
- VIVALDI FEED ANALYSIS AND LAB. STUDY

- LOW-NOISE RADIOMETER COMPONENTS STUDIES

- RADIOMETER BEAM EFFICIENCY REQUIREMENTS STUDIES

- RADIOMETER ARRAY FEED PRELIMINARY STUDY

- END-TO-END RADIOMETER SYSTEMS STUDY

« CODE RM

- GEOSTATIONARY LARGE ANTENNA CONFIGURATION CONCEPT DESIGN

- DEPLOYABLE ANTENNA CONFIGURATION CONCEPTS {(25-M CLASS)

- ERECTABLE ANTENNA CONFIGURATION STUDIES/DEVELOPMENT

- THERMAL ANALYSIS CODE DEVELOPMENT FOR LARGE MESH-DEPLOYABLE
ANTENNAS

391.0801 001 235 M
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LARGE SPACE ANTENNA CAPABILITY

DEMONSTRATED FOR SELF-CORRECTION IN SPACE

Calculated E-plane Radiation Patterns

Before Surtace
Adjustment

After Surtace

Surface Adjustment

Adjustment With Feed Compensation

o

o G {

-
"™

ot
e

_ N
£ _
£ ¢
: s
a 2 '"-0—) ? 1 1 2 'Nv.cu 2 ]
15-Meter o
Diameter .
oo o ‘
fomc - ante i
convoler L - Y i+ — e
" /
sof j .:
A 4 Compensason
=« = Alwr Adussrars
prin f\ ——— Belore Adusamen
“ ; xlz i} z‘4 0
Froquency (GHr)
SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
PASSIVE MICROWAVE SENSING
Focused Technology Performance Qblectives
Spatial Resolution (km
Earth Science Freq. (Ghz) P (km) Radlometric Temperature
Observable ' Requirement Goal (Minimum AT K)
Precipitation 19 1-30 16
over ocean 37 1-30 8 1.0
50 - 60 1-30 6
Precipitation 37 1-30 8 1.0
over land 50 - 60 1-30 6
Water vapor*
Total 19 §-20 16 0.50
2 §-20 14
37 5-20 8
Profile 2 §-20 14
0
37 5-20 8 25
Temperatures profile 50 - 60 5-30 6 0.25
Surtace wind speed 19 10-50 16 0.50
Cloud base height 35 Active 5-28 NA NA
Cloud water content™ 19 1-30 16
(Over ocean) > 1-3 14 0.50
37 1-30 8
Atmospheric winds NA
profile 37 Active 50 NA
Snow Cover 19 1-30 16 1.0
7 1-30 8 i
Ocean Currents 10 - 30 Active 1-30 NA NA
* Requires ail three frequencies

** Requires two of the three frequencies

SE54
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

TECHNOLOGY ROADMAP/SCHEDULE

KEY ACTIVITIES 1991 | 1992 | 1993} 1994 | 1995 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 2003 | 2004 | 2005
__EOSBFSD A
(" PROGRAMOFFICE ) EOS A FSD DT St - I ADVANCED EOSB [EXTENDED)
* EOS Development  WRwATEONE SO0NOER ' WXTS
- Adv. EOS-B . e I]k L
+ EOS MLS [EspesTUDY ) 1
« Astrophysics [ GEQ PLATFORM TECHNOLOGY _|
. Geostationary platiorm t ] [ [ i RO S0
+ Earth probe dev. ) | EARTE PRORE DEVELOPMERT - EARTH PROBEYS0 ]

4 FOCUSED Ra&T \

» Large aperture radiometer
- High frequenc
ra%iomger ! JPLSTY LOW MASS Wi ANTENNUAMPURER ]
- Low frequency
radiometer

- Synthetic aperture radar

- LEO/ESTAR Tk TR [0
radiometer 1
\_ - GEO syn. radlometer / YN, RADH
RAT BASE \
+ Sensor mat'ls &
processing e AN —— L —

« Innovative sensor device
- Sensor support tech. /

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

e ———————————

OTHER DEVELOPMENT EFFORTS
- RADIOMETER MMIC DEVELOPMENT (ITT/MARTIN MARIETTA)
(DARPA FUNDED MIMIC TECHNOLOGY DEVELOPMENT)

« INFLATABLE REFLECTOR FLIGHT EXPERIMENT - L'GARDE INC.
(CODE RX IN-STEP EXPERIMENT)

- ROME AIR DEVELOPMENT OF SPACE FED LENS AT GRUMMAN
(S-BAND TEST OF 20 FT. LENS)

- ADVANCED SUNFLOWER ANTENNA DEVELOPMENT (IR&D BY TRW)
« 94GHz LNA/MIXER (INTEGRATED MODULE) AT TRW

« LINEAR TAPERED SLOT, DUAL-NOTCH ANTENNA
(TRW, UMASS, NCSU)

- CORRELATION RADIOMETER CONCEPT DEVELOPMENT AT
UNIV. OF MASS.

391.0801.001 230 M
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
PASSIVE MICROWAVE SENSING

AUGMENTED PROGRAM

* SYNTHETIC APERTURE MICROWAVE RADIOMETER
- TECHNOLOGY FOR LEO - ESTAR :
- STUDIES FOR GEO

» PRECISION, MEMBRANE REFLECTOR ANTENNA (<40GHz)
-LEO & GEO
- DIAMETERS TO 25 METERS

- PRECISION SOLID REFLECTOR ANTENNA
- 37 - 220GHZ
- GEO - 4 METERS TO LARGER

« PHASED-ARRAY ELECTRONIC STEERING
- < 40GH
-LEO ORZGEO

* MMIC RADIOMETER COMPONENT TECHNOLOGY
- INTEGRATED FEED HEMT LNA
- CRYOGENIC HEMT

+ RADIOMETER MEASUREMENT AND CALIBRATION
* QUASI-OPTICAL COMPONENTS (BEAM FORMING NETWORKS)

3910801 001 236 M
SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

PRELIMINARY FY'93 AUGMENTATION - PRIORITIZATION

PRIORITY TEM %3 ;:UND':;G (SI;)G 97
Synthetic aperture microwave radiometer 75 1 1.0 | 20 | 25 |275
; Precision membrane reflector antenna 75|10 | 20| 25 | 25
Precision solid refiector antenna 1015 (25| 30 [37s
Phased array electronic scanning S50 10 | 14 | 20 |20
MMIC radiometer componenis & amplifier 10| 10|20 3as |30
Measurement & caiibration 05 109 | 1.5 | 20
Quasi-optical millimeter components 05 |05 | 05 | 02
2 Acousto optical spectrometer
3 Plezoelectric technology for antenna surface 02 | 02 |02
Digital correlation spectrometer

TOTAL (Code RC)| 4.0 | 7.0 | 120 { 16.0 165

€91.0701 001 347 M
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

PROGRAM CRITICAL MILESTONES

TECHNOLOGY PROGRAM ELEMENTS

92| 93

94 97

ONGOING PROGRAM |

(1) Large Aperture, Wide Scanning Antenna Development

(2) Microwave Radiometer Concept(s) Development

AUGMENTATION PROGRAM - MAJOR ELEMENTS

(1) Synthetic Aperture Radiometer Development

h _____ T

(2) Precision Fllled Aperture Antenna Technology
{Membrane and solid retlector)

/—"

(3) Phased Array, Electronic Scanning Technology

-\

N
=
-

(4) MMIC Radiometer Components

(5) Radiometer/Antenna Measurement & Calibration

& &

B>

(6) Supporting Component Technologies
(Quasi-optical and Piezoelectric)

— —

ACorrelmon-rmmr designed ANur fredd EM tests completed

AAMMIC Radiometer chp deivered

AEnomeenng model

&thnimry radiometer lab 1ests
Ragometer calibrations

AFM reflector perfomance evaiuaied

Aircraft fight test
Finai system evaluation

Electrorsc phased amray dev. modei delivered
Elecironic phased-array feed ntegration
Ancﬂwor concepts designed AScamng periormance svalustion

Aircralt fight tests

A\ Laboratory test bads compieted 43\ MMIC radiometer chip desxgn w/HEMT LNA Beamiorming network deveioped

Final performance pradictions

AFhaI radiometsr performancs predictions

€91 0701 001 49 M

PASSIVE MICROWAVE SENSOR TECHNOLOGY

FY'93 Obligation Plans
Estimated Funding Guideline $4.0M

Technology Research Areas Costing Method Funding Amount
- Total Program - FY'93 K
Research Levil « University grants (Ga. Tech., U. Mass.,
. ODU, UVA) .
- University research (Atmospnenc - Industrial contracts (Task existing industry
and surface science, synthetic assignment contracts; Martin Marietta, $1,200
aperture research) TRW, EMS) L)

- Industry/government (Radiomeler
designs)

+ NASA in house computer aided design/
analysis

Device Level Technolgglesj

- MMIC radiometers (HEMT LNA,
receiver arrays, imiters/filters)
- Beam forming devices

« Industry Contracts (Existing task
assignment contracts)

» DoD coordination (WRDL, RADC, MMIC

receiver 1asks)

Subsystem Level Technologies
- Phased array, wide scanning network

- Subscale aperture/near fieid system
- Radiometer measurement/calibration

+ NASA In-house fabrication

+ Industry task assignments contract on
phased array development and near
field system

System Integration Technologies

- Integrated reflector system evaluation
- Integrated radiometer system evaluation
- Alrcraft remote sensing evaluations

SES-7

+ in-house radiometer evaluation

« Existing Industry contract for near fleld
tests

- Coordinated flight tests (GSFC)

Total

* FY'93 development contracts awarded

$1,350

$930

$520*

$4,000
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INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

ACTIVE MICROWAVE SENSOR
TECHNOLOGY PROJECT SUMMARY

OBSERVATORY SYO?:T%I-:AES PROGRAM AREA
SPACE SCIENCE TECHNOLOGY PROGRAM

JUNE 27, 1991

Otfice Of Aeronautics, Exploration And Technology
National Aeronautics And Space Administration

Washington, D.C. 20546

z

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

e ————————

TECHNOLOGY NEEDS

* THE ACTIVE MICROWAVE SENSORS TECHNOLOGY PROGRAM
WILL SUPPORT THE FULL RANGE OF SPACE RADAR SCIENCE
INSTRUMENT TECHNOLOGY NEEDS, INCLUDING:

e EARTH OBSERVING SYSTEMS (EOS)

' EOS SYNTHETIC APERTURE RADAR (L-, C-, X- BANDS, QUAD
POLARIZATION)

° EOS SCATTEROMETER (SCANSCAT)

*  TOPOGRAPHICAL MISSIONS
®  TOPSAT RADAR ALTIMETER (Ka-BAND INTERFEROMETER)

e METEOROLOGICAL RADAR MISSIONS

° RAIN RADAR (X-, Ka BANDS, LEO)
. GEOSTATIONARY RAIN RADAR (Ka, W Band)

* ADVANCED PLANETARY RADAR MAPPERS
®  LUNAR SOUNDERS (<P-BAND), MARS LANDER (Ka-BAND)

SE6-1



ADVANULEU HAUAH tELANULUGT

Pl EOS SAR OVERVIEW
/\ . o romsseca MULTI-
AN POLARIZATION,
soan N MULTE
e T 2= | FREQUENCY
:.‘:lnu \j;;.‘\* SAR
e % PROCESSOR
EOS SAR PUNTA DE CACAO, BELIZE -

3-FREQUENCY SAR IMAGE

e SAR PROVIDES DIRECT MEASUREMENT OF SURFACE ROUGHNESS AND
DIELECTRIC CONSTANT

® MULTIPLE SIMULTANEOUS MEASUREMENTS AT DIFFERENT POLARIZATIONS
AND FREQUENCIES PROVIDE INDEPENDENT CHARACTERIZATIONS OF THE
SURFACE (SUBSURFACE) PROPERTIES
¢ POLARIZATION DATA CONTAINS DETAILED SCATTERING INFORMATION

® KEY GEOPHYSICAL MEASUREMENTS
® SOIL MOISTURE (e.g., VOLUMETRIC WATER CONTENT)
* BIOMASS (e.g., FOREST CANOPY DENSITY)
® OCEAN WAVES (e.g., WAVE HEIGHT AND DIRECTION)
* POLAR ICE {e.g., CONCENTRATION, VELOCITY) xc8

ADVANCED RADAR TECHNOLOGY
JPL EOS SAR TECHNOLOGY CHALLENGES

FLIGHT SYSTEM
oENTERNRA (20mx4.5m)

® LIGHT WEIGHT MATERIALS (Xkg/m?)
COMPACT/DEPLOYABLE STRUCTURES
* MECHANISMS
o CONFORMAL ARRAY DESIGNS

L ON

¢ HIGH EFFICIENCY (50%), HIGH YIELD T/R
MODULES, PHASE SHIFTERS
* MODULE LAYQUTS, CONTROL SYSTEMS

SIGNAL

PROC || LINK ¢ INTEGRATED ELECTRONICS {>100 MHz) (ASIC
TECHNOLOGY)
® SIGNAL PROCESSOR
\ * ON-BOARD REAL-TIME SAR PROCESSOR
FLIGHT SYSTEM N (REDUCE DOWNLINK DATA RATE 8Y FACTOR OF 10)
GROUND SYSTEM
q ® IMAGE CORRELATOR
¢ ADVANCED ARCHITECTURES
RECEIVING ¢ HIGH THAOUGHPUT, PRECISION,
STATION FLEX!BILITY
1 e ADVANCED ALGORITHMS
WAGE ¢ POLARIMETRY, SCANSAR
CORRELATOR CALIB ® POST PROCESSOR,
l DEVICE ® GEOPHYSICAL INFORMATION EXTRACTION
* VISUALIZATION, Al, NEURAL NETWORKS
[POST-PROCESSOR| * ZROUNG CAUBRATION DEVICES]
® TRANSPONDERS - LOW COST,
GROUND SYSTEM COMPACT,; DEPLOYABLE

Jce 9
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ADVANCED RADAR TECHNOLOGY

SAR IMAGE
CORRELATION
AND
INTERFEROGRAM
GENERATION

CONTOUE MITAVAL ‘B muners.

[ ] - - e
antuot [ T T S B )

TOPSAT SENSOR DEATH VALLEY
COTTONBOWL BASIN

8 o

® MICROWAVE INTERFEROMETER MEASURES RELATIVE PHASE OF PULSE ECHO
USING TWO ANTENNAS AT SLIGHTLY DIFFERENT VIEWING GEOMETRIES

¢ RELATIVE PHASE PROVIDES INFCRMATION ON SURFACE TOPOGRAPHY

¢ TOPSAT MISSION WILL PROVIDE COMPLETE GLOBAL COVERAGE WITHIN
ONE YEAR AT SPATIAL RESOLUTION OF 30 m AND HEIGHT ACCURACY OF 2m

® SCIENCE APPLICATIONS
¢ GEOLOGY
* HYDROLOGY
* GEOMORPHOLOGY
Jcc-13

ADVANCED RADAR TECHNOLOGY
JPL TOPSAT INTERFEROMETER
TECHNOLOGY CHALLENGES

P, -

T Sy . .
{EXCITER |— ‘2 XMIR - ® FLIGHT SYSTEM
= o ERIERRA (5.5 x 0.4 @ 35 GH2)
p) * SURFACE DISTORTION COMPENSATION
TECHNIQUES (ELECTRONIC, MECHANICAL)
* LOW LOSS FEED SYSTEMS
o ATTITUDE DETERMINATION TO 2.5 ARCSEC
$/C BUS » Kif ELECTRONICS|
T * MMIC COMPONENTS AT 35 GHz
* HIGH POWER (>250W),
ACDR | [SIGNAL} [DOWN- HIGH EFFICIENCY (35%) TWTs
PROC || UINK g psbpetiiagit oo
o BIGITACELECTRONICS]
 ASIC DIGITAL SYSTEMS
+ INTEGRATED EXCITERS
\ « LOW POWER, COMPACT DIGITAL UNITS

FLIGHT SYSTEM e « ON-BOARD STRECH PROCESSING

IDIGITALY .
IELEC ¥ RCVR,

® GROUND SYSTEM
E‘ » IMAGE CORRELATOR

» ALGORITHM DEVELOPMENT FOR BASELINE
RECEIVING DETERMINATION (100 MICRONS @ .018 INTEG TIME)
STATION CALIB « ALGORITHM DEVELOPMENT FOR
‘ DEVICE HIGH PHASE PRECISION COMPLEX
IMAGE PRODUCTION (27 GB/ORBIT)

IMAGE e POST-PROCESSOR
CORRELATOR « ALGORITHMS FOR AUTOMATED IMAGE
l AEGISTRATION, CALIBRATION,
INTERFEROGARAM GENERATION

[Es*r.pgocgssmﬂ AND PHASE UNWRAPPING

GROUND SYSTEM

JCCA4
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JPL ADVANCED RADAR TECHNOLOGY
ADVANCED RAIN RADAR OVERVIEW

10
I #4048 DERVED i
s RAN RATE v by)

RAIN RADAR
GROUND
PROCESSING
AND
CALIBRATION
SYSTEM

tl1Jesem

RAIN RADAR

e RAIN RADAR MEASURES RETURN ECHO POWER VERSUS ECHO DELAY TIME
® DERIVES 3-DIMENSIONAL RAINFALL MEASUREMENTS

® LOW EARTH ORBITING SYSTEM WITH ELECTRONIC BEAM SCANNING
* PRQOVIDES WIDE SWATH COVERAGE AT ~ 5 km SPATIAL RESOLUTION

® GEOSTATIONARY PLATFORM

®* LONG-TERM, NEAR CONTINUQUS OBSZRVATIONS
* RAIN/CLOUD COLUMNAR HEIGHT STUDIES

¢ HIGH FREQUENCY RADAR DESIGNS (15-90 GHz)

¢ IMPROVED SNR, RESOLUTION c
Jcca

ADVANCED RADAR TECHNOLOGY

F i iy - [0
;E_XC"EEA T XMTR | ® FLIGHT SYSTEM
ciidal: o BN (10 M DIAMETER @90 GHz)
 OIGITAL - T * SURFACE DISTORTION COMPENSATION
] SgLec & - RCVR * POINTING ACCURACY, MUTUAL COUPLING
: : * BEAM WAVEGUIDE
* RF ELECTRONICS'
. s COMPONENTS AT 90 GHz
SICBUS * LOW LOSS PHASE SHIFTERS, SWITCHES
| L AND CIRCULATORS
Acon | [SIGNAL] IDown- * LOW NOISE RECEIVERS (< 4 dB)
PROC || UNK « HIGH POWER TANSMITTERS (> 600W)
o MMIC COMPONENTS (DISTR ACTIVE ARRAY)
. CELECTRONICS
\ * ASIC DIGITAL SYSTEMS
FLIGHT SYSTEM e « CALBAATION
o BUILT-IN TEST EQUIPMENT FOR
q . HIGH PRECISION PHASE CHARACTERIZATION
® GROUND SYSTEM
RECEIVING ® SIGNAL PROCESSOR
STATION « RAIN RATE EXTRACTION ALGORITHMS
‘ o ALGORITHM DEVELOPMENT FOR
IMAGE PHASE CALIBRATATION
CORRELATOR
{POST-PROCESSOR|
GROUND SYSTEM ‘ Jc-19

SE64



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

#

TECHNOLOGY CHALLENGES/APPROACH

® TECHNOLOGY DEVELOPMENT CHALLENGES:

DECREASE MASS, POWER CONSUMPTION AND OVERALL COST; ENHANCE PERFORMANCE
OF MILLIMETER WAVE SPACE RADARS FOR REMOTE SENSING

SPECIFIC CHALLENGES INCLUDE:

INCREASE EFFICIENCY OF TRANSMIT/RECEIVE MODULES USING DISTRIBUTED ACIVE ARRAYS
. MMIC COMPONENTS, CROSS-ANTENNA AMPLITUDE AND PHASE CALIBRATION

REDUCE MASS, VOLUME AND COST OF DIGITAL CONTROL AND PROCESSING SYSTEMS
. ASIC COMPONENTS, LARGE DATA VOLUMES, HIGH RATES, HIGH COMPUTATIONS

REDUCE STRUCTURE MASS AND INCREASE SURFACE ACCURACY
. COMPOSITE MATERIALS, ADAPTIVE PHASE COMPENSATION, CONFORMAL ARRAYS

® TECHNOLOGY DEVELOPMENT APPROACH

FOCUSED DEVELOPMENT OF BREADBOARD RADAR SUBSYSTEMS

1-10 GHZ LARGE ARRAY PERFORMANCE , CALIBRATION AND CONTROL ISSUES

BASE RESEARCH IN MILLIMETER WAVE DEVICES, STRUCTURES AND
CALIBRATION TECHNOLOGY

15-90 GHZ COMPONENTS (MMIC AND NON-MMIC) , LARGE ACCURATE COMPOSITE STRUCTURES

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

STATE OF THE ART ASSESSMENT

® GENERAL ASSESSMENT:

CURRENT TECHNOLOGY LIMITS PERFORMANCE IN 1-10 GHZ MICROWAVE
ACTIVE SENSORS; MILLIMETER WAVE (35-90 GHZ) TECHNOLOGY DEVELOPMENT
REQUIRED TO ENABLE MILLIMETER WAVE RADAR SENSORS

® DETAILED ASSESSMENT OF NASA PROGRAM:

SIR-C RADAR HAS BEEN UNDER DEVELOPMENT SINCE 1986 USING DISCREET
MICROWAVE AND DIGITAL COMPONENTS (1.2, 5.3 GHZ); DISTRIBUTED ACTIVE ARRAY

OAET DEVELOPMENT OF MMIC DEVICES AT LeRC

- APPLICATIONS ARE COMMUNICATIONS ORIENTED (15-60 GHZ), LNA (3.5-4 DB), MIXER AT 94
GHZ

0OSO MMIC ARRAY DEVELOPMENT AT JPL AT 32 GHZ; OSSA 30 GHZ ARRAY AT LeRC
- GOAL: 15-20 ELEMENT SCANNING ARRAY, DEVELOP ELEMENT FEED/CONTROL TECH.

SURFACE DISTORTION COMPENSATION - GROUND ALIGNMENT, COMPUTER
CONTROLLED (LaRC - 15M, JPL - 5M GALILEO)
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS
“

RADAR TECHNOLOGY PERFORMANCE OBJECTIVES

PERFORMANCE Current SOA EOS-B SAR Topographic Rain Radar
REQUIREMENT SIR-C Radar {Geostationary)
Antenna Size 12X4 M 16 X4 M 2-55X04M 10M Diameter
Frequency 1.3,5.3,9.6 GHz 1.3,5.3,9.6 GHZ 35 GHz 35,94 GHz
Antenna Aluminum Composite Composite Composite
Structure
Surface 0.5¢cm 0.5cm 0.1cm 0.03cm
Accuracy
Antenna Mass 75 kg/m? < 20 kg/m’ <5 kg/m? <1 kg/m?
Peak Power 9 kW > 10 kW > 0.5 kW >2 kW
Calibration Error ~2-3dB <1.5dB,10°rms  <1dB, 3°rms <0.5dB
Approximate - 1996 1998 1999
Need Date

TECHNOLOGY DEVELOPMENT FOR SPACEBORNE RADARS
JPL ANTENNA: KEY SAR TECHNOLOGY AREA

¢ SIR-C* AND Eos SAR UTILIZE DISTRIBUTED PHASED ARRAY TECHNOLOGY WITH MULTIPLE
TRANSMIT/RECEIVE MODULES ACROSS ANTENNA APERTURE

o BEAM SCANNING, GRACEFUL SYSTEM DEGRADATION, DISTRIBUTED (LOW)

RF POWER
PARAMETERS SIR-C BASELINE Eos SAR

ANTENNA SIZE 12x4m 10.9x26m
FREQUENCY L/C BANDS L/C/X-BANDS
ANTENNA STRUCTURE ALUMINUM GRAPHITE EPOXY/HONEYCOMB
ANTENNA MASS 3283 kg 505 kg
No. T/R MODULES 252(L), 504(C) 192(L), 192(C), 384(X)
MAX PWR PER T/R MODULE | 41 W(L), 10W(C) | 50W(L), 15W(C), 10W(X)
ELECTRONICS WEIGHT 557 kg 330 kg
T/R MODULE TECHNOLOGY | HYBRID HYBRID

® SIR-C/XSAR COMBINED: WEIGHT ~5900 kg; PEAK POWER ~9 kW

® Eos SAR BASELINE: WEIGHT ~1300 kg; PEAK POWER ~5.8 kW

¢ SIGNIFICANT SPACECRAFT RESOURCE CONSUMPTION
¢ C/X-BAND DESCOPED TO DUAL POLARIZATION TO REDUCE WEGHT/POWER -
SCIENCE IMPACT

* XSAR USES SINGLE TRANSMITTER/RECEIVER APPROACH, NO BEAM SCANNING
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JPL TECHNOLOGY DEVELOPMENT FOR SPACEBORNE RADARS
COMPARISON OF Eos-B & PRESENT
BASELINE Eos SAR STOW CONFIGURATION

Eos-B BASELINE
Eos SAR

LAUNCH
VEHICLE .

ADAPTER N
\(\ - .

AN
(\x ) ‘\’ R

NN SAR
N4 ‘\\/ ) i ANTENNA
STOWED 5 \\\‘ Y, « ’ STRUCTURE
GGl {-2) N o s \
i G
\
\\ N
SAR oo
ELECTRONICS
STOWED SAR
ANTENNA
® ANTENNA SIZE-16mx 4 m ® ANTENNA SIZE-10.9m x 2.6 m
® ORBITAL ALTITUDE - 705 km ® ORBITAL ALTITUDE - 620 km
TOPSAT
Strawman System Parameters
Frequency 35 Gliz
Trausmit Power 250 W
Total Instrument ower 480W
Total Instrument Weight 550 kg
Pulse Length 87 sec
Bandwidth 24.2 Mllz
PRI 3.88 Kllz
Pulse Tiining interleave mode
Antenna Size 0.4 m x 5.5
Antenna Beamwidllis 0.09° » 1.2°
Auntenna Peak Gain 52 dB
g, Range -15 to +7 dD
Transmit Loss 2.5 dB
Receive Loss 1.0 dB
Atmospheric Loss (2 way) 2.0 dB
Antenna Temperature 290 K
Receiver Noise Figure 4 dB
Dynamic Range 22 dB
Data Rale into recorder (tracking) 96 Mbps
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HEIGHT SENSITIVITY TO CHANGES IN $NR

INCREASED SNR FROM NOMINAL SNR (10 dB) MAY SIGNIFICANTLY IMPRO
VE PERFORMANCE
HOWEVER, A 5 dB DROP IN SNR, DEGRADES THE PERFORMANCE BY ALMOST 100%
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SJPL

TOPSAT ATTITUDE AND ARTICULATION CONTROL

SUBSYSTEM REQUIREMENTS AND CAPABILITIES

REQUIREMENTS
ATTITUDE KNOWLEDGE ACCURACY (DEG)

ROLL 0.0003

YAW 0.01

PITCH 0.01
CONTROL ACCURACY (DEG)

ROLL 0.01

YAW 0.1

PITCH 0.1

100 microns
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TECHNOLOGY DEVELOPMENT FOR SPACEBORNE RADARS

JPL GEOSTATIONARY RAIN RADAR

® GEOSTATIONARY RAIN RADAR (GRR) - '98 START

® SCIENTIFIC NEED FOR CONTINUOQUS, LONG TERM PRECIPITATION
MEASUREMENTS FROM GEOSTATIONARY ORBITS

© 2-FREQUENCY OPERATION TO EXTEND RAIN-RATE MEASUREMENT
RANGE - 35/94 GHz

* STRAWMAN SYSTEM PARAMETERS
* PEAK TRANSMIT POWER: 1 kW

e PULSE WIDTH: 200 us
* BANDWIDTH: 600 kHz
* ANTENNA DIAMETER: 0m

® HORIZONTAL RESOLUTION: 35 km (@ 35 GHz); 15km (@ 94 GHz)

3

-=- 3 Cm
—_— Gl

Amnneigi  # 3im

~
-
i

Rown tap

—_—T T~

/

-~ /,-——\ \\

_— ~ \

~ N ¥
// Eain s swtece \\A \\ \\

LI e’ 0! 0!
RAIN RATE (FrvHR)

SR PER PULSE (DB (xi8 )

TECHNOLOGY DEVELOPMENT FOR SPACEBORNE RADARS
JPL NEAR-EARTH ORBITING CLOUD RADAR

® COMPARISON OF 35 AND 94 GHz FOR CLOUD COLUMNAR HEIGHT STUDIES:

* CLOUD REFLECTIVITY o 1*
- 17-dB BRIGHTER FOR CLOUD-REFLECTED SIGNALS AT 94 GHz
* CLOUD ABSORPTIONS AT BOTH FREQUENCIES ARE SMALL (< 0.5 dB/km) FOR "DRY" CLOUDS
(LIQUID-WATER CONTENT < 0.1 gmi° )
e STRAWMAN NEAR-EARTH ORBITING CLOUD PROFILING RADAR AT 94 GHz ~2000 NEW START
o ALTITUDE = 400 km

* TRANSMIT PEAK POWER = 2 kW
¢ PULSE WIDTH = 200 ps
e BANDWIDTH = 1 MHz
¢ ANTENNA DIAMETER=10m
® ESTIMATED RADAR PERFORMANCE

e VERTICAL RESOLUTION = 150 m; HORIZONTAL RESOLUTION = 130 m
* SNR FOR RADAR RETURN FROM CLOUD BASE GIVEN IN TABLE BELOW

CLOUD WATER
CLOUD TYPE CLOUD THICKNESS CONTENT (g/m ) SNR (dB)
STRATUS 0.5 0.2-04 +11.9
NIMBOSTRATUS 3.0 0.2-09 +2.6
CUMULONIMBUS 3.0 0.4-8.0 +5.0
CIRRIFORM (ICE) 2.0 0.02-0.1 +24.3
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T/R Modules Road Map

Activity 92 [ 93 [ 94 [ 95 [ 96] 97| 98

.

T'A Modu'e components

odule

Advanced L-Band T/R Module
{ALMOO)}

L-Band T/R Module Bulld

High Power Feed

Advanced S-Band T/R Modules B AT
09
Space Environment Reliabilily ‘ l——'

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

R ———————Eme

OTHER DEVELOPMENT EFFORTS

o DARPA MMIC PROGRAM

® [NCREASE DEVICE YIELD (DECREASE UNIT COST) FOR 1-10 GHZ

e DARPA TRAVELING WAVE TUBE (TWT) INITIATIVE

® ECM APPLICATIONS (WIDE BANDWIDTH), COMPACT HIGH
EFFICIENCY COMPONENTS < 94 GHz

¢ AIR FORCE SPACE-BASED WIDE AREA SURVEILLANCE PROGRAM AND SPACE-BAND

RADAR PROGRAM HAVE BEEN RESTRUCTURED INTO PROGRAM CALLED NEXT
GENERATION RADAR

® EMPHSIS PRIMARILY ON L- AND S- BAND MMIC PHASED ARRAY DEVELOPMENT
® FIAST ARRAY TEST SCHEDULED FOR $7-98 TIME FRAME
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Aadvanced [L-Band 7/RH Module
(ALMOD)

Parameter

Frequency
Bandwidth
Power Output
Duty Factor

Transmit/Receive Gain
Power Added Efficiency

Noise Figure

Phase Shifter Bits/Accuracy

Gain Control
Size
Weight

Performance

1.2-14GHz
15% / 10 MHz
5 walts peak
50% max

30 dB min
35% min

2.5 dB max
5/ +-3deg
15 dB / 64 steps
1*x2'x0.5"
13 grams

&D l\)u‘\ &—l’&* [T > ‘Z‘AM ’ ()(.Dfaa\

" Phenomenology Road Map @
& s

Activity

IR=-C Flight Data Collection

ADARSAT Flight Dala
(Canada)

adar Performance Demo

mprove Clutler Model

Smail Targetl Modellng
look down geometry)

adar Modeling enhancements

92 | 93 [ 94 ] 95| 96| 97| 98

Il
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

#

STRATEGIC PROGRAM DESCRIPTION AND JUSTIFICATION
RADAR ACTIVE SENSOR TECHNOLOGY DEVELOPMENT

RESCRIPTION:

This effort will lead to the development of light weight, conformal array designs utitizing MMIC
transmitrecsive modules operating between 0.5 - 35 GHz and development of advanced digital
correlators incorporating high throughput, precision and Iimproved flexibility with advanced polarimetry

and scansar aigorithms.

JUSTIFICATION;

Radar synthatic aperture active sensors (0.5 - 10 GHz) provide global measurements of soll molisture,
blomass, ocean waves and polar ice with spatial resolution of 10 - 30 m. Microwave interferometers
(15 - 35 GHz) are capabie of geology, hydrology and geomorphology measurements with spatial
resolution of 30 m. Advanced rain radar (15 - 35 GHz) will provide long-term, near continuous
observations of rain and cloud columnar heights with spatial resolution of the order of 5 km.

This technology will result in lower cost, mass and power consumption of lower frequency radar
systems and wiil enable millimeter wave radar systems. Processor deveiopment work will result in
greater science data return and throughput. The focus will be on fight weight materials and compact
structures incorporating highly integrated digital and microwave components. in addition, higher
frequency (35 - 35 GHz), higher power (250 - 600 W, peak power) and higher efficiency (> 35%) radar
slectron beam devices will be developed.

ACTIVE MICROWAVE SENSORS
FY93 3X PROGRAM
PRIORITIZATION

#

1)

2)

3

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

MMIC ACTIVE ARRAY PROTOTYPE (1-10 GHz), A/C DEMONSTRATION

CENTERS: JPL :
MISSIONS: EOS SAR

TIMEFRAME: 1993-1996
AUGMENTED (3X) FUNDING: $3.9M

35 GHz TRANSMITTER COMPONENT AND DISTRIBUTED PHASED
ARRAY DEVELOPMENT (TWTA SOLID STATE - 500W @ 35% EFFICIENCY)

CENTERS: JPL, LeRC
MISSIONS: TOPOGRAPHY MAPPER SATELLITE (TOPSAT)

TIMEFRAME: 1993-1997
AUGMENTED (3X) FUNDING: $3.0M (STRAGTEGIC FUNDING: $12.3)

CALIBRATION SUBSYSTEM FOR ACTIVE PHASE ARRAY ANTENNAS
( MODULE AND ARRAY LEVEL)

CENTERS: JPL, LaRC

MISSIONS: EOS SAR, TOPSAT, RAIN RADAR

TIMEFRAME: 1993-1999

AUGMENTED (3X) FUNDING: $2.2M (STRAGTEGIC FUNDING: $3.9)
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ACTIVE MICROWAVE SENSORS
FY93 3X PROGRAM
PRIORITIZATION (continued)

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

4) 94 GHz COMPONENT DEVELOPMENT (TWTA) - 600W, 30% EFFICIENT)
AND ANTENNA ASSEMBLY PROTOTYPE

CENTERS: LeRC, JPL

MISSIONS: RAIN RADAR

TIMEFRAME: 1994-1998

AUGMENTED (3X) FUNDING: $0.0 (STRAGTEGIC FUNDING: $14.0M)

55  ASIC DIGITAL SYSTEMS WITH SIGNAL PROCESSOR

CENTER: JPL

MISSIONS: EOS SAR, TOPSAT, RAIN RADAR
TIMEFRAME: 1993-1997

AUGMENTED (3X) FUNDING: $2.2 M (STRAGTEGIC
FUNDING $4.1M)

6)  ANTENNA SURFACE DISTORTION COMPENSATION USING
PIEZOELECTRIC ELEMENTS

CENTER: JPL

MISSIONS: TOPSAT, RAIN RADAR

TIMEFRAME: 1993-1997

AUGMENTED (3X) FUNDING: $0.0 (STRAGTEGIC FUNDING: $3.8M)

ACTIVE MICROWAVE SENSORS
FY93 3X PROGRAM

| PRIORITIZATION (continued

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

77 FLAT-PLATE MICROSTRIP REFLECT-ARRAY ANTENNA

CENTER: JPL

MISSIONS: EOS SCANSCAT

TIMEFRAME: 1993-1997

AUGMENTED (3X) FUNDING: $0.0 (STRAGTEGIC FUNDING: $4.3M)

8) OPTICALLY CONTROLLED BEAMFORMING NETWORK

* CENTERS: JPL, LeRC

. MISSIONS: TOPSAT, RAIN RADAR

. TIMEFRAME: 1993-1998

. AUGMENTED (3X) FUNDING: $0.0 (STRAGTEGIC FUNDING: $5.1M)
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ACTIVE MICROWAVE SENSORS
3X PROGRAM
RESOURCE SUMMARY

CENTER: JPL, LaRC, LeRC
TITLE: ACTIVE MICROWAVE SENSOR TECHNOLOGY (AUGMENTATION “3X" FUNDING)

TOTAL "3X" FUNDING REQUIREMENT FY93 FY94 FY95 FYS6 FY97 TOTAL

(CURRENT FUNDING IS $0)
1-10 GHz MMIC ARRAYS 0.8 1.1 1.3 0.7 - 39
35 GHz COMPONENTS AND ARRAY . - - 0.3 2.7 30
CALIBRATION SUBSYSTEM 0.3 04 0.4 0.5 0.6 2.2
94 GHz COMPONENTS AND ARRAY . - - - - 0.0
ASIC DIGITAL SYSTEMS 0.2 0.2 0.3 0.5 1.0 T2
ANTENNA COMPENSATION - - - - - 0.0
FLAT PLATE REFLECT-ARRAY - - . - - 0.0
OPTICALLY CONTROLLED BFN . - - - - 0.0

TOTAL 13 1.7 2.0 20 4.3 11.3

ADVANCED RADAR TECHNOLOGY
JPL TOPSAT SENSOR A/C PROTOTYPE

——— _?‘—*'
. _ —-s-B n_l,
:»ﬂslsﬂ '~s|-=":|=‘
s=— Q81— =
0a=|Sng == 8 ACTIVE
e-Qil—-gig—x . ARRAY
_min—|-olo—=* DEVE#SSQTMENT
b. c
folea oo
sc*31Zag | ~Z1E0e e
a— n—- —u n—ﬂ 3 ¥ ‘
‘g “a3s » e
35 GHz COMPONENTS /
—~ . . AIRBORNE TOPSAT
PROTOTYPE
T/R MODULE
DESIGN
ATTITUDE
CONTROL )
AND LASER REF =
BASELINE -
DET SYSTEM MODIFICATIONS TO DC-8 SAR SYSTEM os
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ADVANCED RADAR TECHNOLOGY
JPL EOS SAR ANTENNA TECHNOLOGY

MMIC
DEVELOPMENT

DESIGN A/C PROTOTYPE

SIR-C L-BAND PANEL i ‘

wewr
WEIGHT

/j ./ — "1'4; [ ‘
< - t 8am0 —~ —
LIGHT . 1 EQOS SAR DEMO ON
LARGE WEIGHT - . SIR-C FLIGHT
ARRAY STRUCTURE - ‘
DESIGNS ——————* i
ARRAY
DEPLOYMENT - _ -
MECHANISMS PROTOTYPE STRUCTURE
JCCag

ADVANCED RADAR TECHNOLOGY
JPL RAIN RADAR ANTENNA PROTOTYPE

DEVELOPMENT

DUAL.
FREQUENCY
BEAM
FEED

ANTENNA

COLLIMATING
REFLECTOR,
SUPPORT
STRUCTURE

ADAPTIVE
PHASE
COMPENSATION
SYSTEM

HIGH FREQUENCY
35-90 GHz ELECTRONICS

AIRBORNE RAIN RAOAR ELECTRONICS
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

TECHNOLOGY ROADMAP/SCHEDULE

L%,

LAUNCH EOS UNCH
C EQS SAR A N w

LAUNCH

( TOPSAT N
(apvRANRADAR 7

AC TESTS aMCTESTS| A TESTS GEOSYNC. RAIN RADAR

=

ACTIVE MICROWAVE SENSORS

STRATEGIC PROGRAM
RESOURCE SUMMARY

PROGRAM OFFICE
CODE SE
CODE SL

.

////////////////////////////////////////%

N

zZ
Z
7
Z
Z
Z
Z
A
yA

R&T BASE
Improve Performance

Devices 35-200 GHz

CENTER: JPL, LaRC, LeRC
TITLE: ACTIVE MICROWAVE SENSOR TECHNOLOGY (STRATEGIC FUNDING)

($K)

TOTAL FUNDING REQUIREMENT FY93 FYO04 FY95 FY96 FY97 TOTAL
1-10 GHz MMIC ARRAYS 0.8 1.3 1.0 0.8 - 39
35 GHz COMPONENTS AND ARRAY 20 3.0 3.0 28 1.7 12.3
CALIBRATION SUBSYSTEM 0.5 08 0.8 08 0.5 34
94 GHz COMPONENTS AND ARRAY 2.5 25 3.0 3.0 0 14.0
ASIC DIGITAL SYSTEMS 0.5 0.8 1.0 1.0 0.8 41
ANTENNA COMPENSATION 0.5 08 1.0 1.0 0.5 38
FLAT PLATE REFLECT-ARRAY 0.3 08 1.2 1.2 0.8 43
OPTICALLY CONTROLLED BFN 0.2 09 14 13 13 51

TOTAL 73 109 124 117 8.6 50.9
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Date: June 26, 1991

Technology Program: LRP Thrust: Science
Technology Area: Science Sensors LAP Specitic Objective: EOS Senor Technoiogy
Technology Element: Active Microwave Sensors Mission Applicibility:  EOSSAR
Technology Sub-Element: 1-10 GHz MMIC Arrays
input Field Center: JPL
Input Type: Augmentation
Point of Contact: John Curlander

(FY in $M) ‘93 ‘94 ‘95 ‘96 97
Resource Requirements: 08 11 1.3 0.7 0.0
ColF: None
Keywords: SAR, Active Array, Microwave Sensors, MMIC

Technology Elemant Objectives/Description:

Demonstate feasibility of developing 20m distributed active array; three trequency: L., C-bands
quad-polarized, with peak power of 3-5 kW in each frequency band; bandwidth required >50MHz: electronic
beam scanning of +/- 30 deg; polarization purity of 30dB. Use of composite structural matenals to achieve
mass of <20 kg/m/m and a surface accuracy of <0.5 ¢cm peak-to-peak deflection.

Task Schedule/Milestones:

FY93: T/R Module evaluation and procurement; antenna stucture materials requirements analysis
FY94: Single panel prototype development; and laboratory tests; array stucture design

FYQ5: Array prototype development; laboratory field tests

FY96: Interface with NASA DC-8 and airborne SAR; airborne flight tests

Comments/issues:
Adaptive phase control implementation; controller interfaces; distributed control feasibihity
Array operating efficiency; tapered beam illumintion performance: phase/amplitude errors
Recommeand tunding be augmented to develop flight weight brassboard panel and control system

Date: June 26, 1991
Technology Program: LRP Thrust: Science
Technology Area: Science Sensors LRP Specific Objective: EOS Sensor Technology

Technology Element: Active Microwave Sensors Mission Applicibility:  EOS SAR
Technology Sub-Element: 35 GHz Components/Array

Input Field Center: JPL, LeRC
input Type: Augmentation
Point ot Contact: John Curlander

(FY in $M) ‘93 ‘94 ‘95 '96 ‘97
Resource Regquirements: 2.0 3.0 3.0 2.6 1.7
ColF: None
Keywords: Topograghic mapper system, SAR, Microwave Sensors,

Technoiogy Element Objectives/Description:

Demonstate feasibility of developing >Sm distributed active array or passive array at Ka-band; peak power of
>600W ; bandwidth required >50MHz; high phase precision/stability across multipie antennas <5 deg rms;
polarization purity of 30dB. Use of composite structural matenals to achieve mass of <5 kg/m/m and a
surface accuracy ol <0.1 cm peak-to-peak deflection.

Task Schedule/Milestones:

FY93: MMIC T/R Moduie evaluation; TWT evaluation; procurement of test articles; laboratory tests
FY94: Breadboard prototype development. and laboratory tests; array stucture design

FY95: Ka band radar RF and digital subsystems development

FY96: Array protolype development. laboratory field tests

FY97 Interface with NASA DC-8 and airborne SAR; airborne flight tests

Comments/issues:

Array llatness, adaptive phase control implementation; controller interfaces; distributed control
System operating efliciency; pointing determination accuracy; phase/amplitude errors
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Date: June 26, 1991

Technology Program LRP Thrust: Science
Technology Area: Science Sensors LRP Specific Objective: EOS Sensor Technology
Technology Element: Active Microwave Sensors Mission Applicibility EOS SAR TOPSAT
Technology Sub-Element: Calibration Subsystems
Input Figid Center: JPL
input Type Augmentation
Point of Contact John Curlander
FYon My ‘93 ‘94 95 96 ‘97
Resource Requirements 03 04 04 0.5 0.6
CotF h None
Keywords: Radiometric calibration, SAR, Microwave Sensors, Global Positioning System

Technology Element Objectives/Description:
Devsiop systems for in-fight characterization of gain and phase pertormance vs. frequency lor antenna at TR
module level and array ievel (requires <0.2 dB and <3 deg rms). develop systems for huigh precision pointing
determination of antenna eiectronis boresight (requires <0.0003 deg over time intervals ot 100ms).

Task Scheduie/Milestones:

FY9l: Requirements study. performance analysis for active array calibration subsystem

FYo4 Subsystem design for distributed array calibration system

FY95: Breadboard prototype: high precision beam pointing subsystem technology survey

FY96. Test of array calibration subsystem in airborne radar, precision pointing subsystem test article
Fye7 Breadboard prototype of precision pointing subsystem

Comments/Issues:
Calibration performance is limiting factor in SAR science; SIR-c not calibrated
Topographic mapper pointing accuracy requirement is order of magnitude greater than TOPEX

Oate: June 26, 1991
Technoiogy Program: LAP Thrust: Science
Technology Area: Science Sensors LRP Specific Objective: EOS Sensor Technology

Technoiogy Element: Active Microwave Sensors Mission Applicibility:  EOS SAR, TOPSAT
Technology Sub-Element: ASIC Digital Subsystems

input Fieid Center: JPL
Input Type: Augmentation
Point of Contact: John Curlander

(FY in $M) ‘93 ‘94 ‘95 ‘96 ‘97
Resource Requirements: 0.2 0.2 0.3 0.5 1.0
CotF: None
Keywords: ASIC SAR, Microwave Sensors, Digital Electronics

Technology Element Objectives/Description:

Develop customized integrated circuits for radar sensor digital signal processing applications; digital
controliers, data formatting functions and signal processing for pulse compression on an IC chip set. requires duat
ADCs operating at 200 MHZ with 8bps, large, fast RAM (>64 MB), and high speed signal processing (>1GFLOP).

Task Schedule/Milestones:

FY93: Requirements study; performance analysis

FY94: Subsystem design for integrated digital processor

FY95: Chip procurement, laboratory lest and evaluation

FY96: Breadboard prototype (partial completion)

FYe? Breadboard prototypecompistion test with airborne radar system

Commaents/Issues:
Radar digital subsytems for mutti-frequency, multi-polarization SAR is large Iraction (> 50%) of
instrument volume and mass; and significant fraction of power consumption (>15%)
Downlink data rate can be substantiall reduced with on-board signal processing and multi-lookfiltering:
large cost savings in ground data handling, more ellicient data distribution.
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IMPORTANCE OF LOW READOUT NOISE

Signal/Noise
Telescope Aperture and Optics Pnoton Shot Noise
*  Big $ every time «  Fundamental
Quantum efficiency Readout Electronics
«  See detector program +  Wide appichbity, hssy

/_ g ﬂ

PROGAAM DRIVERS

in simost it fow background imaging syswem
mited DY readout HIECTONIC OIS,

. Readout slectroncs typically dominste joca-plene powet dissigation.
Mighthroughput systemns ars oflen dottie-necked by the rsadout siectronics

Nolae in state-of-the art resdout devices [
aryogenc mmperstres (8.9 < 10K).

. Readout siectonics. such as CCDu. ere highly ]
and other effects when ueed in harsh environments.

. The integration of perfor g reedout
is hampered Dy 8 lack ot availsbis circuit

L] M LA
SPACE SCIENCE TECHNOLOGY SCIENCE SENSING

SENSOR ELECTRONICS

TECHNOLOGY NEEDS

- SENGOR ELECTROMICS ADORESSES THE NEEOS FOR OETECTOR READOUT ano
PACKAGING INCLUDING AMPLIMERS. MULTIPLEXENS. SACKMANE PROCESIING.
AND OATA CONVERSON

- CURRENT TECWNOLOGY CANNG T MEET AEQUINEMENTS FOR FUTUAL IBSSIONS IN
THE UV, VIR IR KAAY. AND 7-RAY AEGIMES - 15T WATF. LOR. WOt LTT NAR
ano.n.-.w,m.m,m‘ml.uunm-.wgmurn.
NOGEY, LS §ote. WHICH INCLUOE

« CRYOGEMC OPERATION

+ SUS-ELECTRON NOWE

+ MIGH THROUGHPVT

+ LOW POWER CONBUMPTION

SPACE SCIENCE TECHNOLOGY: SCHENCE SENSING

SENSOR ELECTRONICS

TECHNOLOGY CHALLENGES/APPROACH

- CRYOGENC READCUT DLECTROMICSE OPERATING IN THE 24X RANGE
- 1080 FETa B CMOR, FETS, SUPEACONOUCTORS

+ SUS-RLECTRON ALAD NOWE I CCOB AND Tt SWATCH ARRAY W
- H0M SENITIVITY OUTPUT AMPUIMER
- ADYANCED CMOS CIRCUITS

- MCALASED CLECTROMCS INTEGAATION WITH ARDUCED MEAT LOAD AND LOWRR NOWE
- 30 WCAOELACTROMCS (S01, I-MLANL o)

+ ADVANCED INTEAFACES (OPTICAL LIWE}
- LARGE PORMAT ARRAYRMOSAICS

. 0 IR T

- ADVANCED ARCHTECTURES POR SMART READOUT .
- LOW POWER VIIIC
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SPALE SCENCE TEZHNOLOGY SCIENCE SENSING

SENSOR ELECTRONICS

STATE OF THE ART ASSESSMENT

« CHYDGEMC READOUT ELECTROMCS

- WOISE UNACCEPTABLE BELOW 10 &

- A NOISE AT 4580 K EXCESSIVE
+ AEAD NOISE

- APAQI 35 & RUS IN CCDs

< APPROX 30 ¢ AMS N IR SWITCHED ARRAY MUXS
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+ 7044 1 104 VL CCD ARRATS

- 254 1256 A FPAg

- OISCRETE CAYOGEMC AEADOUT ELECTROMCS
- SENSOR SYSTEM THMACUGHPUT

+ CCO READOUT RATE %0 afy
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SENSOR ELECTRONICS
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SPACE SCIENCE TECHNOLOGY SCIENCE SENSING

SENSOR ELECTRONICS
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COTHER DEVELOPMENT EFFORTS
$00.  SUPEACONDUCTOR FOCAL PLANE ELICTROMCS
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LKLY SEYERAL OTHER CLASSPHD PROGAAS % EXNTENCE
SPACE SCHENCE TECHNOLOGY  SCIENCE SENSING
SENSOR ELECTRONICS
e
PRELIMINARY FY$3 1X AUGMENTATION
PRIORITIZATION

1) Low-noise cryogenic readout slectronics
2) Dewvices and aircurts for sub-electron read noise

3} Advanced packaging and interfaces
4) Advanced readout architectures 10 INCrease sensor system
throughput

5) Low-powsr, very high speed integrated circurts for microwave
radiomaeter backends
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OBJECTIVES SCHEDULE
« Programmatic . 199
nm--q-nmu-:
BOVRNGID GIISCHY rOROO SMCTOMRGS . 1904
pecRagng becIvIOwRgY Ses Wrashaown of Semens
« Techmiesd - 1998
Cryegens readout secrors
Sud-eletiron read noms « 1998
AGYINGES PRCRAGING Id rieraces
AGVINCoN ralAA TSRS BT ]
Low power VHEIC
AESOURCES PARTICIPANTS
- 1903 MK Y
S 1984 00K ARC
. 1006 SO0 K w“‘
<1908 00K
« 1987 98000 K T
SE74

ORIGINAL PACE IS
OF POOR QUALITY



SPACE SCIEMCE "ECHNOLOGY SCHEMCE SENSNG

. SENSOR ELECTRONICS
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INTEGRATED SPé&EE;\r'Eé%HNOLOGY PLAN
SCIENCE TECHNOLOGY MISSION MODEL
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OPTICS TECHNOLOGY BASE R&T PROGRAM

OAET, OSSA AND SCIENCE COMMUNITY
INPUTS TO PROGRAM PLAN

« Exploration Technology Program Plan: Lunar and Mars Science
Technology Summary, November 16, 1990

« Industry Tours, February-April 1991

- Large Filled Aperture Telescopes in Space Workshop, March 4-5, 1991
+ ASTROTECH 21 Optics Technology Workshop, March 6-8, 1991

+ The Decade of Discovery in Astronomy and Astrophysics
(Bahcall Report), March 18, 1991

« Exploration Technology Planning Update, March 19, 1991
- OSSA Division Technology Needs (Draft), April 12, 1991

+ Towards Other Planetary Systems (TOPS) Technology Needs
Identification Workshop, April 22-24, 1991

- Technologies for Advanced Planetary Instruments Workshop,

May 8-10, 1991
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OPTICS TECHNOLOGY BASE R&T PROGRAM

RELATIONSHIPS BETWEEN OAET PROGRAMS

Focused Technology
MICRO-PRECISION| |  TELESCOPE Programs
csl
SYSTEMS Development and
FOCUSED R&T Demonstration
PRECISION SENSOR
INSTRUMENT OPTICS e !
POINTING TECHNOLOGY
Mission Pull
III//I/////////l////l/l//I/I////II///IIIIIII/III///I/III//II/IIII/IIII//I////II
.S‘TA'IISS'}AULRSEg OPTICS Technology Research
TECHNOLOGY TECHNOLOGY Foundaiion
BASE R&T : Lower Levels of
Maturity
CONTROL SENSORS
TECHNOLOGY TECHNOLOGY Technology Push

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS
__________—.__——__——-—_____—____————————-—_—_-—__———____—
WHERE IS IT?

SENSOR > —
SCENE TELESCOPE DATA
> OPTICS »{ DETECTORS ¢\ ow
PHOTONS OPTICS (PHOTON FORMATOR) __»FLO
']
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

DEFINITION

Optical components between the telescope oplics and focal
plane detectors

+ Process incoming time-dependent photon stream

- Format photons according to science requirements
»» Scene spatial distribution
«« Spectral passband
«« Temporal binning

»« Polarization

- Format images to accomodate sensor architecture

CHARACTERISTICS

+ Smaller than telescope oplics

+ Sophisticated functions requiring highest quality optics

+ Novel fabrication methodologies

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

Criticality of SENSOR OPTICS

Example: Hubble Space Telescope

——L Faint Object Camera J

- High Speed Photometer

Telescope
Optics —

Light —»

»{ High Resolution Spectrograph

——L\Mde Field and Pianetary Camera

Wide Field and Planetary Camera (WF/PC)

+ Re-format image to accomodate sensor architecture

+ Spectral signatures

+ Polarization

+ The new WF/PC will correct the HST wavefront aberration

SENSOR OPTICAL SYSTEMS technology is being applied to the new WF/PC

SE8-3
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OPTICS TECHNOLOGY

OPTICS
| | TECHNOLOGY
! l ! WAVEFRONT l
OPTICAL F
OPTICS MATERIALS OPTICS OPTICS SENSING AND| | SENSOR
MODELLING & COATINGS FABRICATIO TEST CONTROL OPTICS
. SCATTERING \HIGH PRECISION  + ADVANCED \SURFACEFIGURE WAVEFRONT + ADVANCED
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. STRAY UGHT f;‘”mm'&w MASS | yom FIGURING « STRAY LIGHT - LASER FLTERS
. THERMOOPTICAL . CRYOGENIC « JON MILLING ANDION  + ASPHERIC FIGURE METROLOGY O AONENTS
PROPERTIES I TSERIALS ASSISTED ETCHING ~ MEASUREMENT . SYSTEM CONTROL
ARCHITECTURE - HIGH DYNAMIC
. OFTIMIZATION . CRYO NULL FIQURING + NARROW ANGLE
- DIFFRACTIVE TESTING - NONLINEAR RANGE
« INTEGRATED MATERIALS « LARGE AREA THIN OPTICS IMAGING
MODELLING FILMS & COATINGS  » CRYOGENIC
- LOW DIFFRACTION + NONLINEAR
O STOPS + INTEGRATED OPTICAL ¥ TICS TESTING - INTERFEROMETRY " opicg
+« LOW SCATTER ASSEMBLIES ‘ '%T% « CORRELATORS
COATINGS . GRAZING INCIDENCE  Teome
oPTICS
- TAR ORED OPTICAL
COATINGS

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

_;————_————_

TECHNOLOGY ASSESSMENT AND CHALLENGES

Need Assessment Challenge
Radiometric Precision 1% 0.1%
Small cameras for

Orbiters/Rovers 1t 0.1 m?
Low scatter light imagers 10° 10"
Adaptive Spectrometers n/a design,

fabricate,
test
Integrated Optics Imaging

Spectrometer n/a design,

fabricate,
test

12
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

e E—————m—e—e—e——e—e——e— —

TECHNOLOGY EFFORT PROGRAM GOALS

. Provide the enabling SENSOR OPTICS technologies for
advanced NASA space science missions

- Advance maturity of SENSOR OPTICS technology to a
level of readiness appropriate for mission baseline
design

. Develop high fidelity test beds as an alternative to
complex technology flight experiments

. Strengthen NASA partnerships with industry and
academia

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

PROGRAM BENEFITS

« Create new technological capabilities to enable and
expand options for NASA missions

- Improve understanding of cost, schedule and
performance trade-offs for future NASA space science
missions through in-house participation in optics
technology development

+ Greater NASA capability in optics technology
»» Needed now to work with external community to
develop meaningful space missions
- Needed later to support projects

- Optical Sciences Educational Opportunities

1“4

SEB-5



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

‘ SENSOR OPTICAL SYSTEMS
5—#_——#—__—_——

CONCLUSIONS

* Requirements levied on NASA SENSOR OPTICS are
unique

* Next generation science measurement objectives
require more sophisticated SENSOR OPTICS which
need optics technologies not yet developed

* Theory, computational analysis and hardware
technology demonstration are needed

* Industrial and academic partnership needed

+ NASA mission success depends greatly on “in-house"
expertise

15

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

M

RECOMMENDATIONS

» NASA invest $5 - 8M/yr in SENSOR OPTICS R&D
» Form an optics technology working group to:
«« Coordinate efforts between OAET programs

.- Develop additional programs that cover related
optics areas (photonics, etc.)

. Increase NASA emphasis on optical sciences
educational opportunities

16
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" INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

COOLERS AND CRYOGENICS
TECHNOLOGY PROJECT SUMMARY

OBSERVATORY SYOSFT_'E_AIIS PROGRAM AREA
E
SPACE SCIENCE TECHNOLOGY PROGRAM

June 27, 1991

Office of Aeronautics, Exploration and Technology
National Asronautics and Space Administration

Washington, D. C. 20546

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

e e e e —— ettt

N Y NEED

. THE COOLERS AND CRYOGENICS TECHNOLOGY PROGRAM
WILL SUPPORT THE FULL RANGE OF SPACE SCIENCE
:ng{ﬁngGNT COOLING AND CRYOGENIC TECHNOLOGY NEEDS,

. EARTH OBSERVING SYSTEM INFRARED INSTRUMENTS REQUIRE
LOW VIBRATION 30 TO 65 K COOLERS
~ EOS AND GEOPLATFORM INSTRUMENTS

« HUBBLE SPACE TELESCOPE (HST) REPLACEMENT INSTRUMENTS AND
HST FOLLOW-ON REQUIRE 10 TO 80 K VIBRATION-FREE COOLERS
- HST, LTT, NGST, ST-NG, IMAGING INTERFEROMETER

+ SUBMILLIMETER, LWIR AND X-RAY ASTROPHYSICS MISSIONS REQUIRE

LONG-LIFE 2-5 K LOW-VIBRATION COOLERS
- SMMM, LDR, SMILS, SMMI, AXAF

SEg-1



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

/

TECHNOLOGY CHALLENGES/APPROACH

. TECHNOLOGY DEVELOPMENT CHALLENGES:
. EXTEND MISSION LIFE AND INCREASE SCIENCE DATA RETURNED

- SPECIFIC CHALLENGES INCLUDE:
~ EXTEND LIFETIME WITH HIGH RELIABILITY
— MINIMIZE VIBRATION AND INSURE INTEGRATION WITH INSTRUMENTS/SPACECRAFT

— INCREASE COOLER EFFICIENCY AND REDUCE THERMAL LEAKAGE
— INSURE ADEQUATE END-OF-LIFE PERFORMANCE
- DEMONSTRATE HIGH EFFICIENCY COOLER FOR 2-5 KELVIN

. TECHNOLOGY DEVELOPMENT APPROACH

BASE RESEARCH ON RAPIDLY DEVELOPING CRYOGENIC COOLER TECHNOLOGY
— INCLUDING NEW VIBRATION-FREE CONCEPTS, LONG-LIFE 2-5 K COOLER FEASIBIUITY
DEMONSTRATIONS AND SUBKELVIN REFRIGERATORS

FOCUSED DEVELOPMENT OF BRASSBOARD COOLERS
— PLANNED AGAINST PROJECTED MISSION NEED DATES

. COORDINATE PLANNING AND IMPLEMENTATION WITH OSSA COOLER ADVANCED
DEVELOPMENT

- FLIGHT EXPERIMENTS OF PROTOTYPE COOLERS

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

TATE OF THE ART ASSESSMENT

LONG-LIFE, LOW-VIBRATION 30-80 K COOLERS

- 55 ‘S- 80 K OXFORD-HERITAGE STIRLING COOLERS UNDER DEVELOPMENT FOR
EOS-A

- 30 K STIRLING COOLERS UNDER DEVELOPMENT FOR EOS-B

. NEW VIBRATION REDUCTION TECHNOLOGIES UNDER DEVELOPMENT

LONG-LIFE 2 - 5 K COOLING

- STORED LIQUID HELIUM
- LIMITED LIFE-1 YR
~ LIMITED INSTRUMENT COOLING - 30 mW
- CLOSED CYCLE COOLERS
- SEVERAL FEASIBLE CONCEPTS BEING INVESTIGATED
- IMMATURE TECHNOLOGY

« VIBRATION-FREE LONG-LIFE COOLING FOR 10 TO 80 K

- FEASIBILITY DEMONSTRATED USING SORPTION J-T AND TURBO-BRAYTON
- CRITICAL COMPONENT TESTING UNDERWAY

- SUB-KELVIN COOLERS

- 3 HE COOLER FLOWN ON SOUNDING ROCKET - 0.3 K
- ADR AND DILUATION COOLERS BEING DEVELOPED - 50-100 mK

SE9-2



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENIC

— ——

CURRENT PROGRAM

« DEVELOP AND DEMONSTRATE A LONG LIFETIME 30 K STIRLING CYCLE COOLER (GSFC)
« FOCUSED PROGRAM TO PROVIDE 30 K COOLER FOR EOS-B INSTRUMENTS
+ BRASSBOARD COOLER WILL DEMONSTRATE 5 YEAR LIFETIME, LOW VIBRATION (LESS
THAN 0.05 POUND FORCE), 300 MW OF COOLING POWER AT 30 K, HIGH EFFICIENCY
(LESS THAN 75 WATT INPUT POWER) AND EASE OF INTEGRATION

« FLIGHT OF A 65 K STIRLING COOLER (JPL)
+ DEMONSTRATE LOW VIBRATION OPERATION IN SPACE
» DEMONSTRATE SOLUTIONS FOR COOLER TO INSTRUMENT INTERFACE ISSUES

+ MAINTAIN LOW LEVEL OF R&D ON ADVANCED COOLER CONCEPTS

- DEVELOP COOLER TECHNOLOGY TO PROVIDE IMPROVED NEXT GENERATION COOLERS
+ DEVELOP SUB-KELVIN REFRIGERATION

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

ROGRAM

+ LONG LIFE VIBRATION FREE COOLER DEVELOPMENT

+ 65 K SORPTION AND BRAYTON
+ 10-30 K SORPTION AND BRAYTON

+ 2.5 K LONG-LIFE MECHANICAL REFRIGERATION DEVELOPMENT

ATTRIBUTES CANDIDATE TECHNOLOGIES
+10-20 MW AT 2K + TURBO BRAYTON
«50-100 MW AT 4-5 K « J-T + UPPER STAGES
+ LOW VIBRATION + 4K STIRLING + UPPER STAGES
« LESS THAN 1 KW INPUT POWER + MAGNETIC + UPPER STAGES

« DEMONSTRATE PROMISING ADVANCED COOLER TECHNOLOGIES

« PARASITIC REDUCTION FOR SUPERFLUID HELIUM DEWARS

« ADVANCED SUBKELVIN COOLER CONCEPTS

« PULSE TUBE AND ADVANCED PASSIVE COOLER TECHNOLOGIES
« FUNDAMENTAL COOLER PHYSICS RESEARCH
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS AND CRYOGENICS

e

FOCUSED TECHNOLOGY PERFORMANCE OBJECTIVES

2-5 K COOLER
MISSION CURRENT SOA* COOLERFOR COQOLER FOR

REQUIREMENT SMMM, LDR SMMM,LDR
TEMPERATURE 15-2K 2K 4-5K
COOUNG POWER 30 mwW 10-20 mW 50 - 100 mW
INPUT POWER NA <1 KW <1KW
COOLER MASS 500 KG <S0KG <50 KG
VIBRATION N/A <0.05 LBF <0.05 LBF
LIFETIME <1YR >10 YR >10YR
NEED DATE FLOWN 2000 2000

*STORED LIQUID HELIUM

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS AND CRYOGENICS
FOCUSED TECHNOLOGY PERFORMANCE OBJECTIVES
VIBRATION-FREE COOLERS
MISSION QL!BBENLS.QAf . COOLERFOR COOLERFOR
REQUIREMENT HST,LTT NGST, VLBI
TEMPERATURE 2-80K 85-80K 10-30 K
COOLING POWER 30 mW 1w 20mw
INPUT POWER 0 -100W ~-100W
COOLER MASS > 500 KG 20 KG 20 KG
VIBRATION 0 -0 -0
LIFETIME -1YR 10 YRS 10 YRS
NEED DATE - 1998 2005
*STORED CRYOGEN COOLERS

SE94



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS AND CRYOGENICS

TECHNOLOGY ROADMAP/SCHEDULE

KEY ACTIVITIES 1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997 l 1998 | 1999 I 2000 | 2001 | 2002 | 2003 | 2004 | 2005
rPROGRAM OFFICE )
05 A AND E0S.5 INSTRS EOS-A 1\ [(HsT,NGST, LTT, viB!
HUBBLE ST FUTURE INSTRS LAUNCH 1
NEXT GENERATION ST
LUNAR TRANSIT TELESCOPE | | AIRS COOLER gl EOS-8 /N ‘
SUBMM MISSION l LAUNCH
{ARGE DEPLOY REFLECTOR [—-—1 I ‘
SAFIRE SMMM OR LOR
\_ _J 1
i
(" FOCUSED R&T N amssammA[ BB quA ?
TECH TJA[ jé i
30K COCLER DEVELOPMENT
MODEL TECH MODEL LIFE TES t
4 ’
2.5K COOLER OEVELOPMENT [Tecimooer | [prasssoano/\[es LiFE TEST 1\
e 3
VIBRATION.FREE COOLER '
VIBRATION FAEE COOLEF [esktecr ], [88 MoDEL YN8 uFE TEST V' \
VIBRATION FREE COOLER SORPTION B8 LIFE |/ \[eravTon uFe  J/\[BRAYTON LIFE TEST]
\DEVELOPMENT - 10 - 0K/ i A FO
" rateasE ) [70-30 K TECH SORPTION AND BRAYTON |/ \[BRAYTON BRASSBOARD}\ |
« INNOVATIVE COOLER “ PﬂOVlDé OPTIONS A g
CONCEPTS : i
« ALTERNATIVE CONTINUING RESEARCH [ CONTINUING RESEARCH
\_ TECHNOLOGIES /

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS AND CRYOGENICS

OTHER DEVELOPMENT EFFORTS

. GSFC EOS PROJECT COOLER QUALIFICATION PROGRAM

- TWO PARALLEL INDUSTRY CONTRACTS
- GOAL: 80 K GENERAL EOS-A COOLER
~ FLIGHT COOLER AVAILABILITY: 1994 (PROJECTED)

. JPL/LORAL FUNDED BY OSSA FOR AIRS INSTRUMENT (EOS-A)
COOLER ADVANCED DEVELOPMENT

- TWO PARALLEL INDUSTRY CONTRACTS
—~ GOAL: 55 K COOLER FOR AIRS
~ FLIGHT COOLER AVAILABILITY: 1994 (PROJECTED)

. STRATEGIC DEFENSE INITIATIVE OFFICE/U.S. AIR FORCE

COOLER PROGRAM UNDERWAY

- TWO PARALLEL INDUSTRY CONTRACTS
—~ GOAL: 2W, 65 K STANDARD SPACECRAFT COOLER

~ FLIGHT COOLER AVAILABILITY: TBD

. TWO NASA SBIR PROGRAMS FOR 2-5 K LOWER STAGE COOLER
DEMONSTRATIONS ARE ONGOING
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

””
FY93 AUGMENTATION
PRIORITIZATION:

Focused Program

+ LONG LIFE 2-5 K MECHANICAL COOLER

+ VIBRATION FREE 20-30 K SORPTION COOLER

+ VIBRATION FREE 65 K BRAYTON COOLER

« VIBRATION FREE 2 K MAGNETIC COOLER, LOWER STAGE
« VIBRATION FREE 2K COOLER, UPPER STAGE

« VIBRATION FREE 65-80 K SORPTION COOLER

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS
COOLER FLIGHT EXPERIMENTS
CRITICAL MILESTONES 92 93 94 95 97 98 99 00 01 02 03 04 0S5 06
55-80 K STIALING (IN-STEP)
3 HE (UNFUNDED) "I_LK
SUBKELVIN COOLERS L‘._'_u

30 K STIRLING

2-5 K LONG-LIFE MECHANICAL

20-30K VIBRATION - FREE SORPTION

SE9-6



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

SUB-ELEMENTS 92 93 94 g5 96 97 TOTAL
ON-GOING

30 K STIRLING 3.2 3.7 39 1.6 14 15 15.3
PULSE TUBE COOLERS 0.5 0.6 0.6 0.6 0.6 0.6 35
SUBKELVIN COOLERS 0.1 0.1
ON-GOING - SUB-TOTAL 38 4.3 45 2.2 20 | 21 18.9

AUGMENTATION
2-5 K LONG-LIFE MECHANICAL 0.0 2.0 2.0 20 24 24 108
VIBRATION - FREE 20-30 K SORPTION | 0.0 0.7 0.8 1.5 15| 15 6.0
VIBRATION - FREE 55-80 K BRAYTON 0.0 15 2.0 2.0 20 20 9.5
VIBRATION - FREE 2 K MAGNETIC 0.0 0.0 0.6 1.2 1.2 15 45
VIBRATION - FREE 2 K UPPER STAGE | 0.0 0.0 0.0 1.2 12 | 22 4.6
VIBRATION - FREE 65-80 K SORPTION | 0.0 0.0 0.0 0.0 00 | 10 1.0
AUGMENTATION - SUB-TOTAL 0.0 42 5.4 7.9 83 | 106 36.4
TOTAL 3.8 8.5 99 | 10.1 103 | 12.7 55.3
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INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

ITP EXTERNAL REVIEW

H
BRIEFING ON THE

NASA

HIGH TEMPERATURE SUPERCONDUCTIVITY
PROGRAM

JUNE 27, 1991 EDWIN G. WINTUCKY

OFFICE OF AERONAUTICS, EXPLORATION AND TECHNOLOGY

HIGH TEMPERATURE SUPERCONDUCTIVITY
- OAET ettt

OUTLINE

. OBJECTIVE AND RATIONALE

. SSTAC AD HOC REVIEW TEAM FINDINGS
. SPACE APPLICATIONS AND BENEFITS

. APPROACH

« PROGRAM ORGANIZATION AND CONTENT
« ACCOMPLISHMENTS

. FUNDING

« FACILITIES

« HTS AUGMENTATION

« RELATED NON-NASA HTS EFFORTS

. ISSUES
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HIGH TEMPERATURE SUPERCONDUCTIVITY

= OAET ==

OBJECTIVE

TO INVESTIGATE THE POTENTIAL OF HTS TECHNOLOGY TO
ENHANCE/ENABLE NASA MISSIONS AND TO DEVELOP AND
DEMONSTRATE HTS DEVICES FOR IDENTIFIED MISSIONS

RATIONALE

HIGH TEMPERATURE SUPERCONDUCTIVITY IS A REVOLUTIONARY
TECHNOLOGY OF GREAT POTENIAL TO LEO, GEO, LUNAR AND
PLANETARY MISSIONS

e A WIDE VARIETY OF SPACE APPLICATIONS HAVE BEEN IDENTIFTED IN THE AREAS
OF COMMUNICATIONS AND DATA SYSTEMS, SENSORS AND CRYOGENIC SYSTEMS,
AND POWER AND PROPULSION SYSTEMS

« UNIQUE ELECTRICAL, MAGNETIC AND THERMAL PROPERTIES OFFER POSSIBLE
MAJOR IMPROVEMENTS IN SYSTEM PERFORMANCE AND RELIABILITY, LARGE
REDUCTIONS IN SIZE, WEIGHT AND ELECTRICAL POWER REQUIREMENTS, AND
EXTENSION OF MISSION LIFE

« RECENT RAPID IMPROVEMENTS IN HTS THIN FILM AND BULK MATERIALS,
EVIDENCE OF PAYOFFS AT SYSTEM LEVEL, SYSTEM STUDIES AND FUTURE
MISSIONS TECHNOLOGY REQUIREMENTS JUSTIFY DEVICE DEVELOPMENT AND
DEMONSTRATION

T

HIGH TEMPERATURE SUPERCONDUCTIVITY

o OA\ET] s———————————————————— e —————

SSTAC/HTS AD HOC REVIEW TEAM FINDINGS

"In general, we support the proposed NASA program. superconductivity presents
significant promise for space applications. Whether this promise is realized depends
upon future developments in materials technology and implementation of space
hardware. NASA should continue to closely monitor the progress of
superconductivity developments while actively exploring promising space
application If superconductivity materials technology yields productive devices,
then NAS:\ should be positioned to capitalize with new missions exploiting the new
technology"”

Committee Chairman Steven D. Dorfman in a letter prefacing the final
report of the Ad Hoc Review Team for the NASA High Temperature
Superconductivity Program, dated 20 July 1988, to Norm Augustine, then
Chairman of SSTAC.

)
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== OAET

HIGH TEMPERATURE SUPERCONDUCTIVITY

TWO RECOMMENDATIONS OF THE HTS AD HOC

REVIEW TEAM:

» NASA should focus on applications and associated research peculiar to NASA's
space and aeronautical missions and rely to a large extent on fundamental research on

materials or theoretical research funded elsewhere.

* A long list of potential space applications have been identified. The next step is to do
sufficient studies, including critical exploratory experiments, to identify the most
promising applications for further development. This study and exploratory
experimental effort should be the focus of the FY 1988 and FY 1989 program
activities. The committee recommends that NASA propose a funding wedge
beginning in FY 1990 at $10-20 million. This is based upon the assumption that
continued advances in materials will be made and that viable applications will be
identified by that time to warrant continued research and technology development.

OF POOR QUALITY

L _J
HIGH TEMPERATURE SUPERCONDUCTIVITY
== QAET mt——————————————————————————————————————
SPACE APPLICATIONS OF
HIGH TEMPERATURE SUPERCONDUCTIVITY
POWER AND
PROPULSION
;‘;s(zst'g&: ‘!C"va AVE IR DETECTORS POWER TRANSMISSION LINES
mmMgRNsE‘m SIS & SNS MIXERS ENERGY STORAGE
RESONATORS MOMENTUM WHEELS
VITIES SNS SQUIDS THz LOCAL
?‘lllSNCSAMISSION LINES OSCILLATORS E
sUBSY : FPA VIBRATION DAMPING A IR EDRARDICS FOR
LOW NOISE AMPLFTERS & FPA GROUNDING STRAP ENGINE TURBO PUMPS
PHASED ARRAY ANTENNAS CURRENT LEADS
DIGITAL SIGNAL PROCESSING PASSIVE MAGNETIC BEARINGS .
y
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8 HIGH TEMPERATURE SUPERCONDUCTIVITY

- DAET ____—_______——_—______————_____——-——————-——-——_'——-

POTENTIAL PAYOFFS
. LOW LOSS, HIGHER SENSITIVITY MICROWAVE CIRCUITS

. REDUCED SIZE AND WEIGHT OF MICROWAVE
COMPONENTS/SUSBSYSTEMS

. ENABLE MECHANICAL CRYOCOOLER VIBRATION DAMPING BY UP TO
TWO ORDERS OF MAGNITUDE

. EXTEND MISSION LIFE OF STORED LIQUID HELIUM CRYOGENS BY 25%
OR MORE

. ENABLE PASSIVELY COOLED IR BOLOMETERS FOR LONG LIFE SPACE
SCIENCE MISSIONS

. GREATER RELIABILITY, LIFE TIME AND EFFICIENCY OF CRYOCOOLERS

HIGH TEMPERATURE SUPERCONDUCTIVITY

APPROACH

e CONDUCT STUDIES TO IDENTIFY APPLICATIONS, EVALUATE BENEFITS AND DEFINE
SYSTEM INSERTION REQUIREMENTS

s CONDUCT RESEARCH EFFORTS TO IDENTIFY/DEVELOP INNOVATIVE CONCEPTS
FOR FUTURE APPLICATIONS

® DEVELOP, BUILD AND TEST DEVICES FOR SPACE APPLICATIONS DEEMED MOST
PROMISING FOR NEAR TERM SYSTEM INSERTION AND MISSION ENHANCEMENT

e INVESTIGATE IDENTIFIED HIGH-PAYOFF, HIGH-RISK APPLICATIONS

e PARTICIPATE IN FLIGHT OPPORTUNITIES TO DEMONSTRATE FLIGHT
QUALIFICATION AND FUNCTIONALITY IN SPACE

e LEVERAGE OFF DoD EXPERTISE AND INVESTMENT BY PURSUING COLLABORATIVE
EFFORTS IN AREAS OF MUTUAL INTEREST AND BENEFIT

e BALANCE PROGRAM BETWEEN IN-HOUSE, UNIVERSITY AND INDUSTRY RESOURCES

e SUPPORT TRANSITION TO FOCUSED PROGRAMS AND NASA USERS
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HIGH TEMPERATURE SUPERCONDUCTIVITY

= QAZT

HTS PROGRAM ORGANIZATION

[ ]

MICROWAVE & mm WAVE CRYOGENIC
COMMUNICATIONS SYSTEMS

SENSORS

- = IR DETECTORS I~ VIBRATION DAMPING OF FPA

PASSIVE COMPONENTS
FILTERS, RESONATORS, HIQ
CAVITIES, TRANSMISSION

LINES = — FPA GROUNDING STRAP

SNS MICROBRIDGES
THz LOCAL OSCILLATOR,
SQUIDS, MIXER FOR SUBmm

WAVE. ASTRONOMY - CURRENT LEADS FOR THERMAL

= HYBRID HTS/SEMICONDUCTOR
[SOLATION

CIRCUITS

IS MIXER
- S - PASSIVE MAGNETIC BEARINGS

— ACTIYE COMPONENTS PR Ry IoN CYCLE
LOW NOISE AMPLIFIER, ~ HYBRID HTS/SEMICONDUCTOR CRYOCOOLER
OSCILLATOR, PHASE SHIFTER CIRCUITS

— FLUX PUMP REFRIGERATOR

SUBSYSTEMS -
LOW NOISE RECEIVER, RADIOMETRY

PHASED ARRAY ANTENNA,
DIGITAL SIGNAL PROCESSOR

8 Y

CURRENT HTS PROGRAM - COMMUNICATIONS

QBJECTIVE: To develop and demonstrate the
applicabtltty of HTS to microwave and mm
wave communications

APPROACH:

@ Develop sources of Tiims on microwave
substrates (in-nouse, grant, contract)

@ Develop hybrid HTS/semiconductor
circuits

® Design, fabricate and test selected HTS
circults (passive & active components,

STATE OF THE ART:

@ Films of YBCO & TBCCO with good Tc, Jc, Rs
properties commercially availabie

@ Passive components-excellent performance

demonstrated-low Insertion loss, high Q, high

out-of-band rejection relative to metals

CHALLENGES:

@ High quality & uniform fiims over large area
(S ¢m dia) on suitable substrates

® HTS/semiconductor integrated circuit

subsystems) fabrication
@ Perform system studies to identify and ® Demonstration of performance at subsystem
define promising applications tevel

APPLICATIONS;

@ Oeep space communications - ground
stations and data relay satellites

® Intersatellite communications 1inks

@ Commercial communications satellites
BENEFITS:

@ Low insertion loss enables minfaturization
@ Low loss beam forming networks enable
high gain phased array antennas

@ Low nolse recelvers significantly reduce

® A number of technology "firsts®

@ Reproducible deposition of high quality fiims
® Fabrication of passive circuits, Including
fiiters, resonators, phase shifters, antennas

@ Delivery of HTSSE | expertments

EUTURE PLANS UNDER PRESENT FUNDING:

@ HTSSE Ii experiment

@ Development of monolithic HTS/semiconductor
circuits

power reguired for spaceborne transmitters
RELATED TECHNOLOGY:

® Long life, reltable minfature cryocoolers

\

PROGRAM RESOURCES (WITH $0.6M REPROGRAMMED
ANNUALLY AT LeRC) INSUFFICIENT FOR SUBSYSTEM
DEVELOPMENT AFTER HTSSE N

\
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COMMUNICATIONS APPLICATIONS STUDY )

Ku-B AND AND Ka-BAND GROUND TERMINAL LOW NOISE RECIEVERS

- IMPROVE RECEIVER SENSITIVITY USING CRYOCOOLED HTS/SEMICONDUCTOR
CIRCUITRY

- FACTOR OF 3 REDUCTION OF SPACECRAFT TRANSMITTER POWER
« ULTRA LOW NOISE SPACECRAFT RECEIVERS AT 7, 30, 60 AND 94 GHz

- HTS RECEIVERS ON DEEP SPACE RELAY SATELLITE MAKES FEASIBLE mm-WAVE
COMMUNICATIONS THROUGH SIGNIFICANT REDUCTION OF TRANSMITTER POWER
AND INCREASE IN LINK DATA RATES

« PHASED ARRAY RECEIVER ANTENNA AT 14, 20, 30 AND 60 GHz

- SIGNIFICANTLY REDUCED INSERTION LOSS IN BEAM FORMING NETWORK ENABLES
LARGE (HIGH DIRECTIVITY) ARRAYS FOR DEEP SPACE AND SATELLITE
COMMUNICATIONS

« 60 GHz LOW POWER, HIGH DATA RATE SPACECRAFT CROSSLINK
- HTS BASED CROSSLINK REDUCES TRANSMITTER POWER BY > 12%

« DIGITAL SIGNAL PROCESSOR FOR "SMART"
COMMUNICATIONS SATELLITES

. HTS DEMODULATORS REQUIRE 0.04% OF POWER AND 4% OF WEIGHT OF
SEMICONDUCTOR SYSTEMS

HIGH TEMPERATURE SUPERCON[;UCTIVITY
== QAET mm—

NASA EXPERIMENT FOR HTSSE II (LeRC/JPL)

OBJECTIVES: DESIGN, FABRICATE AND TEST HTS LOW NOISE RECEIVER/DOWN
CONVERTER (X-BAND) USING HTS FILM TECHNOLOGY AND
STATE-OF-THE-ART GaAs TECHNOLOGY

DELIVER TWO SPACE QUALIFIED SUBSYSTEMS TO NRL FOR HTSSE [I

SIGNIFICANCE: DEMONSTRATE SUBSYSTEM INTEGRATION OF HTS FILMS WITH
ACTIVE GaAs MICROWAVE INTEGRATED CIRCUTTS

POTENTIALLY ENHANCES EXISTING PERFORMANCE IN SUBSYSTEM BY
REDUCING NOISE FACTOR BY 1 dB AND INCREASING LOCAL
OSCILLATOR NOISE FIGURE BY 4X

NASA APPLICATIONS: SPACECRAFT TRANSPONDERS, GROUND STATION RECEIVERS

MILESTONES
691 - SUBMIT "WHITE PAPER"
91 - SELECTION OF EXPERIMENT
1292 - DELIVERY OF PROTOTYPE
194 - DELIVERY OF TWO SPACE QUALIFIED SUBSYSTEMS
95/96 - LAUNCH
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HIGH TEMPERATURE SUPERCONDUCTIVITY
o O\ ET smmmmmmm—————————— e

PROPOSED NRL/HTSSE-II EXPERIMENT
JOINT LeRC/JPL EFFORT

[m——————————————— )
I | LeRC |
| l RESPONSIBILITY '
JPL
I RESPONSIBILITY | :
: } LO - 8.4 GHz I
| | N :
7.25 GHz | a2y | 1.15 GHz
PrEsELECT ouTeuT
: FILTER : ot FILTER :

LOW NOISE RECEIVER SUBSYSTEM

- CURRENT HTS PROGRAM - SENSORS

QBJECTIVE. To develop and demonstrate JOSEPHSON JUNCTION DEVICES
sensor applications of HTS thin fiim APPROACH. Develop al! YBCO SNS microbridges (edge
technology Junction weak Hink) for osctliators & mixers, BakB8tO SIS
tunnel junctions for mixers
@ Extend performance of Josephson !
junction devices APPLICATIONS: SNS THZ local osciilator & mixer for submm
® Low noise, sensitive transition-edge wave astronomy (ground-based observatories and f1ignt
resistive and kinetic fnductance IR missions - SMILS, LDR), SQUIDS for planetary magnetic
fleld probes, high speed signal processing
bolameters
® Improve radiometers using high PRESENT TECHNOLQGY. LTS devices

frequency communications tecnnology
LCHALLENGES: Device geometries & rilm growth techniques

PROGRAM RESOURCES INSUFFICIENT FOR

DEVICE DEVELOPMENT BENEFITS: Increased operating temperature & frequency
range (THZ) of active J-J devices

IR BOLOMETERS BADIOMETRY

APPROACH: YBCO or TBCCO fiims on very thin substrates APPROACH: Develop low nolse recetver (LNR) and electronic

beam steering (phased array antenna feed) for radiometry
APPLICATION: Thermal emission spectroscopy of

atmospheres/surfaces of outer planets APPLICATION: LEO and GEO radiometry at 94-200 GHs
tMISSION REQUIREMENTS: Range 10-1000um, > 10 year PRESENT TECHNOLOGY: LTS recetvers; large, gimbal mounted
mission requires passive cooling & T{det)»70K stesrable dish antennas

PRESENT TECHNOLQGY: 4 X 10%*G D* - thermoplie BENEFITS: Large aperture for GEO, mechanical stability for

sensitive LEO platforms
BESULTS TO DATE: 4 X 10%%9 D*
CHALLENGES. Develop HTS J-J based mixers and SQUID type

.. Reduce nolse & time constant phase shifters; improve HTS f1im quality to extend low Rs
(resistive), HTS SQUID magnetometer (Inductance) into submm region
GOAL,» 10%%10 D* @ 70-90K, single eits or arrays STATUS:. Conceptual phase
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QBJECTIVE. To cevelop and demonstrate
cryocooler appiications of HTS technology

® Reduce parasitic heat 1oads and cryogen
botloff using HTS current leads

@ Damp out cooler-generated vibrations at
foca) plane array

@ Improve reliabllity and effictency of
cryoturbopumps using passive magnetic
pearings

PROGRAM RESOURCES INSUFFICIENT FOR
DEVELOPMENT BEYOND INDICATED STATUS

EURRENT HTS PROGRAM -

CRYOGENIC APP‘LICATIONSj

HTS CUBRENT LEADS FOR THERMAL ISQLATION

APPROACH Explolt Jow thermal conductivity and R=0
properties of HTS ceramics

Missions requiring LHe cooltng (SAFIRE,
AXATS, SIRTF)

Extension of mission life, grounding of FPA,
Improve 5/N by 10- 100X

HMATERIALS:. Adequate for low current applications

STATUS: Prototype low current leads fabricated and
environmentally tested, goal IS 1996 space experiment

YIBRATION DAMPING

APPRQACH. Explolt magnetic damping property of HTS
ceramics

APPLICATION: Missions using Stirling cycle
mechanical cryocoolers (E0S, AXAFS)

Back-to-back coolers and
compensating electronics

BENEFITS. Enhanced precision Imaging, passive
approach; damping over wide frequency range

MATERIALS. Adequate damping capablitty

STATUS: Lab demo of X10 greater damping at 77k
with non-optimum matertal & magnet geometry

PASSIVE MAGNETIC BEARINGS

APPROACH. Exploit magnetic levitation force and stiffness
properties of HTS ceramics

PRESENT TECHNOLOGY: Gas bearings

BENEFITS: {ncreased turboexpander efficiency (reduced
power & heat leak); Improved rellability and lifetime

MATERIALS, Levitation pressure adeguate, some
improvement In stiffness needed

MON-NASA: Recent advance in materials stimulated large
effort to develop bearings for rotating machinery

STATUS: University grant to develop materials (CUA);
contract to evaluate materiais (Cornell)

TECHNOLOGY FIRSTS

AND PASSIVATION OF HTS FILMS

HIGH TEMPERATURE SUPERCONDUCTIVITY W

o QAET sumimm—————— e ———————————

e AMONG FIRST IN U.S. TO DEPOSIT HIGH QUALITY YBCO FILMS BY LASER ABLATION

e FIRST TEST OF HTS Ka-BAND CIRCUIT (MICROSTRIP RESONATOR)

¢ FIRST TEST OF AN HTS ANTENNA ARRAY (2X2)

e DEVELOPED NOVEL EFFECTIVE TECHNIQUE (Br ETCH) FOR SURFACE CLEANING

e FABRICATED FIRST ALL HTS EDGE-GEOMETRY MICROBRIDGES UTILIZING
NON-SUPERCONDUCTING YBCO BARRIER LAYERS

e AMONG FIRST TO DEMONSTRATE HTS TRANSITION-EDGE BOLOMETER

M.Eﬁ‘,* ‘

-
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[ HIGH TEMPERATURE SUPERCONDUCTIVITY )

SOURCE

5 FACILITIES

NASA CENTERS HAVE THE NECESSARY FACILITIES
ON-SITE OR READY ACCESS TO UNIVERSITY,
GOVERNMENT OR INDUSTRIAL RESOURCES

STATE-OF-THE-ART CAPABILITES

* MATERIALS PREPARATION (THIN FILMS AND BULK)

e MATERIALS CHARACTERIZATION (CRITICAL CRYOGENIC
PROPERTIES)

o DEVICE DEVELOPMENT (LABORATORY MODEL TO
SYSTEM VALIDATION MODEL)

* DEVICE TESTING (LABORATORY DEMONSTRATION TO
FLIGHT QUALIFICATION)
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HIGH TEMPERATURE SUPERCONDUCTIVITY
= DA ET s

HIGH TEMPERATURE SUPERCONDUCTIVITY
R&T BASE AUGMENTATION

« NEW INITIATIVES

« MILESTONES / RESOURCES

o

HIGH TEMPERATURE SUPERCONDUCTIVITY
mOAET wm

ORBITER/ACTS HTS 20GHz PHASED ARRAY ANTENNA
FLIGHT EXPERIMENT

STEERABLE
SUPERCONDUCT ING

RCV ANTENNA

10 KBPS@30 GHZ

]
’
.

R
LEWIS .
— -
JsC
.
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ORBITER/ACTS FLIGHT EXPERIMENT OF HTS

; Exploit HTS digitsl electronics for the
next generation of smart comunications sateilites

: Deveiop a reproducabie Josephon
junction process for analog-to digital (A/0)
converters, mixers, and complimentary slectronics
thet will ultimately lead to a 1 Gbps QPSK modulator,
tollowed by a demodulator as the technology
matures

; High data rate deep space
communications and advanced satellite
communications

4 PHASED ARRAY ANTENNA

= DA ET e————————

OBJECTIVE: DEMONSTRATE FUNCTIONALITY IN SPACE OF RECEIVER /PHASED ARRAY
ANTENNA SUBSYSTEM WITH HTS CRITICAL COMPONENTS

APPROACH: TRANSMISSION OF VOICE DATA FROM GROUND TERMINAL TO ACTS (30
GHz) AND RELAY TO 20 GHz RECEIVER/ANTENNA IN SHUTTLE BAY
REUSE OF ORBITER HARDWARE FROM PROPOSED 1995 Ka-BAND ACTS
EXPERIMENT TO GREATLY REDUCE COST
PHASED ARRAY ANTENNA: 9 SUBARRAYS, EACH WITH 4X4 MICROSTRIP
PATCHES (144 TOTAL ELEMENTS), 16 WAY HTS POWER COMBINER, HTS
FILTER AND COOLED GaAs LNA

WORK LeRC - ANTENNA DEVELOPMENT, FABRICATION & TEST, ACTS

BREAKDOWN: GROUND STATION
JSC - ORBITER MANIFEST, ORBITER INTERFACE, ANTENNA
CONTROLLER

CHALLENGES: ARRAY SIZE AND COMPLEXITY, UNIFORM HTS FILMS, INTEGRATION OF HYBRID
CIRCUITS, PACKAGING, GROUND TESTING OF FULL ARRAY

MAJOR FY93 - ANTENNA MODULE FAB & TEST; FY94 - FLIGHT HARDWARE FAB;

MILESTONES: . FY95 - FLIGHT HARDWARE TEST, ASSEMBLE IN SHUTTLE BAY; FY96 - LAUNCH

FUNDING: FY93 -$1.1M, FY94 -$1.2M, FY95 -$1.2M, FY96 -$0.2M

ﬁ
HTS DIGITAL SIGNAL PROCESSOR
= OAET

STATUS:
. TRW demonstrated a HTS four bit A/D convertel
which operated at about 50K

« FUJITSU demonstrated a low Tc 24,000 junction
miCroprocessol

+ Reproducible, manutacturable HTS Josephson
|unctions are svolving

CHALLENGES:

« Processing of reliable, high density Jossphson junctions

DIGITAL SIGNAL
PROCESSOR

BENEFITS:
« HTS digital signal processors are 10 times faster
than state-of-the-art semiconductor technology

. HTS demodulators require only 0.04% of the power
of semiconductor subsystems

« HTS demoduistors require only 4% ot the weight of
semiconductos subsystems

+ Large increase in number of channels

T RECEIVER

ELECTRONICS

SIGNAL PROCESSOR
o DEMODULATOR
o MODULATOR

TRANSMITTER
ELECTRONICS

SATELLITE TRANSPONDER
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RESOURCES WITH AUGMENTATION

CODE RC FUNDING IN M$

FY91 | FY92 | FY93 | FY94 | FY9s | Fvoe | Fye7
BASE PROGRAM® 0.9 1.3 1 (0.6) | (0.6) | (0.6) | (0.8) | (0.6)
STRATEGIC PLAN
AUGMENTATION - - 30 4.0 8.0 5.0 5.0
TOTAL 0.9 13 38 49 5.8 5.6 5.8
3X BUDGET AUGMENTATION | — - 24 3.2 40 4.0 4.0
TOTAL 0.9 1.3 3.0 3.8 4.8 48 46

* REPROGRAMMED FROM COMMUNICATIONS BASE

ﬁ

[ AUGMENTED HTS PROGRAM MILESTONES
OAET i & RESOURCE ALLOCATION

COMMUNICATIONS®
(& RADIOMETER)

A

SENSORS
Fab all HTS SNS Demo THz  Psb ol BKBO PatvTen Fab SIS | Demo HTS
(icRa >3mV) — SiphiGes  tumaci UHTS | jmcace st mier
(HTS SNS)  juncuons O] Detiver BKBO
sl ncton/anenne
Plighe quaity low Plight quaky bigh  sreceures for SIS misar e
"V K Al /
CRYOGENIC X . . ‘
APPLICATIONS :
Flight qualify 4 Plight quality Evalumm
, magnetc bearing Mag Vd Damp Mag bearing
A - Current Prognm 3X Augmenmtion ($M)

A - "3X Budger” Augmentation
A - "Strmegic Plan” Augmentation

"

s:nz Aunun'on (M)  ® Assumes reprogrammed $0.6M
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RELATED NON-NASA HTS EFFORTS

DoD - DARPA, SDIO, NAVY, AIR FORCE, ARMY
- FY 91-EST $56M FOR HTS

_ AREAS OF MUTUAL INTEREST - RF COMMUNICATIONS, SENSORS, HIGH FIELD
MAGNETS, PASSIVE MAGNETIC BEARINGS

. DARPA & SDIO FUNDING SNS JOSEPHSON JUNCTION EFFORT AT JPL ($390K IN FY91)
. COLLABORATION IN SPACEBORNE CRYOCOOLER DEVELOPMENT

DOE - MUTUAL INTEREST IN POWER TRANSMISSION, ENERGY STORAGE

UNIVERSITY - MANY LABORATORIES

INDUSTRY - MANY LARGE COMPANIES AND SMALL ENTREPRENEURIAL COMPANIES

FOREIGN - LARGE JAPANESE AND EUROPEAN EFFORTS

)

—

INTERAGENCY PROGRAMS

NASA/NRL MOU FOR HTSSE PROGRAM

COLLABORATION ON SPACE APPLICATIONS OF HTS AND CRYOCOOLER
TECHNOLOGY

LeRC/ARGONNE MOU
JOINT STUDIES OF ENERGY STORAGE AND POWER TRANSMISSION

GSFC/NTIS - HTS IR BOLOMETER DEVELOPMENT

PRELIMINARY NASA LeRC/USAF DISCUSSIONS FOR
COLLABORATION ON HTS PHASED ARRAY ANTENNA
DEVELOPMENT AND ORBITER/ACTS FLIGHT EXPERIMENT

POTENTIAL NASA/SDIO COLLABORATION ON FOCAL PLANE
ARRAY SIGNAL PROCESSING
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ON - ARRAY SIGNAL PROCESSING DEVELOPMENT
STATUS (DEMONSTHATED WITH Nb)

® IR DETECTOR (TRW)

- 10-25 uM
- D* 10X betier than best IR bolometer

® 12 BIT A-OD CONVERTER (Westinghouse)
@ § BIT SIGNAL PROCESSOR (Fujitsu, Hitachi)

r SUPERCONDUCTNG FOCAL PLANE ARRAY SIGNAL PROCESSING

DEYELOPMENT GOALS (SDIQ)

® END-TO-END DEMONSTRATION OF FPA ASSEMBLY
WITH Nb (4K) DEVICES

©® NEXT GENERATION - NbN (10K)
® FUTURE - BaKBIO (30K)

IECHNICAL CHALLENGE
@ On - Arrsy memory (20K or more)

N

SIGNIFICANT ADVANTAGES OVER SEMICONDUCTOR
IECHNQLOGY e
aer ] =
® HIGHER SPEED (> 10 X faster than GaAs) e eomee oo - —-———— 2 1
[l
® LOWER POWER (» 20 X leas than Si) )y B b
- l--
® FIBER OPTIC DATA LINES (X10 fewer) B em—— gy Al —
i a—— om0} Il
O I e T T i
® GREATLY REDUCED HEAT LOAD J ]
® GREAT POTENTIAL FOR WIDE AREA IR
AND OTHER FREQUENCIES FOCAL PLANE ARRAY ASSEMBLY
L y
- a

AND NASA USERS

ISSUES

« RECENT ADVANCES IN MATERIALS AND DEMONSTRATION OF
ORDER OF MAGNITUDE OR MORE IMPROVEMENT IN PERFORMANCE
AMPLIFIES NEED FOR AN AGGRESSIVE NASA HTS R&T PROGRAM

* STABLE BASE FUNDING LEVEL IS NEEDED - PRESENT FUNDING
COMES MOSTLY FROM DIVERSE, SHORT TERM SOURCES

e INADEQUATE TO DEVELOP APPLICATIONS TO LEVEL OF
READINESS FOR TRANSFER TO FOCUSED PROGRAMS
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