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AEROTHERMODYNAMICSBASE R&T PROGRAM

AEROTHERMODYNAMICS

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

It is also the conduct of analytical and experimental research to
advance the Iechnoloqy of aerothermodynamically efficient
vehicle design

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)
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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)

I it

AEROTHERMODYNAMICS BASE R&T PROGRAM

PAYOFF EXAMPLES (CONT,)

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)
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AEROTHERMODYNAMICS BASE R&T PROGRAM

1995

SPACE TRANSPORTATION ARCHITECTURE OPTIONS

2005 2010 2015

I
SPACE SHU'I-rLE __

-- _
SPACE STATION FREEDOM

ACRV (assured return)

PLS (assured return)

I
NLS (Multi-role Heavy-lift)

SEI

I I I I

2020

AEROTHERMODYNAMICS BASE R&T PROGRAM

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

Prediction Verification

Code validation
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AEROTHERMODYNAMICS BASE R&T PROGRAM

MUTUALLY DEPENDENT TECHNOLOGIES

Data beyond capability/

ofgroundfacilities /,_ _ ''_

Test in actual /

flight environment __j

Critical problem Data base
identification expansion

Interpret ground

and flight tests

0

E
0
0

Specific design inlegration

Explore single and multi-parameter
variations

Validate portions o

Computational Toc

Parametric studies

Detail study of

phenomena

b II

AEROTHERMODYNAMICS BASE R&T PROGRAM

AUGMENTATION PLAN

CAPABILITYDEVELOPMENT

• COMPUTATIONAL
TOOL DEVELOPMENT

• EXPERIMENTAL
RESEARCH/COMPUTA-
TIONAL VALIDATION

• FACILITIES RESEARCH

CAPABILITY _ .APPLICATION
CONFIGURATION
ASSESSMENT
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AEROTHERMODYNAMICS BASE R&T PROGRAM
BUDGET IMPLICATIONS

GROSS
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h
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FY97

STRATEGIC

3X

CURRENT

AEROTHERMODYNAMICS BASE R&T PROGRAM
RUNOUT OF AUGMENllEI)(STRATEGIC) PROGRAM ($M)

¢

FY92 FYS3 FY94 FYgS FY_ FY97

Computatlomd Tool

Oevelopment 2.2 4.2 4.9 6.2 7.2 8.2

F.xpedrrmnl=l Flesur©N

Computatlonld Vddatlon 0.7 1.8 3.0 3.5 4.2 5.5

Facllltles RemearcW

Development 0.4 3.B 5.6 7.1 8.4 10.0

Conflgurallon

Assessment 0.7 2.5 2.6 2.7 3.0 3.3

Generic

Hypersontcs 1.4 1.4 1.9 2.0 2. I 22

Total

(Net) 5.4 13.7 18.0 21.5 24.9 29.2

Total

(Gross) • 15.4 24.11 30.4 35.2 39.8 45.6
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AEROTHERMODYNAMICS BASE R&T PROGRAM

RUNOUT OF AUGMENTED(STRATEGIC) PROGRAM ($M)
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AEROTHERMODYNAMICS BASE R&T PROGRAM

COMPUTATIONAL

TOOL

DEVELOPMENT
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AEROTHERMODYNAMICS
COMPUTATIONAL TOOL DEVELOPMENT

DETAILED FLOWFIELDtFLUID 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 AEROI"HERMAL LOADS CRITICAL
TO MATERIAL AND STRUCTURAL CONCEPT SELECTION

CURRENT PROGRAM S-O-A

3-D CONFIGURATIONS, EQUILIBRIUM GAS COMPUTATIONS "IN-HAND"; THERMOCHEMICAL,
NON-EQ SOLUTIONS AND DSMC TECHNIQUES NOT VALIDATED; PHYSICAL PROCESS MODELIH I

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
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AEROTHERMODYNAMIC CFD CODE DEVELOPMENT

Space Station Rocket Plumes
Aeroassist Aerospace Space

Orbital Transfer Planes Transportat_
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AEROTHERMODYNAMICS BASE R&T PROGRAM

Low Density Flow Regimes

,o I _ Trans!tlo.n-:

=  ,,+ouou,
-_ _ I'___ Sllocl_ Jumps

30 V _'_" "

r Cowl Leldlnl Nose Missile AFE- ..... ASTV

l0 I-" LIp Edle
L
Imm icm loom Im IOta

Nose Radius. Rn

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

LENGTH (LOCAL KNUDSEN NUMBER, Kn = Z/L)

• THEY ARE NOT JUST A HIGH ALTITUDE PHENOMENA
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DSMC SIMULATION OF FLOW ABOUT SHUTTLE ORBITER

AIt = 120 km Jilt = 100 km

BLUE = Molecules unallected by vehicle

RED = Molecules thai have struck the
surface

YELLOW = Blue in collision with red or

yellow

AIt = 170 km
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Streamlines Near Shock-Shock Inteiaction

(preliminary results)

Cowl Surface

t ot
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AFE S UR FACE HEATING
V = 9.3 km/s h = 75 km a =-50
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Ground-based
Experimental Data
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O
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• Flight Conditions
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ADVANCEMENT IN RADIATIVE TRANSPORT
AFE Equivalent Sphere Radiative Flux

m

E
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O" 2--

1-

0
0
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Tangent Slab Transport (l-D) "
...... MDA Transport (3-D)

Modified Differential Approximation
(MDA) Shows Potential For
Solving 3-D Radiative Transport

I I ! ! I I I
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s, cm
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COMPARISON OF THREE CHEMICAL REACTION RATE SETS

V=== 12 kin/see, altitude = 80 kin, Rnose = 1.08 m

---.--- Kang and Dunn
---- Park (87)

---- Park (91)

16

15

14

Log (Ne) 13

12
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9
0

Stagnation Line Electron
Number Density 125
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• I • I • I . I . I

0.025 0.075 0.125 0

Surface Heating

Convective
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z,m s, m
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Initial Shuttle Surface and Volume Grid

I II

SHUTTLE ORBITER PRESSURE
Math = 7.4, ¢ = 40 °

Flowfleld and Surface Pressure

2_ft i Compuled-LAURA

"; -;- _"=_'x

Cp 0.8

0.4 I -qmm

0.0 0.2 0.4 0.6 0.8 1.0

ZlL
Centedine Surface Pressure
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FLOW TEMPERATURE
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2000
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J

AFE Afterbody
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based on density, pressure

and temperature gradields
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.. J "
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recomDression shock and shear lover
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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-O-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
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AEROTHERMODYNAMICS
COMPUTATIONAL TOOL DEVELOPMENT

FY 93 I FY 94 FY 95 FY 96 FY 97

I DETAILED FLOWFIELD/FLUID PROPERTIES ANALYSIS

EnhllnCOd High Temc_rllurl 3-0 Non- 3.0 Turb,u_rK:e Co_oiete DevetoDmeN C,ou_o¢l NOl_Kp_librlum Fully Coul_ed

Grid GII Equllibc_ml ltld Shelr.L_wer o( Prololype 30 Rad0allOn Mod41 Ftow,hei0 and

Genllrllmn ProoIrtms RidlallOn Mod oh_ _ U nl_RlCtl,W lid C,om!_4 s A_lal=O n

Modeling Mesh Ca,oa_l_y

I VEHICLE SYNTHESIS ENGINEERING TOOLS

• • • • A A
_ov* the SMART Ro_mld-bas=d In_ll |ntlgfll_o_ o_ Dovek_ • Demon sir a=,,

RoO_tness Goomn'y Englneerm 0 EJII_NI Sylllml C_ V_= Geometry ol Experl

or ENwcemo_ Method= O_t=.,,Dn _ Systemsl

APAS _=m_z a1_or

p ml

AEROTHERMODYNAMICS BASE R&T PROGRAM

EXPERIMENTAL

RESEARCH/COMPUTATIONAL

VALIDATION
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AEROTHERMODYNAMICS
EXPERIMENTAL RESEARCH/COMPUTATIONAL VALIDATION

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-O-A

CERTAIN HYPERSONIC SIMILITUDE PARAMETERS MAY BE REPLICATED WITH WIND
TUNNELS OVER LIMITED RANGES OF VALUES WITH ACCURATE MEASUREMENTS FOR ONLY

GROSS FLOWFIELD AND POINTWlSE SURFACE PROPERTIES. REAL GAS
FACILITIES EXPAND THE PARAMETER RANGE, BUT LIMITED

IN SIZE, FLOW QUALITY, AND FLOW DIAGNOSTICS

AUGMENTED PROGRAI_

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

TESTING IN UNIQUE, COMPLEMENTARY, NON-NASA FACILITIES
MORE AGGRESSIVE INVOLVEMENT OF CFD Ir;

EXPERIMENT DEFINITIOt:

ADVANCES IN COMPUTATIONAL CAPABILqTY

(Mach 10 Air, a=-5', ReL =159,000)

¢

°.)

 iiIExperimental
2.0[-

[ / ,.._'a'a'-o o a..,

s - Arc Longlh in SymmP.Iry Plane 0.8

L - Base Diameter 13.67 tn.) 0.4

C p - Pressure Coelliciont o[, I , , ,
C H = Heal Trnnsfer Coolgictenl Regerenced Io -0.25 0 0.25 0.50 0.75

Fny and Ridden Slagnalion PotnI Value (S/L)
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HYPERSONIC RAREFIED FLOW ABOUT A DELTA WING:
COMPARISON OF DSMC AND EXPERIMENT

DELTA WING MODEL DENSITY CONTOURS
Kn = 0.016 /
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0.1r|
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LIFT COEFFICIENT

Modllled

Nlwi_ilm ,_-_" """_.

/

/

/ 0In.

-0- DSMC 0,300

• Elplf kltlnl 0.445

I t I t I
IS 30 4S IQ 15

II, ell o

I Vl I,--I;1 Ik
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35 ° Ramp, p= = 39.12 x 10 .5

M® = 21.58, _.® = 0.073 mm, T w = 341 K

DENSITY (p/p=) P/°- SKIN FRICTION

t Begin Ramp /
40 Begin Ramp b 0.10 x = 71.4 mm -;

30 x=71.4 mm -_

mm Cf 0.05
Y' 20 _, __

,o | ,,
Oo ooo[25 50 75 100

0 25 50 75 100
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STREAMLINES
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y, 30

mm 20
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x,m

4O

30
Y,

mm 20

10

0
0
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25 50 75
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\

COMPARISON OF EXPERIMENTAL AND SIMULATE[
RESULTS FOR INCIPIENT SEPARATION
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-[ I I
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Figure 9.
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AEROTHERMODYNAMICS
EXPERIMENTAL RESEARCH/COMPUTATIONAL VALIDATION

FLIGHT DATA ANALY$1_

TECHNOLOGY NEEDS

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

CURRENT PROGRAM S-O-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

Temp (°F)

1100

I000

9OO

80O

700

m 600

500
400
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STS-28 SILTS- THERMOCOUPLE DATA COMPARISON

800

_.. 600
LL
o

400'

El.
E

2OO

m

--- Thermocouple
SILTS

V07T9634

t

I I I I
0 200 600 1000 1400

Time (rom Entry Interlace (sec)

CSE E_:PERIMENT CONFIRMS NON-CATALYTIC BENEFIT
OF G:.._,SS TILE COATING IN FLIGHT ENVIRONMENT

Btu

ft2sec

20

16

12

8

4

0

_ O RCG Coating (Baseline)

\ • Catalytic Overcoat

_ • Altitude = 233 kft
__ "_ /-- Equilibrium Chemistry

_k ""/ Prediction

I I I I 1 I
0.1 0.2 0.3 0.4 0.5 0.6

x/L
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SHUTTLE ACCELEROMETRY (HiRAP/IMU)
DENSITY MEASUREMENTS

1 41 STS-11

I 4r STS-30

e_
.2L

1.4[ STS.24

•

Altlt ude, km

HiRAP PROVIDES VALIDATION DATA FOR RAREFIED FLOW
COMPUTATIONAL TOOLS

LiD

1.2 --

• • Direct Simulation
- _ Monte Carlo Prediction

.4 - =- HiRAP/_IMU_ Data _"_:_

_ STS-6,7,8,9,11,13 _'_e_

___ Free
0 Molecule

Limit (Diffuse)
I i I I I I I I I I I

60 80 100 120 140 160

Altitude, km
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335-kg GALILEO ENTRY PROBE

R B = 0.632m

)llC-NYLON

AFT SHIELD

DESCENT

MODULE

Rn = 0.222m

L°

AEROSHELt

BOND

30° TAPE-WRAPPED

CARBON PHENOLIC
:HOPPED-MOLDED

CARBON PHENOLIC

\

FOREBODY FLOW PHENOMENA-JUPITER ENTRY

\

89%H2 + ! 1'I,,HE__" '_///'_'_

RADIATION_ _,,/,;;_ ""'

CHEMICAL _ ,,_

NONEQUILIBRIUM_/,/ "

T= 1600OK---_ / /f_......RN_31I m

p_ = 4 ]6 x I0"4 ka/m]_-- '_'z 71 _'--
T_=ISI K " 1 _ F'--)'0cm

INVI SCIDHYDROGEN-

F HELlUM GASES

_T= I_00K
TURBULENTLAYER

--- WITHABLATIONSPECIES

__T w = 4000K

PW= 6 " 3atm
ABLATION
INJECTION
(CARBON+ OXYGEN
+ HYDROGEN}
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USML; PROVIDES DEFINITION OF AFE RAREFIED
FLOW AERODYNAMIC PERFORMANCE

Ci

2.0

1.8

1.6

1.4

1.2

1.0

m

m

I

w

.8

.4

,2

0-

-.2 I
10 .5 10 4

J
3-D DSMC Results, e= 17 0

O C L

[] C D

"- _G_., G,"

Analytical Bridging
Formula

_o_£_.e. o_

I I I I I I I

10 .3 10 .2 10 -1 10 0 101 10 2 10 3

Kn

AE1-30



AEROTHERMODYNAMICS BASE R&T PROGRAM

EXPERIMENTAL RESEARCH/COMPUTATIONAL VALIDATION

FY 93 FY 94 FY 95 t FY 96
I

FY 97

I GROUND-BASED DATA ACQUISITION AND ANALYSIS

A • A
Coml_ol* Thorm,,J Them'lochomc:J

Nonequilibrium No_quillo,rium Not'_tudib, dum

Radi=z_ O_J lot Ruc_Jo_ and

Oatab_le F;ee Jel Rldlallon (Exl_mclk_

CO2_Nzl

FLIGHT DATA ANALYSIS

A
Air ociynam[:

Ollabatt tot

Mars

J_oca_ufe,f.nl_

• zl A
Com¢_, Ini_, ,4nalym d Inl_at, Analym

OARIE _ ONa e_ N:E Dus

_m

n s_

AEROTHERMODYNAMICS BASE R&T PROGRAM

FACILITIES

RESEARCH/

DEVELOPMEN1
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AMES FACILITIES

FACILITIES

M<6

IDEAL GAS

M=

6-10
M>10

3.5' X X X

16" X X X

EAST X X X

Arc-Jet X

Ballistic Range X X X

loc ,Ixlxl X

REAL GAS

Vlbra- Dlslo¢- Ioniz-

lion ilion Ilion

X X

X X X

X X X

X X X

Ixl I I

RUN

TIME
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FlED

2

10

-2

10

10-_

• _ . ,7

"" 10

X Conl. I
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i |1

CHARACTERISTICS OF LaRC HYPERSONIC FACILITIES COMPLEX

Facility Test Po' lo, M.. R,,,/fl P2 Nozzle Nozzle Test Run

Gas psia OR x 10.6 p. Type Exil, in. Core, in. Time, sec

1420-In. M6 CF 4

20-In. M6

15-1n. M6 Hi T

12-1n. M6 ;-:,P

18-1n. M8

31-1n. M10

20-In. M17 N2

60-In. M18 He

22-1n. M20 He

CF 4 100- 1100- 6
2500 1460

0.03- 12.0 Axis.

0.7

Air 30- 760- 6 0.5- 5.3 2D
500 960 9

Air 50- 1100- 6 0.5- 5.3 Axis.
250 1500 4

20 D.

20x20 12x12-
14x14

15 D. 8-10

10-

3O

120-
9OO

120

Air 50- 700- 6 1- 5.3 Axis. 12 D. 4-8 180 tn
2700 1060 40 vacuum

900 to arm

Air 30- 1160- 7.5- 0.1- 5.6 Axis. 16 D. 7-16 90 to
3000 1500 8.0 12 vacuum

600 to am,

Air 125- 1830 10 0.25- 6.0 3D
1450 2

31x31 12x12-
14x14

20 D. 8-10

60 D. 20

22 D. 8-10

6O

N2 2000- 2800- 17 0.2-
5500 3500 0.8

6.6 Axis. 3600

He 300- 520 16.5- 2- 4
2000 18.5 15

Axis. 5

He 300- 520- 18- 1-
3000 1000 22 20

4.0 Axis. 20-
40

ORiQiN,.e,L P,_,C_E!$

OF POOR QUALITY
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AEROTHERMODYNAMICS
FACILITIES RESEARCH/DEVELOPMENT

EXISTING FACILITy UPGRADES

TECHNOLOGY NEEDS

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

CURRENT PROGRAM SoO-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

t t_

AE 1-34
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AEROTHERMODYNAMICS BASE R&T PROGRAM

Shock Wave Generation Capabilities
for Shock Structure Studies

_oo

8o

6o

•¢ 40

2o

5_ttle __"
/

/
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......

/
!

Ioo

8o
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I*fter_+_em_t I
lEAST 2,4 _nc",J

/
i .... , ]

t/"

/r

• /.

/I EAST 4 Inch

+___,j/, I
/

•/ ...... I ....
5 50

IO

Velocity. km/s Veloctty. km/s

AEROTHERMODYNAMICS BASE R&T PROGRAM

SIMULATING CAPABILITIES FOR 1/100 SCALE MODEL
SIMULATING ENTHALPY, MACH, AND REYNOLDS NUMBERS

100 -

80-

• 40

2o

I , I I I I
2 4 6 8 I0 12

Velocity, km/$

I Wlth mnnancememI
100

i 60 I EAST 4 IPC:hShock Tunrlel I

40 I

20

13 5l,t WI: Tunl'_? , I
0 I

0 2 4 6 6 I0 12

Velocity. kml$
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AEROTHERMODYNAMICS
FACILITIES RESEARCH/DEVELOPMENT

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-O-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, EoBEAM,
LDV, NO AND 02 LASER TOMOGRAPHIC), DEVELOP FLOW VISUALIZATION SYSTEMS WITH

VIDEO RECORDING AND IMAGE ENHANCEMENT, OBTAIN FAST RESPONSE INSTRUMENTATION

AEI-36 G_: POOR QUALITY
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FACILITIES RESEARCH/DEVELOPMENT

FACILITIES CONCEPT STUDIES

TECHNOLOGY NEEDS

TECHNOLOGY MATURATION FOR HYPERVELOCITY, FREE-FLIGHT/TRACK FACILITY (AHAF)
{LAUNCHERS, ON BOARD INSTRUMENTATION, MODEIJSABOT INTEGRATION, ASYMMETRIC
AND/OR ANGLE O1:"INCIDENCE TESTING, CONTAINMENT/RECOVERY}; IMPROVED ARC JET
FLOWS FOR A_-gOII"IERMODYNAMIC TESTING, LOW DENSITY WIND TUNNEL

CURRENT PROGRAM S-O-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
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AEROTHERMODYNAMICS BASE R&T PROGRAM

WHAT IS DIFFERENT ABOUT ADVANCED HYPERVELOCITY
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)

ADVANCED HYPERVELOCITY AEROPHYSICS

MOOEL

" AHAF " - A large - scale, high perlorma.ce,
free flighl i track range

• Objeclive. Perlorm earlh and pla.elary IIIgh!

e_perimenls i_ a grolmd - based faclllly

• Duplicale I as opposed Io stmulale )

• FIIghl veloclly ( enlhalpy )

• Flighl alUlude ( qule_lcenl pressure or
denslly }

• Atmospheric composition

FACILITY ( AHAF

• Llghl • Oil gun

V Io 20.000 lpl
Model die Io II i¢

AHAF

• Full Scale compone.ls

• Onbolrd Inslrumenlallo.

• Forces and moment5
' Oeladed Pressuees

S_id heal Irarlsfer

• Thick shock and bou01dary layers
• Sclllng ellecls

• Oflboard IIow-Ileld rneisu#emenls

• R,,H gun

V Io 45,0(_ fps
Model WI to I II Ir_

• Ram ecclletllor

V 4o 45.000 Ipl
Model die Io t8 In
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COMPARISON OF VEHICLE FLIGHT REGIMES
IN EARTH'S ATMOSPHERE

Aeroassist High-lift AOTV
flight experiment (45 °. LEO plane

Low-lift AOTV change)
Co }lanar

__ _Mars
/ return

/_Proposed
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Launch
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in.-18.0

Launch tube
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AEROTHERMODYNAMICS BASE R&T PROGRAM

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 dislribution of radiation data

AEROTHERMODYNAMICS BASE R&T PROGRAM

I FY 93

FACILITIES RESEARCH/DEVELOPMENT

FY 95 I FY 96FY 94
I

FY 97

EXISTING FACILITY UPGRADES

Ir Sha_ iS* MwhS EAST 20" Ma¢_ I

Tu_ Upgrmdedlot CF 4

I TEST TECHNIQUE DEVELOPMENT

A
• 20" Math tTN 2

• Oadli=l¢ RanQe

LIF and LHI 3-0 Raman/Rllde_h

insMc, Tu_ Scm_,_ O_;m_
InHWT

L%
Envu_n and

Al=eom_,S_eH
kn Shoc* Tulles

A
E-Sem in

Math 17N 2

_,d HYPULSE

CARS

in

FAST

I TESTTECHNIQUEDEVELOPMENT

A
Laser

Tomogl,lkOhy

mlG*

& A
•_F C,m¢_ RFF_ePER

De_mn
•co_c=_Slu_kx

Rareliml Flow
F_n_, (RFF)

z% A
• AHAF We PER

• Ate Jet Frows
Oecumenled

L%
• Pauehed Flow

Faol_y
OpGral_nal

• Arc Jel Pdcl

Facd_tf
Olsugned
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AEROTHERMODYNAMICS BASE R&T PROGRAM

CONFIGURATION

ASSESSMENT

I Ill

AEROTHERMODYNAMICS BASE R&T PROGRAM

CONFIGURATION ASSESSMENT
TECHNO, ..t" 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

UMITED RESOURCES---_ 1 - 2 VEHICLES AT A TIME
FOCUS ON ONE PLS CONCEPT AND AFE

AUGMENTED PROGRAM

MODELS, COMPUTER TIME, AND FACILITY OPERATIONS TO ASSESS:

EoJdlg, _ Conflo.
ACRV (4 - 8) SDIO-SSTO (1 - 2)

PLS (3) NLS (TED)

AMLS (Unlimited) NDV (TBD)

OTHER (TBD)
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AEROTHERMODYNAMICS BASE R&T PROGRAM

I I II I

1995

SPACE TRANSPORTATION ARCHITECTURE OPTIONS

2000 2005 2010 2015 202O

SPACE SHUTTLE
f_

m,

M

SPACE STATION FREEDOM

ACRV (assured return)

PLS (assured return)

NLS (Multi-role Heavy-lift)

SEI

I I I I

1

I II

SPACE TRANSPORTATION ARCHITECTURE SYSTEMS

/

6- _

Space
Shuttle

PLS

NLS Core

i

=
NLS

HEAVY LIFT

Core+strapons

AMLS

SSTO
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i
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(Moment ref = 0.54L)

LOW SPEED TRANSONIC

4 _=(7

HYPERSONIC
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LID

4-

2-

0-

-2

SUBSONIC L/D ENHANCEMENT FOR

HL-20/HL-20A

HL-20A

HL-20

-4

= 30 °

• 0.8l_ o HL-IO (M=8)
I-I o PLS lifting body (M=6)

h/href 0.6_ 0 Shuttle (M=6)
IITi

0.2_

0.0 0.2 0.4 0.6 0.8 1.0
xlL

NASA FO_/M }$Q8 _ mr
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MACH NUMBER CONTOUR PLOTS
M = 10 _= 25 ° y = 1.4

OO

I sl
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PLS WINDWARD CENTERLINE PEAK HEATING
DISTRIBUTION/MATERIAL REQUIREMENTS

I •

Peak
heat rate,

Btu/ft2-sec

120 -

100 -

80

60

40

20

Entry from Orbit I into KSC

Transition Re0/M e = 335

35003000

ACC nosecap (3000°F)

Peak 2500
radiation

equilibrium
temperature,

°F 2000

1500

1000

0
I I 1 I

5 10 15 20 25

xlocation, ft
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AEROASSIST VEHICLE DESIGN CHOICES

usable

Low Ballistic Parameter

Low L/D

Low Tolal Heating

External Payload

A One - Shorter

High L / D
Ablative Healshield

Internal Payload

AFE iHIN-FIU_ Hlr..A I I HANUI'-_Id MUU_L

IN 3 l-INCH M= 10 TUNNEL

OF ..... _.........
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04

AFE EXPERIMENTAL DATA BASE
EAB/SSD/LaRC

Streamlines
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AEROTHERMODYNAMICS BASE R&T PROGRAM

CONFIGURATION ASSESSMENT

l FY 93 I FY 94 FY 95 FY 96 FY 97

CONFIGURATION ASSESSMENT

PLS/ACRV P_efl_lnllry 2-S1_1o AMLS Idonli|y P_lllolrod BoOm OllablUl Compalt Alto/

Dalabase C.¢mpieCe Dalst:ase Compiele AMLS C_,tc_s on $elecl,,d Pt.S Aemhea/w_ _alysm

Conl_urm_es (AMt.$)

Solo_ Cand_,:a: _i

C_4_045 (AkqL %

I Ill

AEROTHERMODYNAMICS BASE RIT PROGRAM

PROGRAM AUGMENTATION - WHY NOW?

• NASA NOW AT CRITICAL JUNCTURE IN PLANNING THE
FUTURE

• SYSTEMS DESIGNED FOR 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
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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.
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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

SE!

SEt J
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AEROBRAKE TECHNOLOL=Y ORGANIZATION

OAET PROGRAM MANAGER

J. MOSS (HOTRS, RF)

LEAD CENTER PROJECT MANAGER

C. ELDRED (LaRC)

INTER-CENTER WORKING GROUP

CODE RF - J. Moss

LaRC - W. PIl,=nd

ARC - J. Arnold
JSC - R. Rled

JPL - L. Wood

MSFC - (Ex Officio) E. Austin

Million, Vehicle
ConcuSs & Operatlonsj

Lead - D, Frtemsn
(LIRC)

Dply - C. TeLtce_a
(JSC)

M. Tauber - (ARC)

I
SIr,uctums

Lead - O. Rummier

(LaRC)
O.Curry(JSC)

Aerothermo-

dynamics

I._xl - S. Detwml
(ARC)

Dply • K. Sutton
(I.aRC)

C. Scott (JSC)

TPS Motedsl|

Lead - H. Goldstoln
(ARC)

Opty - O. C,urW (JSC)
H, _ (LaRC)

I GN&C

Leld - C. Kl(:kier

(LaRC}

Opty - L Wood (JPL)

Q. McSwaln (JSC)

Gmund, Space &

R.R Rlled(jghtsc_elt

P. Sklmers(LaRC)

• Cooper (ARC)

4/19R1

r

Types of Aeroassist Maneuvers

Aerobraking

- Use of atmosphere for deceleration, generally requires I_/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

LaRC SEI
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AEROBRAKING MODES

Aerocapture
( from hyperbolic trajectory

or high orbit)

Direct Entry -_.
(from hyperbolic trajectory

or high orbit)

Orbital

Entry

SEI

r

AEROBRAKING APPLICATIONS

Lunar Return

Aerocapture

Direct Entry

At Mars

Aerocapture

Direct Entry

Entry from orbit

Mars Return

Aerocapture

Direct Entry

All Chemical Chemical/ Nuclear
Aerobrake Thermal

uN/A

Baseline

u

N

I Baseline

N

I BaseUne

I Baseline

I -

I Baseline
Option

Baseline

I N/A

J Option
ODtlon

Basellne

Option
Baseline

Option
Baseline

Aerobraking provides many viable mission options, i

SEI
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r *J/XS/X

Aerobraking Applications to Mars
Precursor and Robotic Missions

Mars Sample Return (2005 Time Frame)

Chemical propulsive departure for Mars
Aerobrake 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 aeroentry 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

LaRC SEI J
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Benefits of Lunar Aerobraking

300-

In===.=u==, 225"
In LEO (t)

37%

Savings

2001 _ _='_'

175= _ ...............

20.8 (90-Day Study)

150 I _ I
0 15 20 25 30

/ Aerobrake Mass _ (%)Aerobrake Mass Fraction _,Total Return Mass2

lep Range (Vacuum|

460s

481s

La_C 5EI

r ,d/LRA

Aerobraking Application to Lunar Missions

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 propulsion 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.

SEI

AE2-5



Mars Short Duration Stay Venus Swing-By Missions

All-up Piloted
Vehicle

Iniltal Mass 2000

tn LEO (t)

Practical
IMLEC

Upper bmot

,,oo //

1000

__S
500

p=

0

2002 2004

,,x..
"% j \

2006 2008 2010 2012 2014 2016 2018 2020

Launch Opportunity

-,4- All Chemtcal

-m- Cherrt/AB

I hort duration stay Mars missions are not Ipractical for Chemical systems without Aerobrake I

SEI J

Benefits of Aerobraking for Mars Missions

Mars Iongstay-time missions are the only type of Mars
mission that are feasible with chemical all propulsive systems

Use of aerobraklng enables a reduction In one way
transit tlmes wlthln practlcal IMLEO llmlts. 200-270
days transit tlmes can be reduced to 120-160 days,
dependlng 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

LaRC SEt
I al¢4_M_ Jbm_l=_mII_..ab I a0_l= IrUlt IP,.¢I
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AEROBRAKING ENVIRONMENTS

Lunar Missions:

Extension of Apollo flight experience

Entry velocity condJlJons the same

SIgnlllcant differences In flow conditions between:
Direct entry (Apollo)

Aerobraklng

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

SEI

EARTH ENTRY VELOCITY ENVELOPES

Shuttle CJ

GEO Return/AFE El

Lunar Return/Apollo O

Return from Mars

1000 Day Mission

500-600 Day Transfer
300-400 Day Transfer

200 Day Transfer

500 Day Mission
350 Day Mission

I

8
I I I I
9 10 11 12

Ventry*, km/sec

• Inertial

iii •

I
13

I I
14 15

LaRC SEI J
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120 i

106

i:
<

46

16

SEI AEROBRAKING/AEROCAPTURE MARS RETURN

R-1M

I ;'EARTH-MOON I _'_

MARS ATMOSPHERE AEROASSIST I /

"AEROCAPTURE" ' : ENVELOI;E _|

R.-13 M 150 _AIR IONIZATION

_AIR DISSOCIATION

• PEAK HEATINQ - w/crib'

I I I I I

3 S 9 12 16

VELOCITY. km/N_

MARS ENTRY VELOCITY ENVELOPES

Orbital

Entry

1000 Day

500 Day

Sprint

440 day

Sprint
360 Day

m

mgaml

Trlnslt lime reduction

n n i i i II m u n n i i El m u n_lm-

I,

I

4
I

5
I I I I I I
6 7 8 9 10 11

Ventry, km/sec

IJRC SB J
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Aerobraking Challenges and Issues

There are no showstoppers i

SEI

Aerobrake Deployment/Assembly

Issue:

Aorobrllke

Sizes, dla

Lumw, 1Sin-

Mars, 33m

Aerobrakes are too large for conventional Intact launch

and require precision assembly. What Is the impact of
Aerobrake deployment/assembly requirements?

Answer:

• Currant studies am examining:

- Designs for simplified assembly

- Altamatlvea to assembly
Intact launch options

Deployable, apace dgidized

Precision assembly Is not unique to Aerobreke

- Propellent feedllne connects/disconnecls
ere common to all configurations

On-orbit deploymenUassembly and precision
assembly is required regardless of
Aerobrake utilization

On-orbit assembly is a critical issue for Aerobrakes

as well as all Exploration missions. Current studies i
are addressin_ a variety of options.

LaRC SEI
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Mars Vehicles Relative Sizes

I Option ChenVAerobrake Nuclear Thermal Nuclear ElectricLength 50m 110 m 230m

Chem/Aerobrake Is the smallest system option, l

All reference concepts use Aerobrake for Mars entry/landing. I

SEI

r 'WLR/_

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

a t._u= !
Ii lUq

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

sEi

AE2-10



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

Mars Aerocapture Altitude Boundaries

Issue: Do tall mountains on Mars present a hazard to Mars Aerocapture?

15o

10o

AJtllude,

km SO

-SO

Avoml_oievll_n (Skin)
J- I.oweNv_ (-; kin)

i i 1 i
4 6 8 10

Enr/,,lkcNy,k._/==¢

Answer:

. The altitude range for Aeroc=,pture
passes Is between 30 end 55 KM
altitude. The height of the tallest
mountain is 27 KM.

- Also, mountains are highly localized
end e4udlyavoided in mdsslon I_enndng.

Mountains are not a Aerobraking hazard.

sE, J
_C_mz L=RC ¢N_
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NAVIGATION ACCURACY FOR MARS AEROCAPTURE

Issue: Does Mars aerocapture require extreme

Interplanetary navigation accuracies?

Jd

!

0.6

04

O.2

0.0

O.0

c_..m r...h- Answer:
Based Navigation

_pdd_t#y

Nay _y

0.2 0.4 0.8

Navigation Error
(Flight Path Ang_e Enor st 125 KM)

Aerocapture does require more precise
navigation then propulsive maneuvers.
However, current Earth based planetary
navigation provides good aerocapture
performance for mid L/D (0.3 - 0.5)
vehicles.

Autonomous onboard optical star
trackers, probably required for man rated
systems, can provide greatly enhanced
nay performance providing improved
Aerobrake efficiency.

I Navigation accuracy is an Important design I

L

consideration. However, it is not a show-stopper I
SEt

CG MANAGEMENT REQUIREMENTS

Issue: The Aerobrake LID 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

+ 1 to 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.

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

L,,RC SEt _'
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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.

tl

Maximum Dust Storm Variations

. I'XD t_|#_,.&r - e

f_

I,,t=mmy l S_,

I 2 3 4 $

Atmosphere:

• Limited data show large variations
In pressure and density

• Dust storms greatest source of
variations

P,erolprake assessment;
• State-of-the-art guidance

algorithms successfully flew
worst case atmospheres

• Possible TPS erosion In dust

storms, but small system weight Impac!
• Recommended increased

emphasis on Mars Observer
statistical atmospheric
measurements

Atmospheric variations and uncertainties can be

accommodated with modest design impacts.

SEI

AEROBRAKING IN A DUSTY MARTI/' ,TMOSPHERE

l 4 _ II Ill

EROSION OF GLASS SLAB

i I

ouot pwtl¢_ _ In _ sltock byl_r.

OUSTSTOI_i. VE-IAI_ , wla. L/O.03

"k-_ u I
t

ABLATING

AVCOAT

| 4 II II tO

Int.4M,OdDtIl. Iml

EROSION OF ABLATING AVCOAT
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Issue:

RADIATION ENVIRONMENT

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

Answer: This type of trajectory Is 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 J

r

KEY ELEMENTS OF AEROBRAKING TECHNOLOGY

An Integrated Program

Integration of mission, design and technology issues

Multidisciplinary technologies
Aerothermodynamics
GN&C

Thermal Protection

Structures

Validation

Ground test

Flight test

SEI J
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AEROBRAKING PERFORMANCE OBJECTIVES

TECHNOLOGY

GOA_ PARAMETER

VEHICLE CONFIGURATION

AEROTHERMODYNAMICS

GUIDANCE, NAVIGAnON&

CONTROL

THERMAL PROTECTION

SYSTEM

STRUCTURES

SYSTEM LEVEL

PARAMETERS

ENTRY VELOCITY

@ PLANET

ENTRY VELOCITY

@ EARTH

MANRATING

CURRENT SOA

L/O : .25-.3, ground bleed

3-0 models tot non-equlllbr)um condltk>ns,

with very limited validation ditabaN

Entry to preCiSe Earlh sudace

Roulable < 21100 - 30gO'F;
Abletl_: moderetHnetgy (AI_I tO)

Structures and TPS Ire ground based

4.5 kmlNC

11 kmlse¢

Manned Entry, Unmnnned Aerobr_e

OBJECTIVE/REQUIREMENT

LID 0.5 with mission mlrgln end flexibility

Validated 3-0 gas codes, chemical Ind
thermal rereiled flows. Mars Oases, coupled

radiative heeling/massive Noiatlon ltmHed

vaHdalk)n detii)ase

Aerobraklng to pcoclse planetary ode,l:

precision binding to Mars surlaca; autonomo

navl_ltlon; IG_III_Ive, lault Iolerint systems

Light-weight rouMbkl materiels {lunar),
Increaaed roule tamp to - 4000°F

Low weight ablative malertals lot high eneT _
mllsk)ns it Mars and EaMh return

Aerobrake mess Iractlon < t5%, on-orb*t

assembly and certification

8.5-10 kmJlec

,_,,, 12 - 15 kin/see

Manned _l_rodDrakl

6_17,'91 C+I,I

Funct Demo
c_3mpo_m _b

System Prototype

Prmo Oemo In En_mn
1990

I
Plcnqlllry

Configuration Asses4mtenm
Aerothermo Models

TPS Assessmenls

Lunm

Aero ModeLVWake

TPS Enhancement

Slructuru Demo

Mars/Earth Return

Configuration Definition

Aerothermo ModeL_

GN&C Dev_

TPS

Structures

Aerobraking Technology Plan

1995 2005

A Relidl_leI Tirol( A

I , L I if#':11_=

A Iqldinole Tlirgel
Slmce Ix.rod LT_

I Advanced

Readiness

Tirget

Oevelopment

Fllahl Exgerln'mntl=

I Flights

Data Assessmenl

PrellminaP/Planning -

High Energy Aerobrake Flight Expenment

High Ener_ly AFE Pro_lram

& HEAFE

I

KXXXXXXXXXXXX XXXXXXX_
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Transportation Tt nology

Space Transportation Systems

OBJECTIVES I

. Programmatic

Develop Aerobreklng technologies for
manned lunar, robotlc end manned Mars,

and planetary missions.

• Technical

Validated eerothermodynamlc codes
Reusable and non-reuaeble TPS materiels

Adaptive guidance

Light weight structures

Flight test validation

RESOURCES

• 1991 $0.9 M

1992 $0.9 M"

1993 $ 4.8 M
1994 $ 9.3 M

1995 $148 M

1996 $20.4 M

1997 $23,8 M
1998 $22,5 M

1999 $18,1 M

' AA's Discretionary Funds

Aerobraking I

SCHEDULE

• 1995 Mars entry probes code validation

• 1998 AFE flight dale code/TPS assessment

MRSR aerocaplure validation
• 2000 Lunar LTV

Codes, TPS, Assembly validated

Comet sample return
Codes, TPS validated

• 2002 High Energy Aerobreke Flight Experiment
(HEAFE) test

• 2004 Mars mission validation

Codes, GN&C, TPS, Structures

PARTICIPANTS

• Langley Research Center

PTolect lead; lead for technology Integretlon,

guidance, navlgatlon, & control; and structures

Support for aerothermodynamlce and TPS
• Ames Research Center

Lead for aerothermodynamlcs
end thermal prolecUon materials

• Johnson Space Center

Lead for ground and space test

Support tar thermal protection, structures, and

aerothermodynamlcs

• Jet Propulsion Lab

Support for navigation

6110_J 1 CHF

Aerobraking Sue-element

Missions, Concepts, & Operations I

OBJECTIVES
• Integrate and opUmJza aerobreke

technologies wlth deslgn, operations,
cost end schedule Issues to meet

miasion requirements

Description

• Refine relemnce vehlcle_pmatlemd

concepts for tachnology Impacts
• Define technology requt_

• ASSees tachn_,ogy progrm

• 1991 $0.2 M

• 1992 $0.3 M"
• 1993 S0.4 M

• 1994 $0.7 M

• 1995 $0.9 M
• 1996 $1.2 M

• 1997 S1.2 M

• 1998 $1.0 M
• 1999 $1.0 M

• AA's Discretionary Funds

• 1993 Reline lunar aerobreke reference

concept/technology rqmnts
• 1993 Define planetary technology rqmnts

• 1994 Establish Mars reference concept/

technology requirements

• 1lilts Oollne High Energy Aerobreke FItght
Experiment concept

• 1996 Refine Mere AMobrake technology trades
• 1997 _ AFE flight data impl_a

PARTICIPANTS

langley Research Center
Sub.ekmmt lead

Mlmd_ pertormance, vehlcta concepts, operational
concepts, coil eltln'wtlon.

• Ames Research Center

- Refine Imrobraktng human factors requirements,

especially entry "g" criteria

- Define planetary eerobreklng technology
requirements

AE2-16
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THE L/D ISSUE

Advantages to high L./D aerobrake configurations

• More aerodynamic conlrol authorily -- grealer corridor widlh, greater
capabilily for Ioad-reliet, heat rate-relief

• Convective heating dominates --belter able to quantily at the systems level

• Greater cross-range, il required

Drawbacks to high IJD aerobrake configurations

• I ligher ballislic coefficient -- greater structural and TPS mass

• Packaging dilliculties -- c.g. conlrol

• Inlegrated vehicle design _ aerobrake and payload design cannot be

separated

Tra(le-oll Approach

• hlenlily the minimum required aerobrake L/D to insure a successful
aerocaplure maneuver

INIMUM AEROBRAKE L/D , 3R MARS AEROCAPTURL

1" CORRIDOR WIDTH REQUIREMENT, 5-G DECELERATION LIMIT

1.5 I

Highly elliptic parking orbit,
minimal guidance

Various parking orbits,
adaptive guidance

1.0

I
I

I
/

/
I

Adaptive

guidance -, //
Minimum /
required /s

LID s/

Parking orbit Tss
.5 selection

Moderate rL
Moderate

0 I I I

6 7 8 9 10

Vat m , km/sec
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Aerobraking Sub-element

OBJECTIVES
-xtend, validate end apply computational

,,odes for the prediction of aerodynamic

and aerothermodynamlc characterlsUcs
of Earth and planetary aerobraklng
maneuvers.

Description: Combine the use of

- Computational Fluid Dynamics (CFD)

- Computational Chemistry

- Experimental test
- Flight experiments

RESOURCES

1991 $0.2 M

1992 $ 0.3 M "

1993 $1.4 M
1994 $ 2.5 M

1995 $ 2.7 M

1996 $ 3.0 M _ /_._______
1997 $ 3.0 M

1998 $ 2.4 M

1999 $ 2.0 M

• AA's Discretionary Funds

Aerothermodynamics I

SCHEDULE

• 1993 Lunar concept Iorebodylweke models
developed

• 1994 Planetary models defined

• 1995 Lunar concept model validation

• 1996 Establish High Energy Aerobraklng Flight

Experiment 8erothermodynamlc objectives
• 1997 Assess AFE flight data

• 1998 Mars concept model validation

PARTICIPANTS

• Ames Research Center

Sub-element lead. Development of validated
phenomanologlcal models. Validated CFD codes

end ground based high enthelpy experiments.

• Langley Research Center
Validated engineering codes, configuration analysis

end parametric exparlmentel studies.

JSC

Configuration assessment

6.'17/91 Cite

VALIDATION OF SEI AEROTHERMODYNAMICS CODES
TWO-'I k;_IPERATURE MODEL VS EXPERIMENTS

MARS ENTRY

NrCOs Mlxtar_ In Slmck Tube, V=UI.O lun/=

0.00

o

LUNAR RETURN

Alr ha Shock Tube, V=tt..1 km/s

I 2 3 4

0lman_ Fmm 811¢k Wwe. ar,
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STATE-OF-THE ART CFD FOR REAL GAS FLOWS

I-

Temperature Contours

Aerobraking Sub-element

I
OBJECTIVES
* Develop end validate advanced guidance

techniques, Including appropriate sensors,
which autonomously compensate lor mission

variations In navigation, liorodynamice, end

almosp_erlc propertlelk

Description:

- Enhanced Interptenetery navigation

- VIdldaUble adaptive guidance algorithms

- Atmospheric density sensors
- Test bed/flight clemonaU'atlon

RESOURCES

1991 $0.1 M

1992 $0.2 M"
1993 S 0.3 M

1994 S 1.1 M

1995 $1.7 M
1996 $ 2.2 M

1997 $ 2.7 M

1998 $ 2.5 M
1999 $1.8 M

• AA's Olscrsllonary Funds

Guidance, Navigation and Control I

• 1993 Inckmtify guidance/censor archltaclures

• 1993 Define Mars raterenca navigation system
• 1994 Concept derno of G&N system

• 1995 Dotlna High Energy Aerobrske Flight

Experiment GN&C objectives
• 1994 VIdldate lunar GH&C

• 1997 Oeflna GN&C for flight teat
• 1998 IdMstestbecldemo

PARTICIPANTS

• Langley Resewch Ceflier
Sub-element lead

Adaptive guldlmce algorithms, atmospheric

sonsorl, test bed

• Ja! Propulsion Laboratory

Intwptenetary navigation support

• Johnson Space Center
VaiidaUon

AE2-19 u_' r '



ADAPTIVE GUIDANCE METHODS

• Responsible for guiding the vehicle through the atmosphere in the presence of
off-nominal conditions to a set of specified atmospheric exil parameters

• Mission success is measured in lerms of the post-aerocapture AV requirement._

LaRC Algorilhm Features

• Predictor-corrector formulation

• 3 DOF inner-loop simulation

• Orbilal energy control

• Load-relief

• Orbilal plane control

• Deceleration leedback

• Bank-angle modulation is the only control

^V,
m/sec

150

100

50

POST-AEROCAPTURE REQUIREMENTS
MULTIPLE OFF-NOMINAL EFFECTS

mraj.
no. Off-nominal characteristi,

1 Load-relief
(nominal trajectory)

2 Load-relief, random
density protile

3 Load-relief, random
density profile,
horizontal density wave

4 Load-relief, aerodynami,
misprediction

5 Load-relief, random
density profile,
horizontal density
wave, aerodynamic
misprediction

1 2 3 4

Trajeclory number

5
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Aerobraking Sub-element

1
OBJECTIVES
• Develop, model, and valldale thermal protection

materials which meet the reusability

requirements of manned lunar missions and the

high combined (convective and radiative) heat
rate capability tar Mars eerocapture and Earth
return.

Thermal Protection Materials

SCHEDULE

• Descrlplion:

- Extend Shuttle type tile and carbon-carbon
reusable materials

- Tailor ablalora to Mars capture and Earth return

- Develop new materials
IIIII II

RESOURCES

1991 $ 0.1 M

1992 $ 0.15 M '
1993 $ 0.8 M

1994 $1.5 M
1995 $ 3.0 M

1996 $ 4.0 M

1997 $ 50 M
1998 $ 5.0 M

1999 $ 4.2 M

AA's Discretionary Funds

• 1993 Assess TPS rqmnts for manned & robotic
missions

• 1994 Evaluate materials for MRSR mission

Define rqmnts for manned Mars missions

• 1995 Define TPS experiments for High Energy
Aerobreke Flight Experiment

• 1996 Model and test high energy aerobrake
materials

• 1997 Evaluate AFE TPS test results

• 1998 Design I"PS for HEAFE

PARTICIPANTS

• Ames ResearchCenter
Sub-element lead

RSI enhancement

Ablator tailoring/development
Ceramic composites > 4000 °F

• Langley Research Center
Carbon-carbon materials/structures

JSC

Carbon-carbon materials

Material validation

6_E '31

Reusable Thermal

Prolecllon Systems (TPS)

Potential for advanced

ceramic composllee

RCC single mission

Tiles single mission --"-/

RCC mulll-mlsllon
Tiles multi-mission ./

Maximum service

-,_ temperature ('F)

Q

-- 6000

- 5000

-- 4000

- 3000
fJ

rJ#

rf#

"_ -- 2000
II

i/

/i

,_- lo0o
is

//1 )Y//
r/

i_ Light weight TPS forASTV/Mars manned mJ

i_ Reusable TPS lot t,,,
Transfer Vehicle

• Development of higher lemperalure TPS materials is a NASA critical techr_

:, AE2-21



THERMALPROTECTIONSYSTEMSTEMPERATURECAPABILITY

60oo

40o0

Iooo

II II
_oo

LTV -tln2a
RCC

Roeeeelon: 70 mile

Welghl ohango: 1.31 gm
PeJ Imnp.s aTOO'F

IlK: coaling Ioel after
approxlmalaly 100 uo

Cer|o - 12n4| _.

ZrO, + 20 V/o 81C

Reoeeelon: -1 mile

Welghl change: O.OI gm
Peak llm_p.x _IO0"F

Adherenl, thin, ollloeV
ooalkq; formed on eample

_ Ame4 AeeNnih CenW 11wn_ P_teallon MMedele Branch

nm • ul I
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Aerobraking bdb-element

i = nl I

OBJECTIVES "
• Demonstrate Integrated structural concepts
wi=ich meet the combined requirements of

mission performance and operations.
Perlorma.ce requires low weight while supporting
dya_amic I.ertlal and thermal Ioadings,and

meellng operational requirements for launch

packaging, assembly/deployment, and Inspection
ca= tlllcatlon.

• Description:
- Assembly test bed
- Luamr Aerobrake test bed

- Mars Aerobrake test bed
i m

RESOURCES

1991 $ 0 M

1992 $ 0 M
t993 $ 0.7 M

1994 $1.1 M

1995 $ 2.3 M

1996 $ 3.7 M

1997 $ 4.B M

1998 $ 5.2 M
1999 $ 4.0 M

Structures

SCHEDULE

• 1993 Define Lunar structural/assembly

concepts
• 1994 Define reference Lunar structure

• 1995 Assembly lest bed dame
• 1997 Dellne relerence Mars structure

• 1998 Lunar structural test bed
• 2002 Mars structural lesl bed

i

PARTICIPANTS

• Langley Research Center

Sub-element lead. Integrated structural concepts

for thermal structural Ioadlngs, assembly, and
Inspection/certification.

JSC

Integrated design requirements, slruclural
assessment and validation.

&Zl4/91

lU-

l
1700 -

u_ 1600 ,

1300,

STAGNATION POINT HEATING PULSES DURING MARS

AEROBRAKING

VII • 11.41lint/me. AFE IINAPE, IL/DI=_- 0.1

•,r_. lm'h_
N- _ r.= tll m

/ A--,
_- I I V=.uum'

l-t /:'£ __ ....:.':

, - i 1 I I i

0 60 100 160 200 260

Time Imm Im Im dUwde h_!

!

m

MASS FRACTION = 13 %

AE2-23



Including Fundamental Integration Concerns
IIiiii I I I I I I I

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

Foldable

• Martin Marietta

i

Assembled in space

• Boeing Hunlsville
• McDonnell Douglas

Deployable

• No major effort

Flekible
structure
solutions

Rigid
structure
solutions

Integral launch

• Boeing Hunlsville _
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I
OBJECTIVES

Ground and Flight Test

• Define and establish the Integraled ground and

flight test programs necessary for the validation

of aerobrsklng technologies.

• Description
- Define Inlegraled testing requirements
- Define requirements tar flight test

demonstrations beyond AFE

• Define and compare ground leclllty options

Including development of new facilities

RESOURCES

• 1991 $ 0 M

• 1992 $ 0 M
1993 $ 0.1 M

1994 $ 0.3 M
1995 $ 0.6 M

1996 $1.6 M

1997 $1.5 M

1998 $1.0 M

1999 $ 0.9 M

SCHEDULE

• 1993

• 1994

• lg95
• 1996

• 1998

Define Aerobrsklng validation data
requirements

Assess flight experiment vs ground lest

optlons

Define flight experiment concepts
Define flight experlment instruments

Recommend flight experlment concept

pARTICIpANTS

JSC

Sub-element lead

Flight experiment concepts

Langley Research Center
Ground lest facilities

Flight experiments

• Ames Research Center

Ground tesllng

Flight experiments

6_6/91C_f

IW_t
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Transporla_,_,lTechnology
Technology Flight Experiments

• Programmatic

I High Energy Aerobraktng I

Validate and demonstrate Aarobraklng

technologies for manned Mars
missions.

• Technical

Validated aerothermodynamlc codes

Demonstrate high temperature TPS
materials

Adapllve guidance demonstration

RESOURCES

• 1997 $20M

• 1998 $60M

• 1999 $110M

• 2000 Continue

• 1993 Begin concept planning

• 1997 AFE flight test

• 1997 Start experiment development
• 2002 HEAFE flight test
• 2004 Mars mission validation

Codes, GN&C, TPS, Structures

PARTICIPANTS

• Langley Research Center

Aerothermodynemlcs, GN&C, Structures

• Ames Research Center

Aerolhermodynamlcs, TPS

• Johnson Space Center

Structures, TPS

• Jet Propulsion 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 Aerobrake technology Team Preparing Response To Synthesis report ]
AE2-27



• Aerobraklng provldes many beneficlal mission options

• Several design, operatlonal, and technology Issues

But

There are no show stoppers

The Issues are understood

There Is a strong foundatlon of exlstlng technology
and experlence

• There are slgnlflcant benefits of technology advancements

• A strong, focused, multldlscipllnary technology program Is needed to
validate and enhance Aerobraklng technologies

sm J
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AEROASSIST FLIGHT EXPERIMENT

PRESENTATION

TO

SPACE SYSTEMS

and

TECHNOLOGY ADVISORY COMMITTEE

JUNE 27, 1991

AEROASSIST FLIGHT EXPERIMENT

AE3-1 ORIGINAL PAGE IS

OF POOR QUALITY



AEROASSIST FLIGHT EXPERIMENT

PROGRAM GOAl.,

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

I It

e o9°4s4os L_O _ _ C_en_

AE3-2 ORIGINAL PAGE
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AEROASSIST FLIGHT EXPERIMENT (AFE)
,.-.--_j_;_

DEPLOYMENT CONFIGURATION

AEROBRAKE

t
STAR 63D SRM

e

CARRIER
VEHICLE

90 C? _

ASTV FLIGHT REGIME

_f

Q PEAK HEATING
SHUTTLE

F s,o.,_c... ._

< 2oo_ ......... n....................................................".............'".//"-,

18 20 24 28 32 36

VELOCITY, kfl / sec

AE3-3
89 O? _



AEROASSIST FLIGHT EXPERIMENT

ASTV FLIGHT ENVIRONMENT

RAREFIED
FLOW

THICKENED_
SHOCK

IONIZED
SHOCK LAYI

NONEQUILIBRIUM
CHEMISTRY

ROBRAKE

PAYLOAD

HEATING

CATALYSIS
(CONVECTIVE HEATING)

BASE CONVECTIVE AND
RADIATIVE HEATING

AEROASSIST FLIGHT EXPERIMENT

SHOCK LAYER RADIATION

SURFACE CATALYSIS

THERMAL PROTECTION
SYSTEM MATERIALS

WAKE FLC'WS/HEATING

AERODYNAMICS/CONTROL

AFE EXPERIMENT_;

O RADIATIVE HEATING EXPERIMENT (RHE)
o MICROWAVE REFLECTOMETER IONIZATION

SENSOR EXPERIMENT (MRIS)

o WALL CATALYSIS EXPERIMENT ONCE)

o HEAT SHIELD PERFORMACE EXPERIMENT (HSP)
o ALTERNATE THERMAL PROTECTION MATERIALS

EXPERIMENT (ATPM)
o FOREBOOY AEROTHERMAL CHARACTERIZATION

EXPERIMENT (FACE)

o BASE FLOW AND HEATING EXPERIMENT (BFHE)
O AFTERBODY RADIOMETRY EXPERIMENT (ARE)

o AERODYNAMIC PERFORMANCE EXPERIMENT
(APEX)

o RAREFIED-FLOW AERODYNAMICS

MEASUREMENT EXPERIMENT (RAME)
o PRESSURE DISTRIBUTION/AIR DATA SYSTEM

EXPERIMENT (PD/ADS)

AE3_

89_O3OA



FOREBODY IN.STRUMENTATIONAFE

X

X

P_ WALL CATALYSJS

(_ ATPM

TOTAL RADIOMETER

HIGH RESOLUTION SPECTROMETER

MRIS

HEATSHIELD PERFORMANCE

• PRESSURE DISTRIBUTION

[] AIR OATA SYSTEM

X THERMOCOUPLE

I_ WCE PRESSURE

• WCE THERMOCOUPLE

|O-Or2

BASE REGION INSTRUMENTATION

- BFHE TILES - $ T/CS EAo

B- RAME

C • CAMERA

• - PRESSURE TAP

x - THERMOCOUPLE

- TOTAL RADIOMETER

_1_ - HIGH RESOLUTION SPECTROMETER

AE3-5
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STATUS

AEROASSIST FLIGHT EXPERIMENT

• PROGRAM

PROJECT REPLANNED TO ACCOMODATE 1991 AND 1992 FUNDING CONSTRAINTS

EMPHASIZE CARRIER VEHICLE DESIGN COMPLETION AND EXPERIMENT DEVELOPMENT

LAUNCH PLANNED FOR JULY 1996 _,,
)

• CARRIER VEHICLE

COMPLETED REVIEW OF NASA DESIGN - OCTOBER 1990 ., _'

DESIGN TRANSFERRED TO CONTRACTOR - FEBRUARY 1991 II_', _'_"_ _ i:(i _',,_ .

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

MAJOR AVIONIC SUBSYSTEMS ORDERED/READY FOR PROCUREMENT

CONTRACTOR (;DR SCHEDULED FOR JUNE 1992

• AEROBRAKE

CDR COMPLETED OCTOBER 1990 _,''_ • .i ,.

STRUCTURAL TEST ARTICLE DESIGN/FABRICATION COMPLETE - IN TEST

FLIGHT STRUCTUREKPS DESIGN/FABRICATION 95% COMPLETE

1

ii
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AEROASSIST FLIGHT EXPERIMENT

EXPERIMENTS

NINE EXPERIMENT CRITICAL DESIGN REVIEWS COMPLETE *

3 OF 4 MICROWAVE TRANSMIT/RECEIVE MODULES DELIVERED FOR ENGINEERING UNIT

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

f

ACCEPTANCE TESTING OF FLIGHT PRESSURE TRANSDUCERS 70% COMPLETE /"
4

INSTRUMENTED TILES MANUFACTURED FOR AEROBRAKE STRUCTURAL TESTS

TYPE "K" TC WIRE AND ALL EXTENSION WIRE ACCEPTANCE/CAUBRATION 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

I II
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ACTIVITIES

MAJOR
PROGRAM

MILESTONES

CARRIER VEHICLE

FI.JGHT ARTICLE

CARRIER VEHICLE
STRUCT TEST ART

SIMLAB

AIRBORNE SlIT EQUIP

AEROBRAKE

AEROBRAKE
STRUCT TEST ART

EXPERIMENTg

CY91 CY92
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I
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k
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AEROASSIST FLIGHT EXPERIMENT

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

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

• 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

NASA
James O. Arnold
Ames Research Center

6/25/91

OUTLINE

• NEEDS FROM SCIENCE COMMUNITY (F. SURBER, JPL)

• APPROACH TO FILL SELECTED NEEDS

• EXAMPLES

• FUNDING

• SUMMARY- ISSUE

AE4-1



TECHNOLOGY NEEDS

SOLAR SYSTEM EXPI, QRATION MISSIONS
J . MARS NETWORK (PENETRATORS, HARD LANDERS)

J

J

J

J

J

,J Entry Technology Requ)rr

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)

J

J

SPACE EXPLORATION INITIATIVE MISSIONS
LUNAR AND MARS SITE RECONNAISSANCE (IMPACTORS)

SITE CERTIFICATION AND ENGINEERING DATA COLLECTION (PENETRATORS, HARD LANDERS)

LUNAR AND MARS ENVIRONMENTAL STATIONS (HARD LANDERS)

NAVIGATION BEACONS (HARD LANDERS)

PHOBOSIDEIMOS SCIENCE (PENETRATORS, HARD LANOERS)

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

,JEntry Technology Required

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

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

DETAILED ASSESSMENT:

J • ATMOSPHERIC PROBES HAVE A LONG HISTORY: SOUNDING ROCKETS,
PIONEER VENUS, VIKING, GALILEO, CASSlNI

• SANDIA HAS TESTED THOUSANDS OF INSTRUMENTED PENETRATORS

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

SDIO IS DEVELOPING MINI-SUBSYSTEMS • COMPONENTS FOR BRILLIANT
PEBBLES

CRAF PENETRATOR DESIGN WAS WELL DEVELOPED WHEN DELETED FROM THE
PROJECT, BUT THE TECHNOLOGY HAD NOT YET BEEN DEMONSTRATED AT THE
SYSTEM LEVEL

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

J APPLICATION OF NEW TECHNOLOGIES AND INSTRUMENTS COULD REDUCE THE
SIZE, MASS AND COST DRAMATICALLY WHILE IMPROVING THE SCIENCE
RETURN

AE4-2



PROBES AND PENETRATORS

TECHNOLOGY CHALLENGES

TECHNOLOGY DEVELOPMENT CHALLENGES:

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
HIGH ENERGY AEROCAPTURE, AEROMANEUVERING •
DEPLOYABLE AEROSHELLS
DESCENT/IMPACT ATTITUDE CONTROL

SPACE SCIENCE TECHNOLOGY: IN-SITU SCIENCE

PROBES AND PENETRATORS

OTHER
OAET PROGRAMS

• R&T BASE
_/ . AERODYNAMICS

• SPACE ENERGY CONVERSION
• PROPULSION

_/ • MATERIALS & STRUCTURES
• SPACE EXPLORATION

• SPACE NUCLEAR POWER
• HIGH CAPACITY POWER

SPA'EC SURFACE POWER • THERMAL MANAGEMENT• SCIENCE
• SAAP
• (OPTOELECTRONICS SENSORS - POTENTIAL PROGRAM)
• (MICRO INSTRUMENTS AND IN-SITU SENSORS - POTENTIAL

PROGRAM)
• TRANSPORTATION

• ADVANCED CRYOGENIC ENGINES
J • AEROASSIST (AEROMANEUVERING)
J AUTONOMOUS LANDING
_/ • AEROASSIST FLIGHT EXPERIMENT
J • (HIGH ENERGY AEROBRAKING FLIGHT EXPERIMENT - POTENTIAL

PROGRAM) HEAFE
• SPACE PLATFORMS

• DEEP SPACE PLATFORMS

DEVELOPMENT EFFORTS
J Entry Technology Required

DoD PROGRAMS
• SDIO BRILLIANT PEBBLES
• SMART GUN-LAUNCHED MUNITIONS
• SANDIA PENETRATOR PROGRAM

AE4-3



PROBES AND PENETRATORS

TECHNOLOGY ELEMENT PROGRAM OBJECTIVI_-C;

,_ Entry Technology Requlr_

COMPLETE INITIAL SYSTEM CONCEPT, DESIGN AND REQUIREMENT STUDIES
1994

• DEMONSTRATE LABORATORY MODELS OF MINIATURIZED SENSORS 1997

J. DEMONSTRATE LABORATORY MODEL OF DESCENT/IMPACT ATTITUDE CONTROL 1997

• DEMONSTRATE PROTOTYPE IMPLANTING AND ANCHORING DEVICES 1998

• DEMONSTRATE PROTOTYPE IMPACT ATTENUATORS AND ABSORBERS 1998

• DEMONSTRATE PROTOTYPE MODERATE AND HIGH-G STRUCTURES & PACKAGING 1998

• DEMONSTRATE ADVANCED PENETRATOR THERMAL CONTROL SUBSYSTEMS 1998

• DEMONSTRATE PROTOTYPE HIGH-G POWER, DATA & COMMUNICATIONS SUBSYSTEMS 1998

DEMONSTRATE PRECISION MINI-THRUSTERS 1998 '

J. DEMONSTRATE A PROTOTYPE LIGHTWEIGHT PROBE AEROSHELL 1999 '

CONDUCT HARD LANDER FLIGHT EXPERIMENT WITH INTEGRATED SYSTEMS 2000 "

CONDUCT PENETRATOR FLIGHT EXPERIMENT WITH INTEGRATED SYSTEMS 2000

DEMONSTRATE PROTOTYPE MODERATE AND HIGH-G MINI RTGS IN THE 100 WATT CLASS 2003

""FUGHT EXPERIMENT COSTS NOT INCLUDED IN TECHNOLOGY ELEMENT RESOURCE ES13M&TEg.

PROBES & PENETRATQR$- BUDGET

PROBE TECHNOLOGY $M

AEROTHERMOOYNAMICS

GN&C

STRUCTURES

THERMAL PROTECTION

MATERIALS

FY_4 _ FYH _ FV_

.20 .SO .6O .8O .50 .30

.20 .30 .80 .30 .30 --

.20 .SO .60 .60 .50 .50

.20 .50 .50 .60 .50 .50

•80 1.80 2.40 2.10 1.80 1.30
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APPROAGH

SELECT THREE MISSIONS FOR STUDY & CONDUCT SUFFICIENT TO

TRANSFER TECHNOLOGY TO INDUSTRY

• MARS PRECURSOR MISSIONS

MESURE

MRSR

• OUTER PLANET ENTRY

NEPTUNE PROBE

• HIGH SPEED EARTH RETURN

COMET SAMPLE RETURN

RTG PROBLEM

AE4-5
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FUNDING TIME LINE/AMOUNT DO NOT CORRELATE WITH

SCIENCE REQUIREMENT
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AUTOMATION & ROBOTICS
INTRODUCTION

PRESENTED TO:

SPACE SYSTEMS AND TECHNOLOGY ADVISORY COMMITTEE

JUNE 26, 1991
MCLEAN, VA

PRESENTED BY:

DR. MELVIN D. MONTEMERLO
MANAGER OF AUTOMATION AND ROBOTICS
CODE RC
NASA HDQ
WASHINGTON, D.C.

A&R AGENDA

Wednesday
9:45

10:45
11:00
11:45
12:00

1:00
1:45
2:00
3:00
3:15
3:30
5:00

A&R Overview
Discussion

Artificial Intelligence
AI Discussion
Lunch
Telerobotics
TR Discussion
Rovers
Break
Rover Discussion
A&R Discussion & Conclusions

Adjourn

Montemerlo
Frledland

Friedland
Weisbin

Weisbin

Lavery, Bedard

Bedard

Daly

ARI-1



ITP A&R Committee Task

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

BY

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

PREVIOUS
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"

- AIA "Key Technologies for the 1990s"

- The Automation and Robotics Panel (ARP) - 1985

- The Advanced Technology Advisory Committee - 1985

- SSTAC meeting at ARC - 1990

AR1.2



A&R PROGRAM OBJECTIVES

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

N.C_REASE THE SUPPLY OF NEW PH.D.s IN SPACE A&R

MACHINE INTELLIGENCE (A&R)

COGNITION

- SENSATION

- PERCEPTION

- MEMORY

- PROBLEM SOLVING

- PLANNING & SCHEDULINGFAULT DIAGNOSIS
I

I" DATA INTERPRETAION

- MISSION OPERATION• TELESCIENCE

J IMPLEMENTATION

- MANIPULATION
LOCOMOTION

- SERVICING

- ASSEMBLY

- REPAIR

- SATELLITE SERVICING I

- REMOTE EXPLORATION I

O _ _"r .m_
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ARTIFICIAL INTELLIGENCE
(Cognition)

A&R

TELEROBOTICS
(Manipulation)

v

ROVERS
(Locomotion)

NEEDS/OPPORTUNITIES
TR A.I. ROVERS

IN-SPACE

- EVA servlclng
& assembly

- Cranes
- IVA proceseing

TERRESTRIAL

- Manufacturlng
- STS processing
- Satellite Inspect.

PLANETARY

- assy, servicing
- science ops

- Health monitoring
and maintenance

- Process control
- Data Interpretation
- Training

- Mission Control
- Data analysis
. Planning & Sched
- NASA infrastructure
- Design

- Systems autonomy

- Free-flyers
(eg OMV)
(eg EVA retriever)

- Emergency
response vehicle

- STS tile
waterproofing

- Science
- Transportatlon
- Construction

AR 1-4



A&R BENEFITS
- 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 employees)

. 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

nable planetary exploration

I J)

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
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A&R TECHNOLOGIES

TELEROBOTICS

. Control
- Human Interface
- Sensing & Perception
- Intelligence
- Mechanisms
. Architecture
- Processors
- Systems Integration
- Implementation

Infrastructure

ARTIFICIAL
INTELLIGENCE

. Planning & Scheduling
- Learning
. Large Knowledge Bases
. Knowledge Rep.
- Model-based Reasoning
- Human Interface
- Diagnosis
- Real-time Control
- Validation & Verification
- Systems Integration

ROVERS

- Mobility
- Navigation
- Vision
- Power
- Autonomy
- Processors
- Payload(SAAP)
- Sys. Integration

v v

v

SYNERGISM

;I , A&R AT NASA ( 9-88MOD6-91)

1980 1984 1988 1991

- TRADmONAL 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 AI AND TR
. REVOLUTION, NOT EVOLUTION
- OK TO HAVE R&T BASE
- A&R HONEYMOON

- MUCH NASA A&R PLANNING AND WORK
- CENTER & HDQ ROLES STILL EVOLVING
- AI IS REALISTIC; TR IMMATURE
- NOT OK TO HAVE R&T BASE (CSTI)
- ROVER ADDED; SEI TO 4X A&R S

. AI "WINS" CHANGE CLIMATE
- NASA DROPS FTS,OMV,SSS
- TR PROGRAM "FOCUSSED"
- TR GROUND APPUCATIONS
- JAPAN TR REVIEW
- TR "SYSTEMS" FOCUS

- EVOLUTION, NOT REV
- HONEYMOON OVER

- AUGUSTINE TO 4X A&R S ,/
OK TO ADD AN R&T BASE

OALrr
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A&R FUNDING ($M)

1984 1985 1986 1987 1988 1989 1990 1991 1992

AI & TR 4.5 =8.2 10.2 17.8 25.3 i25.8 21.4 22.7 27.9

ROVER 5.0 2.8 3.0 0.0"*

R&T 0.8
BASE

** ROVER FUNDING IN FY92 INCLUDES $0.8M IN R&T BASE

AND $0.75M IN TELEROBOTICS Jl

_J

ARTIFICIAL INTELLIGENCE
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AI 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

NASA Infrastructure

_... - procurement, office automation, etc. O_&'T

AI BENEFITS

- 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.

_-_.. _ • 8,_
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AI: Accomplishments

- AI 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 AI applications

- Implemented numerous AI systems at JSC and JPL

- Developed world class AI capability
- widely published
- highly visible at all national and international AI symposia
- major in-house strengths in planning, scheduling, learning, and

design & reasoning about physica/systems

0 It

AI: The Delta
STATE OF THE PRACTICE:

- Embedded stand-alone rule-based monitoring 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 Control

- 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 payoff
- Life-cycle knowledge capture and maintenance for space systems

Reactive resltlme scheduling for Shuttle processing,
- Use of massively parallel processors to amplify AI capabilities

Widespread use of AI in NASA Infrastructure (eg procurement)
AI programs which learn (modify themselves based on experience)

- AI tools for scientific and engineering data analysis
- Intelligent tutoring systems

Natural languageinterfaces for large data-bases
_- Data visualization tools used for scientific & engineering analyses
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Ai PROGRAM: Tasks
Intelligent Assistance for Mission Operation _enter

- Automated Scheduling Tools ARC
- Advanced Interaction Media ARC
- SHARP JPL

RTDS JSC
Guidelines: Human Interface with AI JSC
EXODUS Shell KSC
KATE- LOX KSC
Ops. Mission Planner JPL

- Proc. Reas. Sys (PRS) for Shuttle Mission Cntr. JSC
AI for Software engineering ARC,JPL,JSC
Shuttle Ground Processing Scheduling ARC, KSC

$¢ientifk; and Engineerino Data Analysis Technlaues:
- P.I. in a Box
- Automatic Classification and Theory Formation
- Scientific Analysis Assistant
- NASA Infrastructure Expert Systems

- PC-based scheduler
- ADPE planning expert system
- Intelligent Purchase Request system

ARC
ARC
JPL

JSC
JPL
ARC

,: ,OGRAM: Tasks (continued)

Autonomous Control:
- DTA-GC Instrument Control" System
- Intelligent Interacting agents
- Integration of Symbolic and Numeric Control

Machine Learning for Sys. Malnt. & Improvement
- Predictive Monitoring
- S_,ce Station Power Expert System

F. :.O (Power) Cooperative Expert System
- D,=gnosis of Physical Systems

Kn wl T n I •
- Large-Scale Knowledge Base

Knowledge Acquisition & Use During Design
- Distributed Knowledge Base Management

ARC
ARC
ARC
ARC
JPL
LeRC

MSFC
ARC

ARC
ARC
GSFC
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AI Program ($M)

HISTORY

1984 1985 1986 1987 1988 1989 1990

2.3 4.1 4.9 8.8 12.0 11.1 10.9

1991

10.7

1992

13.1

PROPOSED 1993 1994 1995 1996 1997

Baseline 13.9 14.2 14.9 15.6 16.6
Constrained 13.9 16.5 18.7 20.1 22.3
Strategic 15.9 19.7 23.8 26.7 30.3

IMPLICATIONS

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

* - assuming low inflation rate

AI 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
fundamental work increased at ARC, JPL, academia and industry.

- New areas to be added include: integrated cognitive architectures,
distributed problem solving, AI with massively parallel computing,
and intelligent interacting agents.
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F
AI: CONCLUSIONS

- AI PROGRAM HAS HAD A FIRST ORDER EFFECT ON NASA

-AI PROGRAM IS WORKING CLOSELY WITH POTENTIAL USERS

- ARC AND JPL AI 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 AI BEING AN A.I.A. KEY TECHNOLOGY, THE INVESTMENT
WILL PAY TOP DIVIDENDS

- CURRENT MIX OF APPLICATION AND FUNDAMENTAL WORK

HOULD CONTINUE .___8_ O_Lrr

TELEROBOTICS

AR1-12



DS/OPPORTUNITIES MATRIX_

SCIENCE _

EXPLORATION -

STATION

STS

TELEOPERATOR _

TELEROB_

SERVICER

ROVER

'NASA TELEROBOTICS
OPPORTUNITIES/NEEDS

IN.SPACE

- EVA servicing & assembly
- Cranes
- IVA processing

TERRESTRIAL

- Manufacturing
- STS processing
- Satellite inspection

PLANETARY

- assembly and servicing
- IVA processing
- science operations
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SPACE TELEROBOT SPECTRUM

TYPES OF
TELEROBOTS

SERVICERS

CRANES

MOBILE
ROBOTS

SPECIAL
PURPOSE
DEVICES

ENVIRONMENT

ON-ORBIT TERRESTRIAL MOON/MARS

- FTS
- SPDM

- STS RMS
- SSF RMS
- VEHICLE ASSY

- NODE &STRUT
ASS'Y

-VACUUM PLASMA
SPRAY ROBOT
FOR SME

- ORBITER / 747
MATE/DEMATE
DEVICE

- STS TILE
INSPECTION

-STS PCR
FILTER
INSPECTION

- EXOSKELETON
FOR SITE
MAINTENANCE

LUNAR VEHICLE
UNLOADER
(LEVPU)

-UNMANNED &
MANNED
ROVERS

- LUNAR TUNNEL
DIGGER

- MICROROVER
SOIL SAMPLER

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
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TR: The Delta

STATE OF THE PRACTICE

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

o SSF F'I'S, 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 fabrication 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, manufacturing /

 FUTURE 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
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,NASA SPACE ROBOTICS
( X indicates program cancelled or delayed)

CODE M

- Space Shuttle Remote Manipulator System Operations- (Code MEO)
X - Orbital Maneuvering Vehicle (Code ML)
X - Satellite Servicer System flight demonstrations (Code MD)

X- Space Station Flight Telerobotic Servicer (FTS) (Code MT)
FTS Evolution studies (Code MT)

? - Advanced Development (Code MT)
- Space Station cooperation with foreign partners --_- (Code MF)

CODE R

- Automation and Robotics program (Code RC)
- Telerobotics
- Artificial Intelligence

X - Planetary Rover- Vehicle Servicing and Processing
X - Exploration Automation and Robotics

- Centers of Excellence In Space Engineering
- grant to Rensselear Polytechnic Institute

Materials and Structures program

(Code RS)

(Code RM)

X - Rover sample acquisition, analysis and preservation
In-space assembly & construction (of large space vehicles)

__1 _8_r°b°tics and rover studies O _ _"_"

' 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 ROBOTIClSTS AND FACILITIES
- UNIVERSITY GRANTS
- CENTER TEAMS AND EQUIPMENT

ARCHITECTURES FOR SPACE TR\ 8) IMPROVED COMPONENTS & ..,,..,can/,,
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TELEROBOTICS PROGRAM

I
N

S
P
A
C
E

Teleoperations:. Center Challenqe
- Cranes JSC 8,7,1

Advanced Teleoperation JPL 8,1,2
- Free-flying manipulators U. MD. 7,3,1
- Exoskeletons JPL 1,8,4

Teler0botics (Supervisory Control
- Telerobotic Inspection JPL 8,1,2
- Compound Manipulators LaRC 8,4

Robotics:
Structural Assembly

- Multiple Autonomous Robots (Stanford)
- Fault Tolerant Actuators (Univ of Texas)
. Servicer Automation

G

Ground robotics; ......
° Ground Emergency Hesponse vemcle
- STS Tile Inspection and Maintenance

- PCR Filter Inspection Robot
\ u - Vacuum plasma spray robot for SSME

LaRC 4,1
ARC 7,8
JSC 7,5,8

GSFC 1,4

JPL 6
KSC 6
KSC 6

MSFC ___

TELEROBOTICS"
PROGRAM ACCOMPLISHMENTS

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

TECHNICAL
- "PEG IN HOLE" TASKS WITH COMPLIANCE 8,2
- SINGLE ARM PUTS SINGLE STRUT IN NODE 8,2
- CONTROL OF MULTIPLE ARMS WITH SINGLE JOYSTICK 8,4
- HUMAN CONTROL IN SIMULATED MICROGRAVITY 3,1,7
- GENERALIZED FORCE-REFLECTING HAND CONTROLLERS 8,2
- "SMART END EFFECTOR" 8,2
- PRECURSOR TO FTS HARDWARE (LTM) 1,5,8,7
- VISION-BASED STOPPING OF A SPINNING SATELLITE 2,8
- TELEOPERATED ASSEMBLY OF EASE IN WATER TANK 7,1
- TELEOPERATED ASSEMBLY OF ACCESS STRUCTURE 1
- END-POINT CONTROL OF FLEXIBLE ARMS 7,8,4

- "GEOMETRIC REASONING "FOR ROBOT TASK PLANNING 8,2
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TELEROBOTICS:
"LEVEL 0" MILESTONES

1991
1992
1992
1992
1993
1993
1994

1994
1994

CHALLENGE

- EMERGENCY RESPONSE VEHICLE 6
- COOP MANIPULATION FOR FREE-FLYING TELEROBOTS 1,7
- TELEOPERATED DEMO OF SOLAR MAX REPAIR 8,3,1
- HEPA FILTER INSPECTION ROBOT FOR PCR AT KSC 6
- AUTOMATED ASSEMBLY OF NON-PLANER STRUCTURE 4,5,2
- MULTI-SENSOR ROBOT INSPECTION FOR GAS LEAKS,ETC 6
- ROBOTIC PLASMA SPRAY GUN FOR SSME 6,8

COMBUSTION CHAMBER FABRICATION
- SHU'I-rLE TILE INSPECTION & WATERPROOFING ROBOT 6,8
- 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

, 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 AI, 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
IN ACADEMIA AND INDUSTRY

AR1-18



INTEGRATION OF A ROBOT
INTO A SYSTEM

INTEGRATION OF COMPONENTS
INTO A ROBOT

COMPONENT
DEVELOPMENT

- CONTROLS
- SENSORS
- MECHANISMS
• INTELLIGENCE
- HUMAN INTERFACE
- ELECTRONICS
- PROCESSORS
- POWER
- ARCHITECTURE

COMPONENT

- SELECTION

- MODIFICATION

- INTEGRATION

OPTIMIZE
ROBOT
PERFORMANCE

-ADAPT SYSTEM

i ADAPTEQUIPMENT

-ADAPT PROCEDURES

-ADAPT ROBOT DESIGN

OPTIMIZE
SYSTEM
PERFORMANCE,
NOT
ROBOT
PERFORMANCE.

_SPECIFIC TR PROGRAM NEEDS _

- A FEW NEAR TERM TASKS WHICH CAUSE NASA TO USE ROBOTS

- INCREASE THE SET OF SPACE TR FOCI
- CURRENTLY (INSPECTION, ADV TELEOPERATION FOR SERVICING

FREE-FLYERS, CRANES, EXOSKELETONS)
- ADD: IVA ROBOTICS, COMPOUND MANIPULATORS,

ROBOTIC ON-SATELLITE SERVICING)

- RE-INSTITUTE THE R&T BASE

- FIND PEOPLE EXPERIENCED IN REAL-WORLD ROBOT
IMPLEMENTATION AND MAKE THEM PART OF OUR TEAM

- JOINT RESEARCH TASK WITH JAPANESE

- CODIFY CURRENT TR STATE OF THE ART

• ESTIMATE SPACE TR INFRASTRUCTURE

- A TASK ON LOW-COST TR WITH LOW COMPUTATIONAL POWER

OPMENT OF A TR EVALUATION TOOL
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Impressions of Japanese
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 Prototyplng" approach

I build series of prototypes; dont design first for evolution)minimize development time)

- invest for long term payback to research

/ TELEROBOTICS CONCERNS
- NASA _',:.NCELLED 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 ITS PROGRAM COULD DRAIN LONG-TERM R&T PROGRAM

- PER_" .... _.NTHAT SPACE T1ELEROBOT WILL COST OVER $1B

- FAIL; -,- _ ' NY TELEROBOTICS DEMONSTRATIONS

- LACK OF r;L, ' (ICISTS WITH EXPERIENCE IN DESIGNING AND
IMPLEMEN1 tt'_G REAL ROBOTS IN THE REAL WORLD

- COST & SIZE OF SPACE TR INFRASTRUCTURE NOT APPRECIATED

- NEED REASONABLE-COST ACCESS TO SPMCE FOR EXPERIMENTS

- TIME LAG FROM RESEARCH TO USE CAUSING OVER-PROMISING.

- U.S. LOSING TO FOREIGN POWERS IN SPACE TELEROBOTICS

ATED REPLANNING OF PROGRAM FUNDING QUADRUPLINGS •
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TR Program ($M)

HISTORY

1984 1985 1986 1987 1988 1989 1990

2.3 4.1 5.3 8.9 13.0 13.3 10.9

1991 1992

11.6 14.6

PROPOSED 1993 1994 1995 1996 1997

Baseline 16.2 16.6 17.4 18.2 18.9
Constrained 16.2 18.9 20.4 21.6 24.9
Strategic 16.2 19.6 25.9 33.2 42.1

IMPLICATIONS

Baseline Keeps up with inflation*
Constrained - Modest growth in outyears °
Strategic Program doubles in 4 years.

* - assuming low inflation rate

i |1

TR PROGRAM:
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, I.ARC, academia and Industry.

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

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
implementation.

- An R&T Base should be reinstituted to Insure the development of
adequate component technologies in space tei_,robotics.

A&R
CONCLUSIONS

AND
RECOMMENDATIONS
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ITWO.MPO,TA,TOPE,.SSUESI

- Space Station

- Space Exploration Initiative

PREVIOUS
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"

- AIA "Key Technologies for the 1990s"

-The Automation and Robotics Panel (ARP) - 1985

- The Advanced Technology Advisory Committee - 1985

- SSTAC meeting at ARC - 1990
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A&R PROPOSED FUNDING PROFILES ($M)

91 92 93 94 95 96 97
ARTIFICIAL INT.

- Baseline 11.2 13.1 9.9 10.2
- Constrained 11.2 13.1 9.9 10.2
-Strategic 11.2 13.1 11.9 12.7

TELEROBOTICS
o Baseline 11.0 14.8 12.4 12.8

-Constrained 11.0 14.8 12.4 12.8
- Strategic 11.0 14.8 12.4 12.8

A.I. R&T BASE
- Baseline 0 0 4.0 4.0

- Constrained 0 0 4.0 6.3
- Strategic 0 0 4.0 7.0

TR R&T BASE
- Baseline 0 0.8 3.8 3.8

- Constrained 0 0.8 3,8 6.1
- Strategic 0 0.8 3.8 6.8

ROVERS
- Baseline 3.0 0 0 0
- Constrained 3.0 0 5.0 8.1
- Strategic 3.0 0 5.3 13.4

FTS DTF
- Baseline 55.0 75.0 40.0
- Constrained 55.0 75.0 40.0

ss.o75.0 ,oo

10.9 11.6 12.3
10.9 11.6 12.3
14.8 16.9 18.3

13.6 14.3 15,1
13.6 14.3 15.1
18.1 23.4 30.3

4.0 4.0 4.0
7.8 8.5 10.0
9.0 10.0 12.0

3.8 3.8 3.8
6.8 7.3 9.8
7.8 9.8 11.8

0 0 0
8.5 9.0 12.0

17.6 24.5 30.1

O _ &"t"

A&R - three proposals

BASELINE CONSTRAINED STRATEGIC

- Focussed AI SAME AS BASEUNE -small 8ugs in 93-95
• Focussed TR -large Bugs In 96-97

-portion of AI & TR
moved to R&T Base AI & TR AUGMENTED SAME AS

CONSTRAINED,BUT
In FY93 LARGER AUG.

-funding ends In
FY91

OPERATIONS
- artificial Intelligence

• teJorobotlc8

R&T BASE
- 8rtHiclai intelligence

- tlklt OP,utiCs

EXPLORATION
- rovers

TECH FLT EXPT - DTF-1 under
Code RX

Science rover funding
reinstituted in FY93

SAME AS BASEUNE

Augmented to
add msnned rover
In FY94

SAME AS BASEUNE
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CONCLUSIONS
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
o 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 PROJECTS10-15YRS OUT
-NEEDS TO EXPAND AND EVALUATE ALTERNATIVES

RECOMMENDATIONS

AI
- 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 '_NINS"
- 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 CONTINUA_ON.
- COVER SPECTRUM OF ROVER TYPES AND ARCHITECTURES
- CANNOT COVER R&T ON ALL SUBSYSTEMS;

FOCUS ON EVALUATION OF SYSTEM CONCEPTS
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PREVIOUS
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

1987

1987

1990

1991

1991

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

- ASEB "Space Technology to Meet Future Space Needs"

- AIA "Key Technologies for the 1990s"

- SSTAC meeting at ARC

- Stafford's Space exploration "Synthesis Study"

- Augustine's "Report of the Advisory Committee on Future of the
Space Program

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
April 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."
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_utomation and Robotics Panel: _
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 IOC
6. Demonstrate specific A&R capabilities prior to IOC
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

FIRST REPORT (4-1-85)
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 of
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.
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/_ational 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 Intelligent autonomous
systems. Cargo trips beyond lunar distance will be made by unpiloted
vehicles; the earliest roving vehicles on the Martian surface will be
unpiloted; and processlngplants for propellants from the materials
on asteroids, Phobos, orMars will run unattended. To support these
complex, automated, remote operations, a new generation of robust,
fault-tolerant pattern-recognizing automata Is needed. They must
employ new computers, sensors and diagnostic and maintenance
equipment that can avlod 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
also have broad application to 21st century U.S. Industry."

I bt

Npational Commission on Space
ioneering the Space Frontier"

"Robo" _ _ '-uman exploration and surveying of substantial areas
of the, ,_ .t Mars. This effort will begin on the Moon with
autorr • . - ,:j vehicles teloeperated from Earth, and on Mars with
vehict:_ ".: .-- ._,bstantlal artificial intelligence. Robots will be
followe_ :-, ":,_.'fi-st astronaut crews operating from Lunar and Martian
outpos;-._ a;,d bases."
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Leadership & America's
Future in Space:

the Sally Ride Report
Concerninq 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 aeromaneuverlng at Mars, and a high level of sophistication in
automation, robotics, and sampling techniques."

Concerning the OutDost 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 Explorption initiptive;
"This iniatlve 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

rt landing selection and certification.

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."

CONCLUSIONS ON A&R
"Automated systems can augment human capabilities by performing
mundane, repititious or dangerous tasks, andcan both increase human
productivity and conduct tasks Infeasible for humans; automation will b(
Increasingly 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." J/
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Space Technology to
Meet Future Needs: an ASEB report

Chapter 8

Automation, Robotics and Autonomous Systems

Pages 78 to 85

8

Automation, Robotics, and
Autonomous Systems

BACKG|OORD

1_ t_, k--_ _ul4 • _ tf.kmdolD, aJ_ _I

mSimn.i. ' _ _ mmss_mltm_t_¢h_, In ¢mlmdeym:l es-

mt.d to U.S. csp, bib_ to os_*im ,fr-,-ti_ly m epqce. 'rbe_ m

&kin reMou: aJi'ordab*Sty, achie_a_0Uty, _ Nod.
Tkc_ m _ _ b_ the ,volut.iom d m elrltoml

._,vi tk* Mw.hoakxbll _ ¢rt_r.i m mm.l_s _ .... J

NrodynamJcll. A t_e c_ when i_lcrdk mfo_,k_ _ |v_l-
_nce sad ¢n_md eyet_nm ber,_une eo uen_rld to 0ucc_m th_ their
underlymll _JanoloI_ took iim pl_* _ the _, _*dKmd
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m*n_pm but the uk_r*_lon _r_ern |be _te ndm_. A mer.l_r sum
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Except for ep4_ik il¢_scm (e.J. d_el_ -e mmokme ud

St,utile flisht pi_k co_wol), NASA'* u** o( _mM_m_.ic_ _ robo_.i_

in .p_ce hu been 5_t_d. The prmuwy _ th_ epecewortby
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robot, i¢ cIpability dol not esiM. ;,. due to I"``4' e( invertment in the
underlyin| I_,hndolieL T_ UniMd SM_ be* mtaq_d to "_et

by" to daim b_amu

• Fo_ n_nned mi_u: (,) m brave b*en _ *nd

_ntn_, _lo_in$ tbe me o( l..rp |_e_M cut_ for mmme ¢¢m_rot.

u<l (b) mu_nsubJ have hm¢oru:_dly been "p_c_4* rather tb_q *n-
m Olxt_mL

• FOe unlV_ml_d i: (1_)Ip4¢eCYl/t bawt beet) comJKlered
"d_ud_" Md _ _ ckiln*d to be mrv_c,d cm c_b_t..nd

(b) _urth orbi*;al Ipececrl_ m Ntadily ¢ommmded from the

,_e,).

Cbup dri_inl _ need rer u_m_,io_ _ rot_k:e in .poce
include yu_ imcr_ iu nim_m dur_ obj4¢t_y4m _d compk_x_ty

(e|., roaM, o( &he "41_y* IIIp4¢J *"m b_ been done); e msjor

,chump ia the prm_r/_ _( _suim to m-eqp_ce _km (wk_<h

will be inlmmr, ed illthe Spice S_ eye); ud the deployment of

STAYIm

l_tu_ mm o( NASA will _dy _ucrueainI57 on ,ut, o_rmt_or_,
robo¢ia, ud Ht.m_a i_ima for I_ fdlmdn I numu:

I. _ml_ty of bunum in *p_e: £xpoue_ of bermme to be=.

&dOM e_virolHvt_oLi g_ II _VA, nucJe_r Bd hasl_'do_l* chem_mJ
fuet0 h_ndlinl. _nd hish-red_mn Imel ehoeM be minimised

2, Incrum_l hun_m produc_vity: Rovthse ud/or ku*rdoue

tmke ¢.tm be &ltoma44d, en<l _ tims-¢ammnMo8 r.VA prelpe_stion

3. P_orn_nce _ m._ _ infeJble fo_ humus: Rob_t_

V*_Jy *uk,mc* human r_4_lit, i_ rue _ _ _ n_.mS

lerp *¢r_¢tum, caf4urin I _pimliaI I_elKMo, _ c_n'._dGnl corn-
plex *y_.m.

4. F.mmblia I m mdm_me to otbey phlelMl: Mobility _md m&-
nipuls_e _id* fo_ ummned mud mtlmenm_ _._ for

compiez vlm_mmld mimmae, e.l., Mww rov_/eple _ttura, will

p¢o"de new ¢_q.d_lltil.

The coet o4'meintainial humane in q_'e u e_tremely hi_h, eve.
in LEO; ,betatron, eed_ bunm mu_ be eupp_Md by _r*_enu th*_
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ran enhua mmeaut eRect_ve_m to the ttmcot. _ hum*n

muet be [rmr a( nmndaRe Imd r_et*tlmmm _ke--<d' m_d or h_nd --

so th_ the unklue judlment wd dext_my tbl_, aeJy humJm
mr_ opQrmsed. All oU_r take chould be caurned o_t by mechme*

HumM EVA is oz_meJ7 oxpenmve, m,oleinl exldmmve prepa-

ration t_rne ud mouitminlt by other hum", m edditloa to cmrtly
equ*pment end procedure. In the future, thin cm umueJly be •

ink for frmr*Ryin8 robobJ; and ill rmcrcqlrsvity they ram hove some

rem_kablo capebilitJmr. They c4m be li|ht, I_mher, cod dextrous

They cu trnvel ud numeuver. They esm be say raN, indudtull

qu*to larlle. And they _ opeclK4 effectively in Letmm.

Such m,_kim could he paurt 0( U.S. opece eye_rna bepnnnnll

• bout the 7esr 21300, hut only if the tAchnolosqcul bane for them *e

developed in a timely end euNmmed wsy. It " true th_ some of
the _chno_13 r_luired for epe_e nutorrmtlou will be developed in-

dependently of the space prolrJm--_peciadly computer* of tTe*ter

ud irea_r cNmcity (ruth leas mud bern volume end I_qrer requLred)
But o-her erie*col upecta turn elpS_e pecult_, uad wiU n_ be svml-

abbe unbem they m punmnd viloro_ly by NASA ib"_. Two ez-

8mpke ure the human/macJune m_rfar.I u_ b,N_llyinl robot* m

nucrc_rnvity. Such robo_ wiU be eo fundamentally different Iron
thcoe ibm will evolve m the Emr_b-bo4md ene;,roament that they

will meyer be nlebbe if NASA does not devek_p the_ underly-

in S tsohnolosimr (e.g., centres o( flexible li|htwm|ht rmmiput*_oru.
ud madze*.tverinlt Itmd nmmipolal_n| It_ nucro_lrnvity). The = Lnd
wul4 o( h_ EVA _ w HI colm_rsi m operld_88 to • em-ll

frec*.ioe o( whM could he.

Onions im_r_me iacind, nm.u_b _ d.veio_m--t fmr r._tb-
e4)pl_cMm nutoeru_m lad roberts, e.|., w_tJUa the DARPA,
SDIO, the NM_ouol Sc_mce rou_cla_m, _ bKim_n_ robot_c_

wd t_doop_m_on Ix'o_pr_. The curt*he mplxm, dm a.tom_-

_ i _D b _ _y NASA _l_dnd (It a bevel

o( ol_$ |_S m;_k_ a _ 8terra| n FY 1M8).

Az ac4_tkm to this is tin u_bnolo_ d mo_Jity ud _u-

teen a_i|l_oa th_L could be Lpplied to n pluat_ry rover

'r'nm t4_bnok_ is onn_mtly eupport_l prmsarlJy by the DARPA

Autonnmaus [And Ve]Uc]e (ALV) prcqpr_ lad eome Axe7 pro-

|rsms.
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In IMS the Autonmtm ud _ (AkR) PMei, with non-

NASA _'_i m _utom_ma _r_m the _pectrum d' the ep_e-

relevaflt t41¢bnok_a, wu con_51_8io1_. The plod itd:ldr_me_l the

qumrtloa of which umt_ml_olt Imd robotic* td*chnolol*ee were or*t-
kid for NASA to euppo_ (ud which _old no* require NASA

support) in order imr Ipece oiNrntion*---und _i6c*lly, opecattonJ

o( the Sp4_e SLLLiOU_to mdv_c_ _o the new bi|h level that only
sutomstkm cen m4Jrmpambbe. AtLontion WM given to ti_ung end
evolution, ud to solected m demon_rst_oN, U well m to the

MqttertCe O( phmn_r W.hnolOll_-b_m _chievemen_J thee would be

necma*ry fmr fulJy-utonmted, minimium-c_et, hilliP¢_biiity op
erstm el' the Sp_e St_tme by the year 2010. Drawin¢ upon exper]-

ence with 8ilmior DARPA prolprm, the AkR Psmel recommended

Lh&t the colt a_ the nec_mury nation "1 t_r.hnolcqly developroent

pr_lrum 8heeJd he between 11130 nullion *rod $1g0 million m 1990

KEY TECHNoIr, O_T A_ZAS AND OPPOItTUN/TIZ_

Some d tl*e h_lhRobly _quirecl for epece au_om_iom end *u-
t,_omous eym will he developed independendy o4' the ,p_ce

ptcqlrwn, nnd NASA cho_ld cm4aunly t*ue edvutale of the*e de-

velopmen(d. But other r.ril_d eaq_cta, euch _ humem-m_ch|ne
inUrf_e *rid free-Jlyin8 robe*8 in m_crolrSvlLy, *re apse pe(ul*_r.
lad wiJJ not he nVl_lnlO_e nnlom they m punmed villorouely by
NASA itmlf.

The microlrseity md q_ce exponure environment d,cLatu *pe-

r._d dmil_ mind protectaon _ntloml for 8m_msIdld led roboUc

m el rst_me, ec oppeesd to _tr_J eye4_ni _:mg trlmmnm-
Idan deJaye mm:Jlinuted mr mt crew in el_r.e imply hiiher level,

o( *Ul_nrvmy control end local automaton. The requu_q_nCa
for flexible opern*_oa ;,* the performuce o( um_p4¢ifled treks in

ms uncertmin emeirammenL etamd in contr_t to the i_.etitive mk*
o( indus*riM rob_, for entmpbe, Md piece -peel ,a dem*nd* on

v_lid**ioe.

Thus, olthou|h comider_d)be me,arch, development, end use of
Imt_n_*on end robotimr technololme ere in plnce for _erreJtr**J

mppliclticme, Ipl_e 8pplkl_mN pcoe umque requiremenl_ to wh*ch

the NASA prolrm mum, be direclecl. Thin include the follo_lnll:

I. Demlpn will be driven by Iow.rnm r*quiremenla that hm,t
poq_r, 81M, _ _omnlMitl_Mm he_dw_dth (in the cme of robotICS,
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m*_ limi_*l, ka* mqsi_ moduiJ*lio* o( lilM, limber mlaipuhb-

to_ m_rK_nll with dTmmnn_c'al7 .cti_ al_rmulm ouch d _mcturu,

Lc--m;mcl_*oo ,hmmeU*, and lrmpllyinll m_lki_') •

2. Mu_pUm me robo_, will be required I_ es_r_ in the

cmnl_s, n_srUmS. Isuaedoas ._scs ..virtue*at (man*iv. to fac-

tory rebate thM, _ to pro'form limJt_J, umU-d_in_l, repe_tiva

functions) beu_me |.uochio| a wide v_nat7 _ 'uP_isl''pum°oe

ro_ I* too coatlT amd may r*mult in mUllle'P oint failuvm, and mLny

space _ke ,we not predet, errmnabla, thus hstbditY .did "AsPt "_'t|-

,t]r Lre eueoti_.
3. Very h,|h reliability ud nlety requirem_lm (mpe_ally in

manned eye.ms) place epectaJ rtqu stamens* ma the v_lidaAIon of

int_l_ileBt eT e_rn8
4. Advanced mnSinl ,_ilmsmipular.wo/cout.q3l t4¢.haklueJJwad

be uwded for the 0;_ce envlronment.

Thb*, ia turn, will requure ,dvuced inform_Aon procemlnl

of a vum_.y of dm types; _m pe_cemm| will require tin m of AI

to vhi_ve j hi|h deles of auto6omou* CO4Pe_Iiw

(5. A! tocbaiq_ must ba epecioJly ml_c*._l for the xsquummmen_o

wd cout_sm_ o( sp6e_ rrumma_
7. M,_ut unp_mt, the n_m-ma_hine in_rfso, m apeciaUy

critic_d m m_ned ep_e mmswos _he_e each cr_w member will

p_docm a v_inty o/functiom r_quirin| in_c_ with _utomat_d

Then m lively epecnin_ioa *bout bow humamn cam mcot effec-

tively turret with machinm in ep_.aP--with the "thinkin_ alpet_-
_nL_ Jy_ _hltL wlU 88g1_ m _ m_l_N_em_nt _ i¢lentlRc

dmcovery M wee N with "doin|" r_ots. Conummd at the nmst

sophisticated Jewel is tide I_. Exm*a _me_ch wilt be needed
develop t aye_na foe inUrractinm I_on humen_ in 8p_e _nd

tb_ utom_m_ _/stsms that _ them, _ no one but tl_ op_._

community will d_s_p it.

Key _ _ tb'_ need to be sddrsmed include:

• rsp_d, pa eaet.'_ d |uibk, I_btW_ilht m_mil_lst_'

,_stmms;
• _op_est.i_a b_t_a numip._ ud _ nd_to;

• mob_lit7 ml*d memetlversbility;

• _iepremmot: hum_m m_r..etinu sad effective dieg_Ye;

S$

* t_siaab_e, modei-b_md _Tstenu to be sad in unknown an.

virmsmentm;
• r*d-*im* axper_ J_emnJ ud pmdlcton;
* _oolm emd efrectom;

• Nnein| *ad pm_:sptin_;
• advamcod i_ coml_tinll _/M_mm; md

• mem_inabillty.

RI_}I_OA_DATIONB

An qgruinve 8pete _u_t_oe md robotk_ pr_r tan will ben-
eflt both hummel md untanned numinee by idk_in| incr_M_d

humu pqroducl_vit7 1>o4h in elp_e e_l o_ the Ill.sad, increamnnll

_cinnce oe c_i_d im_um on im_qutmmst, reduc_n| operat_ne
coiL-, imp_ovinl _/*t 7 amd commk_rt o/_peee oq_'a*mm, *rid en-

*blin| nummmm _pace echinvem_mm wd _i _her_me not
rudmd_e.

lncreaJm ill fufKJin I in thk m'ea should be dir_ctmJ to_ard

both buic _dvm_._l m tin key mabllall _oololme and applied
rlmt_.h f@_nmd _ t_ s_¢.J_ _sds d sp4_r_ mal_mal_on and

robotic*. "l_mon_ratiae" *_*ivitma _muld focul oe: (1) _/¢_hno4-

ogy mt_q_r_ into _Jtoma_d _md _k*otic eylltol_ (l_c_lme there
ccmmderable t_.bno_olprJJ mm in euch symtdmu m*_llra_ion),

ud (2) v_didmt_a d t_e utility, r,Ji_d_ility. MJ'aty, _td _ on of

_iom _l _ toch_olopm in m _ic_iom,.

Tim univemit 7 commmnit_, with it* bamc r*_aach orlntotmn,
m id*aily mit_d to play a _ l_kD rob* in 8uu_n6_ou _qd

robotic*. TI_ I_ld i_ complex, and _y diffe_ appro_c_m need

to be tri_d. AJ,o, the tl¢.h_Oqli_ under dincumnoe hn_e s w,de

varify of app_ md cam be _t_l _ man 7 hrveb of
complexity _md eTe_em inl_p'alioo. UIt/ma*_ly, hmmv_r, NASA

will haw the mq_ibilit7 to provide f--ilil_o far iolqrati_ _nd

v_lid_,ie_ d' _m_smm_ m _m_ms.

y Technologies for the 1990s:
AIA report - November 1987

Composite Materials
VLSIC
Software development
Propulsion systems
Advanced sensors
Optical information processing
Artificial intelligence
Untrareliable electronics

pages 33 to 36
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History may judge anifldal

intelligence (All to be Ibe mo_l

pivotal technoloKv of this centur'y,

The success of man?,' U.S. efforts is

dependent upon computers thai

evaluate complex situations;

therefore, the progrx,,,m of AI

development is crucial,

This advanced technolo_'_ is

concerrled with c_mplicaled data

procrssing problems and the

development of problem-solving

capabilities that elaborate on a

model of human intelligence.

At covers a number of

computer-based activities, one of

{he most common being the design

of "expert" systems. "13"adilional

computing techniques required

hours of laborious programming

to load a data base with all possible

solutions to each problem. In

today's expert systerns, computers

use selected knowledge from one

or more human experls to solve

problems in much the same way

as a human mighl. The only

drawback is that such a system

only "learns" from new human

input. Future AI systems will be

capable of machine learning;, their

data bases will be continuously

updated by the outcome of their

own pcoblem-solving operations.

The impact of AI technology on

I:mth military and civilian

aerospace s.vsterm will be

considerable. Human pl'x_lucflvily

will be incceased, system

performance and reliability will be

impcoved and life cycle costs will

be reduced. By the turn of the

century, applications of AI are

expected to revolutionize a variety

of aerospace products, as well as

the way in which thoa_ products

are manufactured.

A pplicatinns of AI technology

ace heavily dependent on the

availability of other newly

emerging key technologies, such

as advanced computer soflwace.

AI will also be ellsier to implemc_t_

with further development of

computer hardware, very. lar'g'e

scale integrated circuitry and

optical information prt'x, essing _',,'

need to encourage further

advances in both computing

hardware and theory., as well .ts

develop demonstrators to illuslralr

AI applicability as the technology

moves fi"om theory, to practice.

Despite strong challenges from th,"

Soviets and the Japanese. the

United Slates still enjoys a lead in

this technolo_, but without

focused attention this h'ad will

undoubtedly disappear.

ACTIVrI'IES PAYOFFS

1980 1990

ADVANCEMENT INHIBITORS

• Inoutq[ld_n! knewledge odrhuman

pr_blem-eolvlng pra,et,_

• Ne_ At qe¢'hnel_ _uflrer frwn;

• Unpr_,dictable perfo¢'nmn¢_

• I.,_t'k ofd_ig_n tooha thai _ to be

developed and proven

• Diffet'tml rilk i_q'o[_llonm I_qwe_n AI

and eylHem developeMl

• Divergtmct" between .I,c.a,demi,r and

rlOfUKiq_mK" le_'hnolo_ ll_

AR1-33
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REQUIRED DEVELOPMENT

• Ullrl_ ionwaslr valklall_ melhoda fog"

eape,rt ayme_

• Advanced rmmputmr syNt,.m fro" I_

fc_muimliemh aoJulle_ d4_n a_ii m4Htwm._

de_0tgf_, d_elalmaem and m=lmemm_'

• Imprln, ed l_tklel_l for ila_llq[ and pIl_qmlng

Informmlklat _lamin_ied by unte.rtminiy

GRICJtq2.L PAGE. !S
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RECOMMENDATIONS

Place more emphasis on

nelevant, real demonstrator,+ to

encourage a(x'eplance by s)_lem

developers and enable AI Io

become specific in real s v,stems

Encourag_ Ai conlen! in

selected syslems, as wilh

automation and robotics, for

spate slafion

Expand governmem-sponsored

industry, inlernship programs

for university faculty members

on sabbatical

Using the Software Engineering

Institute a_ model, organize

similar efforls to encourage

communicalion belween AI,

data-based management systems

and sol, ware engmeering

lechnolol_nes

MAJOR BENEFITS

_Key Technologies for the 1990s: _
an AIA report- November 1987

"History may Judge artificial Ingelligence to be the most pivotal
tecnnoiogy of this century."

"By the turn of the century, applications of AI are expected to
revolutionizes variety of aerospace products, as well as the way in
wh_.,-,tlthose products are manufactured."

P_ vC,c_S:

. Fa<..r. more reliable Information gathering and processing
Jr:_.ro_'ed performance for man-machine systems
Grt_ter mission flexibility and reliability

- Increased adaptability means longer life for inaccessable systems

RECOMMENDATIONS:

- Relevant real demonstations to encourage acceptance
encourage AI in selected systems (eg for Space Station)
Gov't sponsored Industry sabbaticals for academicians
Encourate communications between AI, data-based management
systems and software engineering technologies
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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 AI))
- 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
- HI-CONFIDENCE, REASONABLE RISK TRANSPORTATION

- INTERNATIONAL COOPERATION TO BROADEN OPPORTUNITIES
- INSISTENCE ON EXCELLENCE
. ANTICIPATE & MANAGE RISK ((note: role for AI))

(( 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 experlencelf
base requiremd for the eventual human exploration of Mars. That NASA Jl
should initiate sutdles of robotic precursor missions and lunar outposts.))

_.__ _ 8,_ o,_m" __//

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 UNIVERSmES . "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 sctlvitles, such as mission

operations and data analysis programs, as well as many portions of the
advanced technology development program, represent the life blood of

civ!l space research."
'The Information to be gathered from EOS could approach

10 trillion bits of Information - about one Library of Congress - per day."

PROCURMENT - Requires Inordinate amount of time
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AUGUSTINE REPORT-
Items onNASA Infrastructure:

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 capabihty
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 auspices of
the Associate Administrator responsible for advanced technology."

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

NTERS - consolidate & eliminate overlap In areas ofexcellence

_sSTAc Review of OAET AI Progr;m_
Sept. 1990 at ARC

Code RC's AI programpresentations made by
- Peter Frledland, ARC
- David Atkinson, JPL
- Troy Heindel, JSC

SSTAC stated: This AI R&D program should be used as a model for
Coae R's technology programs, noting

- _,trong Intamal program put togetherln short timeframe
- well connected with user community within NASA
- well connected with academic and Industry AI community
- excellent mix of technology development and application

_A8A O,_Lrr
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Exploration "Synthesis Report"
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
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OAET Artificial Intelligence Program

Integrated Technology Plan External Review

Presented by

Dr. Peter Friedland

Ames Research Center

June 26, 1991

Outline

• AI 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

• PI-in-a-Box--ARC/MIT

• How Things Work--Stanford

• Measures of Success

• Short Term (FY 1992) AI Program Growth

• Long Term Program Growth
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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)

• 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
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Goals

• Increase the quality of flight decision making

• Reduce/enhance flight controller training time

• Serve as a near-operations technology test-bed

IqS7

Road Map of Flight Control Disciplines
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Road Map of Flight Control Disciplines

1991

Road Map of Flight Control Disciplines
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REAL TIME DATA SYSTEM (RTDS)

FEB 89 - 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)

- VlSUAUZATION OF FUGHTINSTRUMENTS (TASK AUTOMATION)

ASCENT GNC MONITORING - (TASK AUTOMATION)

INSTALLED MONITORS IN SOME CONSOLES REPLACING MAINFRAME

DISPLAY UNITS

- NETWORK INSTALLED FOR DISTRIBUTING SOFTWARE AND REAL TIME

DATA

01)11//IrM0rll(Yre Illell Time Dill $1,llem IR _'

, REAL TIME DATA SYSTEM (RTDS)
UPGRADE PARADIGMS

TRADITIONAL

FAI MON f

OLD SYSTEM WEEKEND _ NEW SYSTEM SHAKEDOWN _ USE

FROM j

DEVELOPMENT

RTD$ APPROACH

OLD SYSTEM i

GRADUAL
• . . MONTHS .... PHASEOUT

SHAKEDOWN _ OPERATIONAL USE

I RTDS I "_ _ _ '

APPLICATIONS

LESSONS "1 NEW '"1
LEARNED SYSTEM

NEWSYSTEM

AR2-5
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Technology Testbed (1992)
I II I II

• 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 I_AN-Link to RTDS

• Provide real-time data feed to AI researchers at
ARC

21

i il
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SHARP PROGRESS

ri""

1987

j" ;

1989 1990 1991

Evaluation Reusable _lot ,
Prolotype Kernel InCdiCion !

Shallow Constraint Deeper :
Diagnosis Based Telacom :

Diagnosis Diagnosis.
30 Sec. to 1.5 Sac. to "Anytime" i
Diagnose Diagnose Diagnosis ;

Max - 100 FIT Max - 101( lit Capacity to i
Channels Ch!m_els Soare ..... I

LISP Machine Sun and SFOC Installed in
Compatible Magellan Ops

Undenvay

CONCLUSIONS
ARTIFICIAL INTELLIGENCE HAS A PROVEN CAPABILITY TO
DELIVER USEFUL FUNCTIONS. IN A REAL-TIME SPACE FLIGHT
OPERATIONS ENVIRONMENT

, SHARP HAS PRECIPITATED MAJOR CHANGE IN ACCEPTANCE OF
AUTOMATION AT JPL - AI IS HERE TO STAY

• POTENTIAL PAYOFF FROM AUTOMATION USING AI 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



CONSTRAINT-BASED SCHEDULING

• Expecled to reduce ground operations time and cost

per launch by streamlining and optimizing operations.
i

• Supports dynamic reschedullng in response to I

resource conflicts, operational problems, and other

unexpected conditions.

• Provides operations personnel with an on-line
'window" Io schedules that are in-process, projected

or compkHed.

m

u

.... T If ""

4,,11_ ,LJ,_
I

Project Roles

ARC-

LAIC-

LSOC -

KSC-

r •Overall p o3ect management and
system development.

System development and LSOC
support.

Knowledge engineering, user
support.
(More system development after Mike D.

transfers.)

KSC advocacy (themole) and
administrationof Lockheed funds.
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Bayesian Learning

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

Project Leader: Peter Cheeseman

Inhouse Effort: $.5 FTE

Characterization: Basic and Applied Research, Tool Development

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

Start Date: 10/86

Projected Length: Indefinite

Fund Source: OAET A! Program

/IUIOCI.AS_

{

Machine Leaming [

 oow.eO0.W.a J
• Strong prior lhK_/

- One [or few) examples

• Verification by prool

• Learned concept must

be useful

EBG ]

l Markov Models

• Weak prior model

• Many examples required

• Cannot prove theory

• Lumm:l concept rall_

inlrinsic SUucturo

I Discovery Leaming I ] Model Discovery '7

I Senes Predict,on t

1_ -,_
I sup._._ I I u_supo_,i-_l
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The spectra show two closely related IRAS classes with peaks at 9.T and 10.0 microns
This discrimination was achieved by considering all channels of each spectrum. AutoClass
currently has no model of spectral continuity. The same results would be found If the
channlels were randomly reordered.
The galactic location data. not used In the ctaulflcatlon, tends to confirm that the clas-
sification represents real differences In the sources.

FUTURE APPLICATIONS

Short Term (1-3 Years)

• Improvements to Autoclass

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

• Time sedes analysis - (e.g. SME data)

• Learning expert systems from data

Long Term (3-10 Years)

• Totally automatic data analysis/model discovery

• Integrates symbolic AI methods with statistical (numerical) approaches

AR2-11



l "PI-in-a-box" as an iAstronaut Science Advisor
mml Ill I

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

IProject Team l

Silvano P. Colombano

Michael Compton

Richard Frainier

Irv Statler

NASA-Ames

Laurence R. Young

(PI)

MIT. _

i Nicolas GroleauPeter Szoiovits

MIT

AR2-12
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_>7 run 3 MS2nck-twst I

-- ett-bung 3 M$2 bungoo

0 run :3 MS2 bungee I

-- exlt I . bungee
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ISystem Architecture
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experiment
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Data Acquisition
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Data Quality
Monitor
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Protocol
Manager

Diagnosis/
Troubleshooting

Module

Experiment
Suggester

Interesting
Data Filter

, @n
!
e

"Data Computer" "AI Computer"
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Isupport of SLS-1 Mission i

• 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-flight 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+I, R+2, R+4, R+7, and R+10
sessions

, I

[Plans for Support_ of SLS-2.,. Mission, I

• in-flight use of system by crew

system to be re-hosted on flight-qualified hardware and used
by astronauts on orbit duringSLS-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 baseline data collection sessions before and after
the mission
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Capabilities of a Human Expert
I II

Capability

Subject Area

• Expertise in a speciality area

• General competence in a domain

• Common sense ability in all areas

I I

Knowledge Sysfeml LW_oratory, Slantord University

The How Things Work Project
II I I I I I

• Objectives

• Develop systems that perform 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

• Strategy

• Focus on -

• Knowledge about engineered devices

• Support of device design, manufacturing, and maintenance

I I

4 Knowledge Systenw Lsl_rmfory. S_ntord Untverslty
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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

• AI 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

• AI Research Contributions:

• Major Impact in Publications. From Ames Internal

Program Alone 5 AAAI-90 Papers (a New Record

for non-University)a and 7 IJCAI-91 Papers. (A!so
a New Record). Over 80 Peer-Reviewed Pubhcations

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 JPL

Discovery Missions and/or Goddard Explorer Missions)

• EOS Science and Mission Control Applications

• Movement into the Training Infrastructure
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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

I-mill Itddrels: welsblnOtelerobotlce.Jpl.nele.i)ov

olflce phone number: 818.354-2013 FTS 7t2-2013

THIS TALK IS INTENDED TO PRESENT TECHNICAL

R&D ACCOMPLISHMENTS OF JPL

1,

2,

THE PRESENTATION WAS CHOSEN AS REPRESENTATIVE OF THE BROADER
NASA TELEROBOTICS PROGRAM.

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

THERE ARE MAJOR ELEMENTS OF THE TELEROBOTICS R&D PROGRAM NOT
DESCRIBED HERE

OTHER MAJOR NASA CENTERS
LEADING UNIVERSITIES AND INDUSTRIES CONDUCTING IMPORTANT
AND EXCITING R&D
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DESIRED CAPABILITY

THE ABILITY TO RELIABLY AND EFFICIENTLY PERFORM COMPLEX TELEROBO1

TASKS

ORU REPLACEMENT

FLUID SUPPLY RECHARGING

SURFACE CLEANING

RADIATOR PANEL REPLACEMENT

EXPLORATION AND SAMPLE ACQUISITION

ASSEMBLY OF LARGE STRUCTURES

RUN CABLING

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

FOCUS

EXAMPLES

ADVANCED TELEOPERATION

• NON-REPETITIVE, LESS WELL-
MODELED TASKS

• COMPUTER-ASSISTED OPERATOR
CONTROL (E.G., HUMAN TASK
PLANNING WITH REA_TIME
GRAPHIC DISPLAY)

• DEPLOYMENT OF LARGE
SATELLITES

• CUSTOM CUI"rlNG/WELDING
REPAIR OPERATIONS

SUPERVISED CONTROL

REPETITIVE, BETTER MODELED
TASKS

PROCES_LEVEL AUTONOMY

(E.G., GRASP FIXTURE)

MULTIPLE BOLT INSERTION/
REMOVAL

POLISHING HIGH-PRECISION
SURFACES
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Solar Maximum Satellite Repair

Sa:e!!_te launched in 1980

Collected data on solar flare activity

Fai;ure of AttJ[ude Control Subsystem (ACS) after 9 months

_'4ASA estimate - repair cost = $19m

- replacement cost = $77m

Astronauts on STS-13 performed repair operation

1st olajec[ive - ACS module replacement

2rLd cbjectwe - more complicated MEB replacement

"" CbT_-13 crew [rained for 1 year in neutral buoyancy

Successful satellite repair in 1984 - MEB replacement, took 2 hours

JPL
ADVANCED TELEOPERATION

PARADIGM DEMONSTRATION/EVALUATION EXPERIMEN1

SOLAR MAX REPAIR MISSION (SMRM)

MOTIVATION

• REALISTIC: IT HAPPENED AND

WELL-DOCUMENTED

• CHALLENGINGAND VERY RICH IN
CAPABILITYREQUIREMENTS

• THERMAL BLANKET REMOVAL

• HINGE ATTACHMENT FOR ELECTRICAL PANEl

• OPENING OF ELECTRICAL PANEL

• REMOVAL OF ELECTRICAL CONNECTORS

• RELINING OF CABLE BUNDLES

• REPLACEMENT OF ELECTRICAL PANEL

• SECURING PARTS AND CABLES

• RE-Pt.UG ELECTRICAL CONNECTORS

• CLOSING OF ELECTRICAL PANEL

• REINSTATING THERMAL BLANKET

AR3-3 AKB. 2,20 90 '
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JPL
ADVANCED TELEOPERATION:
1990 HIGHLIGHTS SUMMARY

PREDICTIVE DISPLAYS

PREVIEW AND FORCE-REFLECTING
, GRAPHICS DISPLAYS

8-DOF AAI ARM GRAPHICS IMAGE AND ,
DUAL-ARM SET-UP FOR SMSR TASK

:": " FO_,=,.=CA'n.&"_.s-c'n.G.....
,..CAPA.ILrrv
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JI=L SOLAR MAX SATELLITE REPAIR
EXPERIMENTS

USE OF DIAGONAL CUTTERS FOR
CUTTING PLASTIC TIE WRAPS OF

WIRE BUNDLES

USE OF POWER SCREW DRIVER TO
REMOVE CONNECTOR SCREWS

AR3-5 AKI] r
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\ ] *.IN- _ _._t. jllltl; _ ** s|/,.'lll.h I. ,¢ uul), I{ubul I_. ", ,ltld .\|llUlll.ll lull

Experimental Task- Unbolting, Bolting

Move forward from start position to screw head

Start unbolling, withdraw tool as screw unbolts

After screw free of hole, move back to start position

Move back (o screw hole

Bolt screw and move tool in as screw enters hole

\l_in-_l_L'lliil(., 3) _l(:lil_i (;ruul), l(ul)ullc_, aitl.l ._U|Ijill-'i|IUll

i

Subject Training

Perform task until consistent

5 successive repetitions with std. dev. < O. 15 of mean

JrL

Experiment Design

Seven sublects

Seven control modes

Three repetitions of task in each mode

Total of 21 repetitions per subject- randomized

Data Collected

Slave position/orientation, interaction forces/torques

Griooer force, gripper position, task completion time



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

/
, FORCE-REFLECTING EXOSKELETON / elST

ANTHROPOMORPHIC TELEMANIPULATION J _ACTION

MASTER ARM AND CONTROL ELECTRONICS SLAVE HAND GLOVE CONTROLLER

SLAVE AND HUMAN NANOS

_us

ACTIONS

AKB, &'ilO
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EXOSKELETON ANTHROPOMORPHIC TELEMANIPULATION

..,.._ _L,.•

.,,.__ _ EvA
• _ GLOVE

EXOSKELETON
MASTER"GLOVE
HAND"AND

SLAVE HAND

THE EXOSKELETON
ALTERNATIVE

• _ 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
REPERTOIR? (155 TOOLS AS OF 1985)

• _ CARRY OUT EXOSKELETON
EXPERIMENIS 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-10615, MAY 1983, p. 19)
AKB 2 2891 {h_,
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SURFACE INSPECTION TASK IMPLEMENTATION PLAN

JUSTIFICATION

• b,'_,'1,1 >Iu<ii,'_ have iudicated that inspection will be mt iuq_ortaut activity for Space St,ttiou

- X\SA/I$C Irm.I RelJm¢. Space Station Freedom Ext('rmd Mamte.a.ce T.Lq_ Tu.m

\_ F Fiq..r .,.1 C. R. Pd(¢'., July 1990

- "_\t(' IIlu,' P,ut,'l Ih'p, btt..hme 12, 1990

- \ _',.\ Ih,.,hluarlvr_ [h,l)Url: Olh,'e of Space Station, Space Station Frc_.clom Autom,,.
_,,l, ,m,I Ih,l_,_lit ._: ._.u .-k.-,_t_ment of th,+'Potenti_d for IrereeLed Productivity, D<,¢

:9

, L%' ot rul,.luImtir._ ¢'_utreduce astrunant EVA time

6 O.t;d,._.. [rum thi_ ta..,k will I_rovide actual experimeut_d data for more twdistic estim.t,,-

h,r tit,' ._SF ilr, lwctiou ta:,ks

i -['hi-, ,.._1_will al_J nhuw technology readim.'x'+ _u_(Iidentify what new teclmologie_ are r,'-

<11111 ,', I'll ill"l)l'¢'litlll li,sk..+.

b

REMOTE SURFACE INSPECTION

IDENTIFIED INSPECTION TASKS:

* Insl.',t iuu fur t ru._s strut damaged by uficrometeoroidn

• In.,I.','t i,m Ior visible crat'ks in structures

• hir+l-'cliou t;,r _.hidd area dlunaged by uficrome_c_roids

. h,,l..,ti,m ,,f th,.rt,ml hlanket, radiator, _utd sohu" lmm,i damage by nfictoineteoroids and atom,

, ,xyg,'t

• t)RI." in+_l_,'<ti,,It (prior to and +tiler ilt:.iudlatioll}

• I)l_t/53-,,',,, I)i,,g.,,,,lics: SSI1MS u, SPDM lmwer ;m,I data int.rfiwc._ are used to perform ORI_'

• hi-I,,*, ,i,,I, ,,1 ,h'ld,,yal,h' IIl,',t'hatlisllL'+ [or incorrectly im_itioued htt:h_, conllectors, alad other m,.-

• hv.l.','ti,,tt ,,f tl." SSF-I,t',ed Sh,ttth' Chu.'kittg Imrt beforeeach docking

• I.hiliLv tray ilt-,l,,'rti-tt: in_p¢_'tiott of [htid altcl powvr [iuc.'s

• l]._i_.,,,,,..,,,.l m,,_fit,,ri_,g: monitoring ,ff m_gnetiu liehis, I_la.'.an+t liehh,, cunt;uninants levels, a,,I

i_,h.,'llt, ,,rh, ,'ltll.tliltll

• ', ,+<+, , I..,+, ,, "'l,,'ll.l I,l,', ,'n', b,I ,'qliJ'.Tillg l,.yhmd+"+

AFI3-O ORIGINAL PAGE IS
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REMOTE SURFACE INSPECTION

LONG DURATION EXPOSURE FACILITY (LDEF) EXAMPLES"

(+j Sol.+r .+rrJy-m_tefial_ LDEF eJtpcrimenl

th) Thermal blalLk¢l damaged by micometeoroid

and _I_ l,,/dll lll,_l l¢lfl

(L) C_ILt _ III rI+. +ll I) - rl Ilk_c d inll)dc[ ICalUIC into

Ill, _ltli¢ p,llllltd J[IdllllllUl]l _iurl.lLC

.... _ .+1.8_ , • +a , ..

• _ _ +. • -+v" .+ i '+I+

(¢1 krn

I II

+N.+

AR3-10
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REMOTE SURFACE INSPECTION

OPERATIONS SCENARIO:

• ReJ,Lotc Visual Inspection:

- D.u._, ,I t,hj,,_ tn au'_' Ida_c,I on lilt' tt,o_ kup.

- ()l,,'l.l,,I i- +1+._1._,',[ IU Iot'itll + d_l.ti|il._t,d _l.rq,;a_.

_p,, J.,r,,u u.,+. tit,' ttt_tnqml.tt,_r cmricd _+atncr;u_ ,rod tit,, <'t,nlrtdb,d li_ht_ I+, i,h.ntllv <l.+lt,_, ,!

.ILp .+-

\ ttZtl,l+ t* .I In I_'tl*ll'Zlll'd |*t IIIt';l_.lll'_' (t[_<'l'itl<H'_ ;l(('lll,l<'y it|ld Lilll<"t<_'tOt|l[l_<'/l<.Jll.

• ._.;ttolt/.ttt'd lnspet'tion:

- _Itn+ It1,,\ ,'- I+.,"., ,I ,,nl+t Itl_,l-<,t.u,h.d trajq.ctory whih' t[.' +++t|lulll+tta.d i11sltet.litJl/ lllo(htlt, l)<,ufot llt-

tll'l_,'+ It,HI

lhk- l,'l+tlll,"+ ",", I11 llllt|liZi|l +fill II('I%VI't'|I lUal,ilmtat,+r ,m,trul +tliti +tll|l)lll;L|tql illn|l,('¢liOll u,od,tl,

- I+,'l,,, It,,. l-,h.l,' I,y ,,,ml+i. il_g Itl,'vi,m._ly rt'<'.rd,',l with plt's+.llt ditlit.

\,tr, ,m,,t,',l at+-l,,', t i,,. r[*<h.iqm, i_, ltit..<.d olt <'lJlttillalLillg O( tntJttitttizing <+lh'<'/ of +tllllti<+llt light itlU

+,_ ++.t.u+ ++,.tt+dl,'d lightinp..

+ '._ +[,,tu t,..t,,.,,l. _tth: I+'()UNI) D.LM.X(;E, N() I).+./_I.X.(;E. ,. I)()N'T KN(JW

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.

• Current)y developing supervisory teleoperation where arm
collision with environment is avoided automatically based on a

world model.

, ;: . , AR3-12



REMOTE SURFACE INSPECTION

Automated Flaw Detection

()B.IE('TIVE: Detection of flaws for simple but time consuming inspections ta.sl_

(; E N E 12A L A P P ROACH: Detection of changes between "before" and "after" imagt.'s

O[ c A. S('('[I_'

TECHNICAL ISSUES:

• Earth orbit aml_ient lig,ht variations for "before" and "after" images

* .Misreglstration b(,tween the "before" and "after" images due to camera position-

mg repeatability which causes large differences in high contrast regions

TECHNICAL APPROACH:

• Subtract image of ambient lit surface from one lit by controlled lights and improve

the restdts by averaging over many' images

• Develop estimation techniques to correct for camera repositioning error

• Perform sul)traction otdy m non-high contrast regions by means of image-

DEXTROUS SENSOR
MANIPULATION

REMOTE SURFACE
INSPECTION

ADVANCED OPERATOR
INTERFACE

_o ,

AUTOMATED FLAW
DETECTION

QUANTIFYING FLAW
DETECTABILITY

AR3-13



HAZAftDOUS MATERIALS INCIDENTS -- JPL

* Sulfuric Acid Spill (Pallet of batteric_ dropped during delivery) -- 198_. Level B (Proper eq,Ulnt.'t,,

uot +_vailable _Lt tilllC oI incident).

• tty,lrogcu Fhtoride F_ulty Cylinder Regulator (Threated Rcle_kse) -- Buihlmg 189, November 1%9.

kt._l C i Shouhl have bectl Level A; proper C_lUil)nicl|t not available at time of mcidcnt).

• \tth', 'It un .\lmtttmin Lenk -- Building l l 1, March 1990, Lt.v,,l B

• Pt,,I,.LI,,. I.,..L Building 264, October 1990, Level C

• %.II,H n, \1 t,I 51,ill Cryugeni_ Dotk, Sel_tember 1990, Lev,'l B

• 111 ll.l t_ .thtncSpill -- Braiding lll, Septeutb,'r 1990, Lcvt'tB

• l'ho.phim. L.t..tl_ (l:attlly cyli.der)Cla._ A Ikfi_o./'Fuxic G_u'_ -- Building 302. Nuvember 1990. L_.',, i

\ iStt,a,tg,, iu hv, h,,_,_'ti created ;uhlitiumd ,'xl)h_.'sivc d_uigt.r).

STATISTICS:

• hicid,'t*l_ re, l,mi,,g Level B suitup -- ! iucid,'nt/2 weeks (average')

• (}x3g,'n, D*'Ii_ i*n, y l,'Millg G lilll"W/w'''k (aVl'l'ag,'}

I \11 I_l.,I \q"_ I{I _,I'II\'M

I II

2 II W"; I I/'l t '_"

* Involvement t_f experts in the detectiou alld hmidling of haz.'urdous tnateri:ds:

- .IPL ()ecul_timud S:d'ety Oflire (OSO)

- .]PL Fire DCl,artnl(_llt _li(I Elnergeu('y RenlmU_e TP_Ull

- .1PL's Lead Chendcal SM'ety Engineer

- JPL'_ Priueiple Sd,,ly Coordinator

• Pl'lllrlll','ll,('ll| O[ tWO identical vehicles:

- Dq.vehqnn_'nt of llq'w .systent capabilities

- l:'i,,hl l.(mling, i-'rhprtmmce evaluation, aid th'l_loyu|crnt on auctual euwrgenci_. (Operated I,v

.IPL's En..rgq'ttcy lh._potl_ Team)

• hh.alilit-alio|| ,,f |lt'etl_l Calmbilitit.'s Imst'_l on dir_'t .wr inputs 0'-g., lr,'msmit data signals l'l,_m

dwntiral _n.,_ors Io tq_t.r:dor, phy._icMly _t'mt du_r _eal.,_ with seusor probes, etc).

• Dow'h,lmt,'l,I and i|nph'lnelttatioln of .._'r Sl-'_'ilied Calutlfiliti_.

• Tran.,,fl, r o[ in-huu._' rubolic tt_.'hnulogie,_ ;Uld experti_'.

I '11 I{,,I \, "I III nl'll\_,l AR3-14 IIWS I I/'U'sl
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SYSTEM ILEQUIRENIENTS _ SPECII:IC

• II._,.t_,. 1",(!-2()1.) It .f I,;t_¢'l_.'ut I,p hlfihlitlg _'llltancq'.

• Ill-I,,, I I'\ll;Iti_f _.('lt(_ ['tit (ht,tll.ir;tl I'ltli_,NiqlllS IlSillg (';tlllq'l;I.% ;_.|11.1 (']ll'lliil;tt S('ll%q)l' I)lllh,'c,

• _ _t_ ,h.,l _-,'.I _, x_st It _.t'ul_l_x' lPt'_l.'s (1-2 illdlq.'S itV.';ty).

• C_?,, 1_ .m,l _ l,*;tt _'Xlq'll,,I _h._J (rl'humlJ Lal(h 'Fyp.. Door Clu_er).

• I¢, I llq'kq ' IIIHIIIIHll;II(' , ;tll_l sL_Pw v;tri_.ls tOllal._lt,'lits (_',_'ll_,(ll" [pll_llq*'q, (ItHir k(,v, (It,,)l ,.t_,l_,.. t

. !)l,,lt _r,,t, ll,,,,n.,h,<_t'(l(x.,b w/i(_'y).

• [H_!_,', I _It,l,' I,H,III I'llIl';,ll('l' prior h, (.lltr 3" IlSillg (';tlll('|'il_ ;tlld (h_'llli_';tl %('lly,()l i.ul,,,._ I,,*. _,, '.',

• (lihd_ _,l_t_ _u_l lal_.r ow,v l() ilult duor _il[.

I 11 IH ,I '_1 "_ III ",l'l)\',ill '! IIW% _L/'W ',q_

JPL EMERGENCY RESPONSE ROBOTICS

ACCESSING HYPOTHESIZED INCIDENT SITE

HUMAN ENTRY TEAM

AR3-15
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JPL EMERGENCY RESPONSE ROBOTICS

'VISUAL AND CHEMICAL SENSOR INSPECTION
PRIOR TO PHYSICAL ENTRY

HUMAN ENTRY TEAM HAZBOT-II

AR3-16 Hws 2,8J91 ( t 61



USER EXPERIENCE & NEI_DS

, THERE HAVE BEEN SIGNIFICANT

AND

WIDE-RANGING PROGRAM ACCOMPLISHMENTS

EXAMPLES

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

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

(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)

AR3-17
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TECHNICAL:

(I)

THERE ARE STILL MANY

TECHNICAL AND PROGRAMMATIC FRONTIERS

SAFE AND ROBUST CONTROL OF MANIPULATOR/ENVIRONMENT INTERACTION.

(e.g. COMPOUND MANIPULATORS, FAULT TOLERANCE)

(2) MACHINE PERCEPTION IN REAL TIME

(3) HUMAN FACTORS CONSIDERATION (E.G. CAMERA POSITIONING, LIGHTING)

(4) DEVELOPMENT OF A LIBRARY OF MACRO SKILLS

(5) TELEROBOTICS/EVA INTEGRATION

(6) ERROR RECOVERY AND GRACEFUL DEGRADATION

THERE ARE STILL MANY

TECHNICAL AND PROGRAMMATIC FRONTIERS (CONT'D)

PROGRAMMATIC

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

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

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

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

AR3-18



Planetary Rover Program

June 26, 1991

SSTAC/ARTS External Review

Technology Challenges
• .--,-,m_,-,4-,_m, qilwp",q_ _ ....... _. .... , _.. , ........ J ,,L_ .... Ill ........... [,,1N, _

• 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

AR4.1



b

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

I

Technology Challenges (con't)
• Missions: Outpost Crew Transport, Regolith Mining, ISRU,

Cargo Transport

• Needs: Manned Lunar/Mars Rovers (Far-term)

• Mobile pressurized life support (ECLSS)

• Advanced materials/tribolog)

• Long-life mobility systems

• 2-4 person crew support

• Navigation aides

AR4-2



Earliest Technology Needs Horizons
I !992-t996 I 1996'2000 I 2000-2004 I 2004-2008 I 2008-2012 | 2012-2016 l 2016-2020 I

Mars Science I o c_ • O_r=ions I

Rover�Sample OSSA Strategic Plan
Return MRSR Studies
(Code S, Code RZ)

Lunar Science/ I e C_ ,d_ Operations ]

Exploration Rover SEI Study
(Code RZ) Lunar VLFA Study

JSC Robotic Rover Report

Lunar Manned I o C/D • Op.rmions J

(Code RZ) SEI Study

JSC Manned Rover Report

Mars Manned I = C/O • Ol_rm0ons I

(Code RZ) SEI Study

(From Space Technology Long Range Plan)

Planetary Rover Program

Current Sta te Of The Art - Technology
• Navigation

• 100-meter SAN in 4 hours
• 500-meter CARD

• Remote teleoperated driving

• Mobility
• Apollo LRV drive systems/wheels
• Lab demos of walking machines
• Lab demo of pantograph suspension

• Operations Autonomy
• HST constraint propagation schedulers
• Groundbased remote scheduling systems (Voyager)

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

Planetary Rover Program '
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........... OfCurrent State_., 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 - S stems_

AR4-4



Related Efforts

• DoE-Sandia: Contaminated site clean-up vehicles

• US Army-TACOM: Battlefield survey/recon vehicles

• DoD-DARPA: Autonomous Land Vehicle

• DoE-Idaho Falls: Contaminated site clean-up vehicles

• Martin-Marietta: Mars rover IR&D

Goals and #"_IL-; a,|_,,

uulec.ves .
• Goal: Develop the technologies to enable robust, flexible and

efficient vehicle systems for planetary surface operations.

• Identify 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
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Program_Structure___ ....

Rover

Operations
Autonomy

Program Developments to Date

• Initial SAN

• Autonomous walking

• Task Control Architecture

• Active sensing perception system •

• Local terrain mapper

• Generalized gait planner

• Structured light sample acquisition •

• Composite terrain mapping

• Active leveling system

• Legged mobility mechanism design •

• Fine powder SiGe electrode samples •

SiGe spark erosion apparatus

Stereo correlation algorithms

Terrain matching algorithms

Global path planner

Expectation generation system

Execution monitoring system

Path and monitoring planner

Mobility analysis wheel model

Ground-based sequencing simulator

Design reference mission definition

Piloted rover technology needs assessment

AR4-6



Program Schedule
1991 1992 1993 1Ov94 1995 1996

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

Planetary Rover Program

Program Schedule (continued)

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

Behavior-controlled
micro-rover science
instrument emplacement task

Extended outdoor
autonomous walking

Lunar manned rover testbed
development

Science instrument
deployment task in extended
field test

AMBLER II field testing

Planetary Rover Program
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Rover Funding Profile
Dollars In Millions

40- , ,
,-41-- FY 88 Guideline f

35 _ FY 89 Guideline
30.1

./
30 FY 90 OuldeUne

2s -*- "°'°'_" /7 ..4 2,.,_

-- rv,2 k.,. jr ___ -- f Strategic

20 r j
15 / _"_ "___f__ _--" --lO
5 4_g ____o _-'_1 _;=:; Constrained_Baseline

0 n n 0
FY89 FY90 FY91 FY92 FY93 FY94 FY95 FY96 FY97

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

AR4-8



f NASA
OAET

NASA

PLANETARY ROVER

PROGRAM

ROGER BEDARD

JET PROPULSION LABORATORY

& DAVID LAVERY

NASA HQ/CODE RC

JUNE 26, 1991
SSTAC MEETING

J

JPL i

NASA I

OAET OUTLINE

• GOALS

• BACKGROUND

• 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

ROVER PROGRAM INCLUDES:

• SCIENCE ROVERS

• PILOTED ROVERS

• CONSTRUCTION ROVERS

FOCUS OF THE ROVER

PROGRAM AND THIS REVIEW

IS THE SCIENCE ROVER

• MICRO AND MINIROVER TECHNOLOGY

PILOTED ROVER ACCOMPLISHMENTS -
TECHNOLOGY ASSESSMENT STUDY

• SUMMARY
i

JPL .J

AR5-1



rNASA I IOAET GOALS

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

UNMANNED SCIENCE (AND EXPLORATION) ROVERS

• PILOTED ROVERS

• CONSTRUCTION ROVERS (VEHICLES)

i

THE INITIAL FOCUS HAS BEEN ON
PLANETARY ROVER MOBILITY AND NAVIGATION

FOR EXPLORATION AND SCIENTIFIC INVESTIGATION

f

NASA JOAET BACKGROUND

• UNMANNED SCIENCE

• LUNAKOD

• MARS ROVER

ROVERS

PILOTED ROVERS

• APOLLO LUNAR ROVER VEHICLE (LRV)

• SEI UNPRESSURIZED ROVER

• SEI PRESSURIZED ROVER

CONSTRUCTION ROVERS

• SEI PAYLOAD UNLOAOER

• SEI MINING EXCAVATOPJLOADER

AR5-2
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f NASA
OAET OUTLINE

• GOALS

BACKGROUND

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

ROVER PROGRAM INCLUDES:

• SCIENCE ROVERS

• PILOTED ROVERS

• CONSTRUCTION ROVERS

FOCUS OF THE ROVER

PROGRAM AND THIS REVIEW

IS TIlE SCIENCE ROVER

f
NASA JOAET SCIENCE ROVER

INTRODUCTION

• PLANETARY SURFACE SCIENCE MISSIONS ARE INEVITABLE

• 'ROVING' ALLOWS WIDE AREA SURFACE SCIENCE AS DEMONSTRATED
BY APOLLO LRV AND SOVIET LUNAKHOD

OBJECTIVE

• TO DEVELOP REMOTELY PILOTED SCIENCE ROVERS, COVERING A
SIZE RANGE OF 1 TO 1000 KG, THAT CAN:

PERFORM SCIENTIFIC EXPLORATION

- IDENTIFY, ACQUIRE, ANALYZE AND PRESERVE SCIENCE SAMPLES

DEPLOY SCIENCE INSTRUMENTS

t

JPL
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f NASA I VISION
OAET I

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

• Science Rover Testing • Remote Mission Control
at JPL Arroyo, Edwards
and Death Valley

• 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

f NASA
THE APPROACHOAET

INVESTIGATE
TECHNOLOGY
OPTIONS

ROVER

_" • Different

[_ Configurations

• Different

Components
fir • Various Sizes

• Scientific

Exploration

• Surface & Subsurfac
___. Sample Acquisition,

__: Analysis andPreservation
"_'_i,_,..; . ..... ;_ .;_ Science Instrument

Emplacement

AND VALIDATE
SYSTEM TASK
CAPABILITY

IN RELEVANT EARTH
TEST ENVIRONMENTS

• JPL Arroyo,
Edwards or
Death Valley

• At Various Levels
of Human Control

• With Various Levels

of Tirpe Delay (from
0 to 40 minutes)

ARS-4



NASA IOAET
TECHNOLOGY NEEDS

KEY TECHNOLOGY NEEDS INCLUDE:

Minaturizatlon and micro/mini rovers

• Low power, low mass, high mobility vehicle

• Passive and active sensing and perception

• Path planning and behavior control

• Computer aided remote driving navigation - Variable time delay

• Coordination of mobility and manipulation

• Mission operations

• Systems integration and science task demonstration

SCIENCE ROVER RESEARCH AND TECHNOLOGY MUST ADVANCE THE STATE OF
TECHNOLOGY ALONG MANY DIMENSION, INCLUDING:

• Size

• Degree of autonomy

• Science system task capability

• Operational Limits (eg. day/night
vs day only)

• RellablUty

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

• Configuration

• Adaptability

• Robustness

JPL _.J

i

f NASA IOAET OUTLINE

i

• GOALS

• BACKGROUND

• 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

ROVER PROGRAM INCLUDES:

• SCIENCE ROVERS

•PILOTEO ROVERS

• CONSTRUCTION ROVERS

FOCUS OF THE ROVER

PROGRAM AND THIS REVIEW

IS THE SCIENCE ROVER

PILOTED ROVER ACCOMPLISHMENTS -
TECHNOLOGY ASSESSMENT STUDY

SUMMARY

JPL ...J

AR5.5



CMU
'AMBLER'

=/,

CMU LEGGED VEHICLE ROVER
MOBILITY AND NAVIGATION

OBJECTIVES

PARTICIPANTS AND FACILITIES

PARTICIPANTS

• CARNEGIE MELLON UNIVERSITY

FACILITIES

• SINGLE LEG TESTBED

• SIX LEGGED AMBLER

• PLANETARY ROVER LABORATORY

DEVELOP LEGGED LOCOMOTION
ENABLING SUPERIOR ROUGH TERRAIN

TRAVERSABILITY (COMPARED TO
WHEELED VEHICLES) WHILE ACHIEVING
PRACTICAL POWER EFFICIENCIES

DEVELOP AUTONOMOUS NAVIGATION
FOR AMBLER

SCHEDULE AND FUNDING
F'_ 88 89 90 91 92 93 94 95

OESIGN AMBLER

DEVELOP SINGLE LEG
. =.

DEVELOP S_X LEGGED VEHICLE

INDOOR WALKING WiTH
_D TETHER /

OUT[XX)R WALKING-BENIGN TERRA_

(XJTI)EX_WALKING.ROUGHTERRAIN m
EXTENDEDO(.,'TOOORWAt..K_t3

.DESIGNAMBLER11 -
FUNO,NGI=M_ 120J2.02.0,,'.5

JPL

f NASA IOAET

i

CMU KEY ACCOMPLISHMENTS I

(1988 THROUGH JUNE, 1991)

-%

• FORMULATED A SiX LEGGED ROVER VEHICLE CONCEPT

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

• INTEGRATES SENSING, PERCEPTION, PLANNING AND EXECUTION

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

• DESIGNED AND BUILT THE SIX-LEGGED 'AMBLER' VEHICLE

• COMPLETED ASSEMBLY IN OEC. 1989

• ACHIEVED FIRST INDOOR WALKING IN MAY, 1990

• INTEGRATED SENSING, PERCEPTION, PLANNING AND EXECUTION
AND ACHIEVED TETHERED AUTONOMOUS INDOOR WALKING IN DEC 19g0

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

i

AR5-6
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ROBBY
OUTDOOR ROVER (1000 KG)

TOOTH . INDOOR MICROROVER (I KG)

ROCKY 3 " OUTDOOR MINIROVER (20 KG)

ROCKY 4 -OUTDOORMICROROVER (2.5 KG)

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 AI LABORATORY

FACILITIES

• JPL ROBOTICS LABORATORY

_ISPLAY & CONTROL STATION

OBJECTIVE

Develop remotely piloted science rovers,

covering a size ranging from 1 to 1000 kg,
that can

o Perform scientific exploration

o Identity, acquire, analyze and preserve

science samples

o Deploy science Instruments

SCHEDULE AND FUNDING

89

DEVlELOPRDeSY

tDOMEI_R ROeBYAUTOTRAVERSE

ROCKYSAMPt.EAC_JtlS_

RCGSYSAMPLE._ccuIsrrloN

_ ,SAMPUE/_OJISmON

SCIENCEI_ISIRUkF._S

CONnNt.O._ TRAVERSEN_D
EXTENDEDTEs'r_G

90 91; 92 93 94

v

_v
_V

95

JPLFUNDING ($M) 15 12 1.0 1

JPL

(1gag 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 SUB-
SURFACE WATER DISCOVERY SCENARIO AND DEVELOPED A MISSION

OPERATIONS COMMAND LANGUAGE

• ACHIEVED AN INDOOR EXPLORATION AND SAMPLE GATHERING DEMO-

STRATING SIMPLE BUT ROBUST MICRO-ROVER BEHAVIOR

AR5-7
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NASA I IOAET OUTLINE

• GOALS

BACKGROUND

• 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

ROVER PROGRAM INCLUDES:

• SCIENCE ROVERS

• PILOTED ROVERS

• CONSTRUCT10N ROVERS

FOCUS OF THE ROVER

PROGRAM AND THIS REVIEW

IS THE SCIENCE ROVER

_'_ JPL

fNASA I PILOTED ROVER I ROVEROAET TECH ASSESSMENT STUDY

INTRODUCTION

• Performed by Boeing under contract to MSFC

• Purpose to determine technology advancements required for a utility rover
In support of establishing s lunar surface habitation facility and exploration base

• Two types of piloted revere; a light unpreseurized vehicle for short range
(local outpost) use and a medium range pressurized exploration vehicle

SUMMARY OF TECHNOLOGY DEVELOPMENT RECOMMENDATIONS

• Wheels

• Drive Systems

• Lubricants and Seals

• Shocks/Dampers

• Implements

• ECLSS

• Electrical Power

• Thermal Control

• Man systems

• Structures and Mechanisms

• Radiation Protection

• Navigation

• Communications

• EVA

• Finishes and Coating

• System Integration

AR5-8
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(" NASA
OAET OUTLINE

. GOALS

• BACKGROUND

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

ROVER PROGRAM tNCLUDES:

• SCIENCE ROVERS

• PILOTED ROVERS

• CONSTRUC710N ROVERS

FOCUS OF THE ROVER

PROGRAM AND THIS REVIEW

IS THE SCIENCE ROVER

JPL .J

The Planetary Rover Program Is Well Advocated and Highly Regarded

Rover and mlcrorover technologies are "of primary Importance...
to the Solar System Exploration Division, Code SL" per Wes Huntress
letter to Greg Reck dated Jan 30, 1991

"From the science standpoint, future planetary missions (following
the current flybys and orbiter,=) will require lenders end 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 Menklns, 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 mlnirover sample acquisition experiments

JPL

AR5-9



NASA SUMMARYOAET 2 OF 2

ROVERTECHNOLOGYPLANSAREWELLCOORDINATEDWITH
POTENTIALROVERUSERS

- JSCPLANETSURFACESYSTEMS(LEDBYBARNEYROBERTS
ANDJOHNCONNOLLY)

- OSSAADVANCEDMISSIONSTUDIES(LEDBYWESHUNTRESS
WITHERWINSCHMERLINGBEINGTHEROVERPOC)

- JPLFLIGHTPROJECTOFFICEADVANCEDMISSION
STUDIES(LEDBY 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

JPL -J
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INFORMATION SCIENCE & HUMAN FACTORS DIVISION

BRIEFING

TO THE

SPACE SYSTEMS TECHNOLOGY ADVISORY COMMITFEE

ON

[ SCIENCE SENSOR TECHNOLOGY I

FOR THE

INTEGRATED TECHNOLOGY PLAN

FOR THE CIVIL SPACE PROGRAM

JUNE 26, 1991 DR. MARTIN SOKOLOSKI

(CODE R)

_ RZ

Director for Space

Space Exploration

-Gregory Reck vacant

!nformatlon Sciences

and Human Factors

Lee t$olcomb

RJ I

Nat'l Aerospace I O_rector for I

I Aeronautics IPlane i Cec(I _osen
Lee Beach I

narnlcs

LOUIS will,ares

I

|,aterlals & 1|Structures

I Samuel venr,erl

RP R_x

' I rl'ght pr°jects !Propulsion Power

and [nergy Jack Lev me

SEI-1
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SCIENCE SENSING TECHNOLOGY PROGRAM

"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 COMMII-rEE
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.

624'91

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

6/241_tl
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_IGHEST

_Rl,Oqlrv

2%D HIGHEST

PRrCRIT_

3RD HIGHEST

PRJOR;TY

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

OSSA TECHNOLOGY NEEDS
i=

NEAR TEqM NEED MID,TERM NEED FAR.TERM NEEO

_O_g L_te 3r, o Cooe'_,Oq, o Sh,e4_"_

_gl_ £t_l_- Oete_torl

Sers_ _eaOo_t FJect_o_,¢_

i_orl:j b#e Sla_e Tu_al_,ll _!lS,ers

Sobal Plel_, II/_fcury 9_o,ler "t_tr_al P,9111,ct

K B,,lm¢_ TrIIrlSco_r5

l:_al T_,,e llaelamn

Lir,4_* _I S_t._m,g

)._ To_pe,*al_e Mal_ k_ FumaoH

auto 3eque_g & CMO Gene_a_o_

Te,e s_er_e/Te_e_ e _ tee _ r_ Ime_hgence

&I_¢IIL _ !991

SPACE SCIENCE TECHNOLOGY PROGRAM

Science Observatory
Sensing

DIRECT
DETECTORS

SUB-
MILLIMETER

LASER
SENSING

ACTIVE
MICROWAVE

PASSIVE
MICROWAVE

SENSOR
READOUTS

OPTO-
ELECTRONICS

In Situ
Systems

TELESCOPE I
OPTICAL
SYSTEMS

SENSOR J
OPTICAL
SYSTEMS

COOLERS & 1CRYOGENICS

PRECISION I
INSTRUMENT
POINTING

MICRO- I
PRECISION
CSI

Science
Science Information

PROBES AND
)ENETRATORS

SAMPLE
ACQUISITION
ANALYSIS AND
PRESERVATION

ARCHIVING

AND

RETRIEVAL

DATA
VISUALIZATION
AND
ANALYSIS

JUNE 17,1991
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SCIENCE SENSING TECHNOLOGY PROGRAM

I BASE TECHNOLOGY PROGRAM J

I
DIRECT

DETECTORS

SUBMILLIMETER
WAVE

DETECTORS

PASSIVE SENSOR
MICROWAVE OPTICAL

SENSING SYSTEM

I
LASER

SENSING

I
COOLERS

&
CRYOGENICS

I
ACTIVE

MICROWAVE
SENSING

I
SENSOR

ELECTRONICS

6r _Z4"9 I

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.

G/24tgl



SCIENCE SENSING TECHNOLOGY PROGRAM

SENSOR BASED PROGRAM

. SENSOR MATERIALS RESEARCH J

° 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_ 1
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X-ray Calorimeters with Superconducting Energy Converters

\

........\\

Compar=son of Fe.55 spectrum taken wtlh a calorimeter wilh superconclucllng Ta absorber(see insel} ancl a sohd
slate detector (curve with markers) The resolul#on of Ihe calorimeter is 30 eV FWHM, 5 t=mes belier than the sot_d

slate detector Of this 30 eV, 20 eV is due to the superconducling absorber. Our goal ,s to reduce this conlrlOul_on
, - r _,,_ ..... °l

JPL OAET

Silicon Micromachined Infrared Tunnel Sensor

• Uncoole,d broadband iensor (I 14mIo 1000 pro)

• Order of magnitude impmvemenl in the Rnsilivily over pyroclectric
dcleclor.

• Silicon micmmachining used to fabricate all =¢nsor components,

• Array compolibility, inleFalion with electronics and Iow-co=l balch
fabrication ate feasible.

i_mmd md_tkm

SE1-7
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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.

62491

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

SE1.8
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SCIENCE SENSOR TECHNOLOGY
FOCUSED PROGRAM FUNDING

TECHNOLOGY AREA

SENSOR MATERIALS
RESEARCH

=NNOVATIVE SENSOR

DEVICE RESEARCH

SENSOR SUPPORT

TECHNOLOGY

SUBTOTALS

i

tOTALS

BASELINE

:AUGMENTATION

BASELINE

AUGMENTA_ON

BASELINE

AUGMENTATION

BASELINE

AUGMENTATION

3X (AUGMEN_

STRATEGIC

300

I

75O

450

1,500

1,500

1,500

FY '93 FY'94 FY'95

300 300 300

160 320 480

750 750 750

400 800 1,200

450 450 450

240 480 720

1,_)0-- ' 1,500 1,500

800 1,600 2,400
i

2,300 3,100 3,900

2,500 3,500 4,500

FY '96

3OO

480

75O

1,200

450

720

1,500

2,400

3,900

4,500,

FY'97

300

640

750

I. 600

450

960

1.500

3.200

4.700

5.500

6 2491

SENSOR BASE PROGRAM
(AUGMENTED)

SENSOR MATERIALS RESEARCH

- BANDGAP ENGINEERED MATER/ALS FOR S_-NSORS, LASERS,
M/CROWAVE DEVICES.

- NOVEL HETEROSTRUCTURE MATER/ALS FOR M/CROWAVE
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 M/CROSCOPY AND BALLISTIC ELECTRON
EMISSION SPECTROSCOPY.

- NANOMETER- SCALE LITHOGRAPHY FOR NOVEL ELECTRONIC
DEVICES.

SE1-9
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SENSOR BASE PROGRAM
(AUGMENTED)

INNOVATIVE SENSOR DEVICE RESEARCH

NEW HIGH Z ABSORBERS FOR CALORIMETERS.

RADIA TION HARD X- RA Y CCD's.

RADIA TION HARD SUB- ELECTRON READOUT CCD's.

HIGH BANDGAP CCD's AND OTHER ARRAYS.

SMART SENSORS FOR STAR TRACKING.

SUPERCONDUCTING BOL OMETERS.

PHOTON COUNTING TECHNOLOGIES.

HIGH OPERA TING TEMPERA TURE ARRAYS.

- LOCAL OSCILLATOR WAVE SOURCES.

- MILLIMETER- WAVE SUPERCONDUCTING PHASED ARRA YSo

- PLANAR RECEIVER ARRAYS.

6,24/91

SENSOR BASE PROGRAM
(AUGMENTED)

SENSOR AND OPTICAL TECHNOLOGY

ADVANCED LASERS, DETECTORS, AND ELECTRONICS FOR
INTERCONNECTS.

INTEGRA TED 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
LENG TH MEA SUREMEN TS.

GRAZING INCIDENCE OPTICS.

SEI-IO



SCIENCE SENSING TECHNOLOGY PROGRAM

STATE OF THE ART
DIRECT DETECTORS

GAMMA RAY , X • RAY

UV/VISIBLE

TODAY

HIGH PURITY SI AND GI DETECTORS

Hgl DISCRETE DETECTORS

SCINTILLATOR - MICROCHANNEL PLATES

SI CCD's, MICROCHANNEL PLATES

PV Hg CdTe,lnSO
SWIR, MWIR (1 - 5grn) SCHOTrKY P1SI

PV OR PC Hg Cd Te 12-t_n
LWIR, ULWIR (5- 30_m) SI=. IBC (.12K)

FIR (30 - 1- _m) STRESSED AND UNSTRESSED GE=X
SI OR Ge BOLOMETERS(elK)

PYROELECTRIC$, THERMOPILES
BREADBOARD (1 - 1000t_nl)

GOALS

POSITION SENSITIVITY I1000 X 1000

ARRAYS

LOW - NOISE PREAMPLIFIERS

CUSTOM DESIGN CAPABILITY

HIGHER QUANTUM EFFICIENCY

ENHANCED. WAVE LENGTH RANGE

LARGER ARRAY, IMPROVED O

HIGHER QE= LOW ; NOISE READOUTS

LARGER PV ARRAYS ! .65k

LARGER ARRAYS, LOW - NOISE READOUTS

ARRAY CAPABILITY (SAME _lO00 X 4000)

LOW • NOISE READOUTS

YERY LOW NEP (BELOW 10 "!1w_ _-HI

HIGHER D " (_IOOKI

LARGER ARRAYS (UP TO 1000 X 1000)

LARGER J_, I

6,2491

SCIENCE SENSING
DIRECT DETECTORS

TECHNOLOGY NEEDS:

EARTH SCIENCE (EOS)
OPERATING TEMPERATURE - 65K, -lOOK
NEAR BACKGROUND - LIMITED (SUP) SENSITIVITY
LARGE ARRAYS

PLANETARY (NEPTUNE / PLUTO, DISCOVERY PROGRAM
OPERATING TEMPERATURE (GREATER THAN -9OK)
THERMAL DETECTORS WITH HIGH D, HIGH BANDWIDTH, MODEST ARRAY FORMATS

SPACE PHYSICS (SOLAR PROBE)
HIGH SENSITIVITY UV / X - RAY DETECTORS
LARGE ARRAYS IUP TO -1000 X 1000)
THERMAL DETECTORS WITH HIGH 0, HIGH BANDWIDTH, MODEST ARRAY FORMATS

ASTROPHYSICS (SIRTF, SMMM, LDR)

LARGE ARRAYS (SOME 2- 4000 X 4000) 10"1eLOW - BACKGROUND OPTIMIZATION -- NEP BELOW W / q HZ

HIGHER - BACKGROUND OPTIMIZATION -- BLIP, WITH FAST READOUTS
CRYOGENIC, LOW • NOISE READOUTS

BENEFITS:

LASER ARRAYS
• IMPROVED QUANTUM EFFICIENCY AND NOISE

OPERATING TEMPERATURE CONSTRAINTS MINIMIZATION
IMPROVED MATERIALS I PROCESSING
DRAMATICALLY IMPROVED SCIENCE RETURN

SE 1-11
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MILESTONES - DIRECT DETECTORS

ONGOING

• Hg ZnTe MATERIALS- '93
• Ge BIB FOR FIR-'94

• READOUT TECHNOLOGY-'95

• II - VI MATERIALS- '95

• InAs nipi SUPERLATTICES FOR LWIR - '95
• MULTIPLE QUANTUM WELLS FOR LWlR-'96

• TUNNEL THERMAL DETECTOR-'96

• STRAINED LAYER SUPERLATI'ICE FOR LWIR -'97

AUGMENTED

• GAMMA AND X- RAY DETECTORS - '97

• BREADBOARD IR DETECTOR- '97

• UV- VISIBLE DETECTORS- '98

• L WlR DETECTORS- '98

• FAR - IR DETECTORS- '98

• SWlR DETECTORS o '99

6,2491

ARC
Low-Backaround IR Detector Technoioay I

- Develop and optlm=ze IowJoackground IR

astronomy focal plane technoloo_s

- Improve sensrhv_/, vta tower noise and
dark current

- Increase spectral coverage of arrays

- AcnDeve larger formats (to 512 x 512)

mlillli

- Extremely low backgrounds, to <1 photofl/s,

require extremely low no.ie

- Low temperature o_l_atK)n (2 - 10 K)

- Long integration braes (up to 1O's of minutes)

- Long wavelengths (to 10(]0 IJm)

iilllnlllJi|J-l||

oaN=
Gem_-.um

OAET

i
- Excellent low-background cllaractenzation lab

and staff at ARC

- Strong bes to SIRTF u_r community, and to DoO
- Next--generation reaOout elaclro_.s unOer

development

- Leadmcj Si array types being _oss.-coml)are¢l for
SIRTF

- Rormered proton testing of IR anays

- Conducted successfu_ ground-based and azmome
astronomical demoa

- Acllle_,ed 50 e_ctro¢_ read noise _nSi arrays

- Measured h_jh respons_4y m Ga/_ far-IR pt_olon
detector

SE 1-12 ORIGINAL PAQE IS
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SCIENCE SENSING TECHNOLOGY PROGRAM

STATE OF THE ART
SUBMILLIMETER WAVE DETECTORS

SMMM MIXERS

SMMM LOCAL OSCILLATORS

LDR MIXERS

TODAY

1| h'v / k, 200GI,,Lt

40wv / k, 5(X)GHz

SO!Jwo, 700 GHL

300 H_, 492 GHz
SAME AS ABOVE

GOALS

10twO, 400 - 1200 GHz

10% OW

50Uw, 400 - 1200 GHz

10% BW

16 hv_, 300 - 30_0 GHz

8WT B.D.

LDR FOCAL PLANE ARRAY NONE 2 I 10 ELEMENTS

SAME AS ABOVE 10 mW FOR ARRAYS
LDR LOCAL OSCILLATORS

500 GHI BW, lladz RESOLUTION

SPECTROMETER (GENERIC TO ALL)

SMMM - 10,000 CHANNELS

EOS - 20,000

LOR - 20,000
i

6/24,'9 t
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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 5 - 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
- RELIABIUTY FOR I -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 QUAUFIABLE COMPONENTS

RELIABLE, LOW POWER CONSUMPTION, COMPACT

6_24t91

MILESTONES- SUBMILLIMETER WAVE DETECTORS

ONGOING

ASTROPHYSICS

• BASELINE MIXERS-"95

• NOVEL LOCAL OSCILLATORS - '95

• SPECTROMETERS-'95

• FOCAL PLANE ARRAYS- '95

• BASELINE LOCAL OSCILLATORS - '96

EARTH REMOTE SENSING

• BASELINE MIXER- '94

• ADVANCED MIXER & LO'S- '96

SPACE PHYSICS

• ADVANCED IR RECEIVERS- '97

AUGMENTED

" HETERODYNE- '96

• ASTROARRAYS- "96

• ASTRO MIXERSAND LO's- '97

• EARTH SENSING - _J7

• SPECTROMETER- "98

6t24R1
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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: 0 3 , C/2
TECTONIC PLATE MOVEMENT

- ICE- PACK MOVEMENT

METROLOGY FOR SPACE VLBI

6,_24J91
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IN NADIR AND ZENITH DIECTtONS
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SPACE QUALIFICATION

- ISSUES -

WALL PLUG
EFFICIENCY

• LIFETIME
• RELIABILITY / STABILITY
• GRACEFUL DEGRADATION

SE1-17 OR|GJNAL PP,G,E IS
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MILESTONES- LASER SENSING

ONGOING

• STREAK TUBE RECEIVER-'93

• PROTOTYPE CO 2 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

AUGMENTED

• HIGH- POWER LASER DIODE PUMP ARRA Y- '95

• SOLID- STATE DOPPLER LIDR DEMO- '96

• BREADBOARD NEAR- IR SYSTEMS DEMO- '95

• BREADBOARD MID - IF/SYSTEM DEMO - '97

• ENGINEERING MODEL OF > 100 mJ 1KHz ALTIMETER - '98

6,'2 4,_ 1

SE1-18
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f
REQUIREMENTS for LASER SUBSYSTEM

,...._r

REQUIREMENT I CONCEPT WAVELENGTH I MOTIVATION

ENERGY PER PULSE

PULSE LENGTH

REPETITION RATE

CHIRP

BANOWIDTH

BEAM QUALITY

EFFICIENCY (WALL PLUG)

LIFETIME

MASS

OTHER

10-10 J

3 pee¢

10 pps

..3OO kill

BINGLE
FREQUENC_

NEAR D.L.

5%

10 SHOTS

,clS0kg

SNR

RANGENEL RESOLUTION

COVERAGE

VEL. RESOLUTION

VEL. RESOLUTION

SYSTEM EFFICIENCY

PRIME POWER

MIIHIION BURATION

PLATFORM ACCOMMO0.

SPATIAL COHERENCE

SE1-19 ORIGIl_bll.L PA('_'::. IS
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ITEM

PULSE ENERGY > 10 J

PRIME ENERGY

PULSE REPETITION RATE

(at REQD, ENERGY)

COHERENCE

WALL PLUG EFFICIENCY

(>5%)

LIFETIME

FREQUENCY STABILITY

_, SAFETY

LASER CONCEPTS SUMMARY

CO 2

DEMONSTRATED

ALL EOLID STATE PULSE

POWERIN EXISTENCE

DEMONSTRATED

DEMONSTRATED

6-1%

10^8 COMMERCIALLY

DEMONSTRATED

EYE SAFE

SCIENCE SENSING
COOLERS & CRYOGENICS

TECHNOLOGY NEEDS:

THE COOLERS AND CRYOGENICS TECHNOLOGY PROGRAM WILL SUPpORT THE FULL RANGE OF
SPACE SCIENCE INSTRUMENT COOUNG AND CRYOGENIC TECHNOLOGY NEEDS, INCLUDING:

• EARTH OBSERVING SYSTEM INFRARED INSTRUMENTS REQUIRE LOW VIBRATION 30 TO 65 K
COOLERS

- EOS ANO GEOPLATFORM INSTRUMENTS

• HUBBLE SPACE TELESCOPE (FIST) REPLACEMENT INSTRUMENT AND HST FOLLOW - ON REQUIRE
10 TO 80 K VIBRATION - FREE COOLERS

- H_'r, LTTo NGST, ST - FIG, IMAGING INTERFEROMETER

• SUBMILUMETER, LWlR AND X - FlAY ASTROPHYSIC_ MISSION REQUIRE LONG - lIFE 2 - 5 K LOW -
VIBRATION COOLERS

• SMMK L_, SmLS, SUB, AXAF

BENEFITS:

• DEVELOP AND DEMOI/Sl_ATE A LONG UFETIME 30K STIRUNG CYCLE COOLER (GSFC)

• FOCUSED PROGRAM TO PROVIDE 30K COOLER FOR EOS *B INSTRUMENTS

• 8RASSSOARD COOLER WIU. DEMONSTRATE 5 YEAR lIFETIME, LOW VIBRATION (LESS THAN 005

POUND FORCE), 300 MW OF COOIJNG POWER AT :]OK, HIGH EFFICIENCY (LESS THAN 75 WATT

INPUT POWER) AND EASE OF INTEGRATION

• FLIGHT OF A 6SK STIRUNG 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 TECHNOLOGY TO PROVIDE NEXT GENERATION COOLERS

• DEVELOP SUB - KELVIN REFRIGERATION
G_'24_)1
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MILESTONES - COOLERS AND CRYOGENICS

,,

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 - 5K LONG LIFE MECHANICAL REFRIGERATION - '02

• LONG LIFE VIBRATION- FREE COOLER DEVELOPMENT- '05

624,91

STIRLING COOLER CHARACTERIZATION RESEARCH
i

OBJECTIVE: Develop the technology base
requir_:l to utilize $tirllng ¢oolerl In lenlltJve
science InlVument=

APPROACH: Research the fundamental phyek=l
underlying cooler performance

• Vibration and EMI
• Ufatlme and Reliability
• Thermal Performance

PROGRESS: Pathfinder experiments with JPL'I
BAe Stlrling-cycle cooler have resulted In
much improved understanding 14 the Ioolef'l
thermal end vibreUon perfotmMiN

I " l

JPL TESTING HAS OUAIfTIFII| 114 I)IltflN¢I OP
COOLER VIBRATION AT mlO_lql UI 1'01 )l

t

I,_._ I1 I I_11

[ _.._,-ITI-,IIill II-,l'l -llnlllll,ll II
-Jlt: llll llilll,ll II

SE1-21

ADVANCED JPL INSTRUMENTATION
HAS IDENTIFIED IMPROVED COOLER
THERMAL PERFORMANCE

m I _,d,,_

) "
A,w_ j

_,lT LIDAO, N
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SCIENCE SENSING TECHNOLOGY PROGRAM

LIFETIME

NEED DATA

ACTIVE MICROWAVE SENSING

ANTENNA SIZE

frequency

Antenna structure

surface accuracy

Antenna mass

Peak power

Calibration error

approximate need date

<1YR.

FLOWN

12mx4m

1.3, 5.3, 9.6 GHz

Aluminum

05 cm
2

75kg/m

9kw

-2-3dB

> 10YR.

2000

EOSSAR TOPOGRAPH

RACKOR

16x4m 2.5.5x04m

13, 5.3, 9.6 GHz 35 GHz

Composite Composlle

05 cm 0.1 cm

< 20kglm 2 <Skg/m 2

> 10 kw > 0.5 kw

< 1.5 dB, 10arms ,,:1 dB, 3°rms

1996 1998

> 10 YR.

2000

RAIN RADAR

(GEO)

10 m dla

35, 94 GHz

Composite

03 cm
2

<lkg/m

>2kw

< 05 db

1999

6/24/_I

SCIENCE SENSING
ACTIVE MICROWAVE SENSORS

TECHNOLOGY NEEDS:

• THE ACTIVE MICROWAVE SENSORS TECHNOLOGY PROGR,_M 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 SCATrEROMETER (SCANSCT)

• TOPOGRAPHICAL MISSIONS
. TOPSAT RADAR ALTIMETER (Ka - BAND INTERFEROMETER)

• METEOROLOGICAL RADAR MISSIONS
. RAIN RADAR (X-, Ks BAND, LEO)
. GEOSTRATIONARY RAIN RADAR (Ka, W BAND)

• ADVANCED PLANETARY RADAR MAPPERS
- LUNAR SOUNDERS (< P - BAND), MARS LANDER (Ks - BAND?)

BENEFITS:

THIS EFFORT WILL LEAD TO THE DEVELOPMENT OF LIGHT, CONFORMAL ARRAY
DESIGNS UTIt 'NG MMIC TRANSMIT / RECEIVE MODULES OPERATING BETWEEN 0.5 -
90 GHz AND I OVED FLEXIBILITY WITH ADVANCED DIGITAL CORRELATORS
INCORPORAT _., HIGH THROUGHPUT, PRECISION AND IMPROVED FLEXIBILITY WITH
ADVANCED POLARIMETRY AND SCANSAR ALGORITHMS.

6/'24:91
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MILESTONE ACTIVE MICROWAVE SENSING

ONGOING

AUGMENTED

• I - 10GHzMMICARRAYS- '95

• ASI C DIGITAL SYSTEM-'96

• 35 GHz COMPONENTS AND ARRAYS DEVELOPMENT- '97

• CALIBRATION SUBSYSTEMS - '98

• 94 GHz COMPONENTS AND ARRA Y DEVELOPMENT- '01

6,24/91

JPL
ADVANCED RADAR TECHNOLOGY

EOS SAR ANTENNA TECHNOLOGY

MMIC
OEVELOPMENT

SIR-C T/R MOOULE IJOHT
WIGHT

$1R.C I..BANO PANEl.

UOHT
LAROE WEIGHT
ARRAY STRUCTURE

DESIGNS

ARRAY
DEPLOYMENT
MECHANISMS

I i i _J' EO8 8AR DEMO ON

! / "J |,R-C FLIGHT

_u
w _ .

PROTOTYffE STRUCTURE
JCC-10
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SCIENCE SENSING TECHNOLOGY PROGRAM

LIFETIME

NEED DATA

SENSOR ELECTRONICS

Low - temperature operation

Low read noise

<1 YR.

FLOWN

15 k using CMOS

3 - 5 electron rms In CCD's 30

• 10YR.

2000

EOSSAR

2.41(

1 electron rms

TOPOGRAPH

RACKOR

Large array size

High throughput

Low - power VHSIC

Array buttablllb/

electron rms In IR switch array

munets

256 x 256 (IR), 2048 x 2048 (CCD

0,01 plxals / s

100 fJ

3 sides

104= 104

• 100 FPS

0,5 fJ

4 sides

• 10YR.

2000

RAIN RADAR

(GEO)

SCIENCE SENSING
SENSOR ELECTRONICS

6 24,'9 t

TECHNOLOGY NEEDS:

EARTH SCIENCE (EOS) AND ASTROPHYSICS (SIRTF, LDR)
CYROGENIC OPERATION (2 - 4K)
SUBELEMENT NOISE (I ELECTRON - RMS)
HIGH THROUGHPUT (> 100 FPS)
LOW POWER CONSUMI:_'ION (0.5 fJ)

- LARGE ARRAY SlZE (10 X 10 )

BENEFITS:

• INCREASED ELECTRONICS INTEGRATION
• LOW - NOISE CRYOGENICS DEVICES FOR IR FPA READOUT
• LARGE FORMAT MOSAIC PACKAGING
• LESS COMPLEXITY

6_4/g I
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MILESTONES - SENSOR ELECTRONICS

ONGOING

AUGMENTED

• LOW- POWER VHSIC - '96

, SUB- ELECTRON READ NOISE- '97

• ADVANCED PACKAGING AND INTERFACES - '00

• CRYOGENIC READOUTELECTRONICS- '01

• ADVANCED READOUTARCHITECTURE- '02

IMPROVED LOW-TEMPERATURE READOUT
ELECTRONICS FOR IR DETECTOR ARRAYS

624/91

OAET
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SCIENCE SENSING TECHNOLOGY PROGRAM

LIFETIME

NEED DATA

PASSIVE MICROWAVE SENSING

Prec.llJon membraln reflector

anlec.na:

Dlameler

Frl,quenCy

Low • notN amplifiers (fmq)

Low lotto MMIC components

Synthellc aperture radiometry

Precision rnembraln deflector

Intennl technology

•c 1 YR.

FLOWN

15m

up to 12 GH.z

118 GHI

118 GHI

L. be4_l

q 40 O1t=

• 10 YR.

2000

EOS SAR

40m

S - 50 GHz

up to 220 GHz

10 - 220 GHz

1 -6 GHz

10 - 220 Gl'tt

TOPOGRAPH

RACKOR

• 10 YR.

2000

RAIN RADAR

(GEO)

Kn4_ll

SCIENCE SENSING
PASSIVE MICROWAVE SENSING

TECHNOLOGY NEEDS:

• EARTH OBSERVING SYSTEM (EOS) PASSIVE MICROWAVE SENSORS
- ADVANCED EOS- B MULTIFREQUENCY IMAGING MICROWAVE

RADIOMETER (MIMR)
- ADVANCED MICROWAVE LIMB SOUNDER

• GEOSTATIONARY PLATFORM
- LOW FREQUENCY RADIOMETER (6 - 60 GHz)

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
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MILESTONES - PASSIVE MICROWAVE SENSING

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

SCIENCE SENSING TECHNOLOGY PROGRAM

6,24/91

LIFETIME

NEED DATA

SENSOR OPTICAL SYSTEM

Modelling / analysis

Melrology M rmnometsr laser

Sensor optics components

Calibration

<1YR.

FLOWN

Inadequate

• nenorneler level

Inadequalo

c_nps

• 10 YR. > 10 YR.

2000 2000

EOSSAR TOPOGRAPH RAIN RADAR

RACKOR (GEO)

stray light, defection, analysis

nanomoter level end below

advanced gratings, tilters, binary and

holographic, phase conlugsle optics, tiber optics

long - term stability In flight

_24,'91
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SCIENCE SENSING
SENSOR OPTICAL SYSTEMS

TECHNOLOGY NEEDS:

THE OPTICAL SENSOR RESEARCH PROGRAM WILL SUPPORT 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, S_RTF,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 STABILITY

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

6J24/91

MILESTONES- SENSOR OPTICAL SYSTEMS

ONGOING

6g.GMEB.T._
° INTERFEROMETER BEAM COMBINERS - '98

• STRAY LIGHT- '03

• TUNABLE FILTERS- '04

• INNOVATIVE OPTICS- '04

• INSTRUMENTMETROLOGY- '04

• Gila TING- '05

• OPTICAL COMPONENTS- '05

6/24_1
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SCIENCE SENSING TECHNOLOGY
OTHER EFFORTS/ACTIVITIES

• NASAJOSSA

• NASA/SBIR

• DoD

• DARPA

• SDIO

• ESA

• NOAA

• NSF

• UNIVERSITIES

• INDUSTRY

SCIENCE SENSING TECHNOLOGY
INTERACTIVE ACTIVITIES

6_24_I

NASA SENSOR WORKING SPACE GROUP
NASA,OAET, OSSA, DOD,DOE,NIST

ADVISORY GROUP ON ELECTRON DEVICES
NASA,DOD

AF/NASA SPACE TECHNOLOGY INDEPENDENT GROUP
NAS, DOD (AF)

INTELLIGENCE COUNCIL
NASA,CIA

6/24FJ1
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SCIENCE SENSOR TECHNOLOGY
FOCUSED PROGRAM FUNDING

TECHNOLOGY AREA

DIRECT DETECTORS

SUBMILUMETER WAVE

DETECTORS

L.AS_ R SENSING

COOLERS AND
CRYOGENICS

ACTIVE MICROWAVE
SEN_NG

SENSOR
ELECTRONICS

SENSOR OPTICS"

PASSIVE MICROWAVE "
SENSING

TOTALS

BASEUNE

AUGMENTATION

BASELINE

AUGMENTATION

BASELINE

AUGMENTATION

BASELINE

AUGMENTATION

BASELINE

AUGMENTATION

IIAI_UNE

AUGMENTATION

BAIIEUNE

AUGI_NTA1tON

BASEI.JNE

AUGMENTATION

3X (AUGMENT)

$.2

1.3

3.2

3.8

m

I

I

m

m

m

m

13.11

FY '93 FY '94 FY 'gS Iry 'N

5.8 6.1 3.0 2.7

2.8 3.6 7.9 7.3

1.4 1.5 0.7 06

5.6 6.1 7.1 7.7

3.6 3.8 1.9 1.8

S.0 5.8 8.9 9.2

4.3 4.5 2.2 2.0

4.2 5.4 7.9 8.3

1.3 1.7 2.0 2.0

m m _

1.S 2.7 3.4 4.1

E m

I

S.O 9.4

4.0 7.0 12.0 16.0

35.5 41.2 45.0 45.7

45.8 MJ 73.8 85.9

• STRATEGIC PROGRAM

7.3

0.6

7.8

1.9

12,4

2.1

10,6

4.3

m

6.0

13.5

16.._

SSJ
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SCIENCE_

INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

DIRECT DETECTOR PROJECT SUMMARY

SCIENCE SENSING PROGRAM AREA
OF THE

SPACE SCIENCE TECHNOLOGY PROGRAM

June 26, 1991

Office Of Aeronautics, Exploration And Technology
National Aeronaufics And Space Adminislralion

Washinglon, D.C. 20546

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

TECHNOLOGY NEEDS

BEING AT THE "HEART OF THE SYSTEM", THE PERF()RMANCE OF DIRECT
DETECTORS IS CRITICAL TO NASA SCIENCE MISSIONS (Earth Science,
Astrophysics, Planetary, Space Physics). KEY TECHNOLOGY NEEDS
INCLUDE:

•GAMMA- AND X-RAY
Position sensitivity (I.e., arrays)
Improved energy resolution
Low-noise preamplifiers

Improved quantum efficiency
Extended spectral coverage
Custom CCD production capability

.INFRARED
Larger arrays
Higher operating temperature (e.g., > 65 I0
Improved quantum efficiency
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., _ HPGe
for high-energy; InSb for SWlR; CCDs for UV/VIS/NIR)

•DEVELOP INNOVATIVE CONCEPTS (e.g., new bandgapenglneered detectors,
solid state drift chamber)

-IMPROVE MATERIAL PROPERTIES (e.g., purity, size, lifetime, crystallinlty, surface
passlvatlon)

-EXPLOIT LATEST FABRICATION TECHNIQUES (MBE, MOCVD, LPE)

-THOROUGHLY CHARACTERIZE, AND CONDUCT EARLY DEMOS OF, PROTOTYPES

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

STATE-OF-THE-ART ASSESSMENT

Spectral Band I Existing Technology I. Status/Limitations

Gamma- and X-ray

UV and visible

Discrete detectors
-High-purity Ge and SI
-Mercuric iodide (Hgl 2 )
-Proportional counters

Sclnlillator-mk:rochannel plates
Si CCDs (z20,18 x 2048)
Microchannel plates (z1024

x 1024)

SWIR (1-5 I_m) HgCdTe and InSb arrays (256x 256)
PtSi Schottky diode arrays (512x512)

LWIR (5-30 i_m)

Far IR (30-1000 pro)

Broadband (1-1000 pm)

HgCdTe to -15 pm
Si:As IBC arrays (128 x 128) for

T<12 K
Discrete bolometer arrays
Bulk Ge:x photoconductors

Pyroelectrlcs
Thermopiles

No Imaging capability
Low quantum efficiency
Limited energy resolution
Small detector size

Limited QE
Limited spectral coverage
No solar rejection
Radiation susceotlbtlitv
Umited array size
Low quantum efficiency
Low temperature required
Umlted spectral response
Low temperature required
Low yield
No Integrated arrays
Poor QE
No mux'lng for bolometers
Radiation susceptibility
Poor QE
Poor frequency response
Small discrete arrays

SE2-2



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

CURRENTPROGRAM

.DEVELOP INFRARED ARRAY TECHNOLOGY FOR SPACE ASTROPHYSICS (ARC)

-256 x 256 InSb arrays
-10 x 50 Sl: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)

-Microcalorimeter/Far-IR bolometer (0.1 kelvin)
-Cosmic ray strip detectors
-Hgl2 detectors

• DEVELOP ADVANCED DETECTORS FOR PLANETARY, EARTH SCIENCE, AND ASTROPHYSICS
MISSIONS (JPL)

-Multiple quantum well arrays (e.g., GaAs/AIGaAs) for MWlP./LWlR
-Superlattlces: Strained-layer; InAs nlpl for LWIR
-Heterojunction Internal Photoemlssion (HIP) detectors
-Ge:Ga IBC detectors

• DEVELOP ALTERNATIVES TO HgCdTe FOR INFRARED EARTH SCIENCE SENSING (LaRC)

-HgZnTe PC array (18 pm cutoff at 65 K) (270 x 1 elements)
-II-VI Materials and Device Analysis

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS
i

AUGMENTED PROGRAM

•INITIATE BROADLY-BASED PROGRAM IN GAMMA- AND X-RAY DETECTOR TECHNOLOGY,
INCLUDING

-Position-sensitive arrays (high-purity Ge, advanced x.ray CCDs, gas/tlquld/solid Interaction
chambers)

-Advanced cryogenic calorimeters
-High-Z scintillator and APD system

•GREATLY EXPAND AND STRENGTHEN PROGRAM TO ADDRESS CHALLENGING PROBLEMS IN
LWlR AND FAR IR

-Optimized PV material development; bandgap engineered devices for higher T's
-Novel photon counting devices
-Larger array formats; novel dopants for IBC
-MBE and MOCVD engineered multispectral band arrays

•INITIATE RESEARCH TO ADVANCE STATE-OF-THE-ART IN BROADBAND IR DETECTORS,
INCLUDING

-Advanced pyroelectrlc concepts for T = -100 K
-Optimli_ed 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/mlcromachined St

SE2-3



SPACE _CIE_CE TECHNOLOGf SC_E_CE SEr,ISl_G

DIRECT DETECTORS

[O_USS_D TECHNOLOGy PERFORMAN'CE OBJECTIVI_S

Example I High-Energy Detector (Imagtng X-ray Spectrometer)

[ MiSS,ON _EQUIREMENT I CURRENT SOA I REQUIRED CAPABIL!TY I

Energ_ _es n (FWHM) (eV) 75 20

Useable Range (keY) 0 4 - 4 0 25 - I0

Dimensions (mm 2) 75 x 7 5 30 x 30

Readout Noise (e-) I S <0 S

Effective Plxel Size (Urn) 30 x 30 5 x 5

Radiation Resistance Low >15 kracls

SPACE SCIENCE TECHNOLOGY. SCIENCE SENSING

DIRECT DETECTORS

FO(;U,_SED TECHNOLOGY PERFORMANCE OBJECTIVES

Example 2: uv-vlslble Detector (51 CCD Array for NGST)

I MISSION REQUIREMENT I CURRENT SOA I REQUIRED CAPABILITY I

Array Size 800 x 800 (WF/PC I) _15,000 x 15,000

QE (0 I - 0.4 tJm) (_) )15 >80

QE (04 - I tim) (_¢) >15 >80

Well Capacity (e-) 3 x IO 4 1 x 105

Plxel Size (l_m) 15 5

Vlslble Bllnclness <10-4 <lO-9

Read Noise (e-) 10 0.1

Operating Temp (°C) -95 20

Mosaic Capability No ButtaDle for 2-CI mosaic

SE2-4



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'(_m) 60 - 120 35- 200

Array Format 1 to 3 x 32 32 x 32

Array Type Stacked linear modules Planar, integrated

Operating Temperature (K) 2 2

Readout Temperature (K) >25 2

Noise Equivalent Power 2 x 10"18 2 x 10-19
(W/,_r Hz); 1 s integration

Quantum Efficiency (%) 5 >40

Radiation Susceptibility High Low

SCIENCE SENSOR TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

KEY ACTIVITIES

Program Offices

SE
SL

i ss
SZ

, J
"- Focused R&T_

i
Gamma- and

x-ray
UV-visible
SWIR
LWIR
Far IR
Broadband IR

. J
"_ R&T Base _'

Advanced
Detector
Research

TECHNOLOGY ROADMAP/SCHEDULE

Three Examples

Large-vokJrne, high-sensiti_y Gasp(

[ J<lmm res'n

,,,,i,,,,],,,,j,,,,i,,,,j,,,I,,,,r,.,,,,j .oor,oo,t oo,j,oo,l,oo.t,oo,
| Nuclear AstrophysicsExplorer I

,L Lu_pe

. ,[ Nex,
I TOPS I

l Eos pro(jram
ctrol baler

_teI( N-bkgmd detect( ' assembly

uv-oplimized "solar-blind"_CCDarray

New LWIR options for >65 K operation

] proof (parallel) ' _ 'clemo

Options I Innovations

Continuing Research Continuing Research Continuing Research
V_ " v_J VV'---"
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

OTHER DEVELOPMENT EFFORTS

.GAMMA- AND X-RAY
-Microcalorlmeters (0.1 K) and CCDs (500 x 500) for AXAF
-Concept study - stacked Si(LI) detectors
-Position sensitive HPGa study

•UV end VISIBLE
-St CCDs for HST II/STIS (2048 x 2048)
-High-gain microchannel plales (12 _m channels)

.SWlR"
-256 x 256 InSb for SIRTF (-10 K)

-256 x 256 HgCdTe for HST II/NICMOS (_'c = 2.5 i_m)

.LWlR"
-128 x 128 SI:As IBC arrays for SIRTF (low-background)

.FARIR
-Stressed Ge:Ga arrays (to 4 x 16) for SlRTF
-Semlconducting and superconducting bolometer concepts

•BROADBAND IR
-Concept studies - tunneling Golay cells and pyroelectrlcs

... end a handful of SBIR Phase I and Phase 2 projects

• DoD work _ applicable

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

OTHER (Non-NASA_ DEVELOPMENT EFFORTS

•GAMMA- AND X-RAY

-DOE support of High-purity Ga and Hgl2 for lame-volume detectors

-Modest NSF support for optical CCD arrays for ground-based astronomy

.SWlR

-DoD supports HgCd're; PtSi Schottky; InSb development
-Primarily for higher-backgrounds and rspld scan rates

.LWlR

-DoD supports HgCdTe; AIGaAs/GBAs multlquantum well; InAsSb strained layer superlattlce;
Sl:As IBC; many others

-Primarily for higher-backgrounds and rapid scan rates

•FAR IR

-None

• BROADBAND IR

-Very limited 0oO work on pyroelectdce and thermal detectors

SE2-6



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

PRELIMINARY FY 93 AUGMENTATION PRIORITIZATION:

Focuse_ PrQqram

•LWlRand Far IR

•Gamma-and X-ray

•BroadbandIR

.UV-Vlslble

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

FLIGHT EXPERIMENTS

(None)

SE2-7



SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

DIRECT DETECTORS

OUT-YEAR FUNDING (Ongoing/Augmentation) ($M)

Subetements I FY92

A. Gamma - and X-ray 0.2
B, UV and visible
C. SWIR 0.3
D. LWIR 3.2
E. Far IR 1.5
F, Broadband IR

Ongoing - Subtotal J 5.2

A. Gamma- and X-ray
B. UV and visible
C. SWIR
D. LWIR
E. Far IR
F. Broadband IR

;I 96 9794 I 95

0.4 0.2

0.4 0.2
3.7 1.6
1.6 1.0

0.3 0.2 0.2

0.3 0.1 0.2
3,7 1.6 1.6
1.5 0.8 0.8

I 58 I 6, I 30 I =.7 I 28
0.9 1.0 2.0 2.0 2.0
0.2 0.4 1.1 1.0 1.0
0.1 0.3 0.8 0.7 0.7
0,8 0.9 2.1 1.7 1,7
0,5 0.6 1.1 1,1 1.1
0.3 0.4 0.8 0.8 0.8

I Total

1.5
0
1.5
15.4
7.2
0

25,6

7.9
3.7
2.6
7.2
4.4
3.1

Augmentlon - Subtotal ! 0 I

Total i, 1
2.8 I 3.6 I 7.9 I 7.3 I 7.3

-i ,, i ,o,I ,ooI lO,
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS
i I

Presenled b V

M A Frerkbng

JPt.

I AGENDA /

• SCIENCE BACKGROUND

• TECHNOLOGY CHALLENGES

• SUBMM-WAVE HETERODYNE RECEIVER

• STATE OF THE ART

• TECHNOLOGY BACKGROUND

• TECHNOLOGY PROGRAM

• NON-NASA SUPPORT

• FUNDING PROFILE

M_F 6J22_1
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I SUBMILLIMETER SCIENCE OBJECTIVES i

ASTROPHYSICS

Addresses fundamental questions of astrophysics
Birth and death of stars
Galactic evolution

Required data:
Composition (H20,O2,O,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 6,2Z_ 1

3

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY NEEDS

MISSION SET

f

• Astrophysics Frequency New Start

-SMIM

-LDR

-Lunar Interferometer

• Earth Remote Sensing

-EOS MLS

-EOS MLS 2nd Generation

400-1200 GHz

300-3000 GHz

300-3000 GHz

640 GHz

1800 GHz

1997

2002

2004

1996

2000
/

SE3-2

MAF 6_211
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

.3 TRANSMISSION

Z
o
LF)

V3
Z
<

WAVELENGTH (microns)

I ooo 500 250 200 125 lO0

0

]

SPACECRAFT

t ! i t i i i i !

]00 600 900 1200 1500 1800 2 I O0 2400 2700 3000

FREQUENCY (GHZ)

Submillimeter Wavelength: 1000 to 100 _rn or 300 to 3000 GHz MAF 6/22J91
S

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

[,SUBMILLIMETER INTERMEDIATE MISSION (SMIM) ]1

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

SE3-3

MAF 6/2 Z_I
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TYPICAL SPECTRUM FROM SMIM

le m
qul

¢p_cJi o¢$

........ :,, • ,, • _ ' .,,,,=¢ _.= z..4 •

P,gu_'_ ! 3 A comprelsad vi.ruuoJ'In OVRO=p=ctr_ lute =_rue V ¢.f OMC'I.
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I SENSITIVITY TRADE FOR SMIM i

Objective:
100 sources

Sensitivity:
0.02 K noise

Receiver figure of
merit: Tsys

Need:

Tsys < 20 hv/k

03

U

O

V3

E

Z

250

200

150

100

5O

0

0.01

c.

0.02 O, I

1 o Noise Level (K)

MAF 6r2 Z_II 1
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

Eos MICROWAVE LIMB SOUNDER (MLS)

• 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

MAF 6/2Z1Di

9
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SPACESCIENCETECHNOLOGY:SCIENCESENSING

SUBMILLIMETER SENSORS

I TYPICAL SPECTRUM FOR Eos-MLS /

lO
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USB
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-1121i.N)O

i!=Cl 0=

hi000

io-I_ ,o.J

, , , ! • , I I I i i I , ,

i _ I I I I I
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I , I I I I I
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY CHALLENGES

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 6r22/91

11

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY CHALLENGES

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 6F2 2_111

_2
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SPACESCIENCETECHNOLOGY:SCIENCESENSING

SUBMILLIMETER SENSORS

I TECHNOLOGY CHALLENGES i

Astrophysics Applications -SMIM, LDR, Lunar Interferometer

- Continuous frequency coverage from 400 to 1200 GHz, to 3000 GHz
- Optimized for best sensitivity (low background)

- Reliability for 1-2 year mission
- Cryogenic operation (4 K)

I Earth Remote Sensing Applications - Eos MLS

- Discrete frequencies; 640 GHz, 1800 GHz
- Optimized for moderate background
- Sensitivity available at 640 GHz, _J't _/_/_,_t_j _-]_

- Reliability for 5-10 lear mission

- Passively cooled operation (80-130 K)

MAF 6,'2 2J_ I
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SUBMILLIMETER SENSORS

Heterodyne Receiver is ]1
Instrument of Choice for I

High spectral resolution
High sensitivity

A

#,

10 "1

10 .2

10 .3

10 -4

10 -s

10 _

0

Bok_mHer Camera Array

SCh_lky

Hetemo'yne

R4c_vertl °

5OO 1000 1500

Pholoco_lucIIve

Array Canter=

Fl_ry-Perot

Spectrometer

Pt_otocon¢lt_tve

Recetverl

2000 2500 3000

FREQUENCY (GHz)

M,kF l/2¢_ 1

t4
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I HETERODYNE RECEIVER SCHEMATIC /
I II

TELESCOPE MIXER
f_ COUPUNG MIXER CIRCUIT _n r r,T,-,..=:-r_ _

I \ op_cs _ ............ [-----I N

MEDIUM n"l I I I
.O I ( I I • Mixer combines submillimeter wave radiation

,_" I LT--] _ I (from molecules)with local oscillator

.J "4, I _ "_ I radiation to reproduce the sources spectrum

._ _ I "=_ _ I in the microwave band.

Kscillator

MAF 6_'22_ 1
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SUBMILLIMETER SENSORS

STATE OF THE ART ASSESSMENT

ISUPERCONDUCTING HETERODYNE MIXERS

Current OAET
program has
developed Nb
and NbN SIS
tunnel
junctions with
highest
sensitivity and
frequency
performance
reported to
date

IOO 200 300 400 50_ 600

Frequency (GHz)

MAF _2_1
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

STATE OF THE ART ASSESSMENT

LOCAL OSCILLATORS

Current OAET

program has"

a) Developed high
performance
multipliers

b) Pioneered
submm wave
fundamental
oscillator
development
using quantum
well oscillators

A

E
v

t,

o
Q.

O

1000

100

10

1

0.1

0.01

0.001

0.0001

Gunrl

Osc,

I

100 200 300 400 500 600 700 800 900 1000

Frequency (GHz)

MAF t._2Z_l I
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SUBMILLIMETER SENSORS

MIXER ISSUES ]1

• 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, small mRC product

- Circuit: Innovative transmission lines, tuning elements

SE3-10

MAF it_22_ 1
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

MIXER DEVICES/I

Planar Schottky Diode

"_Vt8 < AV

VCLTAGE

Schotlky _ ._\\',,',,\",,\",.',,',,',,1- pl///il//l/lll/ll//lllllllll/J_. .
uarner EA_ linger'lt//_ _,_u_ v=u\ ..............._////////////.//_\_\_'_'_

Serr=,;nsulal_g GaA.s

Superconductor Insulator
Superconductor (SIS) Tunnel Junction

VOLTAGE

Tunnel Junction

5 _ Isolation
uperconduc tor

_- _ Dielectric
(Counter Electrode)

$ulator _arrler

19
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SPACE SCIENCE TECHNOLOGY: SCIENUI= _o ....

SUBMILLIMETER SENSORS

I MIXER CIRCUITS /

Waveguide Mixer

Machined Dimensions < 7.

Planar Mixer Array

Machined Dimensions • 7.

".L,ZED ._OWUPO_
,....O_< O,.O_E.R_'L(' ---_:-
D,eLECT_SC FLAT \--- /

,_ DIELECTRIC

SE3-12

MAF (W22J!l
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SIS MIXER MOUNTS

fi_ _ _, :

_;d _/AVEGUIDE MOUNT

_! & MATURE MIXER MOUNT
t

• NOT AMENABLE TO ARRAYS

,'.iT.

_._,:_r_ mOLE _ AND ARRAYS

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

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: smaJl o_RC, hJgh speed materials system

• Circuit: innovative transmission lines, tuning
elements

, ;.,

ORJC,JNAL PA(_ SS
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I LOCAL OSCILLATOR DEVICES i

GaAs Schottky Varactor

o

VOLTAGE

<
r_

,I i)

Planar bbBNN Varactor

L.=,Ytr-,e *,RE*, ])1:_, k-E

2qJ,

_L) L0 IJ :0 )U ,tO

VOLT/_GE _V,

Conlacl Sch_llk, Conlac! "_

_'. _///_ _" _ '__ " "////3 Y/////////////.';

Barrier (AlGa,As) _ Oot_ing Sh

n+ Layer (GaAs)
insulating lnsulafi ng

Dielectnc _n,,.+:. Layer (GaAs)_l O+elecldc:

MAF (f,'22,1t'1
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SUBMILLIMETER SENSORS

LOCAL OSCILLATOR CIRCUITS i

Crossed Waveguide Mount

SE3-14

MAF 6,,_ 2_ I
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

TECHNOLOGY PROGRAM OBJECTIVES

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 fV22_ 1
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SPACESCIENCETECHNOLOGY:SCIENCESENSING

SUBMILLIMETER SENSORS

t TECHNOLOGY PROGRAM OBJECTIVES (details)

Mission Requirement

SMIM LOs

Output Power

Bandwidth

SMIM Mixers

Sensitivity

Bandwidth

LDR LOs

Output power

LDR Mixers

Sensitivity

LDR Array

No. of pixels

Current SOA

50_W @ 700 GHz

2-3%

20 hv/k @ 492 GHz

5%

501_W @ 700 GHz

20 hv/k @ 492 GHz

Objective

50_W @ 400-1200 GHz

10%

10 hv/k @ 400-1200 GHz

10%

10 mW for arrays

10 hv/k @ 300-3000 GHz

2x10 element
MAF 6/22_ 1
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SUBMILLIMETER SENSORS

TECHNOLOGY PROGRAM OBJECTIVES (details)

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

AOS

2-4 GHz

10,000 - 200,000

10mW

Planar GaAs

20 GHz / 50%

100 hv/k

Planar

100 hv/k

TBD

SE3-16

MAF k22_1} _

2S



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

MAF 8/22/91
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SUBMILLIMETER SENSORS

I AUGMENTED PROGRAM II

• 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 li/22_ 1
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I TECHNOLOGY PROGRAM ELEMENTS /

• Astrophysics Application [$6000K, Jyear]

• Baseline mixers
• Baseline local oscillators
• Backup/alternative mixer approaches
• Backup/alternative local oscillator approaches
• Spectrometers
• Focal Plane Array

• Earth Remote Sensing [$1000K/year]

• Baseline mixer - 640 GHz
• Advanced mixers and LO's - 1800 GHz

MAF 8/22,_ 1
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SUBMILLIMETER SENSORS
|1 II

I TECHNOLOGY PROGRAM ELEMENTS (details)
I I II I

• Astrophysics Baseline Mixers
- Nb, NbN SIS junctions feasibility for 800-1200 GHz
- Nb, NbN SIS junction optimization for 600-800 GHz
- Open structure mixer circuits 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 I/'_11
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SPACESCIENCETECHNOLOGY:SCIENCE SENSING

SUBMILLIMETER SENSORS

• 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

M&F 6)22_1
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

NASA

OTHER NON-NASA DEVELOPMENT EFFORTS /
I I

programs

• OAET Science Sensing Submillimeter Program
- Goal: Focussed technology development for 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 (b'22_ t

32

SE3-19



SPACESCIENCETECHNOLOGY:SCIENCESENSING

SUBMILLIMETER SENSORS

FUNDING PROFILE

I Baseline ($M)Augmentation

Total ($a)

1992 1993 1994 1995 1996 1997 l1.3 1.4 1.5 0.7 0.6 0.6

5.6 6.1 7.1 7.7 7.8

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 6t2Z111
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

SUBMILLIMETER SENSORS

I TECHNOLOGY ROADMAP / SCHEDULE h
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INTEGRATED TECHNOLOGY PLAN FOR THE
CML 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 PRESSUREfI'EMPERATURE
GREENHOUSE GASES
OZONE

• PLANETARY EXPLORATION, MARS

- LIDAR FOR DUST

- ATMOSPHERIC DENSITY FOR AEROBRAKING

SE4-1



TECHNOLOGY CHALLENGES AND APPROACH

• TECHNOLOGY CHALLENGES

- HIGH EFFICIENCY

- 5 ° 10 9 SHOT LIFETIME

- PROVIDE CONTINUOUS TUNING

NEAR.INFRARED
MID-INFRARED

• TECHNOLOGY APPROACH

- EFFICIENCY

LASER DIODE PUMPING
MATERIAL SELECTION
OPERATING TEMPERATURE

- LIFETIME
LASER DIODE PUMP
RELIABLE OPTICS

- TUNING

TUNABLE LASER, NEAR.m
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 mJ level

LONG LIFETIME

- 3.3 • 10D SHOTS PULSED

- 30,000 HOURS CONTINUOUS WAVE

- FACTOR OF 3 IN DAMAGE THRESHOLD, UV OPTICS

TUNING

- 0.68 - > 1.0 _m Ti',M2(_

- 0.72 - 0.81 }_m Cr:BeA]204

- 2.5 - 5.4 _m AgGaSe20PO

- 2.06 - 2.10 Ho:YLF, Ho:YAG

SE4-2



CURRENT PROGRAMS

• DOPPLER LIDAR
- CO2 GAS LASER

- Ho:YLF SOLID-STATE LASER

DIAL IN NEAR-INFRARED

- Ti:A]203

- Cr:BeA]204

DIAL IN MID-INFRARED

- OPTICAL PARAMETRIC OSCILLATOR
. RAMAN SHIFTING

• LASER RANGING

DIODE DEVELOPMENT

- SEED LASERS
- DIODE LASER ARRAYS

AUGMENTED PROGRAMS

Instrument Demonstration

• Doppler LIDAR
• DIAL/Eyesafe DIAL

• Ranging/Altimetry

Technology Development

• In-Situ Lasers

* High-Energy Optics
• Receiver Technology

• Models/Spectroscopy
• Laser Diode Materials

* Scanning Lidar

LAWS

EAGLE
GLRS

Tunable, Single Wavelength

Damage Resistant Optics

Arrays/Amplifiers
Laser Design/New Materials
New Materials/Wavelength

Develop Scanning

*NEW PROGRAMS

SE4-3



OBJECTIVE: GLOBAL WIND-SPEED
MEASUREMENT

DOPPLER LIDAR CO2 LASER Ho:YLF LASER

Energy/Pulse 15 J 5-15 J

Pulse Repetition 10 10

Frequency

Linewidth < 0.2 M:Hz < 1.0 M:Hz

Pulselength ~ 3.0 _sec > 0.6 _sec

Wavelength 9.1 _m 2.1 _m

Lead Center MSFC LaRC

OBJECTIVE: GLOBAL MEASUREMENT OF
ATMOSPHERIC CONSTITUENTS

DIAL/Eyesafe DIAL Near-IR Mid-IR

Energy/Pulse 1.0 J 1.0 J

Pulse.Repetition 10 Hz 10 Hz

Frequency

Tuning Range 0.7 - 1.0 _m 2.5 - 5.5 }_m

Linewidth 1.0 pm 2.0 pm

Pulselength < 0.3 _Lsec I; 1.0 _sec

Lead Center LaRC LaRC
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OBJECTIVE: TECTONIC PLATE MOTION, ICE
CAP THICKNESS

Laser Ranging/Altimetry

Energy/Pulse

Pulse Repetition Frequency

Linewidth

Pulselength

Wavelength

Streak Camera

Demonstrate Resolution

Lead Center

Nd:YAG

~ 200 mJ total

40 Hz

8.6 - 5.9 GHz

50 ° 75 psec

1.06, 0.53, 0.35 _m

2.0 psec

GSFC

OBJECTIVE: DEVELOP DIODE SEED LASER AND
LASER ARRAYS FOR PUMPING

B

In-Situ Lasers/Seed

Sources

Near-IR Mid-IR

Power 50 mW 50 mW
Linewidth < 30 MHz < 10 MHz

Wavelength 0.73 _m 2.09 _m
Lifetime 50,000 hrs. 50,000 hrs.

Laser Diode

Materials/Pump

Power/Area
Linewidth

Wavelength
Lifetime

Lead Center

1500 W/cm2

0.003 pm

0.67 pm
5 • 109 shots

JPL

1500 W/cm2

0.003 _m
1.63, 1.70 _m
5 • 109 shots

JPL
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OBJECTIVE: ENHANCE LASER RELIABILITY
AND PERFORMANCE

High-Energy Optics

Increase in Energy Density

Database

Design Standards/Testing

Qualify Vendors/Techniques

1.06, near-IR, 2.1, mid-IR

2 times

LaRC database

EstabHsh

Establish

Lead Center LaRC

OBJECTIVE: DEVELOP IMPROVED DETECTION
OF LIDAR SIGNALS

Receiver 1.06/0.53 2.1 Mid-IR

Technology

Type Emissive PV PV

Quantum > 0.01/0.30 > 0.5 > 0.5
Efficiency

Bandwidth 1.0 GHz 1-5 GHz 5 MHz

Elements 1 1 and 3 x 3 1 and 3 x 3

Integrated Dynodes Electronic Electronic

Amplifier

Lead Center GSFC LaRC LaRC
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OBJECTIVE: ANALYZE/PREDICT LASER
MATERIALS/PERFORMANCE

• MODELS

- QUANTUM MECHANICS

ENERGY LEVELS, LIFETI3IES
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

SCAN SPEED

LIFETIME

LEAD CENTER

_+2.5 °

- 1.0 Hz

50,000 hrs.

LaRC
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FLIGHT PROGRAM TIMETABLE

INSTRUMENT BREADBOARD

Doppler Lidar

CO2 1994

Ho:YLF 1997

DIALJEyesafe Dial
Near-IR 1993

Mid-IR 1997

Laser Ranging 1994

TECHNOLOGY PROGRAMS TIMETABLE

TECHNOLOGY TECHNOLOGY DEMONSTRATION

In-Situ Lasers
Near-IR 1996

Mid.IR 1996

High-Energy Optics
1.06 pm 1995
Near-IR 1996

2.1 p.m 1997
Mid-IR 1997

Receiver
1.06/0.53 1998/1996

2.1 pm 1995
Mid-IR 1997

Models/Spectroscopy
QM Model 1994
Laser Model 1996

Spectroscopy 2.1 1995
Diode Laser Materials

0.67 _ 1997

1.7 _Lm 1997
Scanner 1998
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FLIGHT PROGRAMS TASK AUGMENTATION 1993

Program/Task Centers Budget

CO2 MSFC 650
HO:YLF LaRC 1550

DIALYEyesafe DIAL
Near-IR LaRC 300
Mid-IR LaRC 600

Laser Ranging GSFC 300

Total 3400

TECHNOLOGY DEVELOPMENT

Program/Task

In-Situ Lasers

Diode Development
Frequency Swept

High-Energy Optics

Receiver Technology
1.06/0.53
Mid°IR

Models/Spectroscopy
Models

Spectroscopy

Laser Diode Materials
0.67
1.70

Scanning LIDAR

Flight Program Center

LAWS JPL
LAWS LaRC

All LaRC

Ranging GSFC
LAWS LaRC

All LaRC
LAWS LaRC

Budget

225

100

0

175
2O0

100

2O0

DIAL JPL 300

DIAL JPL 300

All LaRC 0

Total 1600
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SUMMARY

• REMOTE SENSORS MONITOR HEALTH OF PLANET EARTH

• FEASIBILITY DEMONSTRATED ON BASE PROGRAM

• AUGMENTATION NEED FOR TIMELY DEPLOYMENT

Technology Element: Laser Sensors ($K (NET)

_;v_.Element Resources: _ _99s _ _ _ _ 2000 2001

Eye-Sate Doppler Lidar 5000 5000 5000 5000 5000 5000 5000 5000

DIAL/Eye-Sale DIAL 2500 5000 5000 5000 5000 S000 5000 5000

Ranging/Allimetrl 1000 1500 2000 2250 2500 2500 2500 2500

In-S_u t.ll_r 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

Modets/Speclfos¢opy 800 800 800 800 800 800 800 800

Laser Diode Materials 1000 1500 2000 2250 2250 2250 2250 2250

Scanning Lk:l_ 700 1200 2200 2200 4000 4000 4000 4000

Sub-Element Totals: 14500 19600 21750 22250 24300 24300 24300 24300
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' " ' SCIENCE
INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

PASSIVE MICROWAVE SENSING
PROJECT SUMMARY

SCIENCE SENSING PROGRAM AREA
OF THE

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

TECHNOLOGY NEEDS

THE PASSIVE MICROWAVE SENSOR TECHNOLOGY PROGRAM WILL OVERCOME
MAJOR LIMITATIONS OF TODA Y°S PASSIVE MICROWAVE SENSORS (SPA TIAL
AND TEMPORAL RESOLUTION, ACCURACY). ENHANCE AND ENABLE THE
OPERA TION OF HIGH RESOLUTION MICROWAVE IMAGERS FROM LOW-EARTH
AND GEOSYNCHRONOUS ORBITS.

I PROVIDE COMPLEMENTARY MEASUREMENTS OF THE EARTH'S VITAL SIGNS, I
INCLUDING: I

• EARTH OBSERVING SYSTEM (EOS) PASSIVE MICROWAVE SENSORS
- ADVANCED EOS-B (2006, 2011) MULTIFREQUENCY IMAGING

MICROWAVE RADIOMETER (MIMR)
• ADVANCED MICROWAVE LIMB SOUNDER (2006)

• GEOSTATIONARY PLATFORM (2005)
- LOW FREQUENCY RADIOMETER (6 - 60GHz)
- HIGH FREQUENCY RADIOMETER (60- 220GHz)

PROVIDE COMPLEMENTARY MEASUREMENTS FOR ASTROPHYSICS AND SPACE ISCIENCE INVESTIGATIONS, INCLUDING:

• COSMIC BLACKBODY RADIATION OF UNIVERSE
- ANISOTROPY SATELLITE RADIOMETER (ADVANCED COBE), (4(_g0 GHZ) (&T = 61_K)

• GALACTIC RADIO ASTRONOMY-VERY LONG BASELINE INTERFEROMETER
(VLBI)

- 25 METER RADIO TELESCOPE IN SPACE
6gi 0701 001 348 U
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING
I IIIIIIII I I II

TECHNOLOGY CHALLENGES/APPROACH

TECHNOLOGY DEVELOPMENT 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 SENSmVITIES

TECHNOLOGY DEVELOPMENT APPROACH
• DEVELOPMENT OF LARGE APERTURE ERECTABLE DEPLOYABLE

REFLECTOR ANTENNA SYSTEMS (10 - 220GHz)

• 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

391 0801 0_I 227 M

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

STATE OF THE ART ASSESSMENT

Electronic scanning
techniques for field aperture

MMIC technology for
radiometer phased array
teed system

Synthetic aperture
radiometer technology

Precision membrane
reflector antenna
technology (<40GHz)

Wide scanning precision
reflector for 40 - 220GHz

• No electronic scanning radiometer using s reflector has been
used in space. ESMR (phased array) is the SeA

• Phased array technology for remote sensing is lagging
communications technology

• LNA technology demonltrated at 118GHz

• Conceptual studies conducted
• L-band array, aircraft flight tests demonstrated (ESTAR)

• Technology demonstrated for diameters up to 15.meters et
frequencies up to 12GHz (possibly 20 - 30Ghz with improved mesh)

• Operational systems at 5-meter diameter, 20GHz

• Multiple beam antenna technology demonstrated for 20/30Ghz
solid reflector

• Launch of satellite planned 1992 for 20/30GHz reflector
• Solid aperture 4 - 5 meters without scanning

39_ 0801 001 228 M
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SPACESCIENCETECHNOLOGY:SCIENCESENSING

PASSIVE MICROWAVE SENSING

STATE OF THE ART ASSESSMENT

Distributed phased.array
technology 40 - 220GHz

Rapid scanning ant. dev.

Computer-aided software
engineering

Large space antenna
calibration and test
methodology

• Phased-array technology developed for military applications but
further development needed for LSA's

• Conceptual studies on 5-meter conical scan reflector for use in low
Earth orbit

• Numerous EM analysis techniques (physical optics, GTD MOM, etc.)
but limited end-to-end analysis 1or LSA

• Near field tests of 15-meter, mesh deployable antenna at 12GHz (1985)
• Near field tests of Magellan spacecraft (X-band) (1989)
• Study completed for extending near field capability to 60Ghz (1989)

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING
II

3g_ 0801 C.01 229 bl

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 CONRGURATION CONCEPTS (25-M CLASS)
- ERECTABLE ANTENNA CONFIGURATION STUDIES/DEVELOPMENT
- THERMAL ANALYSIS CODE DEVELOPMENT FOR LARGE MESH-DEPLOYABLE

ANTENNAS

SE5-3
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LARGE SPACE ANTENNA CAPABILITY

DEMONSTRA TED FOR SELF-CORRECTION IN SPACE

°°

o. O .O°..o .° •°.,

A_

4IS _ llmml _

12 II 24 3o

F_ (GHZ)

Calculated E-plane Radiation Patterns

Before Surface After Surface Surface Adjustment
Adjustment Adjustment With Feed Compensation

....

= -=
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING
PASSIVE MICROWAVE SENSING

Focused Technoloay Performance Oblectives

Earth Science
Observable

Precipitation
over ocean

Precipitation
over land

Water vapor"
Total

Profile

Temperature profile

Surface wind speed

Cloud bale hel_lflt
Cloud water content"

(Overochre)

Atmospheric winds

profile
Snow Cover

Ocean Cummts

Requires all three Ire(

Spatial Resolution (km)
Freq. (Ghz)

19
37 1.0

50 - 60

37 1.0
50 - 60

19

22

37

22
37

SO- 60

19

35 Active

19

22

37

37 Active
19

37

10-30Act_e

_rlcles

"" Requlms two of the three frequencies

Requirement Goal

1 - 30 16

1-30 8

1-30 6

1-30 8

1-30 6

S-20 16

S-20 14

s-20 e
S-20 14

5-20 8

5-30 $
10-50 16

S - 25 N/A

1 -30 16
1 -30 14

1-38 8

S0 N/A

1-30 16

1-30 8
1 - 30 N/A

RaldlometxtcTempeniture
(MinimumAT K)

0.S0

O.25

0.25

0.S0

N/A

0.S0

N/A

1.0

N/A

SE5-4
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SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

KEY ACTIVITIES

"- PROGRAM OFFICE

• EOS Development
- Adv. EOS-B

• EOS MLS
• Astrophysics
• Geostationary plattorm
• Earth probe dev,

f
FOCUSED R&T /

• Large aperture radiometer:
- High frequency

radiometer
- Low frequency

radiometer

• Synthetic aperture radar
. LEO/ESTAR

radiometer

,.. - GEO syn. radiometer j

r R&T BASE "_
• Sensor met'Is &

processing
• Innovative sensor device

_.Sensor support tech. j

TECHNOLOGY ROADMAP/SCHEDULE

199211993 1994 1995 1996 1997 1998 1999 20001991
I

I [ fos.eFso
EOS-A FSD _ LXUkCH

i
[ I&CR0WAVE LIMB SOUNDER

] _TAg_w.IK:} s=,,

I GEO PLATFORM TECHNOLOGY

F._RTH PROBE DEVELO%MrrJ_' _._ I i l ' ,EARTH PROBE F$0 J

i
!

I
LOW MASS MM-M,fTENNAJAMPURER I

i i 1_.
_ 12.M_rrENN,J/_ * A _C FLT,FJ(PI

1
[ GE0-SYIq. RJ_DOMETI_R "V'M"LF_

_ I ._,_c_o_. I Z._ r

2001J2002 2003 2004j2005

[Ar.-
L A0VANCE0 EOS-B IEXTENOED]

I

' GE0 FS0

T.O_nNV__ESE_

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING

OTHER DEVELOPMENT EFFORTS

RADIOMETER MMIC DEVELOPMENT (lIT/MARTIN MARIE'I-rA)
(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.

SE5-5
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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
- < 40GHz
• LEO OR GEO

• MMIC RADIOMETER COMPONENT TECHNOLOGY
-INTEGRATED FEED HEMTLNA
-CRYOGENIC HEMT

• RADIOMETER MEASUREMENT AND CALIBRATION

• QUASI-OPTICAL COMPONENTS (BEAM FORMING NETWORKS)

391 08(_++ 001 236 M

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

PASSIVE MICROWAVE SENSING
I

PRELIMINARY FY'93 AUGMENTATION- pRIORITIZATION

PRIORITY ITEM
w,

Symheti¢ mpertum mlcrowlve radiometer

Precision membrane retlector |ntennl

Precision solid reflector Imtenna

Ptmsed re.my eleclroni¢ scanning

MMIC radiometer components & |mpllfler

Measurement & ¢sllbrstion

Oumsl-opticel millimeter components

Acousto optlcel spectrometer
i

i,

RF rejection lechhOiogy _O¢radiometers

3 Plezoelec_lrlc technology _or mmtmrm surface

Dlgltsl ¢oweiation spectrometK

TOTAL (Code RC)

FUNDING ($M)

93 94 95 96 97

.7S 1.0 2.0 2.5 2.75

35 1.0 2.0 2.5 2.5

1.0 1.5 2.5 3.0 3.75

•50 1.0 1.4 2.0 2,,0

1.0 1.0 2.0 3.5 3.0

0.5 O.g 1.5 2.0
i i

0.5 0.5 0.5 02

i,

0.5 0.5 0.3 0.1

0.2 0.2 0.2

i

4.0 7.0 12.0 16.0 16.5

ml 0701 00l _47M
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SPACESCIENCETECHNOLOGY:SCIENCESENSING
PASSIVE MICROWAVE SENSING

pROGRAM CRITICAL MILESTONES

TECHNOLOGY PROGRAM ELEMENTS 921 93 94

ONGOING PROGRAMJ i

(1) Large Aperture, Wide Scanning Antenna Development m_

(2) Microwave Radiometer Concept(s) Development

AUGMENTATION PROGRAM - MAJOR ELEMENTS

(1) Synthetic Aperture Radiometer Development

(2) Precision Filled Aperture Antenna Technology
(Membrane end solid reflector)

(3) Phased Array, Electronic Scanning Technology

(4) MMIC Radiometer Components

(5) Radiometer/Antenna Measurement & Calibration

(6) Supporting Component Technologies
(Quasi-optical end Piezoelectric)

Z_Corretatto_-,reoeNerd_ ,t_Near t_O EMtests_KI

95 96 97 98 99 O0

 mmA mmmA
mm
mm  mmAA
mm mmmA

AA_ A

m mmmA mm
z_IMMIC Radiometerct_oOe4NerKI

Z_Eng_neenngmodel ,_F_n_ refkclorpedomarclevaluated _Pmhmmlry red,omelettab tells

rcraflfl=ghlt. _ Eleclrorecphasedanly day_ de_o'ed _ Racl_melo'calibrlt.s
Wealsystemevlllualmn _,EleclrOn¢ phased-arrayfeedmlegratmn A_rc_alt _ teals

_._F'_na*i_tormancepredx:Z,ors
191 0701 0_1 _MIt) M

PASSIVE MICROWAVE SENSOR TECHNOLOGY

FY'93 Obligation Plans
Estimated Funding Guideline $4.0M

Technology Research Areas Costing Method
. Total Program - FY'93

Research Level J
- University research (Atmospneric

and surface scJence, synthetic
aperture research)

- Industry/government (Radiometer
designs)

I Device Level Technologies I
- MMIC radiometers (HEMT LNA,

receiver arrays, limiters/fllters)
- Beam forming devices

Subsystem Level Technologies I'll
Phased array, wide scanning network
Subscale aperture/near field system
Radiometer measurement/calibration

System Integration Technologiesll_ I
- Integrated reflector system evaluation
- Integrated radlomster system svslustlonl, vf_
- Aircraft remote senslng evalustlons II I

SE5-7

FundingsAmOunt

. University grants (Ga. Tech., U. Mass.,
ODU, UVA)

• Industrial contracts (Task existing industry

assignment contracts; Martin Manetta,
TRW, EMS)

• NASA in house computer aided design/ I
analltsls

. Industry Contracts (Existing ask

assignment contracts)
• DaD coordination (WRDL RADC, MMIC

receiver tasks)

• NASA In-house fabrication

• Industry talk assignments contract on
phmNKI array development and near
fletd system

• in-house radiometer evelustlon

• Existing industry contract for near field
test/

• Coordlrmtad flight tests (GSFC)

• FY'93 develoomentcomrac_ aw,arck,_t

I$1,200 1

]

]
Total $4,000 J





INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

ACTIVE MICROWAVE SENSOR

TECHNOLOGY PROJECT SUMMARY

OBSERVATORY SYSTEMS PROGRAM AREA
OF THE

SPACE SCIENCE TECHNOLOGY PROGRAM

JUNE 27, 1991

Office Of Aeronautics, Exploration And Technology
National Aeronautics And Space Administration

Washington, O.C. 20546

:SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

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- BANDS, QUAD
POLARIZATION)

• EOS SCATTEROMETER (SCANSCAT)

• TOPOGRAPHICAL MISSIONS

• TOPSA T RADAR ALTIMETER (Ka-BAND INTERFEROMETER)

• METEOROLOGICAL RADAR MISSIONS

• RAIN RADAR (X-, Ka BANDS, LEO)

• GEOSTA TIONARY RAIN RADAR (Ka, W Band)

• ADVANCED PLANETARY RADAR MAPPERS

• LUNAR SOUNDERS (<P.BAND), MARS LANDER (Ka-BAND)

SE6.1
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EOS SAR OVERVIEW

......._:7 \%::7o;. ._z

MULTI-

POLARIZATION,

MULTI-

FREQUENCY

SAR

PROCESSOR

©

EOS SAR PUNTA DE CACAO, BELIZE -

3-FREQUENCY SAR IMAGE

• 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 SCA]'fERING 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) JCC-8

JI=L

FLIGHT SYSTEM

ADVANCED RADAR TECHNOLOGY

EOS SAR TECHNOLOGY CHALLENGES

RECEI'_/ING

STATION

CALIB

DEVtCE

IMAGE

CORRELATOR

1
[POST-PROCESSOR]

GROUND SYSTEM

FLIGHT SYSTEM

e I_11 (20 m x 4,5 m)

• LIGHT WEIGHT MATERIALS (,ll_g/m 3)
COMPACT/DEPLOYABLE STRUCTURES

• MECHANISMS

• CONFORMAL ARRAY DESIGNS

•,BE.ILtC'J_q.N£-_I
• MMIC COMPONENTS

• HIGH EFRCIENCY (50%), HIGH YIELD T/R
MODULES, PHASE SHIFTERS

• MODULE LAYOUTS, CONTROL SYSTEMS

• ]_GrrAB_'-tROmcsl

• INTEGRATED ELECTRONICS (>100 MHz) (ASlC

TECHNOLOGY)

• SIGNAL PROCESSOR
• ON-BOARD REAL.TIME SAR PROCESSOR

(REDUCE DOWNLINK DATA RATE BY FACTOR OF 10)

GROUND SYSTEM

• IMAGE CORRELATOR

• ADVANCED ARCHITECTURES

• HIGH THROUGHPUT, PRECISION,
FLEXIBILITY

• ADVANCED ALGORITHMS

• POLARIMETRY, SCANSAR

• POST PROCESSOR',

• GEOPHYSICAL INFORMATION EXTRACTION

• VISUALIZATION, AI, NEURAL NETWORKS

o ,]_..R_OUND CALl e RATIO _I_I-DEylCES|

• TRANSPONDERS - LOW COST,
COMPACT; DEPLOYABLE

JCC9
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ADVANCED RADAR TECHNOLOGY

Ji::L TOPSAT INTERFEROMETER OVERVIEW

/

TOPSATSENSOR

SARIMAGE

CORRELATION

AND

INTERFEROGRAM

GENERATION

.... - :-o,

DEATH VALLEY

COTrONBOWL BASIN

• MICROWAVE INTERFEROMETER MEASURES RELATIVE PHASE OF PULSE ECHO

USING TWO ANTENNAS AT SLIGHTLY DIFFERENT VIEWING GEOMETRIES

• RELATIVE PHASE PROVIDES INFORMATION ON SURFACE TOPOGRAPHY

• TOPSAT MISSION WILL PROVIDE COMPLETE GLOBAL COVERAGE WITHIN

ONE YEAR AT SPATIAL RESOLUTION OF 30 m AND HEIGHT ACCURACY OF 2 rn

• SCIENCE APPLICATICNS

• GEOLOGY

• HYDROLOGY

• GEOMORPHOLOGY

JCC,13

JPL
ADVANCED RADAR TECHNOLOGY

TOPSAT INTERFEROMETER
TECHNOLOGY CHALLENGES

_ti OIGi/AL_I I

_ELEC__II _"cv";_

S,'C BUS

FLIGHT SYSTEM

I RECEIVINGSTATION I

l
I IMAGE
CORRELATOR I

IPOST-_ROCESSORI

CALIB

DEVICE

GROUND SYSTEM

• FLIGHT SYSTEM

ol_B_J_(S.S x 0.4 @ 35 GHZ)
• SURFACE DISTORTION COMPENSATION

TECHNIQUES (ELECTRONIC, MECHANICAL)
• LOW LOSS FEED SYSTEMS

• ATTITUDE DETERMINATION TO 2.5 ARCSEC

• J_E_E_CTRONiCS:
• MMIC COMPONENTS AT 35 GHz

• HIGH POWER (>2:5OW),
HIGH EFFICIENCY (35%) TWTs

• ]3_ Y A L_E L-LE-CYR6 _i'C_ !
• ASIC DIGITAL SYSTEMS

• INTEGRATED EXCITERS
• LOW POWER, COMPACT DIGITAL UNITS

• ON*BOARD STRECH PROCESSING

• GROUND SYSTEM

• IMAGE CORRELATOR
• ALGORITHM DEVELOPMENT FOR BASELINE

DETERMINATION (100 MICRONS @ .01s INTEG TIME)
• ALGORITHM DEVELOPMENT FOR

HIGH PHASE PRECISION COMPLEX

IMAGE PRODUCTION (27 GB/ORBIT)

• POST-PROCESSOR
• ALGORITHMS FOR AUTOMATED IMAGE

REGISTRATION, CALIBRATION,
INTERFEROGRAM GENERATION

AND PHASE UNWRAPPING
JCC.I=
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JPL ADVANCED RADAR TECHNOLOGY

ADVANCED RAIN RADAR OVERVIEW

RAIN RADAR

RAIN RADAR

GROUND

PROCESSING

AND

CALIBRATION

SYSTEM

,_ n ;

Ip.

i

_T_ _

• RAIN RADAR MEASURES RETURN ECHO POWER VERSUS ECHO DELAY TIME

• DERIVES 3-DIMENSIONAL RAINFALL MEASUREMENTS

• LOW EARTH ORBITING SYSTEM WITH ELECTRONIC BEAM SCANNING

• PROVIDES WIDE SWATH COVERAGE AT - 5 km SPATIAL RESOLUTION

• GEOSTATIONARY PLATFORM

• LONG-TERM, NEAR CONTINUOUS OBSERVATIONS

• RAIN/CLOUD COLUMNAR HEIGHT STUDIES

• HIGH FREQUENCY RADAR DESIGNS (15-90 GHz)

• IMPROVED SNR, RESOLUTION
JCC-18

JPL
ADVANCED RADAR TECHNOLOGY

RAIN RADAR

TECHNOLOGY CHALLENGES

:7 XMTR ,"I .

g ,.AL-L--I. :
ELEC_I I"_,:VR...

S,'C BUS

I I'
I_ ISIGNALIIOOWN-I
I"--'" II PROCII LINKI

FLIGHT SYSTEM_

I ,MAGEI
ICORRELAT°RI

IPOST-_OCESSORI

=1

GROUND SYSTEM

• FLIGHTSYSTEM
e_(10 M DIAMETER @,gO Gl.'lz)

• SURFACE DISTORTION COMPENSATION

• POINTING ACCURACY, MUTUAL COUPLING
• SEAM WAVEGUIOE

• COMPONENTS AT gO GHZ

" LOW LOSS PHASE SHIFTERS, SWITCHES
AND CIRCULATORS

" LOW NOISE RECEIVERS (- 4 d8)

• HIGH POWER TANSMITTERS (> 600W)

• MMIC COMPONENTS (DISTR ACTIVE ARRAY)

• _1_ _-O_(TS]
• ASIC OIGITAL SYSTEMS

• _-_a_i_-_
• SUILT4N TEST EQUIPMENT FOR

HIGH PRECISION PHASE CHARACTERIZATION

• GROUNDSYSTEM
• SIGNAL PROCESSOR

• RAIN RATE EXTRACTION ALGORITHMS

• ALGORITHM DEVELOPMENT FOR
PHASE CALISRATATION

JCC.19
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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 AClVE 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

TECHNOLOGYDEVELOPMENTAPPROACH

FOCUSED DEVELOPMENT OF BREADBOARD RADAR SUBSYSTEMS

1.10GHZLARGEARRAYPERFORMANCE,CALIBRATIONANDCONTROLISSUES

BASE RESEARCH IN MILLIMETER WAVE DEVICES, STRUCTURES AND

CALIBRATION TECHNOLOGY

35-90 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

OSO MMIC ARRAY DEVELOPMENT AT JPL AT 32 GHZ; OSSA 30 GHZ ARRAY AT LeRC

. GOAL: 15-20 ELEMENT SCANNING ARRAY, DEVELOP ELEMENT FEEO/CONTROL TECPL

SURFACE DISTORTION COMPENSATION - GROUND ALIGNMENT, COMPUTER
CONTROLLED (LaRC - 15M, JPL - 5M GALILEO)
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SPACESCIENCETECHNOLOGY:OBSERVATORYSYSTEMS

ACTIVE MICROWAVE SENSORS

RADAR TECHNOLOGY PERFORMANCE OBJECTIVER

PERFORMANCE Current SOA EOS-B SAR Topographic Rain Radar
REQUIREMENT SIR-C Radar (Geostationary)

12X4MAntenna Size

Frequency

Antenna

16 X 4 M 2 - 5.5 X 0.4 M 10M Diameter

1.3,5.3,9.6 GHz 1.3,5.3,9.6 GHZ 35 GHz 35,94 GHz

Aluminum Composite Composite Composite
Structure

Surface
Accuracy

Antenna Mass

Peak Power

Calibration Error

Approximate
Need Date

0.5 cm 0.5 cm 0.1 cm 0.03 cm

75 kg/m 2 < 20 kg/m 2 < 5 kg/m 2 < 1 kg/m 2

9 kW > 10 kW > 0.5 kW > 2 kW

~ 2-3 dB < 1.5 dB, 10°rms <1 dB, 3°rms < 0.5 dB

1996 1998 1999

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

• BEAM SCANNING, GRACEFUL SYSTEM DEGRADATION, DISTRIBUTED (LOW)
RF POWER

PARAMETERS SIR-C BASELINE Eos SAR

ANTENNA SIZE

FREQUENCY

ANTENNA STRUCTURE
ANTENNA MASS

No. T/R MODULES
MAX PWR PER T/R MODULE
ELECTRONICS WEIGHT

T/R MODULE TECHNOLOGY

12x4m

IJC BANDS

ALUMINUM

3283 kg
252(L), 504(C)
41 W(L), lOW(C)

557 kg
HYBRID

10.9 x 2.6 m
IJC/X-BANDS

GRAPHITE EPOXY/HONEYCOMB

505 kg
192(L), 192(C), 384(X)
50W(L), 15W(C), 10W(X)

330 kg
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 DESCOPEO TO DUAL POLARIZATION TO REDUCE WEGHT/POWER -

SCIENCE IMPACT

* XSAR USES SINGLE TRANSMITTER/RECEIVER APPROACH, NO BEAM SCANNING

SE6-6



JPL
TECHNOLOGYDEVELOPMENTFORSPACEBORNERADARS

COMPARISON OF Eos-B & PRESENT
BASELINE Eos SAR STOW CONFIGURATION

Eos-B

LAUNCH
VEHICLE

ADAPTER _ ._ _._ " .

/-- SAR
_._>._['_'_- ./_,'_"_ " t_._,,_ ANTENNA

ST

TDRSS / /'___-\\ ",,

ANTENNA--/ / _._'_._.....

L'; RO.,CSJ /

BASELINE
Eos SAR

• ANTENNA SIZE- 16 m x 4 m
• ORBITAL ALTITUDE - 705 km

• ANTENNA SIZE - 10.9 m x 2.6 m
• ORBITAL ALTITUDE - 620 km

TOPSAT

Strawman System Parameters

Fh-equency
Transmit Power

Total hlstrttment Power

Total Instrttment Weight

Pulse Length
rlandwidth

PR_

Pulse Timing
Antenna Size

Autenna Beasnwlcl_.hs

Antenna Peak Gain

a. [1.ange
Transmit Loss

Receive Loss

Atmospheric Loss (2 way)

Antenna Temperature

Receiver Noise Figure

Dynamic Range

Data It.ate into recorder (tracking)

35 Gllz

250 \V

480W

550 kg

871_sec

24.2 MIlz

3.88 1¢,Ilz

interleave mode

0.4 tn x 5.5 m

0.09* × 12"

52 dB

-15 to +7 dB

2.5 dB

1.0 dB

2.0 d B

290 I(

4 dB

22 dB

96 Mbps
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HEIGHT SENSITIVITY TO CHANGES IN ,¢;NR

If|CREASED SNR FROM NOMINAL SNR (10 dB) MAY SIGNIFICANTLY IMPROVE PERFORMANCE.

HOWEVER, A 5 dB DROP IN SNR, DEGRADES THE PERFORMANCE BY ALMOST 100%

10 0-:

o

_6 8

%.

2 0

0 0

I

I

I

I

I

t

I

t

--i
00 50

.......... .t.& ,,_

i

i i

t00 15 0

s_r (dS)

;!0 0 2_5 0

JPL

TOPSAT ATTITUDE AND ARTICULATION CONTROL
SUBSYSTEM REQUIREMENTS AND CAPABILITIES

ATTITUDE KNOWLEDGE ACCURACY (DEG)

CONTROL ACCURACY (DEG|

REQUIREMENTS

ROLL 0.0003

YAW 0.01

PITCH 0.01

ROLL 0.01
YAW 0.1
PITCH 0.1

BASELINE KNOWLEDGE ACCURACY 100 microns
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TECHNOLOGY DEVELOPMENT FOR SPACEBORNE RADARS

JPL GEOSTATIONARY RAIN RADAR

• GEOSTATIONARY RAIN RADAR (GRR) - '98 START

• SCIENTIFIC NEED FOR CONTINUOUS, 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

• PULSE WIDTH: 200 IJS
• BANDWIDTH: 600 kHz
• ANTENNA DIAMETER: 10 m

• HORIZONTAL RESOLUTION: 35 km (@ 35 GHz); 15km (@ 94 GHz)

",\
\ \

i0"= i_ e I0 I

IkqlN M|[ (I'qR/PIR)

TECHNOLOGY DEVELOPMENT FOR SPACEBORNE RADARS
Jill NEAR-EARTH ORBITING CLOUD RADAR

• COMPARISON OF 35 AND 94 GHz FOR CLOUD COLUMNAR HEIGHT STUDIES:

" CLOUD REFLECTIVITY a f4

• 17-dB BRIGHTER FOR CLOUO-REFLECTED SIGNALS AT 94 GHz

• CLOUD ABSORPTIONS AT BOTH FREQUENCIES ARE SMALL (< 0.5 dB/km) FOR "DRY" CLOUDS

(LIQUID-WATER CONTENT < 0.1 gnl 3 )

• STRAWMAN NEAR-EARTH ORBITING CLOUO PROFILING RADAR AT 94 GHz -2000 NEW START

• ALTITUDE = 400 km

• TRANSMIT PEAK POWER = 2 kW

• PULSE WIDTH = 200 l_S

• BANDWIDTH = I MHz

• ANTENNA DIAMETER = 10 m

• ESTIMATED RADAR PERFORMANCE

• 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 3) SNR (dB)

STRATUS

NIMBOSTRATUS

CUMULONIMBUS

CIRRIFORM (ICE)

0.5

3.0

3.0

2.0

0.2 - 0.4

0.2 - 09

0.4 - 8.0

0.02 - 0.1

+11.9

+2.6

+5.0

+24.3
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T/R

Activity

T,'R Modulo components

Advtnced L-Bend TIR M¢dule
(AIM(X))

L-Bend T/R Module Build

H_gh Power Feed

Advlncod S-Bind T/R Modules

Scsce Envlro_men! Reltebilily

Modules Road Map

i- rl

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

OTHER DEVELOPMENT EFFORTS

• DARPA MMIC PROGRAM

• INCREASE DEVICE YIELD (DECREASE UNIT COST) FOR 1-10 GI'IZ

• DARPA TRAVEUNG WAVE TUBE (TWT) INITIATIVE

• ECM APPLICATIONS (WIDE BANDWIDTH), COMPACT HIGH
EFFICIENCY COMPONENTS s 94 GHz

AIR FORCE SPACE-BASED WIDE AREA SURVEILLANCE PROGRAM AND SPACE-BAND
RADAR PROGRAM HAVE BEEN RESTRUCTURED INTO PROGRAM CALLED NEXT
GENERATION RAOAR

• EMPHSIS PRIMARIL Y ON L- AND S- BAND MMIC PHASED ARRAY BEVEL OPMENT

• FIRST ARRAY TEST SCHEDULED FOR 97-98 TIME FRAME

SE6-10



Advanced L-Band T/R Module
(ALMOD)

Parameter. Performance,

Frequency

Bandwidth

Power Output

Duty Factor

Transmit/Receive Gain

Power Added Efficiency

Noise Figure

Phase Shifter Bits/Accuracy

Gain Control

Size

Weight

1.2 - 1.4 GHz

15% / 10 MHz

5 watts peak

50% max

30 dB min

35% min

2.5 dB max

5 / +- 3 deg

15 dB / 64 steps

1' x 2" x 0.5" '

13 grams

Phenomenology Road Map

Activity

$1RoC Flight 0ale Collection

qADAFISAT Flight Oolo

(C_Inodl)

Radar Performance Dome

Improve Chatter Model

Small Target Modellng

[look clown geometry)

Radar Modeling enhancements

" I " I " I " I " I
1141

[

[--
mill

[
Ilql

[
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

STRATEGIC PROGRAM DESCRIPTION AND JUSTIFICATION

RADAR ACTIVE SENSOR TECHNOLOGY DEVELOPMENT

DESCRIPTION:

This effort will lead to the devolopmont of light weight, conformel array doslgns utilizing MMIC
trensmlt/racelvo modules operating between 0.5 - 35 GHz and dovelopment of advanced digital
correlators Incorporating high throughput, precision end Improved fiaxlblllty with advanced polerlmetry
and scensar algorithms,

JUSTIFICATION:

Radar synthetic aperture active sensors (0.5 - 10 GHz) provide global measurements of soil moisture,
blomass, ocean waves and polar Ice with spatial resolution of 10 - 30 rn. Microwave Interferometers
(15 - 35 GHz) are capable 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 ra/n and cJoudcolumnar heights wtth spatial resolution of the order of 5 km.

This technology will result In lower cost, maSs end power consumption of lOWerfrequency radar
systems and will enable millimeter wave radar systems. Processor development work will result In
greater science data return and throughput. The focus will be on light weight materials end compact
structures Incorporating highly integrated digital end microwave componentS. In addition, higher
frequency (35 - 35 GHz), higher power (250 - 600 W, peak power) end higher efficiency (> 35%) radar
electron beam devices will be developed.

ACTIVE MICROWAVE SENSORS

FY93 3X PROGRAM
PRIORITIZATION

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

1)

2)

3)

MMIC ACTIVE ARRAY PROTOTYPE (1-10 GHz), AJC DEMONSTRATION
• CENTERS: JPL
• MISSIONS: EOS SAR
• TIMEFRAME: 1993-1996

• AUGMENTED (3X) FUNDING: S3.9M

35 GHz TRANSMrrrER COMPONENT AND DISTRIBUTED PHASED
ARRAY DEVELOPMENT (TWTA SOLID STATE . 500W @ 35% EFFICIENCY)

• CENTERS: JPL, LIRC
• MISSIONS: TOPOGRAPHY MAPPER SATELLITE (TOPSA'r)
• TIMEFRAME: 1993-1997
• AUGMENTED (3X) FUNDING: $3.0M (STRAGTEGIC FUNOING: $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) FUNOING: $2.2M (STRAGTEGIC FUNDING: $3.9)
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ACTIVEMICROWAVESENSORS
FY93 3X PROGRAM

PRIORITIZATION (continued)

SPACE SCIENCE TECHNOLOGY: SCIENCE SENSING

4)

5)

6)

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)

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)

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

s)

FLAT-PLATE MICROSTRIP REFLECT-ARRAY ANTENNA

CENTER: JPL
MISSIONS: EOS SCANSCAT
TIMEFRAME: 1993-1997
AUGMENTED (3X) FUNDING: $0.0 (STRAGTEGIC FUNDING: $4.3M)

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 FY 94 FY 95 FY 96 FY 97 TOTAL
(CURRENT FUNDING IS $0)

1-10 GHz MMIC ARRAYS 0.8 1.1 1.3 0.7 3.9

35 GHz COMPONENTS AND ARRAY - 0.3 2.7 3.0

CALIBRATION SUBSYSTEM 0.3 0.4 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 2.2

ANTENNA COMPENSATION - 0.0

FLAT PLATE REFLECT-ARRAY - 0.0

OPTICALLY CONTROLLED BFN - 0.0

TOTAL 1.3 1.7 2.0 2.0 4.3 11.3

JPL
ADVANCED RADAR TECHNOLOGY

TOPSAT SENSOR A/C PROTOTYPE
DEVELOPMENT

o • •

35 GHz COMPONENTS

TiR MODULE
DESIGN

ATTITUDE
CONTROL

AND LASER REF
BASELINE

DET SYSTEM

ACTIVE

ARRAY
= DEVELOPMENT

._._,_.,-_i'.r_" ;:,-; _;. , .'i _t_r4"_.:1

_
AIRBORNE TOPSAT

PROTOTYPE

MODIFICATIONS TO DC-8 SAR SYSTEM _c.ls
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JF:L
ADVANCED RADAR TECHNOLOGY

EOS SAR ANTENNA TECHNOLOGY

MMIC
DEVELOPMENT

STRUCTUREARRAY
DESIGNS

ARRAY
DEPLOYMENT
MECHANISMS

PROTOTYPE STRUCTURE
_C.10

ADVANCED RADAR TECHNOLOGY

JPL RAIN RADAR ANTENNA PROTOTYPE

DEVELOPMENT
DUAL- _..

FREQUENCY _:'" _" "- ......
BEAM _ _ .:_'"

FEED __dr __".,.f_""_f_"I ,,=ANTENNA PROTOTYPE

'" AND TEST

PHASE _ 35-90 GHz ELECTRONICS AIRBORNE RAIN RADAR
COMPENSATION PROTOTYPE

SYSTEM

AIRBORNE RAiN RADAR ELECTRONICS
JCC-2t

SE6-15 ORIGINAL PAGE IS
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

ACTIVE MICROWAVE SENSORS

TECHNOLOGY ROADMAP/SCHEDULE

I PROGRAM OFFICE 1

CODE SE

CODE SL

ACTIVE MICROWAVE SENSORS

STRATEGIC PROGRAM
RESOURCE SUMMARY

CENTER: JPL, I.aRC, LeRC

TITLE: ACTIVE MICROWAVE SENSOR TECHNOLOGY (STRATEGIC FUNDING)
($K)

TOTAL FUNDING REQUIREMENT FY93 FY 94 FY 95 FY 96 FY 97 TOTAL

1-10 GHz MMIC ARRAYS 0.8 1.3 1.0 0.8 3.9

35 GHz COMPONENTS AND ARRAY 2.0 3.0 3.0 2.6 1.7 12.3

CALIBRATION SUBSYSTEM 0.5 0.8 0.0 0.8 0.5 3.4

94 GHz COMPONENTS AND ARRAY 2.5 2.5 3.0 3.0 3.0 14.0

ASIC DIGITAL SYSTEMS 0.5 0.0 1.0 1.0 0.8 4.1

ANTENNA COMPENSATION 0.5 0.0 1.0 1.0 0.5 3.8

FLAT PLATE REFLECT-ARRAY 0.3 0.8 1.2 1.2 0.8 4.3

OPTICALLY CONTROLLED BFN 0.2 0.9 1.4 1.3 1.3 5.1

TOTAL 7.3 10.0 12.4 11.7 8.6 50.9
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Technology Program:

Technology Area: Science Sensors
Technology Element: Active Microwave Sensors

Technology Sub-Element: 1-10 GHz MMIC Arrays

Input Field Center: JPL

Input Type: Augmentation
Point of Contact: John Curlander

Date: June 26, 1991

LRP Thrust: Sc=ence

LRP Spec=fic Objective: EOS Senor Technology
Mission Applicibility: EOS._

(F'Y in $M) '93 '94 '95 '96 97
Resource Requ=remenls: 0.8 1.1 13 0.7 0.0

C of F: None

Keywords: SAR, Active Array, Microwave Sensors, MMIC

Technology Element Obiectives/Description:

Demonstate feasibility of developing 20m distributed active array; three frequency: L-, C-bands

quad-polarized, with peak power of 3-5 kW in each frequency band: bandwidth required >50MHz: electronic

beam scanning of ÷/- 30 dog; polarization purity of 30dB. Use of composite structural matenals to ach=eve

mass of <20 kg/m/m and a surface accuracy of <0.5 cm peak.to-peak deflection.

Task Schedule/Milestones:

FY93:

FY94:

F"Y95:
F'Y96:

T/R Module evaluation and procurement; antenna stucture materials requirements analysis

Single panel prototype development; and laboratory tests; array stucture design
Array prototype development; laboratory /field tests
Interface with NASA DC-8 and airborne SAR; airborne flight tests

Comments/issues:

Adaptive phase control implementation; controller interfaces; distributed control feasibilily

Array operating efficiency; tapered beam iilumintion performance; phase/amplitude errors
Recommend funding be augmented to develop flight weight brassboard panel and control system

Technology Program:
Technology Area: Science Sensors

Technology Element: Active Microwave Sensors

Technology Sub-Element: 35 GHz Components/Array
Input Field Center: JPL, LeRC

Input Type: Augmentation
Point of Contact: John CurlanOer

Date: June 26, 1991
LRP Thrust: Science

LRP Specific Objective: EOS Sensor Technology
Mission Applicibility: EO6 SAR

(FY in $M) '93 '94 '95 '96 '97

Resource Requirements: 2.0 3.0 3.0 2.6 1.7

C of F: None

Keywords: Topograghic mapger syslem, SAR, Microwave Sensors,

Technology Element Objectives/Description:

Demonstate feasibility of developing >Sin distributed active stray or passNe array at Ks-band; peak power of
>600W ; bandwidth required >50MHz; high i_lese wecision/stability across multipte antennas <5 dag rms;

polarization purity of 30dB. Use of composite structural materials to achieve mass of <5 kg/mlm and a

surface accuracy of <0.1 cm peek-to-peek deflection.

Task Schedule/Milestones:

F'Y93:
FY94:

FY95:

FY96:
F'Y97

MMIC T/R Module evaluation; TWT evaluation; procurement of test articles; laboratory tests

Breadboard prototype development; and laboratory tests; array stucture design

Ka band radar RF and digital subsystems development

Array prototype development; laboratory /field tests
Interface with NASA DC-8 and airborne SAR; airborne flight tests

Comments/Issues:

Array flatness, adaptive phase control implementation; controller interfaces; distributed control

System operating efficiency; pointing datermination accuracy; phase/amplitude errors
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Technology Program:
Technology Area: Science Sensors

Technology Element: Active Microwave Sensors

Technology Sub-Element: Calibration Subsystems

Input ICieid Center: JPL

input Type Augmentation
Po,nt ct Contact John Curlander

Date: June 26, 1991

LRP Thrust: Science

LRP Speofic Obiective: EOS Sensor Technology
Mission Apphc_blhty: EOS SAR, T(_OSAT

_",' ,n $M) '93 '94 95 '96 '97

Resource Requtrements 03 0,4 04 05 06

CofF None

Keywords: Radiometric calibraDon, SAR, Microwave Sensors, GIo0al Pos_tiomng System

Technology Element Obieclwes/Descriphon:

Develo0 systems for in-fhghl characterization of gain and phase _erformance vs. frequency tot antenna at T,,R

module level and array level (requ=res <0,2 dB and <3 deg rms); develop systems tor h_gh preoslon I:>Omtmg

determination of antenna etectronJs boresight (requires <0.0003 deg over l_,me _nterva_s of t00ms).

Task Scheduie,rMdestones:

FY93:
F'Y94

F"_95:

FY96:

F'Y97

Rectutrements study; performance analysis for active array calibration subsystem
Subsystem des=gn for distributed array calibration system

Breadboard prototype; high precision beam pointing subsystem technology survey

Test of array calibration subsystem in airborne radar', precis=on pointing subsystem test article
Breadboard prototype of prac=sJon pointing subsystem

Comments/Issues:

Calibration performance is limiting factor in SAR science; SIR..¢ not calibrated

Topographic mapper pointing accuracy requ=rement iS order of magmtuOe greater than TOPEX

Technology Program:

Technology Area: Scien_ Sem_a

Technology Element: Active Microwave Sensors

Technology Sub-Element: ASIC Digital Subsystems
Input Field Center: JPL

Input Type: Augmentation
Point of Contact: John Curlander

Data: June 26, 1991
LRP Thrust: Science

LRP S_fic Objective: EOS Seneo_r Technok:_gy

Mission Applicability: EOS SAR. TOPSAT

(F'Y in aM) '93 '94 '95 '96 '97

Resource Requirements: 0.2 0.2 0.3 0.5 t0

C of F: None

Keywords: ASIC SAR, Microwave Sensors, Digital Electronics

Technology Element ObjectivellOelcription:

Develop customized integrated circuits tot' recllr sensor digital signsl _rocessing applications; digilsl
controllers, data formatting functions lind =4gnal i_'oces_ng for putN ¢omwession on an IC chip SOl; reClmres dual

ADCs ope'rsting at 200 MHZ with 8bl_, large, fast RAM (>64 MB), an_ high It:qNKI s_gn_ processing (>IGFLOP).
Task ScheOule/Milestones:

FY93:

FY94:

FY95:

FY96:
F'Y97

Requirements study; Nrtormance analysis

Subsystem design for inllgraled digltsl processor
Chip procurement, Ill)oratory test and evaluation

Breadboard pqototype (partial coml_ebon)

Breadboard I_'OtOtypo;completion met with airborne ride system

Comments/Issues:

Radar digital subsy_ems for multi-frequency, multi-pollrization SAR is large lracbon {> 50%) of
instrument volume and mass; and significant fraction of power consumption (>15%)
Downlink dale rate can be substantiall reduced with on-board signal processing and multi-looklillering;

large cost savings in ground data handling, more ellioem data distribution.
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DRAFT

INTEGRATED TECHNOLOGY PLAN

FOR THE CIVIL SPACE PROGRAM

SENSOR ELECTRONICS
PROJECT SUMMARY

SCIENCE SENSING PROGRAM AREA
OF THE

SPACE SCIENCE TECHNOLOGY PROGRAM

SCIENCE

June 27, 1991

Off*ce of Aeronaulic_, EJo_oratton anti Technolo<Jy

NatlonaJ AefonaulK:3 AnO Space A_mmlst_'allon

Washington, D C 20546
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r
IMPORTANCE OF LOW RF._DOU'T NOISE

Signll/Nolae

Talescope Aperlure and Optics Phototl Sho( Noise

Big S every time Fundamental

Ouamum efficiency Ra_k_Jt Electronics

See deteclor program Wlde aplNCbtty, less $

,. J

J

SPACE SClFJt_E TICNN(X.O_t $C|_E SiNSI4_

SENSOR ELECTRONICS

TECHNOLOGY NEEDS

- Sl_ I_ICT_OICI _DO_lSliI _ _I|DI PO_ Oe?_'TO_ _

PA{RA_ IPI{:S.,U01NGilP_RIR[ I/_I.I"tPAJEX|Plt _ _IL.q_I_.

OAt_ _PdVlR_ON

PACE SCINCI 'rlEC_NOLOGY: SCIEN(:I SlltlleG

SENSOR ELECTRONICS

TECHNOLOGY CHALLENGE_APPROACH
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SPA_.£ SC;EmCE _E"HNO_.OGY SCIENCE S,£N$1NG

SENSOR ELECTRONICS

STATE OF THE ART ASSESSMENT

. CRVOGIE_C ItEJDOU'r ELfC'PII<)_CS

• _oJs! u_ACCl,rrAILE Ii_Ow _oa
- _ *,lesSeEAt ts.4_ K EXCE_vI

• mlEA0 _lOIS!

- APA_X _S r RI_ IN cc_
• _qox 3oe" RMS iN +RSW_CNED ARRAY IJRIXi

• OeTEc"ro_ ,_ |L_C711ONIC3 W'_GRJI, T1ON

• ,3_4 X 3_1Vt_ CCO UlPlA_
• i
, I_SCRLrTI CRYOGENIC lllF_*.OOu'rEJ.EC"rmOOeC:S

. $1[_eSOR$VS'rIM "14ROUG_e_M'

• CCO RIADGt_ ll_ I"IEm Id_l

SPACE _[NC_ T_OLO_Y: SCIENCE NNS_G

SENSOR ELECTRONICS

CURRENT PROGRAM

NONE

SENSOR ELECTRONICS

3X AUGMENTED PROGRAM

1) kow-no|_ ¢ryogen_ rll<:lout _¢_+om¢I

S+C_CS _FETS

2) Device+, and circuits for su_etlclron mKl _oise

3) Advir_:ed i_M:lrJ_in_ |rid InterflcAm

:w_om_am(_ De_me_ ¢mo,,i_,_l _no mamm_W _qle mem_ CCO w_l _R _¢a_a_e

4) AdvInced readout ircl_ilectuflm

S) LOW _wor. Very hig_ lined iml_irlllId circuitry

R i_u_l _' mmS_ql_ _f i_._ll mm linear NOumd e_cm:ncl _

SENSOR ELECTRONICS

TECHNOLOGY PERFORMANCE O_E_ES

u
I

,,.oil ,VlJllltq_

i.oll+ III,AO _
till't, vrt+ Jl_'5',,_+

_VI

(vw_m, I, m

<Mrr_t. u

iI+_ 3I

:hi e'lI_ ml Io'_
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SENSOR ELECTRONICS

TECHNOLOGY ROA[;)MAP _CHEOULE

i ' . _- ,=, m= 1,_ =0=i =,0]1 ==0:1 ==4 r-t

!. ,_,,¢_,_',u .n, .,_ i,_ ,_,! ,m I ,m ,*'_ , _,

/

• IlIT I,A,,_ _ I

SENSOR ELECTRONICS
i

OTHER DEVELOPMENT EFFORTS

mlo: L4qLqC(X4m;¢1"O_ _OC.,kL_ [u[C'ntOm:S

SOlO _.OUiCI_OI_E_ _Z-g_.a_4_

_ffVV_ | tlr_Mk ¢l_JemAM

oJUeP& ICXOeOWl[R ca_el

P¢¢._ 4q.,u_ _,sml _eO¢ll Slme6

$PJ_CJ[SCWJi¢I[ TI[04IVO4.0_ SClE_..II SlES'SIk_

SENSOR ELECTRONICS

II

PRELIMINARY FYS'J 3X AUGMENTATION

_ Low-no_secryogen_ reaOo_te_O,ton,,c=

2) De_;es and ¢=mu_ fO( sub-electron reaa no_se

3) _anc=O _g_ a_in_ace=

4) k_vance_ readout arcr.tec_res IO_ncrease sensorsystem

tr_rougi_.,t

5) Low-gower, very h_h _ _ntegrate(I ¢_rcurts tot m=crowave

SENSOR ELECTRONICS

• 111_ |tMOK

• IN4 IZT_ P(

• li1_ 1_4_ _(

• 11 t4tO0 K

• 1M7 M000K
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SENSOR ELECTRONICS

IIREAKOOWN (_ OF Sl
CRYOGENIC RE.A DOUT

_, >are J_av rel_o_r

• Te¢ nnlt.Jl

,..ow. '_ ..,o,M _w.,,on ,it_._¢K
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SENSOR ELECTRONICS
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SENSOR ELECTRONICS
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SENSOR ELECTRONICS
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INTEGRATED SPACE TECHNOLOGY PLAN
. SCIENCE

SCIENCE TECHNOLOGY MISSION MODEL

90 95
'-• HST k

ASTROPHYSICSj "-=,OoeECRO
• EUvE

_,_AL'LEO
SOLAR SYSTEM '_'MAGELLAN
EXPLORATION

EARTH
SCIENCE

SPACE • u_YssEs
PHYSICS • CRRES._cs

COMMUNICATIONS

LIFE SCIENCE •

MICROGRAVlTY

• XTE

• SWA S

MARS OBSERVER

j TOPEX EOSSAR

UARS

,1, EOS (I 'OLAR} •
m.

EARTH PROBES .¢. EOS {GEO)
A. .d 4". A A

O0 05 10

j • SOFtJ _'_ HST2
AXAF INTFRFEROMETRIC

OBSERVATORY
• SiRTFPB _ HE,T

• Fuse "_ • MO_ SMMM,
LDR

._ LUNAR OESERV_ER /

A J AL MARS NETWORKJPRj )BE
• • • MARS ROVER _

• • SAMPLE RETURN
LUNAR ROVER,'

SR/OUTER PLANET ORBIT R SAMPLE RETURN

SOLAR PROBE

,L,

__ ._ ACTS

GRAND"

J OSL
OUR CLUSTER

ATDRSS _'_

• k •

4 •

ITM COUPLER •

MERCURY ORBITER

NTERSTELLAR PROBE

• GI:O' rATION,tRY PLATFORM

STATION MI ,ROGRAVII"Y SCIENCE

O E D_ ILABS ,_
A • •

SHUTTLE IMI,. USML. US

LIFESATS

_P

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

SEE-1



, OPTICS TECHNOLOGY BASE R&T PROGRAM

RELATIONSHIPS BETWEEN OAET PROGRAMS

FOCUSED R&T

MICRO-PRECISION I

cs, II
TELESCOPE I Focus_l Technology

OPTICAL I ProgrlmeSYSTEMS Development and
Demonstration

 REC'S'ON]I S NSORI H,  rL.v.l.o,INSTRUMENT OPTICS n,_turfty
POINTING TECHNOLOGY

Mission Pull

BASE R&T

MATERIALS &
STRUCTURES
TECHNOLOGY

CONTROL
TECHNOLOGY

I OPTICS I Technology ResearchTECHNOLOGY Foundallon

Lower LBvels of
I_turlty

SENSORS
TECHNOLOGY Technology Push

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS
I II I

WHERE IS IT?

SCENE
PHOTONS ._ TELESCOPEOPTICS

_DATA
DETECTORS---_FLOW
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p SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

DEFINITION

Optical components between the telescope optics and focal
plane detectors

• Process incoming time-dependent photon stream

• Format photons according to science requirements

•. Scene spatial distribution

•, Spectral passband

•o Temporal binning

•. Polarization

• Format Images to accomodata sensor architecture

CHARACTERISTICS

• Smaller than telescope optics

• Sophlsticatad functions requiring highest quality optics

• Novel fabrication methodologies

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

Criticality of SENSOR OPTICS

Example: Hubble Space Telescope

"_ Faint Object Camera J

Light _ TelescopeOptics _-

-_ High Speed Photometer J

--_ High Resolution Spectrograph I

-_ Wide Reid end Planetary Camera I

Wide Reid and Planetary Camera (WF/PC)

• Re-format Image to eccomodeta 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



OPTICS TECHNOLOGY
PROGRAM STRUCTURE

• I I I

[

Z
Z

Q_

m

I OPTICSMODELUNIG

OPTICS
TECHNOLOGY

I

OPTICAL
MATERIALS
& COATINGS

!
OPTICS

FABRICATION

1

I OPT S 1TEST

• SCAT't ERING • HIG_ PRECISION • ADVANCED • SURFACE FIGURE

SUBSTRATES REPLICATION & ROUGHNESS
• OIFFRACTION

N_ALYSiS • 014EN,_ONN.LY • POUSHING SCJBkCE • IMAGE QUALITY

STABLE LOW MASS , trim FIGURING • STRAY LIGHT
• STRAY LIGHT kk_TEFIIALS

• ION MILLING AND tON . ASPHERIC FIGURE

• THERMOOPTICAL • CRYOGENIC ASSISTED ETCHIEKt MEASUREMENT
PROPERTIES MATICRIALS

• OFT1MIZA_ • DIFFRACTIVE • CRYO NULL FIGURING . NAR_ ANGLE
TESTING

• INTEGRATED MATERIN.S - LARGE AREA THIN

MOOE_LLING • LOW DIFFRACTION FILMS • COATINGS . CRYOGENIC

MASKS AND STOP'S • INTEGRATE0 OPTICAL OPTICS TESTING

• LOW 5CA]'rER ASSEMBJES • INTEGRATED

COATINGS , GRAZi'/G INICIOE]NCE FABRICATION

• TAILORED OPTICAL OPTICS TE_'rlNG

COAT)NGS

I
i WAVEFRONT i
SENSING AND I

CONTROL|

• WAVEFRONT

SENSORS

• ACTIVE OPTICS

• lASER

METRGEOGY

• SYSTEM CONTR(].

I
SENSOR
OPTICS

• ADVANCED

GRATINGS

• TUNABLE

FLTEq5

• OPTICAL

COMPONENTS

ARCHITECTURE

• NONLINEAR

OPTC,S

• JNTERFEROMET RY

• HIGH DYNAMIC

RANGE

IMAGING

• NONLINEAR

OPTICS

• CC_ RELAT OP, S

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

TECHNOLOGY ASSESSMENT AND CHALLENGES

Need

Radiometric Precision

Small cameras for
Orbiters/Rovers

Low scatter light imagers

Adaptive Spectrometers

Integrated Optics Imaging
Spectrometer

Assessment Challenge

1% 0.1%

1 _ 0.1 m3

10"s 10 "1°

n/a

n/a

design,
fabricate,

test

design,
fabricate,

test

12

SE8-4



SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

SENSOR OPTICAL SYSTEMS

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

13

SPACE SCIENCETECHNOLOGY: 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 Jater to support projects

• Optical Sciences Educational Opportunities

14
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SPACE SCIENCETECHNOLOGY: OBSERVATORY SYSTEMS
f

SENSOR OPTICAL SYSTEMS

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

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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SCIENCE_

• INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

COOLERS AND CRYOGENICS
TECHNOLOGY PROJECT SUMMARY

OBSERVATORY SYSTEMS PROGRAM AREA
OF THE

SPACE SCIENCE TECHNOLOGY PROGRAM

June 27, 1991

Office of Aeronautics,Explorationand Technology
National Aeronauticsand Space Administration

Washington,D. C. 20546

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

TE(_HNOLQGY 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 INSTRUMENTS AND
HST FOLLOW-ON REQUIRE 10 TO 80 K VIBRATION-FREE COOLERS

- HST, LTT, NGST, ST-NG, IMAGING INTERFEROMETER

• SUBMILLIMETER, LWlR AND X-RAY ASTROPHYSICS MISSIONS REQUIRE
LONG-LIFE 2-5 K LOW-VIBRATION COOLERS

- SMMM, LDR, SMILS, SMMI, AXAF

SE9-1



SPACESCIENCETECHNOLOGY:OBSERVATORYSYSTEMS

COOLERS & CRYOGENICS

TECHNOLOGY CHALLENGES/APPROACH

• TECHNOLOGY DEVELOPMENT CHALLENGES:

. EXTEND MISSION LIFE AND INCREASE SCIENCE DATA RETURNED

• SPECIFIC CHALLENGES INCLUDE:
- EXTEND LIFETIME WITH HIGH REUASILITY
- MINIMIZE VIBRATION AND INSURE INTEGRATION WITH INSTRUMENTSISPACECRAFT
- INCREASE COOLER EFFICIENCY AND REDUCE THERMAL LEAKAGE
- INSURE ADEQUATE ENI_OF-UFE 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-OFE 2-5 K COOLER FEASIBIUTY

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

STATE OFTHE ART ASSESSMENT

• LONG-LIFE, LOW-VIBRATION 30-80 K COOLERS

- 55 - 80 K OXFORI_HERrrAGE STIRLING COOLERS UNDER DEVELOPMENT FOR
EOS-A

- 30 K STIRLING COOLERS UNDER DEVELOPMENT FOR EO_B
- NEW VIBRATION REDUCTION TECHNOLOGIES UNDER DEVELOPMENT

• LONG-LIFE 2 - S K COOLING

- STORED LIQUID HELIUM
- LIMITED LIFE - 1 YR
- LIMITED INSTRUMENT COOUNG - 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 & CRYOGENICS

CURRENT PROGRAM

• DEVELOP AND DEMONSTRATE A LONG LIFETIME 30 K STIRUNG 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 ST1RLING 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 SC|ENCETECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

AUGMENTED PROGRAM

• LONG UFE VIBRATION FREE COOLER DEVELOPMENT

• 65 K SORPTION AND BRAYTON

• 10_0 K SORPTION AND BRAYTON

• 2-5 K LONG-UFE MECHANICAL REFRIGERATION DEVELOPMENT

ATTRIBUTES

• 10-20 MW AT 2 K

• 5_100 MW AT 4-5 K

• LOW VIBRATION

• LESS THAN 1 KW INPUT POWER

CANDIDATE TECHNOLOGIES

• TURBO BRAYTON

• J-T ÷ UPPER STAGES

• 4K STIRLING + UPPER STAGES

• MAGNETIC + UPPER STAGES

• DEMONSTRATE PROMISING ADVANCED COOLER TECHNOLOGIES

• PARASITIC REOUCTION FOR SUPERFLUID HEUUM DEWARS

• ADVANCED SUBKELVIN COOLER CONCEPTS

• PULSE TUBE ANO ADVANCED PASSIVE COOLER TECHNOLOGIES

• FUNDAMENTAL COOLER PHYSICS RESEARCH
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SPACESCIENCETECHNOLOGY:OBSERVATORYSYSTEMS

COOLERS AND CRYOGENICS

FOCUSED TECHNOLOGY PERFORMANCE OBJECTIVES

2-5 K COOLER

MISSION _ COOLER FOR COOLER FOR
REQUIREMENT SMMM, LDR SMMM,LDR

TEMPERATURE

COOLING POWER

INPUT POWER

COOLER MASS

1.5-2K 2K 4-5K

30 mW 10 - 20 mW 50. 100 mW

N/A < 1 KW < I KW

500KG <50KG <50KG

VIBRATION

LIFETIME

NEED DATE

N/A < 0.05 LBF < 0.05 LBF

< 1 YR • 10 YR • 10 YR

FLOWN 2000 2000

'STORED LIQUID HELIUM

SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS AND CRYOGENICS

FOCUSED TE(_HNOLOGY PERFORMANCE OBJECTIVES

VIBRATION-FREE COOLERS

MISSION _ . COOLER FOR COOLER FOR
REQUIREMENT HST, LTr NGST, VLBI

TEMPERATURE

COOUNG POWER

INPUT POWER

COOLER MASS

VIBRATION

LIFETIME

NEED DATE

2-80K 65-80 K 10-30 K

30 mW 1 W 20 mW

0 -100W -100W

> 500 KG 20 KG 20 KG

0 -0 -0

- 1 YR 10 YRS 10 YRS

- 1996 2005

'STORED CRYOGEN COOLERS
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SPACESCIENCETECHNOLOGY:OBSERVATORYSYSTEMS

COOLERS AND CRYOGENICS

TECHNOLOGY ROADMAP/SCHEDULE

KEY AC11VITIES

PROGRAM OFFICE

EOS.A AND EOS_B INSTRS

HUBBLE ST FUTURE INSTRS

NEXT GENERATION ST

LUNAR TRANSIT TELESCOI_

SUBMM MISSION

_qGE DEPLOY REFLECTOR

f

FOCUSED R&T

30K COCLER DEVELOPMENT

2-5K COOLER OEVELOPMENT

VIBRATION.FREE COOLER

DEVELOPMENT. 65.80 K

VIBRATION.FREE COOLER

%DEVELOPMENT • 10.30 K j

r

R&T BASE

• INNOVATIVE CO(_.ER

CONCEPTS

• ALTERNATIVE

TECHNOLOGIES

EOS-A

AIRS COOER ._ l= t

I SAFIRE /_

BRASSBOARD/_ _

L'_TMEoDCHEL-'-_ TECH MODEL UFE TES _

LAUNCH

EOS-B

[

{ HST r NGST, LTT, VLBI

A
I_UN

I

SMMM OR LDR

b _
!

I TECHMOOELI _[S'_S"OA"D/\1" gEETeSTi

I SORPTION BB LiFE L/_[BIRAVI'O_I UFE

A i i A
1,_ __ECHso..,_.,.o0.,.o. _.R,_O_ ORASS.O,.O___t

PROVIDE OPTIONS !

I/_CONTINUING RESEARCH CONTINUING RESEARCH

_/J_J BRAYTON LIFE TESTJ

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 BRAY'I'ON 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

55-80 K ST1RLING (IN-STEP)

3 HE (UNFUNDED)

SUBKELVIN COOLERS

30 K STIRLING

2-5 K LONG-LIFE MECHANICAL

20-30K VIBRATION - FREE SORPTION

I I -

O0 oi

I

O6
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SPACE SCIENCE TECHNOLOGY: OBSERVATORY SYSTEMS

COOLERS & CRYOGENICS

SUB-ELEMENTS 92 93 94 95 96 97 TOTAL

ON-GOING

30 K STIRLING 3.2 3.7 3.9 1.6 1.4 1.5

PULSE TUBE COOLERS 0.5 0.6 0.6 0.6 0,6 0.6

SUBKELVIN COOLERS 0.1

ON-GOING - SUB-TOTAL 3,8 4.3 4.5 2.2 2.0 2.1

AUGMENTATION

2-5 K LONG-LIFE MECHANICAL 0.0

VIBRATION - FREE 20-30 K SORPTION 0.0

VIBRATION - FREE 55-80 K BRAYTON 0.0

VIBRATION - FREE 2 K MAGNETIC 0.0

VIBRATION - FREE 2 K UPPER STAGE 0.0

VIBRATION - FREE 65-80 K SORPTION 0.0

AUGMENTATION - SUB-TOTAL 0.0

TOTAL 3.8

2.0 2.0 2.0 2.4 2.4

0.7 0.8 1.5 1.5 1.5

1.5 2.0 2.0 2.0 2.0

0.0 0.8 1.2 1,2 1.5

0.0 0.0 1.2 1_ 2_

0.0 0.0 0.0 0.0 1.0

4.2 5.4 7.9 8.3 10.6

8.5 9.9 10.1 10.3 12.7

15.3

3.5

0.1

18.9

10.8

6.0

9,5

4.5

4,6

1.0

36.4

55.3
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INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

ITP EXTERNAL REVIEW
I I I

BRIEFING ON THE

NASA

HIGH TEMPERATURE SUPERCONDUCTIVITY

PROGRAM

JUNE 27, 1991 EDWIN G. WINTUCKY

OFFICE OF AERONAUTICS, EXPLORATION AND TECHNOLOGY

HIGH TEMPERATURE SUPERCONDUCTIVITY

OUTLINE

I I

• OBJECTIVE AND RATIONALE

• SSTAC AD HOC REVIEW TEAM FINDINGS

• SPACE APPLICATIONS AND BENEFITS

• APPROACH

• PROGRAM ORGANIZATION AND CONTENT

• ACCOMPLISHMENTS

• FUNDING

• FACILITIES

• FITS AUGMENTATION

• RELATEDNONNASAwrs Em_ORTS

• ISSUES
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HIGH TEMPERATURE SUPERCONDUCTIVITY

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

A WIDE VARIETY OF SPACE APPLICATIONS HAVE BEEN IDENTIFIED 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 F1LM AND BULK MATERIALS,
EVIDENCE OF PAYOFFS AT SYSTEM LEVEL, SYSTEM STUDIES AND FUTURE
MISSIONS TECHNOLOGY REQUIREMENTS JUSTIFY DEVICE DEVELOPMENT AND
DEMONSTRATION

HIGH TEMPERATURE SUPERCONDUCTIVITY

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
applicatio:_:: If superconductivity materials technology yields productive devices,
then NASA dJould be positioned to capitalize with new missions exploiting the new
technology"

Committee Chairman S_ea D. Dorflnan m a letter pmfaciag the final
report of the Ad Hoc Review Team for the NASA High Tempermu_
Superr.onductivily Prollnlm, dated 20 July 1988, to Norm Augustine, then
Chairman of SSTAC.
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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 FY1988 and FY1989 program
activities. The committee recommends that NASA propose a funding wedge

beginning in FY1990 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.

HIGH TEMPERATURE SUPERCONDUCTIVITY

I SPACE APPLICATIONS OFHIGH TEMPERATURE SUPERCONDUCTIVITY

PASSIVE & ACTIVE

MICROWAVI_Jmm WAVE
COMPONENTS:

FILTERS.
RESONATORS

HI Q CAVITIES
TRANSMISSION L/NF_

SUBSYS'I"EMS:

LOW NOISE AMPI..IFII_$ &

RECEIVERS

PHASED ARRAY ANTENNAS

DIGITAL SIGNAL PROCESSING

IR DETECTORS

SIS & SNS MIXEP_q

SNS SQUIDS THz
06ClLLA'roRS

FPA YmRATION DAMPING

FPA GROUNDING $'I1L4dP

CI_RENT LEAD6

PASSP¢_ MAGNE'nc BEARINGS

I

POWER ANDPROPULSION

POWER TRANSMISSION LINES

ENERGY STORAGE:

MOMENTUM WttEELS

SMF.,S

ACTIVE BEARINGS
I-IYBR(_'EN ROCKET
ENGINE TURBO Iq.)_4PS
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HIGH TEMPERATURE SUPERCONDUCTIVITY

POTENTIAL PAYOFFS

• LOW LOSS, HIGHER SENSITIVITY MICROWAVE CIRCUITS

• REDUCED SIZE AND WEIGHT OF MICROWAVE

COMPONENTS/SUSBSY STEMS

• 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

d

HIGH TEMPERATURE SUPERCONDUCTIVITY

t

APPROACH

• CONDUCT STUDIES TO IDENTIFY APPLICATIONS, EVALUATE BENEFITS AND DEFINE
SYSTEM INSERTION REQUIREMENTS

• 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

• INVESTIGATE IDENTIFIED HIGH-PAYOFF, HIGH-RISK APPLICATIONS

• PARTICIPATE IN FLIGHT OPPORTUNITIF_ TO DEMONSTRATE FLIGHT

QUALIFICATION AND FUNCTIONALITY IN SPACE

• LEVERAGE OFF DoD EXPERTISE AND INVESTMENT BY PURSUING COLLABORATIVE
EFFORTS IN AREAS OF MUTUAL INTEREST AND BENEFIT

• BALANCE PROGRAM BETWEEN IN-HOUSE, UNIVERSITY AND INDUSTRY RESOURCES

• SUPPORT TRANSITION TO FOCUSED PROGRAMS AND NASA USERS

h
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HIGH TEMPERATURE SUPERCONDUCTIVITY

I HTS PROGRAM ORGANIZATION I

I f i
MICROWAVE &mm WAVE SENSORS

COM ML'NICAT1ONS SYSTEMS

PASSIVE CO/v_ONENTS
F[I..T'ERS. RESONATORS, HI Q
CAVrTIES, TRANSMISSION
LINES

-- HYBRID HTS_EMICONDUCTOR
CIRCUITS

- IR DETECTORS

THz LOCAL OSCILLATOR.

SQUIDS, MIXER FOR SUBmm
WAVE, ASTRONOMY

- SIS MIXER

ACTIVE COMPONENTS
LOW NOISE AMPLIFIER,
OSCILLATOR, PHASE SHII=I"ER

SUBSYSTEMS
LOW NOISE RECEIVER.
PHASED ARRAY ANTENNA,
DIGITAL SIGNAL PROCESSOR

- HYBRID HTSCSEMICONDUCTOR
CIRCUITS

- RADIOMETRY

-- VIBRATION DAMPING OF FPA

-- FPA GROUNDING STRAP

CURRENT LEADS FOR THERMAL
ISOLATION

PASSIVE MAGNETIC BEARINGS

FOR BRAY'TON CYCLE
CRYOCOOLER

FLUX PUMP REFRIGERATOR

CURRENT HTS PROGRAM - COMMUNICATIONS

OBJECTIVE: To develop and demonstrate the

ao!_llcaOIllty of HTS to microwave and mm

wave communlcat Ions

APPROACH;

• Develop sources of films on microwave

suDstrates (In-house, grant, contract)

• Oevetop nyDrtd HTS/semlconductor

circuits

• Design, fabricate and test selected HTS

circuits (passive & active components,

suiosystems)

• Perrorm system studles to Identify and

define promising applications

AppLICATIONS:

• Deep space communications - ground

stations anO data relay satellites

• Intersatelllte communications Ilnks

• Commercial communications satellites

BENEFITS:

• LOW Insertion loss enables miniaturization

• Low loss Peam forming networks enaDle

hlgh gain phaseO array antennas

• Low noise receivers significantly reduce

power required for spaceborne transmitters

RELATED TECHNOLOGy;

• Long llfe, rellaOle miniature cryocoolers

4

STATE OF THE ART:

• Films of YBCO & TBCCO wlth good Tc. dc, Rs

properties commercially avallaPle

• Passive components-excellent performance

demonstrated-low Insertion loss. I_lgh Q, I_tgh

out-of-band rejection relative to metals

CHALLENGES:

• Hlgn quality & uniform films over large area

(5 cm did) on suttal_le suOstrates

• HTS/semlconOuctor Integrated circuit

faOricatlon

• Demonstration of performance at suDsystem

level

ACCOMPLISHMENT S:

• A numOer of tecl_nology "firsts"
• Reproducible deposition of high quality films

• FaOrtcatlon or passlve circuits, Including

filters, resonators, phase shlfters, antennas

• Delivery of HTSSE I experiments

FUTURE PLANS UNDER PRESENT FUNDING:

• HTSSE II experiment

• Develol}ment of monolithic HTS/semlconOuctor

clrcults

PROGRAM RESOURCES ('WITH $O.$M REPROGRAMMED
ANNUALLY AT LeRC) INSUFFICIENT FOR SUBSYSTEM
DEVELOPMENT AFTER HTSSE II
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COMMUNICATIONS APPLICATIONS STUDY

• Ku-B _ND AND Ka-BAND GROUND TERMINAL LOW NOISE RECIEVERS

- IMPROVE RECEIVER SENSITIVITY USING CRYOCOOLED HTS/SEMICONDUCTOR
CIRCUITRY

- FACTOR OF 3 REDUCTION OF SPACECRAFT TRANSMYITER POWER

• ULTRA LOW NOISE SPACECRAFT RECEIVERS AT 7, 30, 60 AND 94 GHz

- _ RECEIVERS ON DEEP SPACE RELAY SATELLITE MAKES FEASIBLE mm-WAVE
COMMUNICATIONS THROUGH SIGNIFICANT REDUCTION OF TRANSMITTER POWER
AND INCREASE 1N 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 DIRECTTVITY) ARRAYS FOR DEEP SPACE AND SATELLITE
COMMUNICATIONS

• 60 GHz LOW POWER, HIGH DATA RATE SPACECRAFr CROSSLINK
- HTS BASED CROSSLINK REDUCES TRANSMrlTER POWER BY > 12%

• DIGITAL SIGNAL PROCESSOR FOR "SMART"
COMMUNICATIONS SATELLITES

- HTS DEMODULATORS REQUIRE 0.04% OF POWER AND 4% OF WEIGHT OF
SEMICONDUCTOR SYSTEMS

• I I

HIGH TEMPERATURE SUPERCONDUCTIVITY

__. ,

NASA EXPERIMENT FOR HTSSE 11 (LeRC/JPL)

OBIECTTVES: DESIGN. FABRICATE AND _ HTS LOW NOISE RECEIVER/DOWN
CONVERTER O(-BAND) USING I-rP3FILM TECHNOLOGY AND
STATE-OF-THE-ART GaAi TECHNOL,OGY

DELIVER TWO SPACE QUALIFIED SUBSYSTEMS TO NRL FOR l-rrssE 11

SIGNIFICANCE: DEMONSTRATE SUBSYSTEM INTEGRATION OF HTS FILMS WrTH
ACTIVE C_aLAsMICROWAVE I]VIEGRATED CIRCUITS

POTEN'HAL_y ENHANCES EXISTING PERI_RMANCE IN SUBSYSTEM BY
REDUCING NOISE FACTOR BY I dB AND INCREASING LOCAL
OSCILLATOR NOISE FIGURE BY 4X

NASA APPLICATIONS: SPACECRAFT TRANSPONDERS, GROUND STATION RECEIVERS

6/91

9/91

12/92

!/94

95/96

- SUBM1T "WHITEp_"

- SELECTION OF BXPERIMI_r

- DELIVERY OF PROT(YI'YPE

- DELIVERY OF TWO SPACE QUALIFIED SUBSYSTEMS
- LA_

Ill
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HIGH TEMPERATURE SUPERCONDUCTIVITY

PROPOSED NRL/HTSSE-II EXPERIMENT

JOINT LeRC/JPL EFFORT

mmm mmm_lm mml
imm la=

I L ,RC

I _ _s_o.smxu.

_ L0 - 8.4 GHZ

7.25 GHz_ I +

15 GHz

i E_ j i ,<...y , "-', i
I ,_,_o, I ..,c =,,'= I

FILTER F IL_Pl

I I "'=" I
I .......... t ..... J

LON NOISE RECEIVER SUBSYSTEM

CURRENT HTS PROGRAM - SENSORS

--©_
OBJECTIVE: To 0evelog and demonstrate

sensor applications of HT5 thln film

tecnnology

• Extencl performance of Joseghson

Junction devices

• Low noise, sensitive transition-edge

resistive an0 kinetic Inductance IR

bolometers

• Improve radiometers using high

frequency communications tecnnology

PROGRAM RESOURCES INSUFFICIENT FOR JDEVICE DEVELOPMENT

mR BOLOMETERS

_P;)ROACH: YBCO or TBCCO films on very thin substrates

APPLICATION: Thermal emission spectroscopy of
atmospheres/surfaces of outer planets

MISSION REQUIREHENTS: Range I 0- I 0O0um, ) I 0 year

mission requires passive cooling & T(aet)>70K

p_ESENT TECHNOLOGY; 4 X 10""9 Dm - thermoplle

4 X 10"*9 D"

CHALLENGES: Reduce noise & time constant

(resistive). HTS SQUID magnetometer (Inauctance)

GOAL: ) I0""10 De • 70-gOK, single tits or arrays

JOSEPH$ON JUNCTION DEVICES

Develop all YBCO SNS mlcrobrtdges [edge

Junction weak link) for oscillators & mixers+ BaK810 SiS

tunnel Junctions for mixers

APPLICATIONS: SNS THz local oscillator & mixer for submm

wave astronomy (ground-baseO observatories ana flight
missions - SHILS, LDR); SQUIDS rot planetary magnetic

field probes, f_lgh speed signal processing

PRESENT TECHNOLOGY: LTS devices

CHALLENGES: Device geometries & film growth techntoues

Increase¢l operating temperature & frequency

range (THZ) of active J-d 0evicts

RADIOMETRY

Develop 10w noise receiver (LNR) and electronic

beam steering (phaseclarray antenna feed) for ra01ometry

APPLICATION: LE0 and OEO radiometry at 94-200 GHs

pRESENT TECHNOLOGY: LTS receivers; large, glmPal mounted
steerable dish antennas

Large aperture for GEO. mechanical stability for
sensitive LEO platforms

CHAI tINGeS: Develol_ HTS J-J based mixers and SOUID type

phase shlfters; Improve HTS film cluallty to extencl low Rs

Into suOmm region

STATUS." Conceptual phase
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.OBJECTIVE- To OevelopanO clemonstrate

cryocoo]er aOpllcatlons of HT5 technology

• Reduce parasitic heat loa0s anti cryogen

bolloff using HTS current leads

• Damp out cooler-generated vi0ratlons at

focal Diane array

• Improve rellaDlllty and efficiency of'

cryoturboDum!Ds using passive magnetic

ioearlngs

I PROGRAM REIbOURCE$ INSUFFICIENT FOR IDEVELOPMENT BEYOND INDICATED STATUS

VIBRATION DAMPING

HTS CURRENT LEADS FOR THERMAL ISOLATION

APPROACH Exploit low thermal conductivity and !q-O
properties of HT$ ceramics

APPLICATIOH; Hlsslons requiring LHe c0ollng (5AFIRE.
AXAfS, SII_ TFI

BENEFITS. Extension of mlssioh life, grour_dlng of FPA
Improve S/N by IO-tOOX

MATERIp.LS: Adeduate for low current applications

STATUS. Prototype low current /eats fa#r/cate¢ and

environmentally teste_, goal Is 1996 space experiment

PASSIVE MAGNETIC BEARINGS

APPROACH: Exploit magnetic damping property of HT$
ceramics

APPLICATION: MIssions using Stlrllng cycle
mechanical cryocoolers {COS. AXAFS)

PRESENT TECHNOLOGY: Back-to-bacl_ coolers and

compensating electronics

Enhance¢f precision Imaging; passive
approach; clamping over wide frequency range

MATERIALS: Adequate damping capablllty

STATUS: LaP dead of XlO greater damping at 771c
with non-oottmum material & magnet geometry

APPROACH: Exploit magnetic levitation force and Stiffness
properties of HTS ceramics

PRESENT TECHNOLOGY: Gas bearings

Increase¢l turboexDander efficiency (re0uced

power & heat leak); Improveql reliability im¢l lifetime

_IATERIALS: Levitation pressure adeduate, some
Improvement In stiffness needed

NON-NASA: Recent i(P_ance In materials stimulated large
effort to develop Platings for rotating machinery

STATUS: University p-lmt to #eveloD materials (CUA);
contract to evaluate materfals (Cornelf)

i i

HIGH TEMPERATURE SUPERCONDUCTIVITY

TECHNOLOGY FIRSTS

• AMONG FIRST IN U.S. TO DEPOSIT HIGH QUALITY YBCO FILMS BY LASER ABLATION

• FIRST TF, b_ OF HTS KJI-BAND CIRCUIT (MICROSTRIP RESONATOR)

• FIRST TEST OF AN HIS ANTENNA ARRAY (2X2)

• DEVELOPED NOVEL EFFECTIVE TECHNIQUE (Br ETCH) FOR SffRFACE CLEANING
AND PASSIVATION OF HIS FILMS

• FABRICATED FIRST ALL HIS EDGE-GEOMETRY MICROBRIDGES UTILIZING

NON-SUPERCONDUCTING YBCO BARRIER LAYERS

• AMONG FIRST TO DEMONSTRATE HIS TRANSITION-EDGE BOLOME'rER
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HIGH TEMPERATURE SUPERCONDUCTIVITY

CURRENT FUNDING (FY 90-92)

mll FY9!

1600 ____

1400

1200

SK 1000

_O

400

2OO

.0
OAET SSiR 0 E 0 OSSA OOF_FI 0 C P CCOS

SOl|C[

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)

• MATERIALS CHARACTERIZATION (CRITICAL CRYOGENIC
PROPERTIES)

• DEVICE DEVELOPMENT (LABORATORY MODEL TO
SYSTEM VALIDATION MODEL)

DEVICE TESTING (LABORATORY DEMONSTRATION TO

FLIGHT QUALIFICATION)
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HIGH TEMPERATURE SUPERCONDUCTIVITY

HIGH TEMPERATURE SUPERCONDUCTIVITY
R&T BASE AUGMENTATION

• NEW INITIATIVES

• MILESTONES / RESOURCES

HIGH TEMPERATURE SUPERCONDUCTIVITY

ORBITER/ACTS HTS 20GHz PHASED ARRAY ANTENNA
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ORBITER/ACTS FLIGHT EXPERIMENT OF HTS
PHASED ARRAY ANTENNA

OBJECTIVE:

APPROACH:

WORK
BREAKDOWN:

CHALLENGES:

MAJOR
MILESTONES:

FUNDING:

DEMONSTRATE FUNCTIONALITY IN SPACE OF RECEIVER/PHASED ARRAY
ANTENNA SUBSYSTEM WITH HTS CRITICAL COMPONENTS

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

LeRC - ANTENNA DEVELOPMENT, FABRICATION & TEST, ACTS
GROUND STATION
JSC - ORBITER MANIFEST, ORBITER INTERFACE, ANTENNA
CONTROLLER

ARRAY SIZE AND COMPLEXITY, UNIFORM HTS FILMS, INTEGRATION OF HYBRID
CIRCUITS, PACKAGING, GROUND TESTING OF FULL ARRAY

FY93 * ANTENNA MODULE FAB & TEST; FY94 - FLIGHT HARDWARE FAB;
FY95 - FLIGHT HARDWARE TEST, ASSEMBLE IN SHLrl"rLE BAY; FY96 - LAUNCH

FY93 -$1.1M, FY94 -$1.2M, FY95 -$1.2M, FY96 -$0.2M

HTS DIGITAL SIGNAL PROCESSOR
I II

Exploit HTS digital electronics for the
nexl genereUon of smart comunlcatlons utallitee

APPROACH: Develop • reproducable Joml1_lon
Junction procese for Imelog-to digital (A/O)
converters, mixers, and complimentary electronics
that will ultimately leed to a I Gbpll QPSK modulstof,
followed by • demodulator ILl the technology
matures

High data rite deep space
communications lind advanced cetalllta
communications

• TRW demonatrstad = HTS four bit A/O converter
which operated at about 50K

• FUJITSU demonstrated a low Tc 24,000 Junction
mlcroprocauor

• Repl'oduclbls, mlnutactur|bls PITSJoeephson
Junctions am evolving

• P1rocessln0 of reliable, hlgh density Josephlon Junctlons

DIGITAL SIGNAL
PROCESSOR

• HTS digital signal processors ere 10 times fester
than statHf-thNrl semiconductor technology

• HTS demodulators require only 0.04% of the power
of een_conducto¢ sublystams

• HTS demodulators require only 4% of the w_ght of
semlconducto; subsymn_

• Large Incremle In number of channels

R[CEIVER if SIGNALPROCESSOR_,_TRANSMITT[R
ELECTRONICSrl • DEMOOULATOR J IELECTRONICSJ[* HODULATOR

SATELLITE TRANSPONDER
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RESOURCES WITH AUGMENTATION

CODE RC FUNDING IN M$

BASE PROGRAM"

STRATEGIC PLAN
AUGMENTATION

TOTAL

3X BUOGET AUGMENTATION

TOTAL

FY91 FY_ FY93 FY94 FY_ FY_ FY97

0.g _.3 (0.S) (0.S) (0.S) (0.S) _S)

-- -- _0 4.0 S.O 5.0 S.O

0.9 1.3 3.6 4.8 5.6 5.6 5.6

-- 2.4 3.2 4.0 4.0 4.0

0.9 1.3 3.0 3.8 4.8 4.6 4A

" REPROGRAMMED FROM COMMUNICATIONS BASE

AUGMENTED HTS PROGRAM MILESTONES
& RESOURCE ALLOCATION

-- @_ffY

FY 93 FY94 FY9$ FY96 FY9"7 FY98

COMMUNICATIONS*
(& RADIOMETER)

SENSORS

CRYOGENIC
APPLICATIONS

Z_ - C'.e_a Pmln_

• - "3X D.dl_" Aulmea,,dm

• - "$mll_ P_a" Aurmema_ioa

_HTSSEfl Demo_ ComMIOI_u_ Dmolr/3
Ira,_ae h_m _ expenmem _|Sq.'qm

3X Augmmmdm($1_

_b:rq Mq vb _mp Mq_

SemnelpcAulmemdon _M) * Assumes rep_ SO.6M
I
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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

I I

INTERAGENCY PROGRAMS

NASAJNRL 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

t
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SUPERCONDUCTNG FOCAL PLANE ARRAY SIGNAL PROCESSING

ON - ARRAY SIGNAL PROCESSING DEVELOPMENT
STATUS (DEMONSTRATED WITH Nb_

• IR DETECTOR (rRW)

• 10-25 uM

• D" 10X betlw Than hem IR bolomeler

• 12 BIT A-D CONVERTER 0Nmtlnghomle)

• II BIT SIGNAL PROCESSOR (Fujitsu, I'MUIch|)

SIGNIFICANT ADVANTAGES OVER SEMICONDUCTOR

• HIGHER SPEED () 10 X _ than GaAs)

• LOWER POWER () 20 X _ Iltmn SI)

• FIBER OPTIC DATA UNES 0(10 te_r)

• GREATLY REDUCED HEAT LOAD

• GREAT POTENTIAL FOR WIDE AREA IR

AND OTHER FREQUENCIES

DEVELOPMENT GOALS (SDIO_

• END-TO-END DEMONSTRATION OF FPA ASSEMBLY

WITH Nb (410 DEVICES

• NEXT GENERATION - NbN (1010

• FUTURE - BsKBIO (3010

TECHNICAL CHALLENGE

• On - Array memory (20K or more)

ramie
iisa

1
FOCAL PLANE ARRAY ASSEMBLY

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

INADEOUA'rE TO DEVELOP APPLICATIONS TO LEVEL OF
READINESS FOR TRANSFER TO FOCUSED PROGRAMS
AND NASA USERS
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